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On the Virtues of “Team Medicine”—A City of
Hope Perspective

Prakash Kulkarni 1,2 and Ravi Salgia 1,*
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2 Department of Systems Biology, City of Hope National Medical Center, 1500 Duarte Rd.,
Duarte, CA 91010, USA

* Correspondence: rsalgia@coh.org

Our first Special Issue of the Journal of Clinical Medicine, entitled ‘Integrating Clinical
and Translational Research Networks—Building Team Medicine,’ highlighted the collective
experience of the City of Hope and was a tremendous success. Buoyed by the enthusiastic
response from our peers and colleagues, we embarked on bringing out the second Special
Issue. The basic theme has remained the same, namely, integrating academic medical
centers with their clinical network in various geographic locations to ensure that all patients,
regardless of their physical proximity to major medical institutions, can benefit from recent
clinical advances, and implementing exceptional care.

Like its predecessor, the collection of papers in this volume underscores the importance
of integrating basic research scientists together with clinicians to enable a systems-level
perspective. The two articles on addressing drug resistance by Kulkarni et al. [1] and
Ramisetty et al. [2] provide examples of how this approach has uncovered new therapeutic
strategies; they describe how the team medicine spirit helped address cisplatin resistance
in NSCLC and identify a previously approved compound to alleviate cisplatin resistance in
NSCLC, respectively.

Similarly, the article by Heater et al. [3] describes a new model utilizing online plat-
forms to expand the reach of clinical expertise in the treatment of advanced soft-tissue
sarcoma. Likewise, the paper by Sattler et al. [4] discusses the genetic/non-genetic dual-
ity in EGFR inhibitor drug resistance and underscores how team medicine approaches,
wherein clinical developments work hand in hand with drug development research, drive
potential opportunities for combination therapy.

For an expert clinical/research network with complementary expertise and the ca-
pability of multidisciplinary care, it is obvious that appropriate infrastructure would be
necessary to empower this network to deliver personalized precision care to their patients.
Thus, as cancer care becomes exponentially more complex with new diagnostic and ther-
apeutic choices, providing decision support remains challenging. In an article offering
a unique perspective, Bosserman et al. [5] describe how City of Hope has developed a
pyramidal decision support framework to address these challenges, which have been
exacerbated by the COVID pandemic, health plan restrictions, and growing geographic
site diversity. They demonstrate how optimizing efficient and targeted decision support,
backed by multidisciplinary cancer expertise, can improve individual patient treatment
plans and thus achieve improved care and survival wherever patients are treated.

The paper by Mambetsariev et al. [6] discusses how cross-collaboration and integration
between individual academic sites, national cancer networks, and community practices
can enhance true personalized medicine. The implementation of these ideas, powered by
recent advances in artificial intelligence and machine learning, could, in the future, allow
for personalized high-throughput drug screenings that would yield faster drug discoveries
and approved therapeutics. These are just a few examples highlighting the content of this

J. Clin. Med. 2023, 12, 4897. https://doi.org/10.3390/jcm12154897 https://www.mdpi.com/journal/jcm
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thematic issue. Together, the 17 papers provide an overview of the state of the art of team
medicine and its virtues in clinical practice.

With >125 faculty members in the Department of Medical Oncology, and 31 clinical
network centers in Southern California, Arizona, Georgia, and Illinois, the City of Hope is
an encompassing enterprise in which we have inculcated the team medicine philosophy in
order to integrate basic and translational research, along with clinical medicine in academic
centers and their clinical networks. Thus, we trust our colleagues across the US and around
the world will find the approach described in the articles included herein—as well as
those included in the predecessor volume [7]—useful for guiding their own approaches to
treating cancer patients.

Author Contributions: Conceptualization, P.K. and R.S.; writing—original draft preparation, P.K.
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Leveraging the Academic Artificial Intelligence Silecosystem to
Advance the Community Oncology Enterprise

Kevin J. McDonnell

Center for Precision Medicine, Department of Medical Oncology & Therapeutics Research, City of Hope
Comprehensive Cancer Center, Duarte, CA 91010, USA; kemcdonnell@coh.org

Abstract: Over the last 75 years, artificial intelligence has evolved from a theoretical concept and
novel paradigm describing the role that computers might play in our society to a tool with which
we daily engage. In this review, we describe AI in terms of its constituent elements, the synthesis of
which we refer to as the AI Silecosystem. Herein, we provide an historical perspective of the evolution
of the AI Silecosystem, conceptualized and summarized as a Kuhnian paradigm. This manuscript
focuses on the role that the AI Silecosystem plays in oncology and its emerging importance in the
care of the community oncology patient. We observe that this important role arises out of a unique
alliance between the academic oncology enterprise and community oncology practices. We provide
evidence of this alliance by illustrating the practical establishment of the AI Silecosystem at the City
of Hope Comprehensive Cancer Center and its team utilization by community oncology providers.

Keywords: artificial intelligence; City of Hope; oncology; community practice

1. Introduction

Artificial intelligence (AI) plays an ever-increasing role in our daily lives most imme-
diate to us in our use of entertainment, consumer and communication products [1,2]. Less
immediately obvious to the oncology patient, AI has become an important tool to assist the
clinical management of and guide therapy for cancer [3–5]. Within the academic oncology
sphere, AI already has a significant impact. For example, AI has substantial, established
roles in precision oncology [6–8], clinical oncology decision-making [9–11], digital cancer
pathology [12–16] and radiology [17–19]. For community oncology practice, the role of AI
remains limited but continues to emerge [20–22]. In this review, we seek to further expand
knowledge of the role that AI plays in the community practice of oncology. We organize
this manuscript into two parts. In Part I, we review the history, current state and emerging
innovations relating to the computer hardware, data and software components that make
AI possible. For conceptual simplicity and coherence, we refer to the synthesis of these
components as the AI Silecosystem. We trace the emergence of the AI Silecosystem, its cur-
rent state and future directions within the context of a Kuhnian scientific paradigm. In Part
II, we provide a case example of the establishment and application of the AI Silecosystem
in community oncology practice. We review the historical role and current integral position
that academic medical institutions occupy in facilitating utilization of the AI Silecosystem
by the community oncologist. We describe and place special emphasis on our experience at
the City of Hope COH) Comprehensive Cancer Center to advance community oncology
team utilization of the AI Silecosystem.

2. The AI Silecosystem as Kuhnian Paradigm

By AI Silecosystem we mean the synthesis of data, hardware and software that under-
gird the operation, make available the use, and fuel the growth of AI (Figure 1). To concep-
tually appreciate the history, progress and future trajectory of the AI Silecosystem, we may
conceive and provide description of the AI Silecosystem as a Kuhnian paradigm [23]. As a

J. Clin. Med. 2023, 12, 4830. https://doi.org/10.3390/jcm12144830 https://www.mdpi.com/journal/jcm
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Kuhnian paradigm, the AI Silecosystem has disrupted and shifted the original paradigm of
computer as finite computational machine to the novel paradigm of computer as versatile,
multipotent thinking machine. This paradigm shift characteristically matures through three
discrete, iterative stages: inception, intermission and invigoration.

 
Figure 1. The AI Silecosystem comprises hardware, data and software components. The integrated
components of the AI Silecosystem facilitated the development, utilization and evolution AI.

3. Origins of the AI Silecosystem: A Chronicle of an Emergent Paradigm

3.1. Inception: Articulation Anticipates Actualization

McCulloch and Pitts defined the incipient notion of computer as a thinking machine,
suggesting that engineers might design computers to functionally mimic the operation of
the human nervous system. In this theoretic nervous system model, an individual neu-
ronal logic element achieves its ultimate activation state through cumulative summation of
weighted inputs generated from a syndicate of contiguous neuronal logic elements [24].
This proposal represented an important architectural anlage preceding physical construc-
tion of Rosenblatt’s early neural network, the Perceptron [25,26]. Rosenblatt’s Mark 1
Perceptron neural network machine demonstrated the ability to perform basic visual pat-
tern recognition. These early insights and accomplishments gave rise to an inchoate AI
Silecosystem that Alan Turing further accelerated with his proposition that machines might
“think” through serial adjudication of true and false logic states [27] (Figure 2). Formal
AI development acquired significant academic interest and gained further momentum
in 1956 when the early pioneers, McCarthy, Minsky and Shannon, convened a summer
research convention at Dartmouth College where they sought critical evaluation of the
assertion that “every aspect of learning or any other feature of intelligence can in principle
be so precisely described that a machine can be made to simulate it” [28]. Historians credit
McCarthy as one of the originators of the term “artificial intelligence”. Consistent with
previous Kuhnian paradigms, articulation of the AI Silecosystem paradigm anticipated its
practical implementation.

 

Figure 2. The AI Silecosystem paradigm conceives of the computer as thinking machine. As
proposed by Turning [27] and McCarthy et al. [28], the computer may function as bone fide thinking
machine, rather than mere computational machine. In accordance with a Kuhnian paradigm, the AI
Silecosystem undergoes a series of stages: Inception, Intermission and Invigoration. Characteristically,
the paradigm experiences a series of iterative Intermission and Invigoration cycles as new expectations
develop and innovations occur.

4
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3.2. Intermission: Expectations Exceed Experience

Initial efforts to create and implement the AI Silecosystem experienced setbacks. Be-
tween 1970 and 1990, a series of pivotal, adverse events led to intermittent intermissions in
AI Silecosystem utilization, research and development. The inability of the AI Silecosystem
to deliver its promise to perform complex, traditionally human-only tasks such as language
translation, speech recognition and advanced image analysis efficiently and accurately
muted expectations for AI-based approaches. These shortcomings prompted sponsors to
withdraw financial support from several prominent AI initiatives. During this two-decade
period, the Defense Advanced Research Projects Agency (DARPA) reduced funding for
Carnegie Mellon’s AI speech recognition program, and the United States National Research
Council ended its financing of AI language translation efforts [29]. Following the Lighthill
report, the United Kingdom halted further public AI development [30], and Japan curtailed
AI investment after its Fifth Generation project failed to meet its articulated goals [31].
These setbacks instigated widespread public disillusionment with AI and precipitated a
series of intermissions in further AI discovery and advancement, that is, the “AI Winters”.
Intermissions, such as the AI Winters, Kuhn would recognize as expected phases in the
lifecycle of a paradigm shift. Full acceptance of a paradigm often must await creation of the
technology and evaluation tools to permit complete use, valid assessment and thorough
validation of the novel paradigm. Kuhn notes, for example, that many years passed after
Newton and Einstein first introduced their mechanics and relativity paradigms until the
availability of experimental verification protocols allowed scientists to fully understand,
confirm and accept their revolutionary ideas [23]. Ultimately, innovation and insight facili-
tate endorsement and adoption of emerging paradigms, and, specifically, in the case of the
AI Silecosystem, led to thawing of the AI Winters.

3.3. Invigoration: Innovation Invites Implementation and Investment

Innovation of and transformational progress within three core elements of the AI
Silecosystem, i.e., computer hardware, data acquisition and processing and software al-
gorithms, hastened thawing of the AI Winters. The following sections survey these key,
instrumental innovations and advances.

3.3.1. Advances in Computer Hardware: The Engines That Power the AI Silecosystem

If we view the AI Silecosystem as a computational vehicle, its hardware elements
function as the engines powering AI algorithmic processing. The invention of the sil-
icon chip [32], introduction of multicore constructs [33] and development of ultrahigh
capacity data storage systems [34], among other hardware innovations, enabled efficient,
inexpensive performance of computationally complex, data-dense AI algorithms. The
following more recent advances promise to further boost adoption and expansion of the AI
Silecosystem.

Quantum Computing

Quantum computing uses the quantum bit (qubit) as its fundamental unit of infor-
mation in contrast to conventional digital computing which employs the binary bit. Two
different value states define the classic binary bit, and these value states exhibit mutual
exclusivity (either 1 or 0). The qubit, however, may retain both values states simultaneously
(1 and 0) in a quantum condition known as superposition. Superposition enables more
rapid completion of complex, intensive computational tasks by quantum computation;
digital computation cannot complete these tasks within a meaningful time frame. The
computational superiority of the quantum computer, termed “quantum supremacy”, was
first demonstrated by Google in 2019 using a programable superconducting processor [35].
Quantum supremacy has the potential to amplify the power and practical utility of the
AI Silecosystem. For example, computational scientists have developed and now apply
AI algorithms to solve complicated combinatoric problems such as those encountered in
molecular oncology drug design [36] and cancer diagnostics [37]. Processing of such AI

5



J. Clin. Med. 2023, 12, 4830

algorithms on traditional computer platforms, however, might require exorbitant, cost- and
time-prohibitive computational resources; implementation of quantum computation may
allow tractable, economic solutions for combinatoric and other equally complex oncologic
questions. Oncologists have successfully used quantum computing, together with AI
applications, in the prediction of breast cancer [38], the application of radiotherapy [39]
and cancer histologic assessment [40].

Artificial-Intelligence-Boosted Internet of Things (AIoT)

The internet of things (IoT) describes a system of local and remote physical instru-
ments with communication, data processing, computational, memory storage and sensor
capabilities interconnected via the internet and/or a local network [41,42]. The IoT aims
to leverage the full potential of modern digital resources to optimize and assist with the
activities and pursuits of daily living. Domestic examples of the IoT include smart speakers,
home security systems and integrated, residential thermostat devices. The IoT has the
potential for broad societal utilization. Specifically, within the sphere of health care, the
IoT, i.e., the internet of medical things (IoMT), has enabled new, vital medical services, for
instance, distance clinical assessment and monitoring [43,44] and remote health emergency
notification [45]. In addition, investigators have proposed using the IoMT to enhance
breast cancer detection [46], patient-centric healthcare [47,48], and the performance of
health-care-related deep learning models [49].

With the advent of AI, the next iteration of the IoT emerged: artificial-intelligence-
boosted IoT (AIoT) [50]. The AIoT underpins a range of familiar IoT applications such as
autonomous driving vehicles [51], industrial robots [52] and surveillance drones [53]. The
AIoT has provided impetus for several AI-based initiatives, for example, the development of
anticipatory manufacturing machine maintenance, automated optimization of commercial
operational efficiency and machine-learning-based urban safety monitoring and traffic
control. Hospitals have begun using the AIoT to maintain efficient daily facility functioning
and provide centralized patient monitoring. At COH, researchers have harnessed the AIoT
to ensure safe, timely and effective post-surgery recovery for the patient after return to
their home [54].

Distributive Edge Computing

Shared, centralized high-performance computer centers (HPCCs) have made available
to a multitude of scientists the computer resources required to perform highly complex,
computationally intense analyses. A HPCC may be located at a significant physical dis-
tance from the data source; moreover, as a shared resource, HPCC analytic jobs enter
a work queue and process them in a serial fashion. The geographical and operational
architecture of the HPCC results in “in due time” job completion. A complementary
data analytic approach, edge computing, redistributes data processing, computations and
memory storage from HPCC hubs to smaller, local computer nodes contiguous with the
data source [55]. Edge computer nodes excel at “now time” processing of smaller discrete
data parcels. For certain applications, most notably IoT platforms, edge computing offers
distinct advantages over centralized HPCC processing: improved efficiency, low latency
and increased agility; further, for large institutions, with often immensely large HPCC com-
putational demands, edge computing helps alleviate computational backlog and obviate
compromise of network bandwidth. Currently, edge computing plays an indispensable
role in healthcare, processing data originating from local clinics as well as patient wearable
monitoring devices. [56,57]. Researchers have begun to leverage the AI Silecosystem to
catalyze new discoveries in and applications of edge computing. Recent efforts seek to
bring the power, versatility and efficacy of AI to the edge in order to enhance local analytic
capabilities [58–60]; specific initiatives seek to apply AI to edge immune-oncology and
precision oncology computational efforts [61,62].
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Cloud Computing

Cloud computing refers to as-needed, subscription use of off-site computer services,
typically utilizing an internet connected network. Cloud computing allows organizations
to rapidly adapt to and accommodate their changing computational needs. Cloud com-
puting mitigates the often-substantial transitional financial and time lag costs associated
with start-up or rapidly expanding computer needs. As the owners of the cloud com-
puter services manage and maintain their product, subscribers avoid administrative and
custodian cost burdens. Further, in the event of abrupt computational deceleration or
change in operational goals, cloud computing eliminates organizational depreciation costs
associated with dormant or obsolete equipment and software. Even stably established and
well-resourced HPCCs may utilize cloud computing services to buffer acute fluxes in com-
puter needs. Cloud computing currently plays a pivotal role in supporting the healthcare
industry, including provision of the off-site storage of patient electronic medical records,
the warehousing of large genomic data sets, the enablement of robust telehealth capabilities
and the hosting of patient access portals [63]. Cloud computing utilizes the AI Silecosys-
tem to automate complex healthcare data management protocols and enhance workflows
associated with the processing and analysis of patient data [64]. Cloud AI platforms make
more immediately available to oncologists and their patients the tremendous power of AI
protocols [65]. AI-augmented cloud computing helps to advance tumor board operations,
cancer therapeutics, patient management, diagnostics and oncology services [66].

Neuromorphic Computing

Neuromorphic computing adapts the physical architecture and functionality of the
human central nervous system to enhance computer design and operation [67–70]. The
artificial neuron constitutes the fundamental functional unit of neuromorphic computing.
The construction and implementation of the artificial neuron and neuromorphic computers
rely on interdisciplinary collaboration among neurobiologists, electrical engineers, com-
puter scientists and computational specialists. Neuromorphic computing provided the
basis for the invention and utilization of neuromorphic sensors such as artificial retinas
and cochleae. Neuromorphic computing research inspired specialized subdisciplines,
for example, neuromemrestive initiatives that utilize electromagnetic memristors to cre-
ate CNS-computer interfaces [71]. Neuromorphic computing plays an ever-increasingly
important role in healthcare applications such as patient safety monitoring [72], neuro-
rehabilitation [73] and interactive health care robotics [74]. Recently, computer researchers
have incorporated neuromorphic computing approaches into AI platforms to boost their
effectiveness and efficiency [75–77]. Cancer scientists and oncologists have implemented
AI-based neuromorphic computing to enrich their research [78–80] and improve clinical
patient care [78,81].

Analog Neural Networks

As with neuromorphic computing, analog neural networks seek to mimic, more
closely, the biochemical and neurophysiological functioning of the biological nervous
system. Because biologic neuronal inputs comprise parallel converged signals originating
from a multitude of neighboring neurons, the inputs do not occur within discrete time
episodes, nor do the strength of signals have categorical quantitative values. Therefore,
a nervous system model with analog continuous, rather than digital, input values more
closely approximates actual nervous system functioning. Analog neural networks require
less energy and less computational time compared with digital networks [82–85]. Analog
neural networks now play central roles in the operation of numerous healthcare and
medical software applications, e.g., those related to medical imaging [86], mimicking of the
olfactory function [87] and modeling of mastoid bone pathologic events [88]. Investigators
observe that analog neural networks may be used to support AI-based platforms such
as vector machine learning [89], advanced edge computing [90] and natural language
processing [91]. Cancer computational specialists have adapted analog neural networks to
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strengthen AI-informed oncology research, including the development of efficient cancer
classification workflows [92,93], cancer histological analytic approaches [94] and oncology
drug design pathways [95].

Monolithic-3D AI Systems

Electrical engineers originally designed the integrated circuit (IC) as a two-dimensional,
flat semiconductor device containing a vast array of electronic elements such as transistors,
capacitors and resistors. The IC has the capability to perform a wide range of data pro-
cessing and computational operations. Relative to a collection of discrete circuit elements,
ICs carry out operations more rapidly and use less energy. Recent advancements in IC
design have led to the development of a three-dimensional (3D) IC configuration in which
engineers vertically layer two-dimensional IC units [96]. This innovative design allowed
construction of monolithic 3D ICs that contain within a single chip the necessary electronic
components to carry out increasingly complex, advanced computational tasks [97]. Mono-
lithic 3D ICs demonstrate improved efficiency of operation and allow for construction
of ever more compact electronic instrumentation. The introduction of monolithic 3D ICs
rapidly accelerated practical implementation of often very complicated AI machine learn-
ing and deep neural network algorithms in IoT devices such as personal, wearable medical
devices and point-of-service health equipment [98].

The Graphics Processing Unit

The central processing unit (CPU) provides global program execution instructions
for the computer; typically, the CPU performs its operational tasks in a serial fashion, one
following another. CPUs normally contain a modest number of individual processing
units (most often fewer than one hundred). Electrical engineers designed the CPU to
complete dedicated large-scale computer operational tasks. In comparison, the graphics
processing unit (GPU) has more limited operation execution responsibilities related to
specific tasks [99]. The GPU can execute functions in a parallel fashion, handling multiple
tasks simultaneously; facilitating parallel execution, the GPU may contain thousands of
processing units. Although originally designed to perform video and graphics functions,
computer scientists realized that vis-à-vis the CPU, the GPU performs AI-related tasks
(e.g., machine learning and neural network operations) more proficiently. Oncologists have
utilized GPU-based devices to augment their ability to implement radiation therapy [100]
and interpret neuro-oncology MRI images [101]

Analog, Non-Volatile Memory Devices

Analog memory devices can store continuous data values. Volatile memory requires
a continuous power source to retain data; non-volatile memory devices retain and stably
store data after power discontinuation. The profound interest in implementing AI-based
approaches, such as neuromorphic computing, that require durable and continuously val-
ued data sets, has intensified the need for analog, non-volatile memory devices. Recently,
engineers have innovated memory storage with the introduction of analog, nonvolatile
ferroelectric field-effect [102,103], resistive random access memory [104–106], magnetic ran-
dom access memory [107,108] and phase change memory technologies [109–111]. Analog,
non-volatile memory has been instrumental in the continuing maturation of AI-based neu-
ral networks [84,112,113], image analytic platforms [114] and bio-sensor devices [115,116].

3.3.2. Advances in Data

Data fuels the engine of the AI Silecosystem vehicle [117]; historically, several data-
related innovations contributed to thawing of the AI Winters. Increasing the size of a data
set characteristically elevates performance of an AI algorithm [118,119]. The advent of
systematized large-scale data acquisition, concomitant with convergent informational and
technical advances such as data compression [120], solid state memory [121] and random
access memory [122], contributed to improved AI algorithmic functionality and abetted the
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awakenings of the AI Silecosystem from its early hibernations. In the following section, we
examine additional data innovations that have driven forward the evolution and growth of
the AI Silecosystem.

Synthetic Data

Synthetic data refer to information originating from an intentionally engineered pro-
cess, in contrast to authentic data generated spontaneously from actual, real-world events.
The desire for optimized AI algorithmic operability and larger data sets drove the develop-
ment of synthetic data fabrication protocols.

Synthetic data production typically requires application of stringent statistical analytic
procedures, precise data sampling approaches and rigorous testing methods to ensure
accuracy and validity [123,124]. Synthetic data offer several key advantages over real-
world data. For very large data sets, synthetic data avoid the often-tremendous financial
costs associated with real-world data collection. Moreover, synthetic data, as they do not
originate from actual patients, do not pose privacy risks and, additionally, eliminate the
potential financial liability associated with a data breech. In addition, because of anonymity,
synthetic data collections may allow their unrestricted use as open-source data repositories.
The collection of real-world data may expose investigators to physical hazard. Data arising
from natural disaster areas, associated with dangerous chemical or biologic agents, or
originating from an unsafe physical environment (e.g., an active military combat zone or
crime-challenged neighborhood) may all threaten the safety of data collection personnel.
The surrogate production of synthetic data obviates such threats.

Within the AI Silecosystem, synthetic data have acquired increased prominence as
recognition of their utility has grown. Synthetic data have driven forward innovations
within the healthcare space. Synthetic data undergird many current initiatives in medical
education [125,126], clinical training [127,128], epidemiology research [129,130] and disease
prevention [131,132]. Cancer researchers now use synthetic data resources to bolster their
work including precision medicine [133] and palliative care [134].

Facilitating Culturally Representative AI Data Sets

Experts identify cultural inequity and lack of diversity as ongoing and significant chal-
lenges in our society specifically impacting healthcare and medical outcomes [135–137]. As
AI gains increasing currency as a tool to direct healthcare decision-making, and recognizing
that patient data set composition influences AI algorithmic outcomes, consideration of
the racial and ethnic composition of patient data sets has become important in order to
ensure equity of healthcare outcomes, specifically within the sphere of cancer care [138].
Nevertheless, despite legal requirements for representative inclusion of racial and ethnic
minorities in health research, disparities persist; data sets used in AI-based algorithms
continue to employ non-representative patient populations, undermining the validity of
algorithmic decision-making [139,140]. Novel initiatives aim to improve and maintain
broad population representation within health care data sets and across AI platforms.
These initiatives include the implementation of intentionally diverse data sets [141], the
enactment of more effective legislative guidelines to promote equity and diversity [142] and
initiation of proactive community programs to promote health research participation [143].

Optimizing Data Deposition and Engineering

In order to optimize functioning of the Silecosystem and performance of downstream
applications, computer engineers and scientists require tractable access to high-quality,
large-volume data [144,145]. For example, machine learning algorithms for drug discov-
ery [146], diagnostic prediction [147] and oncology medical imaging [148] demonstrate
significant improvement with enhancement of data quantity and quality. The construction
of national federated data repositories seeks to establish direct, streamlined public access
to large data warehouses [149–153]. Data engineering aims to modify and format data to
facilitate AI model building and the completion of analytic tasks [154,155]. Recent data
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engineering efforts have sought to automate data quality improvement protocols such as
eliminating bias in and assessing the integrity of large data sets [156–158].

Together, the careful generation of synthetic data, increased attention to equitable data
representation and the facilitation of high-quality data access have promoted the saliency
and amplified the currency of the AI Silecosystem. In the section that follows, we chronicle
the role of software algorithms in mitigating past AI winters and their continuing role to
solidify collective adoption of the AI Silecosystem.

3.3.3. Advances in Software Algorithms: Piloting the AI Ecosystem

If hardware functions as engine, and data serve as fuel, then the software algorithm
operates as pilot to direct the AI Silecosystem. As a pilot, the software algorithm directs the
operational flow, direction and output of the AI Silecosystem. The AI computer scientist
may choose among a variety of software algorithms; most frequently, the scientist utilizes
machine learning or neural network algorithms [159,160].

Machine learning algorithms employ either supervised or unsupervised protocols [161].
With supervised protocols, input data have assigned labels that link with an output result;
using this label, the algorithm then “learns” the rule that governs the relationship between
the input and output data. With unsupervised protocols, the data lacks labels, and the
algorithm must devise its own associative rules to understand patterns in the data. Among
a range of practical applications, supervised machine learning has been used to predict
customer behavior [162,163], differentiate cells of different histologies [164,165] and recog-
nize faces [166,167]. With unsupervised machine learning, the algorithm seeks to cluster
entities based upon some discoverable property of the entities, for example, grouping
anonymous individuals within a large crowd based upon biometric or acquired physical
variables [168,169].

Neural network algorithms, subsets of machine learning, generally supervised, work
by mimicking the workings of the nervous system; within a neural network, an artificial
neuron receives multiple inputs from neighboring neurons and then generates a resultant
output based upon combined input [170]. In turn, the neuron transmits its output signal to
other neighboring neurons, culminating, ultimately, in a final, consolidated output value
from the system. The neural network algorithm “learns” the necessary rules that govern the
correct association between input and output values. For example, computer scientists have
adapted neural networking to interpret handwriting; this task entails making the correct
association between a handwritten word and the ground truth, intended word [171–173].

Building upon the revolutionary impact of machine learning, other software inven-
tions and algorithmic discoveries helped to rejuvenate AI and continue to transform the
Silecosystem. A brief synopsis of major innovations follows.

Generative AI

Generative AI, an evolutionary offshoot of machine learning, uses rules derived
from established instances of creative content to generate novel content such as original,
advanced-level written documents [174], music compositions [175] and video game plat-
forms [176], among others. Recently available generative AI applications, Microsoft’s
ChatGPT [177] and Google’s Bard [178], have piqued the public’s attention as both tools
demonstrate the ability to very quickly generate works that approach the imaginative and
technical abilities of human creators [179,180]. ChatGPT and Bard have authored working
computer code [181–183], achieved passing scores on professional qualifying and academic
exams [184,185] and written jokes [186]. In the health care field, generative AI enables
chatbot services [187], carries out natural language processing of medical records [188]
and completes medical education tasks [189]. These generative AI applications currently
play important roles in cancer drug discovery [190], review of cancer patient medical
records [191] and digital pathology [192].
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Virtual and Augmented Reality

Virtual reality relies upon AI-empowered three-dimensional viewing devices together
with positional tracking to construct and allow participation in a simulated, pseudo-
physical existence [193]. Augmented reality combines input originating from physical
reality with information generated by a computer device to enrich the conscious experi-
ence [194,195]. Providers have utilized both virtual and augmented realities in health care,
for example, to improve medical practice and basic science research, advance educational
curricula [196–200], refine surgical skills [201,202], guarantee the safety and effectiveness
of medical procedures [203,204] and alleviate cancer pain and suffering [205–207]. Future
virtual and augmented reality efforts aim to optimize routine, everyday tasks as well as
medical professional-related procedures [208–210].

Explainable Machine Learning

Machine learning algorithms achieve their solutions through progression of relation-
ally dependent steps. The underlying logic governing these relations, however, may be
abstruse and not readily decipherable by a computer scientist [211]. Disambiguating the
machine learning logic yields significant benefits. For just as explaining the mechanism
of a biologic process or chemical reaction may reveal secondary insights and lead to addi-
tional discovery, so also may explaining the logic of a machine learning solution lead to
derivative AI computational breakthroughs [212]. Furthermore, end users of transparent,
explainable machine learning algorithms have increased confidence in the predictions
of and conclusion made by the algorithm [213,214]. AI computer scientists use a vari-
ety of explanatory methods to reveal and illuminate the underlying governing logic of a
machine learning behavior [215–218]. For example, gradient methods quantify the effect
that a change in a machine input parameter has on the algorithm output at each step of
the algorithm [219,220]. Deconvolution protocols provide logical information about the
logical relationship between a specific output feature and input variable [221,222]. Local
interpretable, model-agnostic explanations work by randomly inactivating model inputs
and then observing and collectively analyzing output results [223–225]. These and other
explainable methods promise to enhance the intuitive utility of and confidence in machine
learning as well as other AI-based methods. For example, oncologists have employed
explainable machine learning to boost their ability to perform breast cancer morphological
and molecular breast cancer profiling [226] as well as estimate cancer hospital length of
stay [227].

Generative Adversarial Networks

Generative adversarial networks (GANs) represent a category of generative machine
learning algorithms in which two neural networks, a generator and discriminator, “com-
pete” to achieve a maximized generative outcome, for example, production of an artificial
image indistinguishable from an actual image [228,229]. Ground truth data sets train
the generator to produce artificial data and also train the discriminator to distinguish
between actual and artificial data [230,231]. The GAN algorithm achieves its generative
objective when the generator produces artificial data, a majority of which the discriminator
fails to distinguish from authentic data [230]. GANs have applications across a variety
of disciplines including natural language processing [232–234], cybersecurity [235,236],
manufacturing [237–239] and military defense [240,241]. Prominently, science and medicine
have adapted GANs to design and analyze biological networks [242], perform medical
imaging [243,244], inform precision oncology [245] and prescribe radiation medicine proto-
cols [246–248].

Neuro-Vector-Symbolic Architecture

Illustrative of the rapid transformation of the AI Silecosystem, computer scientists
recently introduced a novel AI computer operational structure, neuro-vector-symbolic
architecture (NSVA) [249]. NSVA combines two existing, highly impactful AI strategies,
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deep neural networks (DNNs) and vector symbolic architectures (VSAs). DNNs excel at
discerning objects in images, but lack the ability to differentiate among similarly shaped
objects with differentiating secondary characteristics [250,251]. VSAs have the capacity
to distinguish among entities having a multitude of secondary characteristics; however,
they faulter with image perception [252,253]. Thus, neither DNNs nor VSAs can indepen-
dently solve image-based abstract reasoning problems adequately. NSVAs incorporate
the strengths of both SVAs and DNNs without their inherent weaknesses to create an
innovative AI architecture capable of solving complex, perceptual problems [254]. Ap-
plied architectural synergism, such as the NSVA, provides a model for evolving the AI
Silecosystem to accommodate the burgeoning computational complexity brought about
by the accelerated societal adoption and use of AI. Cancer specialists have adapted these
novel architectures to aid image analysis [255] and tumor classification [256].

The Democratization of Resources/Open-Source AI Software

Open-source software refers to computer software universally available to individuals
for unrestricted use, modification and distribution [257]. Open-source software, beyond
facile, economic availability, accelerates computer discovery, engenders trust in the soft-
ware and organically self-improves due to iterative public editing and optimization [258].
The AI community has access to a broad menu of open-source software applications. Two
frequently used AI open-source programs, TensorFlow [259] and PyTorch [260], provide
platforms for the development of machine learning programs. Computer scientists fre-
quently utilize TensorFlow to develop and train deep neural networks [261,262]. PyTorch
has a variety of uses including the construction of natural language processing applica-
tions [263,264] and image processing [265,266]. Open-source AI software promotes the free
exchange of ideas among users, sustains the democratization and pace of AI Silecosystem
maturation, and serves as a catalyst for continuing research, invention and insight. Cur-
rently, AI computer scientists employ open-source software solutions to facilitate brain
cancer research [267], perform cancer digital pathology [268] and analyze cancer genomic
data [269].

In Table 1 below, we provide a summary of the significant historical and ongoing
hardware, data and software innovations with regard to their impact on seven key metrics
of the AI Silecosystem: AI algorithmic speed, efficiency, utility, agility, accuracy, security
and accessibility.
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Table 1. Significant Past and Ongoing Advances in Hardware, Data and Software Driving Evolution
of the AI Ecosystem and Their Value Impact.

AI Silecosystem Metric

Component Innovation

A
I

A
lg

o
ri

th
m

ic
S

p
e

e
d

E
ffi

ci
e

n
cy

/C
o

st

U
ti

li
ty

A
g

il
it

y

A
cc

u
ra

cy
/V

a
li

d
it

y
/R

e
li

a
b

il
it

y

S
e

cu
ri

ty
/S

a
fe

ty

A
cc

e
ss

ib
il

it
y

Hardware

Quantum Computing
AI Internet of Things

Distributive Edge Computing
Cloud Computing

Neuromorphic Computing
Analog Neural Networks
Monolithic 3D AI Systems
Graphics Processing Unit

Analog Non-Volatile Memory

Data
Synthetic Data

Culturally Representative Data Sets
Data Optimization

Software

Generative AI
Virtual and Augmented Reality
Explainable Machine Learning

Generative Adversarial Networks
Neuro-Vector-Symbolic Architecture

Open-Source AI Software
Greater Impact Lesser Impact

4. Tribulations of the AI Silecosystem: Impending AI Winter or Early Twilight of a
Paradigm in Demise?

Interest in, adoption of and innovation associated with the AI Silecosystem have
surged in no small measure due to the recent advances in the field of generative AI. With
this surge, however, has come an amplification of concerns over the real and emerging
risks and dangers of the AI Silecosystem [270]. Some experts see a more powerful AI
Silecosystem as an existential threat to humanity [271]; the Center for AI safety recently
advised that “mitigating the risk of extinction from AI should be a global priority alongside
other societal-scale risks such as pandemics and nuclear war” [272]. Consequently, some
societal leaders and countries have sought to pause or curtail continued AI development
and/or use [273,274].

Regarding the use of AI within the healthcare and oncology sphere, leaders have
voiced three broad concerns: loss of autonomy, malpractice and loss of compassion.

Scholars envision, on the horizon, ostensibly in the very near future, an AI singularity
event wherein the intellectual capabilities of AI surpass that of humans, potentially with
AI demonstrating unpredictable and uncontrollable behavior [275,276]. In this scenario,
humans may unintentionally cede autonomy over their healthcare decision-making to an
AI algorithm based upon actual superior medical insight [277–279], misperceived medical
authority [280] or psychological manipulation [281].

Computer scientists and AI end users have expressed concerns over factual errors
generated by AI algorithms [183,282–284]. AI-informed healthcare may pose real physical
danger for the patient as AI algorithms may be prone to misdiagnosis [285] and incomplete
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or inaccurate treatment recommendations [286–288]. Healthcare specialists now recom-
mend careful assessment of AI algorithms used for medical decision-making and expert
review of AI-generated recommendations to avoid medical mistreatment [289,290].

Many patients do not trust AI [291–293]. Patients feel slighted by AI algorithms as
the algorithms may, seemingly without apparent logic, deny patients health care coverage
and needed services [294,295]. Patients perceive AI decisions as obdurate, unnuanced and
arbitrary [296,297]. AI lacks compassion. The AI Silecosystem may be intelligent, but to
many it is not wise.

These challenges, if not timely addressed, may precipitate the next AI intermission.
Alternately, and potentially of greater consequence, the recent ascendancy of generative
AI may presage an incipient twilight of the paradigm of “computer as thinking machine”
along with the dawning of a succeeding, replacement paradigm, “computer as rational,
sentient being”.

In Part I, we reviewed the primary hardware, data and software components of AI that
enable its operation and advancement, encapsulated in the idea of the AI Silecosystem. As
well, we chronicled the historical phases of progress and recession of the AI Silecosystem,
conceptualized as the Kuhnian paradigm. In Part II that follows, we provide an example of
practical utilization of the AI Silecosystem and illustrate its value to advance community
oncology practice at the COH Comprehensive Cancer Center. We begin with a short
discussion of the academic origins of the AI Silecosystem, and then proceed to detail its
application at COH to advance community oncology practice.

5. The Academic Origins and Catalysis of the AI Silecosystem

The AI Silecosystem can trace its origins back to a number of key societal institutions
that include commercial enterprises [298–304], the military [304–307] and, arguably, most
prominently, academic centers [308–310]. Given their focus on research and education as
well as their often substantial financial resources, academic centers became the natural
home, incubator and accelerator of the AI Silecosystem. Because of their interdisciplinary
and collaborative natures, academic departments often cross-pollinate ideas among depart-
ments and anticipate, react to and advance emerging paradigms such as the AI Silecosystem.
Examples of notable AI advances originating from academic centers include invention of
the Perceptron at the Cornell Aeronautical Laboratory in 1943 [311], conceptualization of the
idea of AI at the 1956 Dartmouth Summer Research Project on Artificial Intelligence [312],
construction of the first life-like robot at Waseda University in 1970 [313], demonstration
of the first autonomous driving vehicle, the Stanford Cart, in 1979 [314] and creation of
ImageNet, an annotated image repository, at Princeton University [315].

The emergence of the AI Silecosystem from academic centers accelerated adoption by
academic healthcare and further advanced AI discoveries within the healthcare field. AI
has established a widespread presence within medicine [316,317]. For instance, radiologists
have harnessed AI to assist with interpretation of medical images [16,318,319], cardiologists
use AI to diagnose and monitor patients with heart disease [320–322], gastroenterologists
leverage AI to enhance the effectiveness of their interventions [323–325] and pulmonolo-
gists apply AI algorithms to optimize their diagnoses [326–328]. The AI Silecosystem has
demonstrated tremendous value in oncology. Academic AI-based protocols have impacted
oncologic approaches to the early diagnosis of cancer [329,330], targeted precision therapeu-
tic recommendations [331] and palliative interventions [332,333]. After early applications
in academic oncology, subsequent initiatives aimed to extend the AI Silecosystem paradigm
to community oncology practice. Next, we chronicle these various initiatives.

6. Harnessing of the Academic Oncology AI Silecosystem to Advance Community
Oncology Practice: The City of Hope Experience

Although the AI Silecosystem has firm footing within academic oncology, its place
within community oncology practice continues to mature. The City of Hope Cancer Center
(COH) comprises a central, academic campus together with over 30 community satellite
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oncology practices. The central academic campus hosts COH’s AI Silecosystem. In the
following section, we describe the hardware, data, and software algorithm resources
of the COH Silecosystem, the availability of these resources to the community oncology
practices and the efforts to advance AI-empowered oncology care within the COH oncology
enterprise (Figure 3).

 
Figure 3. Satellite COH community oncology clinics may access the institutional AI Silecosys-

tem through hub-and-spoke service operations. Community oncology practices may utilize data
analytic, AI expert and HPCC resources via centralized network services provided to the COH
community.

6.1. Hardware Resources: High-Performance Computer Cluster

To support AI computations, COH maintains a high-performance computer center
(HPCC) comprising 7300 CPU cores, 80 TB of memory and 176 GPUs. All COH physicians,
faculty, staff and students, including community oncology members, have privileges to
access the HPCC remotely through desktop terminal applications. Round-the-clock IT
experts provide technical support to assist with access to and utilization of the HPCC.

6.2. Data Resources

The COH Data Center manages and ensures reliable availability of several petabytes of
deidentified clinical and genomic data for AI-related projects. To facilitate AI research and
clinical projects, the Data Center relies on an institution-wide data repository, POSEIDON
(Precision Oncology Software Environment Interoperable Data Ontologies Network), to
house patient clinical and genomic data [334]. AI-assisted natural language processing
organizes POSEIDON data according to a Common Data Model to optimize and accelerate
downstream data input into AI operational workflows. To date, POSEIDON has assembled
nearly one quarter million unique real world patient data sets. COH information and health
care scientists have instituted and optimized operational protocols to structure efficiently
patient-generated data for AI-based applications [335].

6.3. Software Resources

COH maintains a suite of bioinformatics and AI application modules on the HPCC.
Clients may utilize HPCC resources and pursue AI investigations independently or col-
laboratively with COH expert consultants. COH established its Department of Applied
Artificial Intelligence and Data Science (AAI/DS) to educate the COH community, facilitate
institutional AI-based research and to provide clinical decision support to aid with AI
modeling. AAI/DS hosts two forums each month. One forum, a journal club, reviews
published manuscripts covering current areas of AI research including image analysis,
machine learning and natural language processing. The second forum focuses on machine-
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learning-related institutional research initiatives, software applications and computational
tools.

AAI/DS efforts have resulted in the creation of multiple machine-learning-based
models to predict real world clinical events. Following bone marrow transplantation
(BMT), the development of severe sepsis has an associated mortality rate exceeding 50%.
One AAI/DS project utilized an ensemble approach combining multiple random forest
binary classifications models to develop a tool to estimate the risk of patients developing
life-threatening sepsis after BMT [336]. COH clinicians have employed this model to
improve clinical care, avert sepsis-associated organ damage and ameliorate mortality
events after BMT.

Serious complications such as cardiac events, pneumonia, hemorrhage and death
many times follow cytoreductive cancer surgeries. Another AAI/DS initiative employed
an explainable machine learning strategy to develop a model that predicts complications
following cytoreductive surgery [337]. Surgeons at COH currently employ this model to
identify patients at risk for post-operative complications and to implement preventive
measures to mitigate these risks. For oncologists, time estimation until end of life in
terminally ill patients poses a challenge; frequently, oncologists overestimate time until
end of life. Such misestimation may negatively impact patient and family emotional and
financial planning as well as confound medical management. Working with COH palliative
care specialists, AAI/DS used a gradient-boosted trees binary classifier to create a model
estimating time to end of life [338]. This model reliably outperformed oncologists for
predicting 90-day mortality in terminally ill patients.

Alongside AAI/DS, associate COH departments and institutions further underpin the
AI Silecosystem. The COH Center for Informatics, comprising the Divisions of Biostatistics,
Clinical Research Information Support, Research Informatics and Mathematical Oncology,
provides key computational support to the COH AI Silecosystem. The Center assists
with the statistical design of research projects, restructures health and research data to
be compatible with computer processing and aids with the visualization and analysis
of data. AI projects supported by the Center for Informatics include the use of machine
learning approaches to optimize, organize and structure electronic health care records
for downstream artificial-intelligence-related projects [339], development of a machine
learning platform to visualize and extract computationally employable information from
biomedical and clinical data records [340] and utilizing machine learning approaches to
advance the study and clinical implementation of immune-oncology [341].

The Translational Genomics Research Institute (TGen), a COH-affiliated center, lever-
ages translational genomics to innovate diagnostic methods, molecular prognostic tools
and targeted therapies for cancer through independent and collaborative projects [342].
Implementation of AI and machine learning algorithms have accelerated TGen-driven
insights, fortifying the COH AI Silecosystem. One recent TGen-initiated scientific endeavor
applied machine learning to develop a novel early cancer detection method, targeted digital
sequencing (TARDIS) [343].

The cumulative energies of the AAI/DS, Center for Informatics, TGen, as well as the
efforts of independent COH investigators have helped create a rich resource of AI expertise
and maintain a robust portfolio of AI research. Examples of other initiatives at COHthat
illustrate the depth and breadth of the AI Silecosystem include the use of AI autoseg-
mentation for patients pending bone marrow transplant irradiation [344–346], AI-assisted
oncologic drug design [347], expert critical review of clinical AI models [348], AI-based
platforms for the evaluation and treatment of lung [349] and breast cancers [350], machine
learning enabled pre-surgery physical status scoring [351] and AI-assisted irradiation dose
estimation [352].

6.4. COH AI Silecosystem Engagement with the Community Oncology Network

Community Oncology patients and physicians at COH interface with and gain advan-
tage from the AI Silecosystem on multiple levels. Every day, COH patients benefit directly
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from AI-informed institutional clinical care protocols such as the AI-informed diagnostic
radiology, radiation oncology, medical oncology and palliative care initiatives described
above. Moreover, community oncology patients may qualify for AI-based national clinical
trials sponsored by COH. One such trial, currently available at COH, uses machine learning
to inform the treatment of high-risk prostate cancer (NCT04513717) [353]. Community
oncology patients also collaterally benefit from inclusion of their health care and genomic
data in the electronic health record as their data help shape and make more accurate the AI
models from which their AI-informed healthcare derives [354].

The COH AI Silecosystem likewise aids community oncologists. The AI Silecosystem
provides access to expert AI specialists capable of providing to the community oncologist
insights into the clinical serviceability and utilization of AI-based healthcare applications.
Additionally, COH community oncologists may avail themselves of the many educational
opportunities such as AI-related journal clubs, seminars and lectures. Further, COH
community oncologists may employ the AI-Silecosystem data repository and institutional
AI-associated hardware and clinical platforms for their own patient care [355]. Moreover,
the COH AI Silecosystem helps expand AI-based clinical trial and research opportunities
for community oncology providers.

7. Conclusions

The AI Silecosystem operates, innovates and advances as a synthesis of its component
hardware, data and software elements. The AI Silecosystem has transformed in accordance
with a Kuhnian paradigmatic progression with periods of rapid advancements punctuated
by episodes of retreat. Recent signals of possible impending AI recession or even demise
notwithstanding, the AI Silecosystem currently enjoys increasing societal currency and
practical adoption. The academic oncology healthcare enterprise has significantly leveraged
the AI Silecosystem to rapidly advantage cancer care, in particular the clinical management
of the community oncology patient. The COH academic-community oncology team alliance
demonstrates the practical feasibility and the tangible dividend of such leverage. In the
near term, we may reasonably anticipate continued enthusiasm for the AI Silecosystem
and its further utilization within community oncology practice.
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Abstract: CNS metastases are often terminal for cancer patients and occur at an approximately
10-fold higher rate than primary CNS tumors. The incidence of these tumors is approximately
70,000–400,000 cases annually in the US. Advances that have occurred over the past two decades have
led to more personalized treatment approaches. Newer surgical and radiation techniques, as well as
targeted and immune therapies, have enanled patient to live longer, thus increasing the risk for the
development of CNS, brain, and leptomeningeal metastases (BM and LM). Patients who develop CNS
metastases have often been heavily treated, and options for future treatment could best be addressed
by multidisciplinary teams. Studies have indicated that patients with brain metastases have improved
survival outcomes when cared for in high-volume academic institutions using multidisciplinary
teams. This manuscript discusses a multidisciplinary approach for both parenchymal brain metastases
as well as leptomeningeal metastases implemented in three academic institutions. Additionally, with
the increasing development of healthcare systems, we discuss optimizing the management of CNS
metastases across healthcare systems and integrating basic and translational science into our clinical
care to further improve outcomes. This paper summarizes the existing therapeutic approaches to
the treatment of BM and LM and discusses novel and emerging approaches to optimizing access to
neuro-oncologic care while simultaneously integrating multidisciplinary teams in the care of patients
with BM and LM.
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SUMMARY TABLE

• The treatment of brain metastases (BM) and leptomeningeal metastases (LM) includes a
combination of surgical intervention, radiation therapy, systemically administered therapies,
and therapies directly administered to the CNS.

• Surgical interventions for BM include craniotomy and emerging modalities such as laser
interstitial thermal therapy (LITT), which are often utilized with large tumor metastases that
produce neurologic symptoms and increase intracranial pressure; for LM, options are more
limited to the placement of intraventricular reservoirs for intrathecal chemotherapy or shunt
placement for communicating hydrocephalus.

• Radiation therapies for BM include whole-brain radiation therapy (WBRT) and stereotactic
radiosurgery (SRS), of which neurocognitive toxicity remains a pressing concern; for LM,
options include WBRT and craniospinal irradiation (CSI).

• Systemically administered therapies for BM include tyrosine kinase inhibitors (TKI), such as
osimertinib and tucatinib, and immune checkpoint inhibitors (ICI), such as cytotoxic
T-lymphocyte-associated antigen 4 (CTLA4) inhibitors and programmed death 1 (PD1)
pathway inhibitors; for LM, there is not a standard-of-care systemic therapy, with overall
prognosis remaining poor.

• Intrathecal (or intra-CSF) chemotherapy is an ongoing area of study for the treatment of LM,
with novel therapies demonstrating some promise.

• Hospital-system-wide tumor boards, also known as multidisciplinary cancer meetings
(MCM), are emerging settings through which providers representing multidisciplinary
neuro-oncology subspecialties meet to discuss complex cases and facilitate information
sharing for the improvement of patient outcomes. These tumor boards may be in person or
virtual, which remains an ongoing area of interest.

• Telemedicine has been a growing technology since COVID-19, with widespread potential for
improving access and quality of care in the field of neuro-oncology.

1. Background

In this review, we discuss the clinical management of brain metastases (BM) and
leptomeningeal metastases (LM), which are diseases managed by a multidisciplinary team
of medical oncologists in conjunction with neuro-oncologists, radiation oncologists, and
neurosurgeons [1]. There remains an unmet need to provide specific, central nervous system
(CNS)-metastases-directed treatment in metastatic solid tumors. A multidisciplinary-team-
based medicine model may add value for patients, practitioners, and hospital systems
following such an approach. For example, the survival outcomes in brain metastases
patients cared for at academic institutions appear superior [2]. This benefit of care in high-
volume centers is in line with what has been observed for patients with glioblastoma [3,4].
While numerous non-clinical factors, including selection bias, may contribute to this benefit,
we propose that specific factors related to the coordinated multispecialty oncology care
model may positively impact patient outcomes. For example, a multidisciplinary approach
has been shown to decrease treatment-associated clinical encounters and decrease the
time to the initiation of radiation therapy for patients with BM [5]. However, available
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data to indicate which are the important elements and how to structure a coordinated,
interdisciplinary care model are sparse and often lack granularity [6].

The various therapeutic modalities chosen and delivered by assorted sub-specialists
in the care of patients with BM and LM will be briefly reviewed. These interventions
include surgical intervention, radiation therapy, systemically administered therapies, and
therapies directly administered to the CNS. How individual physicians can use these
therapeutic modalities within a team model and in the context of a multidisciplinary care
plan developed across a healthcare system will be highlighted. Finally, the integration
of basic and translational science discoveries into the clinical management of BM and
LM points toward future areas of focus to continue to benefit this complex oncology
patient population.

2. Multi-Disciplinary Clinical Management of Brain Metastases

2.1. Epidemiology and Prognosis of Brain Metastases

The exact incidence of BM from solid tumors is not as certain as that of primary CNS
tumors. It is thought there are ~70,000–400,000 new cases in the United States per annum.
If correct, this makes them ~10-fold more common than primary CNS malignancies [1,7].
In turn, the scope of the problem presented by BM is substantial. Coordinated, high-touch
multidisciplinary management may be essential for all patients with BM. This may be
the case when the burden of progressive systemic disease supersedes CNS disease in
driving morbidity and mortality, a concept that can be quantified as brain metastases
velocity. Patients who develop progressive BM at a rapid annualized rate are at greater
risk of dying from CNS disease [8,9]. Logistical and organizational factors also impact
the feasibility of team-based multidisciplinary care for BM patients, including a limited
workforce of sub-specialty providers, BM-specific physical and cognitive patient debility,
and the complexities presented by health system infrastructure for well-coordinated care.

Until recently, BM was viewed as being associated with a universally dismal prognosis [10].
We now have a more nuanced perspective of outcomes for these patients. For patients with BM
from non-small cell lung, breast, melanoma, gastrointestinal, and renal cancers, median survival
ranges from 7–47 months, 3–36 months, 5–34 months, 3–17 months, and 4–35 months, respec-
tively per the Disease Specific Graded Prognostic Assessment (DS-GPA). Numerous factors
comprise GPA score, including histology, molecular characteristics, patient age, performance
status, and the number of metastases [11]. Considering these various points is important when
developing an optimal plan tailored to specific patient characteristics and circumstances.

2.2. Surgical Therapies

Surgical resection has demonstrated efficacy in prolonging survival in patients with
solitary BM. The role of surgical resection is predominantly in patients with large BM
that produce either neurologic symptoms or those associated with increased intracranial
pressure due to mass effect. It also serves a diagnostic role, including when a patient may
benefit from more detailed molecular characterization of their BM. The role of surgical
resection in oligometastatic disease is less clear, although it can be considered when there
is a dominant symptomatic BM in the setting of other smaller lesions. One key study was
the pivotal phase 3 randomized controlled trial comparing the effectiveness of surgical
resection plus post-operative whole-brain radiotherapy (WBRT) vs. WBRT alone. This trial
demonstrated that surgical resection followed by radiotherapy was superior to WBRT for
the treatment of a solitary BM. The median overall survival (OS) was over 15 months in the
surgical group vs. over 6 months in the RT-only group (p < 0.0009) [12]. Superiority was
also observed across numerous other clinically relevant endpoints.

MRI-guided laser interstitial thermal therapy (LITT) is a minimally invasive surgical
alternative for metastases up to 3 cm in diameter in locations where surgical resection may
not be readily feasible [13]. The technology delivers laser light through a stereotactically
navigated fiber optic probe to create thermal damage, leading to cellular death within
the target lesion [14]. In patients with BM and radiation necrosis, who may be sicker and
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thereby unable to tolerate resection of the necrotic lesion, LITT may present itself as a viable
alternative; in patients with radiation necrosis, it has been shown to decrease lesion size
and improve progression-free survival [15]. Some studies suggest that LITT may even be
superior to bevacizumab in the management of select patients with radiation necrosis [16].
Similarly, other studies have suggested comparable outcomes between LITT and other
surgical resection approaches for patients with brain metastases [17]. However, to date, the
evidence comparing LITT to craniotomy or medical management for the management of
radiation necrosis or brain metastases is largely retrospective (e.g., LITT vs. craniotomy [18],
LITT vs. bevacizumab [16]), with one multicenter prospective study demonstrating benefits
to laser ablation following SRS in patients with brain metastases and radiation necrosis [19].
One additional phase I clinical trial is underway, exploring the efficacy of a combination
therapy of LITT with Pembrolizumab for recurrent BM (NCT04187872).

2.3. Radiation Therapies

Radiation therapy (RT) has formed the backbone of the treatment of BM. The most
common approaches, WBRT and stereotactic radiosurgery (SRS), have different benefits in
terms of acute and late toxicity, ease of implementation, and treatment duration, without
clear differences in survival from CNS failure in oligometastatic disease (OMD). OMD
has been defined as up to five metastatic lesions [20]. Prophylactic cranial irradiation
(PCI) is another therapeutic approach using WBRT that has demonstrated success in
reducing the incidence of symptomatic BM in patients with limited- and extensive-stage
small cell lung cancer (ES-SCLC), as well as improving OS [21]. However, significant
knowledge gaps surrounding its neurotoxicity and unique effects in different subgroups of
patients have made its continued routine use somewhat controversial [22,23]. With ongoing
investigations evaluating the growing role of SRS in this disease, it is possible that this
current approach may be supplanted.

WBRT has the advantages of ubiquity in being able to be implemented quickly, its
ability to be administered across healthcare systems with varying resources, and the ability
to treat both macro- (i.e., radiographically visible) and micrometastatic CNS disease. A
key limitation of WBRT is the neurocognitive toxicity from irradiating healthy brain tissue
unaffected by tumors and the resulting deterioration of patient independence and quality
of life (QOL) [24]. In contrast, SRS can provide local control of BM without the risk of the
potential late neurotoxicity associated with larger volumes of radiation and at the expense
of not treating micrometastatic disease.

There have been efforts to avoid the neurocognitive toxicity of WBRT [25]. Two recent
interventions have been demonstrated to reduce the risk of delayed cognitive decline:
(i) the addition of the N-methyl-D-aspartate receptor (NMDAR) antagonist memantine,
a drug marketed to treat Alzheimer’s disease, and (ii) hippocampal avoidance WBRT
(HA-WBRT) [26], i.e., a careful method of treatment planning that protects the hippocampi
from high-dose radiation exposure when delivering WBRT [26]. The addition of 6 months
of memantine to WBRT in the randomized RTOG 0614 trial resulted in delayed cognitive
decline in the investigational arm [27]. The phase 3 NRG CC-001 trial used this same ap-
proach and investigated the addition of HA-WBRT. The trial compared the neurocognitive
decline in patients with BM treated with either standard WBRT or HA-WBRT [28]. The
employment of HA-WBRT was associated with lesser deterioration of executive function
as well as learning and memory without any detriment to overall survival or intracranial
progression-free survival. This benefit was observed across all patient ages and was first
noted at 4 months, persisting out to at least 12 months.

There has been continual work on optimizing the role of SRS for BM. SRS has been
shown to be both safe and efficacious for treating several “oligo” BM. Absolute tumor
number, cumulative tumor volume, and tumor location are all factors that may influence
the efficacy, safety, and tolerability of SRS for BM, making the discussion more complex
than simply defining an optimal numeric cut-off for the number of brain metastases. In
patients with 1–3 brain metastases, SRS has already replaced WBRT as the standard of
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care [29]. A more recent randomized phase III trial demonstrated level 1 evidence for the
superiority of SRS over WBRT in non-melanoma patients with 4–15 brain metastases [30],
providing support for the expansion of the number of BM that can feasibly be treated. The
latest ASCO-SNO-ASTRO guidelines recommend SRS for patients with 1–4 unresected,
asymptomatic brain metastases, excluding small cell lung cancer (SCLC) [31]. Two ad-
ditional phase III clinical trials (NRG Oncology CC009 and NRG BN009) are currently
underway. NRG-CC009 is comparing SRS to HA-WBRT plus memantine for 10 or fewer
BMs from small cell lung cancer with a primary endpoint of cognitive function failure; NRG
BN009 is comparing salvage SRS to salvage HA-WBRT for distant brain relapse following
upfront SRS with high brain metastasis velocity (BMV). BMV is defined as the total number
of new brain metastases a patient develops over time since their first treatment with SRS; it
is a newer metric that has been associated with neurologic death and overall survival and
is a predictor for determining a patient’s need for salvage WBRT after initial distant brain
failure following upfront SRS alone [9].

For large BM and limited intracranial disease burden, post-operative SRS to the
surgical resection cavity may be employed as a component of multimodal therapy [32].
Over time, prospective trials have validated the superiority of post-operative SRS over
WBRT for this indication [33,34]. However, post-operative SRS has been associated in some
studies with radiation necrosis, leptomeningeal metastatic spread, and local failure at the
SRS treatment site, thereby prompting the exploration of the use of pre-operative SRS [35].
One retrospective multi-institutional analysis of 279 patients found lower rates of radiation
necrosis, leptomeningeal spread, and local failure in patients undergoing multimodal
therapy for large BM with limited intracranial disease [36]. A recently initiated phase III
trial is exploring the efficacy of pre-operative versus post-operative SRS for patients with
surgically resected BM (NRG BN012; NCT05438212). Currently, the ASCO-SNO-ASTRO
guidelines recommend SRS to the surgical cavity in patients with 1–2 resected BM and SRS
vs. WBRT vs. combination therapy for other patients [31].

2.4. Systemic Therapies

Traditionally, systemic chemotherapy had a limited role in the management of BM due
to the CNS penetration of available agents, yet growing evidence suggests that systemically
effective therapies of newer small molecules are also demonstrating responses in the
CNS. The intracranial failure rate has been reduced in randomized trials, likely impacted
by the low CNS penetration of the agents used. A wide range of therapeutic agents
are now considered in the management of BM. The most frequently used agents are
systemic targeted therapies (e.g., tyrosine kinase inhibitors (TKI)) and immune checkpoint
inhibitors (ICI).

One example within the targeted therapy class of systemic therapy is the TKI os-
imertinib, a third-generation agent for the treatment of epidermal growth factor receptor
(EGFR) mutant non-small cell lung cancer (NSCLC). Osimertinib has demonstrated ef-
ficacy in the treatment of T790M-positive advanced NSCLC BM [37]. Another TKI is
tucatinib, a human epidermal growth factor receptor 2 (HER-2) inhibitor often used for
the treatment of HER2(+) breast cancer. A post hoc exploratory analysis of patients with
BM treated on the HER2-CLIMB trial with tucatinib in combination with capecitabine and
trastuzumab further demonstrated a role in preventing intracranial disease progression,
showing a 68% reduced risk of intracranial progression or death versus capecitabine and
trastuzumab alone [38]. Similar results have been seen for a variety of other solid tumor
types. BRAF/MEK targeted therapies, such as dabrafenib and trametinib, have become
the standard of care for the treatment of melanoma brain metastases with a BRAF-MEK
pathway driver mutation [39] and currently have histology-agnostic approval for tumors
harboring the BRAF V600E mutation. Retrospective cohort data have demonstrated the
efficacy and acceptable safety profiles of another TKI, cabozantinib, for the treatment of
renal cell carcinoma (RCC) BM [40].
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Drugs within the ICI class of systemic therapies used for the treatment of BM of-
ten target the cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) and programmed
death 1 (PD1) pathways. Theoretical benefits of ICI therapies include their lower toxicity
profiles compared to traditional chemotherapeutic agents as well as their potential for
efficacy both outside of and within the CNS [41]. Combination ICI therapies have also
often been investigated for the treatment of BM. One phase II trial exploring the combina-
tion of nivolumab with ipilumab for patients with mainly asymptomatic melanoma BM
demonstrated a response rate of 57% (95% CI 47–67%) and a three-year intracranial PFS
of 54% (95%CI 43–64%) in 101 patients with asymptomatic melanoma BM [42]. Several
ongoing trials are further investigating the incorporation of ICI for the treatment of BM
secondary to multiple primary solid tumors (NCT05704647, NCT04511013, NCT05012254,
NCT03873818, NCT04187872, NCT05341349, and NCT04348747).

3. Multi-Disciplinary Clinical Management of Leptomeningeal Metastases

3.1. Epidemiology and Prognosis of LM

Leptomeningeal spread is increasingly observed in advanced metastatic cancer, with a
relative increase as systemic treatments and disease control have substantially improved
over the last decade. LM occurs in approximately 5% of advanced solid tumors, yet autopsy
series reveal a prevalence of up to 20% for asymptomatic or undiagnosed LM [43,44]. The
observed incidence of LM diagnoses may be increasing due to advances in the diagno-
sis of LM and treatment strategies that prolong survival from systemic disease [45,46].
While cancer prognoses have broadly improved, the prognosis of LM remains poor, with
survival times typically quoted at only 2 to 3 months [47,48]. The most important (and
consistent) prognostic factor across numerous studies remains the patients’ performance
status [49,50]. This serves as a readily assessable quantifiable measure that can help guide
the aggressiveness of the management approach.

Recently, progress has been made in the understanding of patients at risk for and the
pathogenesis of LM [51–53]. The presence of a blood–CSF barrier (distinct from the blood–
brain barrier (BBB)) presents unique therapeutic challenges for the management of LM
compared to BM. The blood–CSF barrier is the space between the choroid plexus and the
CSF. Unlike the BBB capillaries, which form the endothelial layer of the brain parenchyma
to separate brain interstitial fluid from the blood, the choroid plexus forms the epithelial
layer to separate CSF from the blood; it has no tight junctions, contains fenestrations,
and thereby utilizes distinct active transport mechanisms such as bulk CSF flow and
transcapillary exchange to determine the concentration of molecules in the CSF [54]. Given
its relative leakiness compared to the BBB, the blood–CSF barrier permits the crossing
of certain substances that would not otherwise cross the BBB [55]. LM have been shown
to upregulate complement component 3 (C3), activating the C3a receptor on the choroid
plexus, thereby disrupting the blood–CSF barrier and enabling the passage of growth
factors such as amphiregulin into the CSF that enable LM to adapt and spread in the CSF
microenvironment [56]. This preclinical work raises the opportunity for further study in
inhibiting C3 signaling pathways to therapeutically manipulate the blood–CSF barrier to
improve the penetration of systemic chemotherapeutic agents.

3.2. Surgical Therapies

The role of surgical intervention in LM is limited to the placement of an intraventricular
reservoir (Ommaya, Rickham) to facilitate the delivery of intrathecal chemotherapy or
the placement of a shunt in patients with communicating hydrocephalus due to flow
obstruction by metastatic cells in the cerebrospinal fluid [57,58]. One critical consideration
for safety in proposing direct IT chemotherapy is establishing unobstructed CSF circulation
flowing through the ventricular system. Chemotherapy can be delivered via lumbar
puncture; an intraventricular reservoir allows not only for less burdensome repeat drug
delivery but also appears to be associated with superior survival when compared to delivery
via lumbar puncture based on a small retrospective series [59]. Although not as common,
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however, placement of a reservoir in continuity with a ventriculoperitoneal shunt with
the ability to temporarily turn “off” the shunt provides an opportunity to deliver therapy
and divert CSF in the same system, thereby avoiding multiple surgeries or procedures
(recurrent lumbar punctures).

3.3. Radiation Therapies

Radiation has been used to treat LM, although practice patterns vary between insti-
tutions [48]. Different approaches for RT in this setting include focal radiation to address
symptomatic bulky or obstructive leptomeningeal metastases, WBRT to treat a substantial
but incomplete portion of the target space, and full craniospinal irradiation (CSI).

The benefits of CSI have traditionally been limited by significant potential CNS and
extra-CNS toxicity. However, in comparison to standard photon radiation techniques,
the application of protons for CSI may be a means to overcome some of the toxicities,
particularly myelosuppression and radiation esophagitis. Proton RT is a type of radiation
treatment [60]. A recent phase I study of proton CSI for LM patients demonstrated a
favorable safety profile with self-resolution of any dose-limiting toxicities and improved
overall survival compared to historical norms [61], and a subsequent small randomized
phase II trial supported the superiority of proton CSI (both in terms of increased meaning-
ful overall survival as well as reduced neurologic symptom burden) when compared to
involved field photon radiation; this is the only intervention trial to have ever shown an
overall survival benefit in LM [62]. This concept requires further validation, and a larger
multi-institution phase 3 trial is currently in development. Another phase I clinical study is
currently underway exploring an intrathecal rhenium-186 nanoliposome for the treatment
of LM (NCT05034497).

3.4. Systemic Therapies

The role of systemic therapies in the treatment of LM is evolving. One study compared
the efficacy of systemically administered high-dose methotrexate (HD-MTX) with IT MTX
for patients with LM, finding that systemic MTX may be superior for the cytologic clearing
of CSF and for OS in patients (mOS 13.8 months for the IV HD-MTX group vs. 2.3 months
for the IT-MTX group, p = 0.003) [63]. However, more recent case series have demonstrated
the potential viability of integrating HD-MTX into broader multimodal treatment plans
for LM [64].

Following up on prior data demonstrating the benefit of combination therapy with
tucatinib and capecitabine plus trastuzumab for parenchymal BM, a randomized phase II
study is currently ongoing to further explore this treatment combination in LM (NCT03501979).
Furthermore, a phase II trial of ANG1005, a novel taxane derivative designed to penetrate the
blood–brain and blood–CSF barriers more effectively, showed that 79% of patients with LM
had intracranial disease control with a median OS of 8 months [65]. Despite these findings,
there is no standard-of-care systemic therapy in this LM setting, with the overall prognosis
remaining poor [66].

3.5. CSF-Administered Therapies

The direct administration of antineoplastic agents into the CSF is a means to circum-
vent the blood–CSF barrier [67]. Therapeutic trends investigated within the context of
clinical trials have recently been reviewed [68].

Intrathecal (or intra-CSF) chemotherapy may be delivered via surgically implanted
ventricular Ommaya reservoirs or via lumbar puncture [69]. The theoretical benefit of direct
intrathecal delivery is the ability of agents to achieve homogenous distribution within the
subarachnoid space [70]. A recent review of intrathecal therapies for LM over a 39-year
period showed that the most commonly administered intrathecal regimens consisted of a
combination of singular therapy of methotrexate (MTX), cytarabine (Ara-C), and thiotepa,
with the additional limited use of topotecan, pemetrexed, and systemic antibodies or
immunotherapies such as trastuzumab and interleukin-2 (IL-2) [68,71,72]. The rationale
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for choosing each agent depends largely on their pharmacokinetic properties, namely
their half-life, clearance from the CSF space, and lipophilicity [68,69]. An additional agent,
sustained-release liposomal cytarabine (DepoCyt), was initially utilized but discontinued
in 2017 following increased adverse events secondary to neurotoxicity [73]. Ultimately,
while there are no specific guideline-based therapies for determining which intrathecal
agent to use for which primary tumor, data suggest a benefit of (1) MTX in LM due to solid
neoplasms, (2) trastuzumab for LM due to HER2-positive malignancies, and (3) pemetrexed
for LM secondary to lung adenocarcinoma [68].

Of particular interest has been the use of antibodies for specific targets, such as HER2(+).
These have proven to be very well tolerated and associated with favorable survival out-
comes [74,75]. One phase I/II trial of IT trastuzumab for patients with HER2-positive breast
cancer patients demonstrated an mOS of 10.5 months for the HER2-positive breast cancer
population with LM versus 3.3–4.4 months for historical controls [49,74]. Another phase II
study exploring IT trastuzumab for HER2-positive breast cancer demonstrated a mOS of
7.9 months [75]. Numerous other small single-arm studies of a variety of IT approaches have
been explored, with modest results observed thus far [62–64].

4. Optimizing Management of CNS Metastases across a Health Care System
(and Beyond)

4.1. Tumor Boards

The integrated, interdisciplinary team management of BM and LM necessitates seam-
less cross-coordination between different subspecialty providers. One such platform that
has enabled this includes hospital-system-wide tumor boards, also known as multidisci-
plinary cancer meetings (MCM), specifically directed for CNS metastases. These can bring
together experts from medical oncology, neurosurgery, neuro-oncology, radiation oncology,
neuroradiology, neuropathology, epilepsy neurology, and cancer genetic counseling to
review complex cases.

In oncology, tumor boards have been established as a means of improving accuracy in
diagnosis, bettering adherence to clinical guidelines, advancing the integration of novel
research and clinical trials in clinical management, and improving patient outcomes [76].
Prior studies have demonstrated that multidisciplinary tumor boards improve both the
quality of medical services offered to patients as well as OS rates [77–80]. One retrospective
study of an institution’s neuro-oncology tumor board at a large tertiary care academic
medical center in Italy suggested that the multidisciplinary management of challenging
cases improved overall effectiveness in managing brain tumors [76]. At this institution,
complex cases often involving gliomas and brain metastases were discussed on a weekly
basis between neurosurgeons, neuro-oncologists, neuro-radiologists, neuropathologists,
and other key multidisciplinary teams; neuro-oncologists presented most cases, with neu-
roradiologists providing interpretations of possible image reassessments, with ongoing
cross-team communication between all providers on updated therapies utilized for each
patient’s care along with interval reassessments of previous exams [76]. The discussions en-
abled not only the broadening of differential diagnoses but also treatment plan changes [76].
Additional benefits described in the literature of institutions with neuro-oncologic multi-
disciplinary tumor boards included improved resident education, increased clinical trial
access for patients, and increased published guideline adherence [81].

4.2. Telemedicine

Since the COVID-19 pandemic, telemedicine has rapidly expanded across the globe
to facilitate both more seamless interdisciplinary care and increased access to oncologic
care, particularly within neuro-oncology [82]. One review posits that certain types of neuro-
oncology encounters, including chemotherapy monitoring visits, chemotherapy consent
and education, second opinion visits, or discussions around new laboratory or imaging
results, may all prove viable in a telemedicine setting [83]. One study of an institution’s
telemedicine program for neuro-oncology visits demonstrated equivalent patient satisfac-
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tion, with time and cost savings for patients [84]. A review of the telemedicine programs at
Barrow Neurological Institute and Geisinger Health during the early COVID-19 pandemic
period in 2020 demonstrated that the neuro-oncology divisions were able to return to 90%
or greater capacity within 6 weeks of initial closure due to both systems’ effective imple-
mentation of telehealth programs [85]. Although further research is needed, the promise of
telehealth for patients and providers is the largest when considering its potential to expand
access to care in remote areas, particularly for patients with financial or transportation
barriers to care.

Furthermore, the ease of telemedicine platforms in enabling multidisciplinary dis-
cussions regardless of geographic location may help facilitate virtual tumor boards in
the future [82]. Recently, multi-institutional virtual tumor boards (VTBs) have been an
emerging platform for case discussions; a review of three VTBs in the United States demon-
strated that neuro-oncology VTBs provide for faster expert analysis of clinical cases with
an average response time under 24 h [86]. Thus, VTBs represent an effective means of con-
ducting multidisciplinary care for patients with neuro-oncologic disease burdens without
the inhibition of institutional barriers.

5. Integration of Science into Clinical Care

The molecular pathological characterization of CNS tumors is becoming increasingly
important in diagnosis and clinical management [87]. Practically, there may be greater
value in performing molecular pathology evaluations earlier versus later in a patient’s
treatment course. The application of next-generation sequencing to detect mutations
and oncogenic fusions can also be applied to brain metastases [88]. Genomic analysis of
BM has compared them to systemic tumor metastases to distal extracranial and regional
lymph node sites, finding that BM harbor several distinct genomic alterations compared
to primary tumors, particularly in the CDK and PI3K/AKT/mTOR gene pathways [89].
As such, BM may demonstrate sensitivity to inhibitors targeting these pathways when
those aberrancies are present. An ongoing National Cancer Institute (NCI) cooperative
group phase II randomized clinical trial (NCT03994796) is investigating agents with known
CNS/blood–brain barrier penetrance, including abemaciclib, paxalisib and entrectinib, to
selectively target these pathways, as well as other pathways, such as NTRK and ROS1. In
this trial, 136 patients with new, recurrent, or progressive BM will be divided into three
experimental arms: the first arm with CDK mutations, the second with PI3K mutations,
and the third with NTRK/ROS1 mutations. The groups will, respectively, be administered
twice daily oral abemaciclib, daily oral paxalisib, and daily oral entrectinib, each for a total
of 28 days, with cycles repeating every 28 days. The primary outcome measure will be
the objective response rate in the brain as determined by Response Assessment in Neuro-
Oncology (RANO) criteria; the secondary endpoints will consist of systemic response and
clinical benefit rates, duration of response, PFS, OS, and adverse rate incidence. The goal of
the trial is to determine the efficacy of targeted therapies in patients harboring specific BM
gene mutations. Although this targeted, personalized approach for patients with BM will
require tissue from the CNS for analysis, it may represent a new paradigm for the clinical
management of new, recurrent, or progressive BM.

6. Conclusions

The management of CNS metastases is an important component of oncologic care. It
is optimal if this is integrated into the other aspects of the care of this patient population.
This may be complex as some patients benefit from surgical, radiation, systemic, and/or
CNS-delivered therapies delivered by a panoply of subspecialty providers. There are
numerous models on how to best accomplish this high-quality multi-disciplinary care,
with no single approach demonstrating definitive superiority over others. Considerations
for implementation include resources, including sub-specialty clinical care providers with
adequate availability and interest. We present a broad overview of how this care can
be delivered.
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Abstract: Background: Tobacco control is important for cancer patient health, but delivering effective
low-dose CT (LDCT) screening and tobacco cessation is more difficult in underserved and patients
from racial and ethnic minority groups. At City of Hope (COH), we have developed strategies
to overcome barriers to the delivery of LDCT and tobacco cessation. Methods: We performed a
needs assessment. New tobacco control program services were implemented focusing on patients
from racial and ethnic minority groups. Innovations included Whole Person Care with motivational
counseling, placing clinician and nurse champions at points of care, training module and leadership
newsletters, and a patient-centric personalized medicine Personalized Pathways to Success (PPS)
program. Results: Emphasis on patients from racial and ethnic minority groups was implemented
by training cessation personnel and lung cancer control champions. LDCT increased. Tobacco use
assessment increased and abstinence was 27.2%. The PPS pilot program achieved 47% engagement
in cessation, with self-reported abstinence at 3 months of 38%, with both results slightly higher in
patients from racial and ethnic minority groups than in Caucasian patients. Conclusions: Tobacco
cessation barrier-focused innovations can result in increased lung cancer screening and tobacco
cessation reach and effectiveness, especially among patients from racial and ethnic minority groups.
The PPS program is promising as a personalized medicine patient-centric approach to cessation and
lung cancer screening.

Keywords: tobacco control; smoking cessation; cancer prevention; lung cancer screening; low dose
Ct scans; LDCT; cancer disparities; minority health; personalized medicine; pathways to success

1. Introduction

Tobacco control is important for cancer patient health. Tobacco is the primary or
contributing cause of 30% of cancers in the United States [1] and 80–90% of lung cancers are
caused by or associated with tobacco use. Diagnosing lung cancer early can increase the
5-year cancer cure rate to 90.8% [2], emphasizing the benefit of effective implementation of
low-dose CT (LDCT) for lung cancer screening (LCS). Since 5-year survival rates in lung
cancer are 26% higher in patients undergoing tobacco cessation compared to patients who
continue to use tobacco [3], implementing tobacco cessation programs is important as a
fourth pillar of cancer care [4].

Delivering effective LCS and tobacco cessation is more difficult in underserved popu-
lations of patients from racial and ethnic minority groups [5,6]. This is likely due to poor
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access to care, insurance, language barriers, lack of trust, cultural beliefs or prejudices,
and/or a lack of education about the benefits of tobacco cessation. At City of Hope (COH),
we have developed strategies to overcome barriers to the delivery of LDCT and tobacco
cessation across our network of academic and community sites. This communication
summarizes our experience and recommendations.

2. Methods

We performed a needs assessment by conducting 193 interviews and surveys with
clinicians, patients, tobacco treatment specialists, nurses, and administrators, in order to
determine the barriers to tobacco control delivery. New tobacco control program services
were implemented [7].

After the identification of a patient with current tobacco use, physicians were prompted
to refer the patient to tobacco cessation. A multilingual tobacco treatment specialist (TTS)
conducted a culturally sensitive motivational interview, gave educational materials, and
referred the consenting patient for a tobacco cessation consultation. Patients with a qualify-
ing tobacco use history were referred by the physicians themselves or with TTS prompting
to LDCT screening. The use of multilingual support overcame a significant barrier to
LCS in patients from racial and ethnic minority groups. Physicians considered patient
life expectancy and willingness to have screening and potentially curative therapy before
referral to LDCT screening.

We reviewed the tobacco use assessments and engagement with the tobacco control
program by race and ethnicity across the City of Hope southern California treatment sites
in 2021 (1 academic center and 40 community centers). We analyzed LCS rates and tobacco
cessation referral rates, and cessation effectiveness after program implementation.

The COH tobacco control program consisted of quality improvement projects. This
was submitted to the COH investigational review board, which concluded the program
was deemed non-human-subject research. Therefore, no patient informed consent was
required (IRB number 19201).

These new services were implemented in 2019 and continued until the present. Obser-
vational evaluations began in 2019 pre- and post-implementation.

3. Results

3.1. The City of Hope Catchment Area

In 2020, 137,125 new patients were seen in the entire enterprise of 1 academic center
and 40 community sites in southern California (this does not include any patients seen
in Cancer Treatment Centers of America in Chicago, Phoenix, and Atlanta, which were
acquired by City of Hope in 2022, and does not include any new patients seen in the
second academic center Lennar Hospital in Irvine, CA, USA, which opened in 2022).
The details of these patients are presented in Table 1. In community centers, there
were more patients with fewer Caucasians, Hispanics, and Asian/Pacific Islanders, and
more Black, mixed, and other patients from racial and ethnic minority groups, mostly
middle eastern and eastern European/Armenian. Across the entire enterprise, there
were 51.4% of minority patients (39.8% in Duarte academic center and 59.5% in the
community centers).

3.2. Barriers to Tobacco Cessation and City of Hope Solutions

Among patients, there was frequent refusals to participate in screening and/or
cessation programs, especially among patients from racial and ethnic minority groups and
patients of low socioeconomic status (SES). Stress in general or due to cancer therapies,
anxiety and depression, work problems, and family problems contributed to patient
reluctance. A lack of knowledge about tobacco-use-associated reduced cancer outcomes,
increased side effects of cancer treatments, the high cost of cessation medications not
covered by insurance, non-English speaking, and cultural obstacles all reduced patient
agreement to initiate our cessation program, particularly in patients from racial and ethnic
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minority groups and low SES cancer patients. The cultural context was an important
barrier for cessation staff to evaluate. For example, counseling was often stigmatized
in Chinese patients because of the misinterpretation of cessation counseling as a mental
health problem. Because our network of community clinical sites and our catchment
area was so vast in southern California, travel to the academic center in Duarte was
not convenient or possible for many tobacco users. Easy access to tobacco products
particularly in low-SES neighborhoods and the use of tobacco products by family and
friends served as ubiquitous triggers to continue tobacco use [8]. LDCT screening sites
were more limited in low-SES areas.

Table 1. Characteristics of City of Hope Patients 2020.

Duarte Community Centers

Number of New Patients 51,099 86,026

% Tobacco Users 4.5% 7.4%

Race and Ethnicity

Caucasian 60.2% 40.5%

Hispanic 21.9% 16.2%

Asian, Pacific Islander 8.2% 5.4%

Black, African American 8.8% 29.7%

Mixed, Other 0.9% 8.2%

In response to these observations in our needs assessment, City of Hope used imple-
mentation science to introduce solutions to improve tobacco-use screening and tobacco
cessation [7], as outlined in Table 2.

Physician barriers were a lack of education about tobacco cessation, lack of time, and
lack of reimbursement. These were addressed by educational training modules, newsletters
from leadership, and improvements in the electronic medical record system.

Institutional barriers were the lack of leadership and personnel. These were addressed
by hiring personnel (TTS full-time individuals), commitments from COH enterprise leaders,
leadership newsletters published monthly, and naming physician and nurse champions
(leaders) in academic center clinics and in network clinical sites.

To overcome patient barriers, the first key COH innovation was to include a Whole
Person Care approach including training of tobacco treatment specialists to conduct moti-
vational counseling of each patient, providing introductory tobacco use educational videos
and brochures to patients even before asking for participation in individual cessation con-
sultations, and TTS assistance to physicians to prompt LDCT screening of eligible patients.

A second COH innovation was to motivate clinicians to refer every patient with current
tobacco use to the cessation program by leadership sending out a monthly newsletter (the
Moonshot Shoutout) to every staff member reminding them about the importance of referral
to cessation and ordering LDCT for eligible patients. This included training modules for
physicians, nurses, and tobacco treatment specialists.

A third COH innovation was taking the promotion of cessation and screening to the
patient point of care by training and deploying both clinician and nurse champions in
selected clinics in the academic center and selected community centers [9]. A fourth COH
innovation was providing patients with a choice of 36 distinct services from which a patient
could select which services they initially wanted to use to begin their own personalized
tobacco cessation and screening journey, which we named the Personalized Pathway to
Success (PPS) program. This innovation was patient-centric and encouraged the continued
engagement of the patient with the tobacco cessation specialist. A list of the services offered
to patients in the PPS is seen in Table 3.
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Table 2. Barriers and City of Hope Solutions for Tobacco Cessation and LDCT Screening.

Barrier City of Hope Solution

Initial patient refusal to
consider cessation

Motivational interviewing by TTS
TTS Offers PPS

Involve champion leader or attending oncologist in
Duarte clinic or community center

Lack of knowledge about the risks of
tobacco use and benefits of screening

and cessation
Educational videos and brochures

Lack of LDCT access in low SES areas

Transportation to Duarte LDCT
Collaborate with local hospitals to provide LDCT

City of Hope builds LDCT services in
community sites

Tobacco use triggers are prevalent with
family, friends, and community

smoke shops

Consultation and counseling about triggers
Free Tobacco use support groups for patients, family,

and friends
Referrals to psychological counseling

Collaborate with local city councils about reducing
access to Tobacco use

Cultural barriers and lack of trust in
Caucasian cessation providers

Staff program with TTS and clinicians representing
patients from racial and ethnic minority groups

(Hispanic, Chinese, Filipino, Black, Middle
Eastern/Armenian)

Training staff in cultural and societal values in
patients from racial and ethnic minority groups

Non-English-speaking patients Staff with bilingual TTS
Online or in-person translation services

High cost of cessation medications Pharmacists assist in finding affordable medications
Availability of charity funds

Inconvenient or lack of travel to
face-to-face consultations or LDCT

screening

Telehealth services for consultations and counseling
Transportation services by local and community

service providers

Lack of referral by clinicians
Newsletter from leadership

Opt out, opt in, and Best Practice Advisory referrals
in electronic medical records

Lack of reimbursement for clinical
cessation services

Train clinicians in using CPT codes 99406 and 99407
Provide “smart-phrase” to assist documentation of

cessation services
Up-code E/M code selection appropriately if

cessation services provided
For managed care, refer to the contracted in-network

cessation provider
Abbreviations: TTS: Tobacco treatment specialist; LDCT: Low-dose computerized tomography; PPS: Personalized
pathway for success; CPT: current procedural terminology.

Specific tobacco control program and PPS program characteristics were introduced
to target patients from racial and ethnic minority groups and/or underserved patients.
Educational resources were multilingual, and the staff was diverse and representative of the
patients from racial and ethnic minority groups to be emphasized. Monthly meetings with
champions emphasized feedback about barriers encountered in screening and cessation.
The use of video counseling allowed the inclusion of patients from racial and ethnic
minority groups who were reluctant to proceed with face-to-face counseling. Offering
family and friend support through the free tobacco-use support groups increased the trust
of the patients in the program.
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Table 3. Menu of Personalized Pathway to Success (PPS) Services.

Introductory Services

Motivational interview

“Tobacco Cessation as recovery enhancement” video

Tobacco risks and cessation benefits brochure

Essential Elements

Consultation with Tobacco Cessation provider

Nicotine replacement therapy (NRT) prescription

Varenicline or Bupropion eligibility evaluation and prescription

Combination NRT and oral cessation medication prescription and

Initial Tobacco Use Assessment for type of tobacco and doses

City of Hope (COH) tobacco use support group intake form and registration

Individual counseling and support by the Tobacco Treatment Specialist

Rapid action plan for relapse or slips

Educational video, brochure and counseling on preventing tobacco use

Follow up Tobacco Use Assessments

Support Resources

Identify and recruit a “buddy” support friend or a participant peer from

Identify and recruit an “angel” support family member

Offer non-COH support groups: Nicotine Anonymous, Celebrate

Phone support: Kick It CA Quitline

Phone Apps: SmokeFree, QuitGuide, QuitStart

Text Support: SmokeFree Text, Kick It CA text, “DITCHJUUL”

Online live chat: kickitca.org, cancer.gov

Web Resources: smokefree.com, becomeanex.org, trughinitiative.org,

Commitment Adherence Tools

Commitment Agreement

Quit Plan: https://smokefree.gov/build-your-quit-plan (accessed 31 January 2023)

Daily Coping Strategies

5Ds: Distraction, Delaying, Drinking Water, Deep Breathing, and

7 self care behaviors: health coping, healthy eating, regular exercise,

Cinnamon stick/bubble blowing

COH Relaxation Video with Guided Imagery:

COH tobacco Cessation Hypnosis Video: Hypnosis for Smoking Cessation-You Tube
(accessed 31 January 2023)

Audiobooks accessible through Overdrive and Audiobooks apps

Stress management apps: Headspace and Insight Timer

Spiritual care and support

Educational Tools

Educational handouts

Kick It https://www.youtube.com/c/KickItCa/videos (accessed 31 January 2023)

The CDC E-Cig cessation factsheet

Modular videos

NCCN information sheets
Abbreviations: CDC: Center for Disease Control; E-Cig: electronic cigarettes; NCCN: National Comprehensive
Center Network.
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3.3. Teachable Moments for Referral to Tobacco Cessation and Lung Cancer Screening

Patients may be more agreeable to accepting referral to screening and tobacco cessation
if they are approached at teachable moments. These include the visit at which the diagnosis
of cancer is given to the patient; the visit at which the treatment plan is discussed with the
patient (cessation is the fourth pillar of cancer care and should be in every treatment plan
of a currently tobacco-using patient); a visit at which progression of the cancer is discussed
with the patient; a preoperative visit for planning surgery; a visit for discussing cellular
therapy with stem cell transplant or CAR-T cell therapy; and/or a visit for pulmonary
consultation, pulmonary function testing, or respiratory therapy.

Meanwhile, tobacco cessation is a teachable moment for LCS. LCS is severely underuti-
lized due to a variety of patient, provider, and system barriers [10,11]. The integration of
LCS into tobacco cessation workflows is an important strategy for overcoming some of these
barriers, including the identification of eligible participants and the lack of knowledge about
LCS among people who use tobacco. At our institution, a comprehensive cancer center
without affiliated primary care clinics, tobacco cessation services, and LCS are integrated,
and the majority of patients screened for lung cancer are identified through referral for
tobacco cessation [12]. We have trained tobacco cessation counselors to provide education
about LCS, and there is one nurse practitioner and program coordinator for both programs.
We have found that training tobacco cessation staff to provide LCS education is feasible and
that tobacco cessation staff embrace providing LCS education as part of their role [13].

3.4. Results of Screening and Cessation Services

We have utilized several strategies to improve the utilization of LCS in our catch-
ment areas, particularly in underserved communities with patients from racial and ethnic
minority groups, rural populations, and non-English speakers. First, we have expanded
our ability to provide LDCT to eligible patients by opening LCS programs at various
community sites. Since the start of the COVID-19 pandemic, a face-to-face encounter for
shared-decision making is no longer required, and telehealth visits have been expanded.
This has allowed us to expand our screening program using a centralized staffing model
from one site in 2019 to six sites throughout Los Angeles County and Orange County
by 2023. Expanding the reach of our screening program helps to provide quality LCS to
patients closer to their homes. We have also performed educational outreach to primary
care providers in these areas, as well as in partnership with Federally Qualified Health
Clinics (FQHCs) with large numbers of patients from racial and ethnic minority groups,
resulting in improved utilization of LCS [14].

Educational outreach directed to patients about LCS, including community health
fairs and educational material translated into Spanish, Chinese, Vietnamese, Korean, and
Armenian languages has also been an important strategy.

Finally, we recently started an Early Lung Cancer Navigation program in the Antelope
Valley, a community with the highest rates of lung cancer mortality and tobacco use in the
Los Angeles area as well as large populations of African Americans, Latinos, and rural
populations, to improve lung cancer screening and expeditious treatment of lung cancer.
This program is led by a Community Navigator who has lived and worked in the Antelope
Valley community, and the program is guided by a Community Advisory Board comprised
of clinicians, lung cancer patients, and community stakeholders. The navigator performs a
needs assessment of patients in our LCS program, patients with imaging findings that are
suspicious for lung cancer, and patients with newly diagnosed lung cancer, and then helps
guide the patient so that these potential barriers to care can be overcome. The program
accesses funds for transportation and even internet-enabled tablets to allow patients easier
access to see and communicate with their providers. In 2021, our program screened 153
new patients, which included 59% non-Hispanic Whites, 18% Hispanics, 12% Asians, 4%
Blacks, and 7% other or declined to answer.

Tobacco cessation services have increased as a result of our expanded tobacco control
initiatives after the needs assessment. Before the COH quality improvement project was
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implemented, documentation of Tobacco use was only 80.8%. Referrals of patients to
tobacco cessation counselors were low at 1.4% of all patients. After the implementation of
the project, the assessment of tobacco use increased to 96.6%. Referrals of patients increased
to 6.2%.

Counseling of referred patients for consultation for cessation by a nurse practitioner
increased to 98% in the Duarte academic center. At a 6-month follow-up of those patients,
self-reported abstinence was 27.2%.

This was compared to the experience in the Antelope Valley community site (which
had the highest tobacco use in the COH enterprise). Counseling by a TTS or consulta-
tion with a nurse practitioner increased to 83.2%. At a 6-month follow-up, self-reported
abstinence was 22.5%.

The reach of this program was evaluated as part of the Cancer Center Cessation
Initiative (C3I). Engagement of patients who used tobacco with at least one element of our
tobacco treatment program was 93.0% of patients in the Duarte academic center and 59.6%
of patients in our community site Antelope Valley with the highest smoking rate. The reach
of participants measured by active participation in the tobacco treatment program was
different for patients from minority groups 45.3%, compared to 66.6% of Caucasian patients.

LCS services have also increased as a result of our expanded tobacco control activities.
Compared to the pre-expansion year of 2018, total LDCT referrals increased by 24.4%.
Importantly, while referrals of Caucasian patients increased by 11%, referrals of patients
from racial and ethnic minority groups increased by 59%.

To extend these previous results, we piloted the PPS program with tobacco treatment
specialists and champions in the preoperative anesthesia testing clinic. Fifty-four patients
were evaluated in the PPS project. We observed a 47% engagement of patients to initiate ces-
sation. This was higher than the enterprise-wide historical engagement rate of counseling
of only 6.2% before the cessation program innovations described above. The engagement
rate of patients from racial and ethnic minority groups was slightly higher than that of
Caucasian patients (not statistically significant). Self-reported abstinence from tobacco use
(at 3 months after engaging in cessation) was achieved by 38% of patients and was slightly
higher in patients from racial and ethnic minority groups than in Caucasian patients.

4. Discussion

Tobacco use is a major cause of human infirmity and reduced quality of life. Tobacco
control is a major public health goal [15]. National guidelines for tobacco cessation [16] and
LDCT screening [17] are widely accepted, but the effectiveness of tobacco cessation and
LCS utilization remains low [18,19].

The population of patients from racial and ethnic minority groups in City of Hope is
a large proportion of the enterprise’s cancer patients (51.4%), and the communication of
methods and results of our interventions may be helpful to other institutions. Our focus
has been on implementing personalized and patient-centric services, which have been
actively supported by senior leadership and well accepted by clinical staff. Our program
has been dependent on high staff resources and long-term support from the institution.
Efforts must be continued to utilize methods that are likely to ensure the sustainability of
the program [20] and attempt to minimize staffing needs [21,22].

It is remarkable that the pilot study results of the PPS cessation program achieved
similar results in patients from racial and ethnic minority groups and Caucasian patients. If
confirmed in our future studies, these preliminary results suggest that specific innovative
strategies can possibly overcome barriers to tobacco cessation in patients from racial and
ethnic minority groups, but broader implementation is needed to be certain of the success
of these innovations. The observation that patients from racial and ethnic minority groups
have higher tobacco usage does not necessarily imply that tobacco cessation is always more
difficult, as our results with the PPS program suggest.

This experience was a quality improvement project. As such, it was observational
and not a randomized research study. Thus, the methods used were based on combining
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separate principles that had been developed using implementation science at COH and
other institutions. Our project showed that using these principles with trained multilingual
support personnel can result in valuable benefits for both patients from racial and ethnic
minority groups and Caucasian patients. The PPS pilot study is extending these principles
in a novel fashion to academic and community sites, focusing on teachable moments in the
cancer patient experience.

Limitations of this communication include that this was performed in only one institu-
tional enterprise limited to southern California and should be extended to other institutions
and locations. The PPS program was a pilot, and an extension to other clinics and centers is
in progress. The number of patients in the pilot PPS program is low and larger numbers
will be required to determine specific services that are most effectively utilized by specific
patients from racial and ethnic minority groups.

5. Conclusions

Using innovative strategies and implementation science, lung cancer screening, and
tobacco cessation programs can improve outcomes and may reduce disparities in patients
from racial and ethnic minority groups.
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Abstract: Introduction: Survivors of colorectal cancer (CRC) are at risk for late effects of therapy and
recurrence of cancer. With recurrence rates ranging between 30–40%, follow-up care is needed for both
early detection and management of late effects. Cancer care delivery for CRC patients was significantly
disrupted by the SARS-CoV-2 pandemic, with decreases of 40% in such services in the United States
between April 2020 and 2019. Survivors were left with fewer options for care, potentially causing
increases in emergency room (ER) utilization. Methods: This cross-sectional study examined the patterns
of ER utilization during the SARS-CoV-2 pandemic among young adult CRC survivors and assessed the
relationship between self-reported care satisfaction and ER use. Eligible participants were colon or rectal
cancer survivors diagnosed between 18–39 years of age, 6–36 months from diagnosis/relapse, English
speaking and residing in the United States. Multivariable logistic regression assessed the association
between patient care satisfaction and ER utilization, adjusting for pandemic factors. Covariates were
chosen by significance of p < 0.1 at the univariate level and perceived clinical significance. Results: The
overall sample (N = 196) had mean age (SD) 32.1 (4.5); 59% were male. Tumor location was colon or
rectal in 42% and 57%, respectively, and the majority (56%) were diagnosed with stage 2 disease; 42.6%
reported relapsed disease, and 20% had an ostomy. Most survivors (72.5%) had between 1–4 visits
to an ER in the last 12 months and were categorized as normal utilizers. Approximately 24.7% of the
sample had greater than 4 visits to the ER in the last 12 months and were categorized as super-utilizers.
CRC survivors that reported a delay in their follow-up care as a result of the pandemic were two times
(OR: 2.05, 95% CI 0.99, 4.24) more likely to be super-utilizers of the ER. Higher self-reported satisfaction
with care was associated with a 13.7% lower likelihood of being a super-utilizer (OR: 0.86, 95%CI:
−0.68, 1.09). Conclusions: This study found strong associations between delays in care, self-reported
care satisfaction, and being a super-utilizer of the ER during the pandemic among young adult CRC
survivors off treatment. Increasing patient satisfaction and minimizing care interruptions amongst this
vulnerable population may aid in mitigating over-utilization in the ER during an ongoing pandemic.
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1. Introduction

Colorectal cancer (CRC) is the second cause of cancer-related death and the third most
common cancer in the United States [1]. Upon diagnosis, treatment plans are often multi-
modal, involving a combination of chemotherapy, radiation, and surgery. With advancements
in early detection and improved treatment modalities, nearly two-thirds of CRC survivors
are living more than 5 years post diagnosis [2]. However, survivors of this malignancy are at
risk for late effects of therapy, as well as recurrence of cancer. Side effects may include both
physical ailments and/or psychosocial complications [3]. Additionally, overall recurrence
rates for colorectal cancer remain high, ranging between 30–40% among survivors [2].

The incidence of colorectal cancer has continued to rise among young adults aged
18–39 years [4]. These are individuals who face unique challenges navigating cancer care
during the transformative stages of young adulthood which commonly include changes in resi-
dence, career development, starting a family, etc. Post-treatment concerns characteristic of young
adulthood include reproductive health, genetics, social impacts, and future employment [5].

Consistent follow-up care is critical for identifying late-effects and recurrence [6],
thereby increasing one’s chances for long-term survival. Follow up care is also a venue for
assisting survivors to develop coping strategies and access resources for ongoing issues [7].
Common survivorship care models where follow-up care is conducted include multidisci-
plinary care, characterized by a dedicated team of healthcare professionals who provide a
range of health services to survivors, and shared care models which include collaborative
care between the oncologist and primary care provider (PCP) [8]. Considering the high
rates of recurrence among CRC survivors, regular cancer-directed screening and physical
examinations via any survivorship care model are of high importance. Both the National
Comprehensive Cancer Network (NCCN) and the American Society of Clinical Oncology
(ASCO) have developed survivorship care guidelines for clinicians to utilize when working
with cancer survivors to prevent and support late-effects of treatment. However, attendance
rates to survivorship care models overall among young adult survivors remain low [9].
Further, the literature on CRC has shown that higher care density, the extent to which
a patient’s providers share patients with one another, and lower care fragmentation are
associated with a reduced likelihood of hospitalization and emergency room visits [10].

The SARS-CoV-2 pandemic had a drastic impact on health care globally, including
cancer treatment care and survivorship care. CRC-related care delivery was significantly
disrupted with decreases of up to 40% in CRC services in the United States between April
2020 and April 2019 [11]. As a result, survivors may have been left with few options for
cancer-related care. With the feeling of uncertainty that accompanied the global pandemic,
disruptions in available survivor care services may have played a role in potentially driving
emergency room utilization higher in this population. Additionally, delays in receiving
care as a result of the pandemic may have also impacted patients’ care satisfaction with
cancer specialists or general care providers, further impacting the utilization patterns in
this vulnerable population with potential long-term consequences. SARS-CoV-2 created an
unprecedented disruption in care, social norms, and health care expectations, including the
impactful changes in the experiences of cancer survivors. The impact of disruptions in care
during SARS-CoV-2 (especially the earlier period) may be viewed as a social experiment to
understand the interaction between perception of access to care by patients and utilization
of services. The lessons of this social experiment can pave the way to design more robust
systems and to equip future patients and survivors with tools to address their unmet needs.
Although the effects of the COVID-19 pandemic were unprecedented, delays in care can
happen for a variety of reasons and are likely to occur in the future. Deeper understanding
of the needs of CRC survivors during these times will help to reduce negative impacts.

We set to explore the patterns of emergency room utilization among young adult CRC
survivors in the United States during SARS-CoV-2 pandemic. Using survey data from a
national society for young adult survivors of colorectal cancer, we explored the patterns
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of ER utilization during this time and assessed the relationship between self-reported
satisfaction with care and emergency-care use. We hypothesized that lower self-reported
satisfaction measures would be associated with greater emergency-room utilization.

2. Materials and Methods

This cross-sectional study was conducted using an online survey administered on the
Facebook page of a national Colorectal Cancer advocacy group between 31 August and
3 September 2020. Participants were eligible if they were colon or rectal cancer survivors,
aged 18–39 at time of diagnosis, between 6–36 months from diagnosis or relapse, English
speaking and based in the United States. Study procedures have been detailed elsewhere [4].
An electronic gift card valued at USD20 was provided to participants who completed the
survey. The study was approved by the University of Southern California Institutional
Review Board (IRB).

2.1. Data Verification

The data cleaning process aimed to ensure validity and reduce fraudulent responses
inherent within social media recruitment. Participants were asked questions regarding
eligibility at the start of the survey to eliminate automated software or “bots.” Additionally,
duplicate email use was prohibited. This was monitored by removing respondents whose
survey completion time was less than five minutes, given an average completion time of
17-min. Lastly, respondent data was removed if reporting included “highly improbable”
medical treatment patterns as reviewed by a medical oncologist [4].

2.2. Variables

Participants were surveyed regarding general demographic information, cancer-
related treatment data, five self-reported satisfaction with care questions, scaled 0–10,
and the number of emergency room visits in the last 12 months. The collection of sur-
vey questions was created from previously validated scales or measures widely used
in cancer research. For example, CRC survivors self-reported gender, race/ethnicity,
age, stage at diagnosis, whether they had experienced relapsed disease and the year
of most recent relapse. Questions on care satisfaction were based on the Consumer
Assessment of Healthcare Providers and Systems (CAHPS) patient experience survey
(https://www.ahrq.gov/cahps/surveys-guidance/index.html URL accessed on 1 August
2020) [12]. Additionally, survivors were asked about a number of pandemic-related ques-
tions such as delays in access to care, financial impacts, psychological and emotional
distress, and job loss [13]. These were based on questions from The Pandemic Stress In-
dex [14]. The pandemic-related variables were then also used as co-factors in the statistical
modelling process. The full scope of the survey was also pilot tested and reviewed by a
patient advocate (P.G.) to ensure the questions used were acceptable and comprehensible
to the target group of young adult CRC survivors.

2.3. Statistical Analysis

Frequencies and percentages were calculated for sample demographics, emergency
care utilization, and self-reported satisfaction of care measures. A multivariate logistic
regression was conducted on the overall sample to assess the association between patient
satisfaction and emergency room utilization, adjusting for the influence of the COVID-19
global pandemic. Covariates for this analysis were chosen based on a significance of p < 0.05
at the univariate level, as well as general clinical significance. The demographic/clinical
characteristic covariates included in the multivariable model were sex, race/ethnicity, and
age at diagnosis. Treatment intensity was assessed as a potential covariate in the relation-
ship between prior cancer therapy and the outcomes of ER utilization and patient care
satisfaction. Treatment intensity was calculated as the sum of the self-reported treatment
modalities received (chemotherapy, radiation, surgery, and/or immunotherapy) and scored
on a scale from 0 (defined as no therapy received) to 4 (defined as receiving all four modali-
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ties). This covariate was not statistically significant at the univariate level and was therefore
not included in the final multivariable model.

Based on similar prior literature on emergency room utilization, the outcome of
emergency room utilization was dichotomized. Survivors who visited an emergency room
greater than 4 times in the last 12 months were termed “super-utilizers” while survivors
who visited an emergency room less than or equal to 4 times in the last 12 months were
considered “normal utilizers” [15]. All statistical analyses were performed using SAS
(Version 9.4).

3. Results

A total of 371 survey responses were received, of which 196 (53%) were retained after
screening eligibility criteria and removing responses that were identified as potentially
fraudulent based on our previous algorithm. Sample characteristics are presented in Table 1.
Overall mean age (SD) was 32.1 years (4.5), and 116 survivors (59%) were male. Diagnosis
tumor location was colon or rectal in 39% and 61%, respectively, and the majority (56%)
were diagnosed with stage 2 disease. Relapsed disease was reported by 58% of respondents,
and 30% had an ostomy. Lastly, the majority of respondents were non-Latino white (79%).

Table 1. Characteristic of the sample overall and by age category n = 196.

Current Age

20–29 (n = 56) 30–42 (n = 140)

Sex
Male 33 (61.1) 83 (59.3)

Female 21 (38.9) 57 (40.7)
Race/Ethnicity

Hispanic/Latino 8 (14.5) 12 (8.7)
Non-Hispanic White 41 (74.5) 112 (81.2)

Black/African American 3 (5.5) 10 (7.3)
Asian/Pacific Islander/Other 3 (5.5) 4 (2.8)

Region
Midwest 6 (10.9) 31 (22.1)
Northeast 8 (14.6) 20 (14.3)

South 27 (49.1) 43 (30.7)
West 14 (25.4) 46 (32.9)

Income Per Year
<USD35,000 14 (25.0) 18 (12.9)

USD35,000–USD74,999 26 (46.4) 92 (65.7)
USD75,000–USD149,999 15 (26.8) 28 (20.0)

>USD150,000 1 (1.8) 2 (1.4)

Cancer Type
Colon 23 (42.6) 52 (38.0)
Rectal 31 (57.4) 85 (62.0)

Stage At Diagnosis
Stage 1 18 (32.1) 25 (18.0)
Stage 2 23 (41.1) 87 (62.6)
Stage 3 13 (23.2) 23 (16.5)
Stage 4 2 (3.6) 4 (2.9)
Relapse

Yes 23 (42.6) 89 (63.6)
Ostomy

Yes 11 (20.0) 46 (33.6)

Approximately one quarter of the sample were super-utilizers of the emergency room
(24.7%) (Figure 1). The majority of survivors (72.5%) had between 1–4 visits to an emergency
room in the last 12 months.
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Figure 1. Distribution of “super-utilizers” of the emergency room among adolescent and young adult
colorectal cancer survivors.

Participants who had experienced a delay in their cancer care as a result of the pan-
demic were two times (OR: 2.05, 95% CI 0.99, 4.24) more likely to be super-utilizers of the
emergency room. Additionally, those that experienced a delay in general care as a result
of the pandemic were 92% more likely to be super-utilizers (OR: 1.92, 95% CI: 0.95, 3.86).
However, this result was marginally significant at the p < 0.05 level. Survivors that had a
higher self-reported care satisfaction rating for their primary provider were 23.5% (OR: 0.76,
95%CI: −0.60, 0.97) less likely to be super-utilizers of the emergency room. Similarly, higher
self-reported satisfaction with overall care was associated with a 13.7% (OR: 0.86, 95%CI:
−0.68, 1.09) less likely to be a super-utilizer. However, this result was not statistically
significant. The described results are presented in Table 2.

Table 2. Multivariable regression of ER super-utilization (>4 visits) and patient care satisfaction.

OR SE 95% CI ρ

Gender
Female 1.26 0.36 0.61, 2.57 0.53

Male (ref)
Age at diagnosis 0.96 0.03 0.90, 1.02 0.19
Race/Ethnicity

Hispanic/Latino 1.67 0.56 0.55, 5.02 0.36
Black/African American 0.65 0.69 0.17, 2.51 0.53

Asian/Pacific Islander/Other 0.47 1.25 0.04, 5.45 0.55
Non-Hispanic White (ref)

Overall Healthcare Satisfaction Rating 0.86 0.12 0.68, 1.09 0.22
Primary Healthcare Provider Satisfaction Rating 0.77 0.12 0.60, 0.97 0.03

Specialist Healthcare Satisfaction Rating 1.00 0.11 0.81, 1.24 0.98
General Delays in Care (Past 12 months) 0.64 0.49 0.24, 1.69 0.37
Delays in Cancer Care Due to Pandemic 2.05 0.37 0.99, 4.24 0.05
Delays in General Care Due to Pandemic 1.92 0.36 0.95, 3.86 0.07

4. Discussion

The patient care experience is an important aspect of health care quality and is asso-
ciated with health care utilization and health outcomes. The results found in this study
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indicate that higher patient satisfaction with care was associated with lower use of the
emergency room, which may be a result of perceived or actual changes in one’s access
to care, as well as their experienced care. For example, clinic closures, delays in get-
ting an appointment, or long wait times during scheduled appointments may have re-
sulted in a perceived negative health care experience. Survivors as a result may be more
likely to choose care from the emergency room for health-related concerns if they are
unable or unwilling (due to poor experience) to access care elsewhere. Delays in care with
one’ regular cancer care provider because of the pandemic may play a role in influencing a
survivor’s future health behaviors. While the results of the cross-sectional study only look
at one point in time, the highlighted associations shed light on areas for further study.

Emergency room utilization is a subject of interest in cancer care [16], with ongoing
quality measures in development to reduce unnecessary use of this valuable resource [17].
The issue of higher use of ER due to lack of timely and proper access to outpatient services
has been reported before [18], however, population-based research access has predominantly
viewed and measured this though the channel of health insurance [19]. On the individual
level, satisfaction with care can be a major determinant of perceived access to care. Therefore,
poor satisfaction with care or sudden changes in an ongoing relationship with the care
provider are barriers for access to appropriate care and thus increased use of ER.

In support of our findings, research on the general population has shown that higher
patient satisfaction is associated with less emergency department use7. More so, previous
literature also presented differences in care satisfaction and delays in care among Hispanic
communities in the United States. Particularly, a study done in 2012 showed that non-
Hispanic Black patient experience in the Los Angeles County may have an even greater
impact on disease outcomes as a result of worse patient experiences with care being strongly
associated with patient reports of discrimination [20]. This can further negatively impact
health care utilization, driving individuals to seek care only in urgent cases through the
emergency room. Due to the lack of diversity in the sample of this study, it is possible to
have missed capturing even greater associations between self-reported care satisfaction and
emergency room utilization among different race/ethnicity groups. Future research would
benefit from obtaining data on a more diverse sample and stratifying analyses outcome
measures by race/ethnicity groups.

Young adult colorectal cancer survivors commonly experience delays in care, financial
hardship, and a reduced quality of life [15]. These components were further exacerbated
for this vulnerable population during the SARS-CoV-2 pandemic when access to healthcare
drastically changed and life for most was put on pause. With the knowledge that in-person
care was greatly disrupted as a result of the pandemic [11], it is important to gain insight
on the barriers and facilitators of this population’s health care utilization during such
global events to aid in preparation of future care disruptions. This study found moderate
to high associations between delays in care as a result of the SARS-CoV-2 pandemic and
emergency room utilization, as well as self-reported satisfaction measures and emergency
room utilization. It is possible that increased emergency care use by this population may be
indicative of increased late effect symptomology during the pandemic, as well as a lack of
obtaining recommended survivor care screening and physical assessments. Such changes
in health behavior can have negative consequences on the health status of young adult
CRC survivors.

The insight of our results provides valuable information on the potential drivers of
this population’s health care patterns during the current SARS-CoV-2 pandemic. It is clear
that CRC cancer care was disrupted in some form for this population of at-risk survivors,
and it is important to recognize that changes in their ‘typical’ survivor-focused care can
have great implications for their long-term outcomes. Added knowledge in the field can
help to inform leaders on how to best support this vulnerable group in future health care
disruptions. As a future direction, added exploration into the reasons for and nature of
each emergency room visit will be beneficial towards understanding how to best care for
these patients.
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Some limitations of the interpretation of this study include the limited ability to infer
causality based on the cross-sectional design, as well as the self-reported data being subject
to bias. Despite rigorous attempts to reduce fraudulent responses, social media sampling
prevented full verification of respondents’ patient status. Moreover, a social media sample
may not be representative of the overall patient population as respondents were connected to
an online resource and may represent a more motivated sample. Use of a social media survey
also limits clinical verification of disease status. Lastly, considering the survey was conducted
during the time of an unexpected pandemic, we do not have information on pre-pandemic
ER usage patterns in this group, and are therefore unable to draw comparisons. Further
information on methodological limitations is described in more detail in the parent study [4].

5. Conclusions

This study found strong associations between delays in care, self-reported care satisfac-
tion, and emergency room utilization during the SARS-CoV-2 pandemic. The identification
of such relationships adds valuable insight to the barriers and facilitators of care utiliza-
tion during periods of extreme health care disruption. Importantly, survivors opting for
emergency room use as opposed to regular follow-up care from their specialist or general
care provider may be at risk for long-term consequences. Knowledge of these health be-
havior changes can help health care professionals recognize the impact of their individual
approach and interactions on patient choice and facilitate interventions to improve such
interactions. Undoubtedly, this learning can better prepare us for future global events, aim-
ing to minimize cancer survivor impacts. Future research should aim to better characterize
the relationship between patient satisfaction and with care and emergency room use in this
at-risk population, as well as examine other common survivor populations, such as breast
cancer survivors in the United States.
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Abstract: The complexity of cancer care requires integrated and continuous support to deliver appro-
priate care. An expert network with complementary expertise and the capability of multidisciplinary
care is an integral part of contemporary oncology care. Appropriate infrastructure is necessary to
empower this network to deliver personalized precision care to their patients. Providing decision
support as cancer care becomes exponentially more complex with new diagnostic and therapeutic
choices remains challenging. City of Hope has developed a Pyramidal Decision Support Framework
to address these challenges, which were exacerbated by the COVID pandemic, health plan restrictions,
and growing geographic site diversity. Optimizing efficient and targeted decision support backed
by multidisciplinary cancer expertise can improve individual patient treatment plans to achieve
improved care and survival wherever patients are treated.

Keywords: complex case discussions; decision support; oncology pathways; personalized medicine;
subspecialty expertise

1. Introduction

The complexity of oncology care continues to increase across cancer types with discov-
eries of new germline and somatic mutations; new diagnostic, prognostic, and predictive
testing; and new systemic, radiation, surgical and supportive therapies [1]. Luckily, this
increasing complexity of diagnostic and therapeutic options can provide better outcomes
for patients just as oncology care is consolidating into larger network enterprises where
multidisciplinary research-focused academic oncology experts partner with their network
of oncology clinicians to offer personalized precision cancer care to each patient [2–5]. For
both academic and network oncologists, an increasing number of cancer patients along
with the increasing complexity of diagnostics, treatments, supportive care, survival, and
end-of-life care has also increased the time pressure to fully engage patients and their
support systems in understanding these complexities and developing individual care plans
through shared decision making [6,7].

Personalized Precision Medicine (PPM) for cancer patients means getting the correct
diagnosis and therapy reviewed, ordered, and delivered for each cancer patient to achieve
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their best health outcomes. These personalized treatment plans depend on the patient’s
disease, biomarkers, comorbidities, available trials or therapies, and personal preferences as
shown by the Yale network and inclusion in the 13 components incentivized in the Center
for Medicare and Medicaid’s (CMS) Oncology Care Model [8,9]. More than molecular
testing is required to determine the best targeted or combined targeted or other therapies;
specifically, there is a requirement for accurate, complete diagnosis and staging with
biomarkers and clinical information to empower evaluations of whether the standard
of care pathways, including clinical trials, are the best option or whether an individual
treatment plan is better for each component of a multidisciplinary care plan [10]. The
challenge for organizations is to deliver the most up-to-date diagnostic and therapeutic
options to oncologists efficiently along with complex orders to safely and effectively deliver
care. Multidisciplinary conferences have been shown to impact care plan changes and
improve outcomes [11,12]. As the number of cancer patients seen and managed daily has
increased, along with complexity, groups have come together to implement high-quality,
standard-of-care pathways to cover the most common cancers [13–15]. Some groups
have shown these pathways can improve care delivery and cancer outcomes and lower
costs [16–19]. An unmet challenge is to serve patients where rapidly evolving new data
on newly identified biomarkers or inherited mutations, response to prior therapies, rare
histologic subtypes, rare diseases, clinical trials, and newly approved treatments make
implementing an individual care plan time-consuming for busy clinicians to review and
incorporate for each patient. In addition, early pathway programs sought to only cover the
most common cancer presentations with the goal of 80% of those patients being targeted to
be incorporated into one of their pathways [20–22]. However, as disease complexities have
increased, enterprises need pathways to have greater depth and breadth to address known
clinical settings with specific beneficial therapies. They also need processes to address
rapid new information that is not yet incorporated into a formal pathway tool. Thus, new
decision support frameworks are required.

City of Hope has an enterprise commitment to democratize cancer care delivery by
providing expert faculty knowledge to clinicians and their patients at every network site
regionally, nationally, and internationally. Challenges from the COVID-19 pandemic, health
plan restrictions, and our expanding geographic network of sites led to the development of
a four-tiered Pyramidal Decision Support Framework (Figure 1) to expand the superior
overall survival in every cancer type and stage seen at the academic center to the enterprise’s
growing network [23–27]. The pyramid is based on providing robust evidence-based
pathways for the most common cancer presentations, enabling the availability of formal
and informal faculty consultations, providing disease-specific and precision oncology
tumor boards, and instituting our newest component, regional Complex Oncology Case
Discussions (COCD), where multispecialty expertise is provided for patients’ presentations
at a physician’s request when standards of care do not exist.

Challenges in Development

Our pyramidal model was developed with the new COCD component in response to
data demonstrating that precision oncology was adopted faster at academic centers largely
due to the influence of strategic initiatives such as the NCI-MATCH trials while adoption
has been slower in community practice sites [4,28]. While EGFR and ALK testing rates in
NSCLC have been slowly rising in eleven reported community practice studies with ranges
between 35.5–100% and 23–95%, respectively, most other alterations are still untested,
and PD-L1 expression rates were reported between 1.2–56% [29–38]. These challenges are
present in other cancer types in the community including in breast cancer and ovarian
cancer where, genetic testing and genetic counseling has also been underutilized [39,40].
There are several primary reasons for this, including a lack of knowledge of the latest
therapeutics and testing, time constraints, burdensome pre-authorizations, and the cost of
precision oncology testing that requires a value-based assessment that is often missing in
community practices [15,41–43].
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Figure 1. Four Components of the Pyramid of Decision Support for COH Enterprise.

Knowledge gaps in community practices have become even more challenging with
the growth of immunotherapy, cellular therapies, and the availability of a growing number
of targeted therapies for different cancer sub-types and lines of therapy. Failing to provide
these therapies has resulted in adverse outcomes for patients treated in some community
practices compared to academic centers [5,44]. The implementation of evidence-based
algorithms such as ours has the potential to eliminate these knowledge gaps and improve
patient outcomes. In addition, it takes time for clinicians to gain the knowledge and
experience to anticipate and managing complex and unique toxicities for so many new
therapies, especially for less commonly seen cancer presentations. One study reported that
almost 61% of patients in the community did not complete their immunotherapy, with
the leading cause being the timely management of novel or rare immune-related adverse
effects (irAEs) [45]. The implementation of our algorithm directly addresses this issue by
including experts in immunotherapy treatment and experts from multiple disease types
who may have experience with rarer or less common irAEs in tumor boards, 1:1 faculty
consultations, and COCDs. When disease leads identify new regimens or drugs for adding
to our EPIC Beacon orders, they also add management information for toxicities to help
network clinicians expand awareness of the timing and types of toxicities as well as their
management. Furthermore, our decision support pyramid often identifies patients who
have rare germline mutations that are often left untested in other community practice sites
and may have a direct benefit to the patient if detected [46,47]. This can also help reduce
the race-driven disparities seen in community practices where racial minorities are often
not tested or given the option of genetic or germline testing during their cancer care [48–50].
Time constraints remain a challenge in both academic and network/community practices.
In community practice, this has been shown to harm patient outcomes, often resulting from
a hastened time taken towards treatment initiation without considering all informative
diagnostic testing data, potential targeted therapeutics, practice gaps in evaluating the
latest therapeutic research, and a lack of standardized research protocols including, but
not limited to, clinical trials [51–53]. Developing and implementing the best treatment
plan at the start of each therapy episode offers the best chance for improved survival and
quality of life [54–56]. Our model directly addresses these limitations by providing very
comprehensive pathways at all sites of enterprise care, promoting network physicians’
acquisition of knowledge and propensity to feel comfortable reaching out to individual
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academic specialists for informal and formal consultations, offering network clinicians
participation with respect to their patients in disease-specific and precision oncology tumor
boards, and providing regional COCDs. These COCDs allow the community practice leads
to be at the forefront of selecting patient cases and requesting experts as needed without
straining the geographic hub’s operations. To this end, the experts chosen to attend the
complex case discussions are selected based on the individual cases that are challenging
and require their expertise. Unlike traditional tumor boards where a large majority of
cases are evaluated, our model allows the community practice oncologists to select only
the complex cases. Our experience has shown that this heuristic approach to evidence-
based learning can improve outcomes and overall network practice care [57]. Furthermore,
our model helps address the time constraints of academic center oncologists that have
experienced significant disruptions in consultations and care due to COVID-19 [58,59]. Our
model limits the strain by lowering the number of consultations from network practice
oncologists, which in turn provides value to the patient and lowers their costs without
sacrificing care expertise. Network and academic oncologists who participate in complex
case discussions are interested in obtaining academic and continuing medical education
credits. The work towards such credit is under discussion. Both patients and network
clinicians have reported a high degree of satisfaction with respect to knowing that the care
plan for an individual patient has the best chance of offering the patient the best health
outcome for their cancer diagnosis.

Value-based medicine is another key factor in our model that assesses not only the
survival, toxicities, and financial costs to the patient from additional consultations and
treatments but also takes into consideration personal values when establishing their plan
of care. While costs of precision oncology continue to rise, with significant contributions
from expensive genomic testing that ranges between USD 3000–6500 from commercially
available sequencing platforms, the solution to this problem may be in implementing our
approach in network practices where molecular data and genetic testing are performed
based on granular evidence or clinical trials that are shared with the payer to justify the
costs [60]. Such a model was slated to be adopted nationally through the Oncology Care
First model and incorporated into CMS’s 2023 enhanced Oncology Medical Home (eOMH)
model, where cost-savings may be dependent on the data presented to the payers for higher
reimbursement [61]. Our model enhances the precision oncology promise in our network
practices by allowing network physicians direct access and consultation to nationally and
internationally recognized expertise without a requirement for a traditional consultation.
This time- and cost-saving solution also allows patients to receive the latest available
information and care, as many patients treated in the community do not obtain a second
opinion and rely on their primary oncologist for the entirety of their cancer care [62].

The aim of this study is to detail and describe City of Hope’s pyramidal decision
support framework for providing efficient and targeted support to busy clinicians in
collaboration with expert faculty and to understand how any gaps in patient care can be
further improved through academic and network practice collaboration.

2. Materials and Methods

A four-tiered pyramid of decision support was developed at the City of Hope to
better serve a growing regional, national, and international network of cancer practices in
this time of continuous rapid expansion of cancer diagnostics and therapy options. The
4 tiers are (1) evidence-based pathways via ClinPath, (2) formal and informal 1:1 faculty
consultations, (3) 13 regular subspecialty or precision oncology tumor boards, and the
newer (4) Complex Oncology Case Discussions (COCD).

Evidence-Based Pathways (EBP): Evidence-based pathways are a key component
of City of Hope’s digital strategy for value-based care [5]. COH implemented the VIA—
now Elsevier ClinPath—evidence-based pathways in January of 2017. Currently, ClinPath
pathways provide standard-of-care treatment pathways for medical oncology, hematology,
and radiation oncology for 29 diseases (22 solid tumors—breast, neuro, anal, colorectal,
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gastroesophageal, neuroendocrine, pancreatic adenocarcinoma, bladder, prostate, renal
cell, testicular, ovarian, uterine, head and neck, thyroid, mesothelioma, non-small cell
lung, small cell lung, melanoma, squamous and basal cell skin cancers, and sarcoma, and
7 hematologic—chronic myelogenous leukemia, immune thrombocytopenia, lymphomas,
chronic leucocytic leukemia, myelodysplastic syndromes, multiple myeloma, and other
plasma cell dyscrasias). The sarcoma pathways were added in April 2019 (Supplemental
Figure S1). The pathways are determined by 19 disease committees of which COH faculty
co-chair 4 (Breast, CNS, Gastroesophageal, and Bladder/Renal) and faculty with disease
specialties participate in most committee meetings. Disease committees oversee navigations
for common and, depending on committee consensus, add guidance or pathways for rarer
tumors or germline mutations within pathways to provide deeper navigational guidance
to clinicians. The initial goals were to provide guidance on common diseases with a goal of
80% pathway compliance. As complexities of molecular mutations and sequential therapies
have evolved, there is a growing consensus regarding the addition of specific navigations
for all evidence-based care to help busy clinicians, most of whom treat multiple types of
cancer patients in a day.

At COH, the clinical informatics team has had a Pathway and Protocol Informatics
Pharmacist (DJ) oversee monthly meetings with the academic disease leads and their
specialty PharmDs, along with Epic Beacon builders and the value-based care medical
director (LB). At these meetings, a standard agenda ensures a review of new FDA drug
approvals or regimens, practice-changing therapies for customization and clinical trials
that may need updated Epic Beacon regimens, and mapping from the ClinPath pathways
to our Epic Beacon regimens.

A Pathways Committee was established before the initial go-live of VIA, now ClinPath,
pathways in 2017. It has continued to meet monthly to review pathway use, on-pathway
rates, off-pathway rates, and reasons for off-pathway choices by disease type and to review
data reporting with Epic therapy orders. The group also oversees the recruitment of
members to serve on-pathway disease committees and oversees improvements in Epic–
ClinPath interfaces and clinical trial integrations.

COH clinicians or their team members document pathway navigation choices in one of
two ways. A total of 30% of clinicians navigate to the pathway tool through our electronic
health record when they plan to order a systemic medical oncology or hematology therapy
(other than BMT, cellular therapies, or acute leukemias). By using an “order with pathways”
link, the staging and biomarker data from the EPIC-staging forms are populated into
the pathway tool. The clinician then only adds any additionally required information
before being taken to the preferred treatment options, which start with our clinical trials.
If a pathway choice is made, the clinician is then taken back to the mapped Epic Beacon
treatment orders, which include the NCCN-compliant antiemetics and any other disease
lead team-determined guidance. The second option for clinician navigation is to order their
preferred therapy in Epic Beacon, and directly after which we ask that, asynchronously,
they or their staff enter the regimen’s pathway navigation information into the ClinPath
tool. Elsevier provides a monthly report of pathway navigations by site, doctor, and
disease, reporting choices for On-pathway, On-pathway-off treatment, Clinical Trial, and
Other Trial, of which all 4 are considered On-pathway. Reporting also includes the other
navigation option: Off-Pathway. Direct data feeds from ClinPath to our EDW populate
Tableau reports. These reports show the 5 choices as well as when a provider enters the
Not a Pathway diagnosis, No Pathway, and Off treatment choices. Clinicians are prompted
to enter a reason for Off-Pathway choices. Tableau dashboard reports are sent to clinicians
weekly to show any missing navigations to encourage completion. Other reports are
sent to leadership showing pathway compliance by disease, site, region, and physician.
Institutional or departmental incentive programs have encouraged at least 80% of ordered
therapies for covered diseases to be navigated in the pathway tool. Payer metrics are
incentivizing the enterprise to more fully capture available pathway navigations as well.
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Formal and Informal Faculty–Network Clinician Consultations (FCC): Communica-
tion among faculty members is essential for supporting busy oncologists who see multiple
types of cancers each day to optimize patient care. An opportunity for the growing net-
works of academic and network oncology clinicians is the establishment of true respect
and collegiality. This has been a key goal of COH’s enterprise and chair leadership. In
medical oncology, regular symposia where academic and network clinicians co-present on
cutting-edge topics have brought collegiality, respect, and awareness of specialty expertise
and clinical challenges among the faculty. The option of formal consultation that can be
provided to services both from academic faculty to colleagues on the academic campus
and by network clinicians to academic campus clinicians when deemed necessary for any
patient’s care is available to all faculty. Additionally, network clinicians feel very comfort-
able reaching out to expert faculty on clinical issues when an informal 1:1 consultation can
resolve a question. Academic faculty have also become comfortable sending their patients
back to network sites for care to minimize travel time and facilitate more involvement
of family and caregivers in local communities. While we can track formal consultations
from medical oncologists to academic site faculty and academic faculty consultations to
other academic colleagues, we currently have no formal method to collect the number of
informal consultations that occur, the specific faculty, clinical issues raised, nor the impact
on changes in the care plans.

Tumor Boards (TB): Over the three years studied, for selected cases where academic
and network oncology clinicians desired additional decision support beyond EBP, COH
has offered 13 weekly or biweekly multispecialty, disease-focused (11), molecular oncol-
ogy/precision oncology (1), and multi-tumor (1) boards (TB). Traditionally, tumor boards
were focused on specific organs, e.g., breast cancer. However, cross-cutting tumor boards,
such as molecular tumor boards, are important for patient care and research [63].

The composition of disease-specific tumor boards includes the traditional disciplines
of providers including a surgeon, medical oncologist, and radiation oncologist, as well
as pathologist and radiologist, while the Precision Oncology tumor board has a higher
number of geneticists and non-physicians with expertise in detection and discovery of the
molecular composition of cancer. Total attendance at each TB meeting is recorded, though
data on the subspecialties of all attendees were not specifically recorded.

Cases are submitted in advance to the tumor board. Submissions include relevant
case information and any specific questions the submitting provider has for the multidis-
ciplinary team. Cases are reviewed ahead of time by pathology and radiology specialists
and additional materials such as digitized pathology slides are prepped for presentation.
Similarly, images are loaded for review and discussion during the meeting. Tumor boards
are also recognized as a forum for identifying the most appropriate place for patients to
receive any elements of their care that require a highly specialized setting in coordination
with care delivered at a network site selected by the patient or their health plan. For
example, highly specialized surgeries are directed to the academic campus as are potential
candidates for clinical trials when they are not open at a closer network site.

Until March 2020, TBs were held in person, which limited the ability of network
oncology clinicians to attend. Subsequently, due to the COVID-19 pandemic, TBs were
made virtual, leading to potentially improved accessibility [64]. Although TBs have been
able to provide a critical additional level of decision support, we currently do not have a
formal procedure across all TBs for reporting on submissions, the context of discussions,
and specific recommendations. Nor do we have information as to whether the proposed
care plan was approved, adopted, or revised [65], which limits the quantification of the
overall impact of these TBs on patient management. Efforts to improve this deficit have
come from this study and are the focus of a new institutional quality improvement project,
which will help ensure TBs are both efficient and have reportable impacts on patient
outcomes [11].

Our tumor boards, like most, vary in their content, disease focus, and membership
composition [66]. Beyond the time commitment for faculty attendance, resources are
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committed to coordinating and preparing for the meetings. To understand the structure
and process of these tumor boards, we collected data on the schedule of the tumor boards,
membership and attendance, operating procedures for coordination of the tumor boards,
data management for tumor boards, and potential patient impacts. Additionally, we used
the alteration in the operating procedures during COVID-19 as an opportunity to assess
any changes in the attendance at tumor boards and the opportunity for modernizing the
concept of tumor boards [67]. Available case data from each tumor board that occurred from
January 2019 through December 2021 were collected from respective TB administrators. TB
attendance was collected from the Continuing Medical Education department.

Complex Oncology Case Discussions (COCD): The experience of our oncology prac-
tices during the COVID-19 pandemic highlighted a gap in our decision support offerings
with a need to streamline network practice consultations due to the limitations of in-person
referrals, the geographic growth of network sites, and growing care complexities, as noted
by others [11,68]. We thus developed an additional level of faculty decision support to
network clinicians called Complex Oncology Case Discussions (COCD). These are led
by regional network practice sites in collaboration with the academic center. COCDs are
constitute a multi-faceted approach to sharing academic site expertise in a timely and
practical fashion with network physicians (Figure 2).

Figure 2. Complex Oncology Case Discussion: community practice hub and academic site ‘think
tank’ integration of expertise.

The challenge in creating and establishing this model was in leveraging the availability
of very busy individual team leaders and subspecialty experts with the very busy network
practice physicians for regular weekly, bi-weekly, or monthly COCD. To overcome this
challenge, our model was established so that the site leads of the individual sites assess
their cases, determine the expertise that is required before the meeting, and only include
individuals for the regional complex oncology case discussion as necessary based on their
expertise. Every network practice site is assigned two site leads who supervise and organize
the needed faculty experts for regional discussions with the network physicians. Our
original academic site in Duarte includes a thinktank of disease team experts from oncology
and hematology with access to chair leads of the various disease teams. This collaborative
conference between the network and the academic site allows the oncologists to receive
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expertise from sub-specialized oncology experts, which would otherwise be absent and
can be missing in pathways for common disease presentations as well as traditional tumor
board models [69]. Evidence has shown that integration of such a collaborative model
increases survival and outcomes in community practice and allows for expert intervention
in situations where the network practice cannot provide the care or expertise required based
on individual complexity [70]. Therefore, our model enhances the paradigm of precision
medicine through the inclusion of individual disease team experts including rare diseases
such as sarcoma and head and neck cancer, as well as the implementation of the expertise
of a genomics expert and genetic counseling in the network practices.

In practice, this has been implemented efficiently and with minimal disruption of
both the academic site and the community practice physician’s schedules. We now have
3 regional COCDs that meet monthly and as needed whenever urgent COCDs are needed.
We believe that the fluidity and structure of our multi-faceted team of experts have the
potential to transform network practice interactions and traditional consultations into
necessary functions for all our network site practices to provide as-needed, seamless, state-
of-the-art academic inputs for precision care plans for patients. By only gathering the
needed experts for each COCD, we optimize the demands on faculty time and have focused
meetings to meet the specific needs identified by the network clinicians [71].

Process-wise, two leads at the regional network site along with the site administrator
gather the individual cases and any specific questions from the regional network practition-
ers before convening the COCD. The leads assess the individual cases and determine the
expertise that is required to attend the COCD and notify these experts 2–5 days before the
meeting. The network practice physicians and administrators work with the academic site
thinktank supervised by the disease team leaders and the chairs of the departments to invite
the experts requested. While 4–6 leads are permanently assigned to the multidisciplinary
team, other leads and experts of rare diseases such as brain cancer, sarcoma, melanoma,
and head and neck cancers are invited as needed. The COCD is then convened virtually,
and cases are assessed to answer any questions and determine the plan of care based on
the consensus between the network practice and the academic site physicians (Figure 3).

Figure 3. Complex Oncology Case Discussion algorithm for expert collaboration between academic
and geographic network hubs.

If a plan of care cannot be decided due to a lack of further information such as
a pending or recommended genomic-testing procedure or additional biopsy, then the
network practice physicians can follow up with the academic site experts on the individual
cases. Further consultation and intervention are available both virtually and in person for
cases that require genetic counseling, radiation oncology intervention, specialty surgery,
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and clinical trial consultation. The integration of network practice sites into the academic
site model also allows for clinical trial screening and trial onboarding at a few larger
designated network sites—with the option for the patient to receive the trial drug treatment
at the network site or the academic site. If the patient eventually relapses or undergoes
progression, the network site leaders can alert the thinktank experts to convene another
COCD or refer them directly for an academic consultation. This model allows for the fluidity
of care and provides the patient with a consistent primary oncologist while maintaining
state-of-art care that is associated with academic centers. We hope that the implementation
of this model will result in greater survival outcomes as compared nationally and as have
been seen at our academic site with the potential to transform networked practice care
nationwide [23–27].

3. Results

The results of COH’s Pyramidal Decision Support Framework will be shown for each
component. The overall survival analytics have shown superior survival data for analytic
patients for all stages and cancer types seen at City of Hope’s Duarte academic campus
compared to regional and national SEER data and published on our site for breast cancer,
lung cancer, colorectal cancer, prostate cancer, and myeloma [23–27]. City of Hope began
adding regional cancer care network sites in 2010, which grew to 5 sites in 2011, 17 by 2014,
and 30 by the end of 2018. During the 3-year period, 2019–2021, City of Hope expanded
from 30 to 38 network sites, which are included in this analysis. These sites were served by
29 academics, Duarte campus medical oncology faculty, and 50 network medical oncology
faculty. The network medical oncologists also saw hematology patients. These clinicians
saw 8479 new, 3752 consults, and 38,263 unique patients when 25,429 follow-up visits were
included in 2019. They saw 6637 new, 2836 consults, and 43,329 unique patients when
both 10,711 telehealth and 22,722 follow-up visits were counted in 2020. For 2021, the
group saw 8807 new, 2915 consults, and 56,143 unique patients when 13,229 telehealth and
30,775 follow-up visits were counted.

A value framework has been built to track patient information, therapies, pathway
choices, and survival for analytic and non-analytic patients seen across the enterprise since
the implementation of our EPIC system in December 2017. Data are being tracked for 5-
and 10-year survival outcomes but are not yet mature. This framework will provide clinical
outcomes for patients whose treatments were guided by these four components of decision
support. We present the initial use data on the most recent 3-year period: January 2019
through December 2021.

Evidence-Based Pathways (EBP): The data sent from ClinPath to our enterprise data
warehouse (EDW) weekly are presented in Tableau reports according to the clinician,
practice, region, network, and academic site, and according to the navigation choice for
enterprise, Duarte academic center, and the network as well as its individual sites. Disease
navigations can be reported for quarterly, annual, and time-bounded periods.

We have built Tableau charts so that clinicians and administrators can review all
decisions by pathway disease. The On-pathway rates can vary significantly by disease
and time period. The original goal of the pathway system was to cover 80% of therapy
choices. Given the rising importance of understanding why a therapy was prescribed for
a specific patient and their disease, some pathway committees have expanded guidance
and flow sheet options to cover more episodes of care to provide a national group of
cancer experts recommendations for the best options when appropriate. Not all committees
have adoptedthis approach, so the on-pathway compliance rates will vary by how fast a
national group adopts practice-changing information from presentations to publications
and on to FDA approval and health plan coverage as well as by the depth of evidence-
based recommendations the committee feels warranted. At City of Hope, we have no
prespecified on-pathway compliance expectations but want the pathway system to provide
the best standard care recommendations for the increasingly more complex range of therapy
choices, especially as patients with some cancers benefit from more than three to four lines
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of therapy and since the therapies they had previously in any setting impact the currently
recommended best option along with evolving molecular genomic and other diagnostic
tests.

The evaluation of pathway navigations for the 22 solid tumors with pathway choice
data from our Tableau system for the 3 years, January 2019 through December 2021, reveals
over 35,000 pathway decisions across all seven decision categories: No Pathway/Not a
pathway diagnosis, On-Pathway, On-Pathway–Off treatment, Clinical Trial, Other Trial,
Off-Pathway, and Off Treatment (data available but not shown). Almost 15,000 were
performed in network sites and over 20,000 were performed at Duarte’s academic site with
up to 28% of network and 8% of academic sites noting a non-pathway diagnosis. Of these
total decision types, the overall on-pathway choices corresponded to 35–45% at Duarte
and 38–60% in the network sites when there was a disease pathway, which is due to the
percentage of other-than-On/Off-Pathway choices. Some diseases were noted to have low
on-pathway rates for some quarters, which suddenly changed in a subsequent quarter.
Investigating these changes showed the pathways had been updated through regularly
set meetings that included key updates that our academic leads had already implemented.
What had been considered ‘off pathway’ can change to ‘on pathway’. This time delay from
the early adoption of practice-changing reports and research can influence the timing of
what is considered off- vs on-pathway and remains a challenge to harmonize.

The data from ClinPath on navigation choices for patients with diagnoses that have
a pathway in the system are the largest subset of patients who receive systemic therapies
at City of Hope. Figure 4 shows how patient data flows from all patients to those who
get systemic therapies and from that subset, which diseases and their subtypes have a
pathway in ClinPath for navigation and which do not. For diseases without a pathway,
such as cervical cancer, hepatobiliary disease, myeloproliferative disease, ALL, AML,
cellular therapies, and other rare, advanced line or very rare mutation-related diseases, a no
pathway available category is available to enter in the pathway tool; however, most doctors
who treat those diseases order therapies for non-pathway diseases and subtypes directly in
the EPIC Beacon EHR and they may not be available from the navigation data. We are in
the process of building new databases in our EDW to study the disease, stage, biomarker,
line, type, ECOG, and therapy ordered for every patient seen. We can then divide those
into diseases and settings with standard pathways available to pair with pathway choice
navigations and track those without pathway tool pathways available. The addition of
sarcoma pathways in 2019 was highly advocated and supported by City of Hope faculty
given the numbers we see and the expertise we felt would be beneficial to have in our
formal pathway system.

Reviews of the more commonly reported Off-Pathway vs. On-pathway (On-pathway,
On-pathway-off treatment, Clinical Trial, and Other Trial) choices for patients who were
navigated through ClinPath for the 29 covered diseases (22 solid tumors and 7 hematologic)
from our Tableau system for the 3 years (January 2019 through December of 2021) are
shown by quarter in Figure 5 for the academic center and network sites. These results
are summarized in Table 1 for On-pathway vs. Off-Pathway results from the enterprise,
academic, and network sites. The data show that there were 20,583 total On/Off-Pathway
Decisions for the enterprise over the 3 years, of which 79% were On-pathway. A total of
8856 decisions were made at Network sites, of which 7324 were On-pathway for an 83%
rate, while 11,727 total decisions were made in Duarte with 8901 being On-pathway for a
76% on-pathway rate.

Data by quarter can also be presented for the 19 solid tumor types in the 10 categories
(breast, GU, GI, GUN, Head and Neck, Skin, Neuro, Neuro-endocrine, Lung, and Other)
and for the eight commonly seen hematologic diseases with pathways in ClinPath (CML,
CLL/Lymphoma (B Cell, T Cell, and common histology Hodgkin’s), multiple myeloma,
MDS, and ITP). Table 2 shows the on-pathway rate, the total number of on-pathway
decisions, and the total decisions for 18 of the most common pathway diseases, where we
had at least 200 decisions or an on-pathway rate of ≥80%. Upon review, breast, pancreatic,
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gastroesophageal, melanoma, neuro, bladder, and testis cancers all met the goal of ≥80%
on-pathway therapies. Renal and colorectal cancers were on-pathway 78% of the time. An
internal review of these, as well as the non-small cell’s 64% on-pathway rate and small
cell’s 67% rate, reflect the rapid changes in therapy recommendations during these 3 years
such that at the time of decision making, COH’s disease lead choices were ordered, which
was only later reflected in the pathway updates. There is no current report to compare
off-pathway decisions that would, in a subsequent quarter or time period, be considered
on-pathway. Such a report could show the early adoption of practice-changing therapies
before their incorporation into pathway tools. This remains a challenge for the reporting of
pathway data. Of note, each of the most common hematology diagnoses, multiple myeloma,
and CLL/lymphomas had over 80% on-pathway choices made for their therapies, for which
the reports are almost solely from network sites, as our academic colleagues plan to expand
their use of the hematology pathway tool in the future.

Figure 4. Roadmap of patients seen at City of Hope to understand those with diseases eligible for
pathway use and reporting from ClinPath system. Both patients with and without a diagnosis in
the ClinPath system will have Beacon therapy orders in the EHR. GI (gastrointestinal), CNS (central
nervous system), GIST (gastro intestinal stromal tumor).

Table 1. Therapy Decisions from ClinPath Tool for Solid Tumors and Hematology by Enterprise,
Duarte, and Network Sites. Pathway Compliance for Enterprise (E), Duarte Academic Campus (D),
and Network (N) Clinician ClinPath Navigations over 3 years, 2019–2021. Total Number of Decisions
On and Off-Pathway; total number of On-pathway Decisions for Enterprise, Duarte, and Network
Sites; and total percent of On-pathway Navigations for Enterprise, Duarte, and Network sites. From
ClinPath Reports.

Total # On/Off-Pathway Decisions # On-Pathway % On-Pathway

E D N E D N E D N

20,583 11,727 8856 16,229 8901 7324 79% 76% 83%
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Figure 5. ClinPath Tableau Report of On-pathway vs Off-Pathway choices for covered solid tumors
and hematology diagnoses by quarter in Duarte and Network sites for 1 January 2019–31 December
2021: Off-Pathway and On-pathway, (On-pathway, On-Pathway-Off Therapy, Clinical Trial, and
Other Trials) navigation choices.

We also collect data on navigations for the eight commonly seen hematologic diseases
through the pathways in ClinPath (chronic myelogenous leukemia (CML), chronic lym-
phocytic leukemia (CLL)/Lymphomas (B Cell, T Cell, and common histology Hodgkin’s),
multiple myeloma, myelodysplastic syndromes (MDS), and idiopathic thrombocytopenic
purpura (ITP) and can generate Tableau reports. Network clinicians have valued and
navigate care through the hematology pathways while academic center clinicians have
only recently started using hematology pathways. The 3-year data, from 1 January 2019 to
31 December 2021, for network physicians’ use of the pathways shows that 968 patients
from network sites had therapies ordered for hematologic diseases with a range of 70–95%
of decisions were On-pathway choices. Of note, ITP, a benign disease, is included in our
pathways, as there are multiple very costly but effective options for therapies for this
commonly seen disease in our network sites. Starting in a cost-effective sequence ensures
that patients obtain the therapy with the best chance at efficacy and with the lowest cost or
toxicity. Severely refractory patients often receive a long sequence of therapies, so choosing
the most cost-effective approach at each step can lower their overall cost and improve
quality of life by using oral therapies and those requiring fewer clinic visits early on and
hoping that most will not need every type of therapy available.
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Table 2. Enterprise 3-Year ClinPath Navigation Data: Percent (%) of On-pathway Decisions, total
number (#) on-pathway decisions, and total number (#) of decisions by 18 tumor types with >200
decisions or >80% On-pathway rates. Tumors are ranked by the number of decisions from the highest
number for breast cancers down to the lowest for testicular tumors. A blue highlight indicates
On-pathway rates > 80%. Tumor type CLL is chronic lymphocytic leukemia, Neuro refers to brain
tumors.

3-Year Enterprise On-Pathway Data

Jan 2019 through Dec 2021

Tumor Type % On Path # On Path Decisions Total # Decisions

Breast 85% 5946 6954
Colorectal 77% 1834 2384

Non-Small Cell Lung 64% 1486 2317
Pancreatic 91% 1026 1124
Ovarian 70% 653 937
Gastroesophageal 81% 678 838
Prostate 91% 738 814
Head and Neck 69% 418 603
Lymphoma and CLL 83% 491 593
Uterine 67% 361 538
Melanoma + Skin 74% 366 494
Neuro 96% 355 369
Multiple Myeloma 88% 308 351
Renal 75% 242 325

Sarcoma 74% 226 304
Bladder 84% 251 300
Small Cell Lung 72% 153 214
Testicular 87% 77 89

As we engaged our academic disease leads for hematology and medical oncology,
they identified many regimens that had not been built in our Epic Beacon system. Of
approximately 900 regimens in our Epic Beacon system, 638 are regimens in the pathway
system. Working with our disease leads in 2021 and 2022, we identified 300 therapy regi-
mens that needed to be built, modified, merged, or mapped from the pathway tool into
Epic to fully integrate our pathway and ordering system. 220 have been completed with
50 more due to be completed in December 2022 and the remaining 30 by February 2023.
Completing standardized regimen builds in the EHR provides clinicians with a robust and
efficient pathway ordering process from the pathway decision prompt. Standardized ther-
apy orders support include the therapy agents, dosing and schedule as well as partnered
antiemetic regimen by emetogenic risk level, laboratory, nursing and education visit orders
to efficiently facilitate pre-authorizations, patient education, care delivery, payment metric
reports and internal analytics. Two updates in progress will have the ClinPath team placing
new clinical trials weekly into our pathways while an OnCore integration will provide real
time status updates for clinical trials in the pathway tool. Clinical trials appear first in the
pathway options and will be shown as pending, open, on hold or closed. These upgrades
are expected to improve trial considerations and accruals.

Faculty Clinician Consultations: Formal consultations between the academic med-
ical oncology clinicians to other academic faculty across disciplines totaled 4083 in 2019,
decreased to 3978 consults during the first pandemic year (2020) and rebounded to 5635 con-
sults in 2021 as the pandemic was mitigated in our region. The main specialties consulted
over the 3 years from the academic medical oncology faculty were the surgical oncology
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specialties with 6119 consultations followed by radiation oncology with 3401 consultations
and hematology with 703 consultations.

From the network of medical oncologists, there were 6203 consultations in 2019
referred to campus specialists in medical oncology (4883, 81%), surgical oncology specialties
(744, 12%), hematology (393, 6%), and radiation oncology (91, 1%). By 2020, there were
5623 consultations in similar ratios for these main oncology specialties. This reflects that
most network sites have City of Hope surgical and radiation oncology specialists locally
who provide specialty oncology care. Thus, most consultations provided by medical
oncologists to the academic center are for medical oncology to collaborate on complex
patient presentations or clinical trials not offered in the community. Of note, there was
only a 10% drop in overall consultations in 2020, which included the time after the global
and regional COVID-19 pandemic was announced in March of 2020. This shows that
despite the pandemic, cancer services could still be provided with the comprehensive
safety measures instituted at the campus and network sites to protect staff, patients, and
their families. By 2021, the third year of our study, similar tableau reporting on consultations
from network medical oncologists provide to campus faculty showed a significant drop
to 1494 consults overall, which is a 76% drop from 2019 and a 73% drop from 2020. These
major decreases occurred in medical oncology consultations for gastrointestinal, breast,
genitourinary, gynecologic, and thoracic subspecialties. The exact reasons for this drop
have not been studied but are postulated to be from the expanded access to 1:1 informal
faculty consultations, tumor boards, and complex oncology case discussions that that is
providing high-quality input between the academic and network medical oncologists to
meet patients’ care-planning needs.

Data were not collected for the many informal consultations that occur between
network and faculty clinicians nor for the questions raised, any changes in workup or care
plans recommended, nor the potential impact on those discussions. Even though formal
consultations result in consultation notes and communications, we do not currently track
the impacts of recommendations from those consults. Most of the 29-member academic
medical oncology faculty report at least one call per week from network clinicians and
colleagues regarding oncology care planning for an oncology patient. Over 52 weeks, this
would represent 1508 informal consultations or over 4500 consultations over 3 years. Our
study identified this as an opportunity for improvement and to define and collect data
on numbers, issues, and likely impacts, as well as the time invested for both formal and
informal consults, in order to better understand the academic specialty faculty workloads
and return on invested time.

Tumor Boards: A review of the available TB data demonstrated significant variability
in the discrete data points collected and how the data were stored. A total of 4653 cases
were presented across the eleven TBs. All cases contained the submitting provider’s name
and at least a general case description and question for the TB, though there was significant
variation in the structure and extent of these data points. Case recommendations were
recorded in six of the TBs, corresponding to 63% of all cases. However, whether these
recommendations constituted a change from the initially proposed course of management
was not recorded. The composite TB data that could be queried were only available for the
Musculoskeletal Sarcoma TB, representing 8% of the total cases. This TB was led by only
one disease expert since its inception, who established the methodology and oversaw the
data collection. The data for other TBs were stored in the form of text documents or PDFs,
which limited quantitative analysis (Table 3).

To characterize the impact of the transition from in-person only TBs to virtual TBs,
the average TB attendance was compared between the 1 January 2019–30 June 2020 time
period and the 1 July 2020–31 December 2021 time period (Figure 6). Absolute changes in
the attendance of between −1 to 1 participant were considered stable. Of the eleven TBs,
the attendance at four TBs increased while it remained stable in five TBs and decreased
in two TBs. The largest increase in attendance occurred in the breast TB, with an average
increase of 4.7 attendees (p < 0.001), while the largest decrease was −4.6 attendees in the
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neuroendocrine TB (p < 0.001). On average, across the eleven TBs, attendance increased by
0.6 attendees (p < 0.001).

Table 3. Tumor board data collected for 11 Multidisciplinary Tumor Boards Over the 3 years: 1 January
2019 to 31 December 2021.

Conference Total Cases
Submitting

Provider
Case

Description
Specific

Question
Case Recom-
mendations

Data
Centralized/Readily

Accessible

Breast 585 Yes Yes Yes Yes No

Chest 600 Yes Yes Yes No No

Colorectal 326 Yes Yes Yes No No

Genitourinary 303 Yes Yes Yes Yes No

Gynecologic 521 Yes Yes Yes Yes No

Head and Neck 786 Yes Yes Yes Yes No

Melanoma 262 Yes Yes Yes No No

Musculoskeletal Sarcoma 375 Yes Yes Yes Yes Yes

Neuro-Endocrine 199 Yes Yes Yes No No

Neuro-Oncology 324 Yes Yes Yes No No

Upper Gastrointestinal 372 Yes Yes Yes Yes No

Total (%) 4653 (100%) 4653 (100%) 4653 (100%) 4653 (100%) 2942 (63%) 375 (8%)

There is no over-arching standard for the data collection or reporting of TB presen-
tations nor a mechanism for tracking adherence to tumor board recommendations. The
presenting faculty takes responsibility for executing the plan discussed in the tumor board.
Another challenging issue is if more information is needed to render a final plan of care
proposal, the re-presentation of the patient is not universally pursued, which could limit
the potential for additional multidisciplinary decision making for this subset of patients.

Complex Oncology Case Discussions: We currently have three different Complex
Oncology Case Discussions across the network of City of Hope. These meetings are
organized regionally and have been held monthly with an option for urgent COCDs if
needed. Table 4 shows the COCD data. COCDs’ started at the Newport site, which now
involves two other regions of practices that joined the network in 2020. As word spread on
the value of COCDs to clinicians and patients, a second region started regular meetings
in August 2020 and a third region started in March 2021. All are now held regularly
with 14–21 attendees of which 4–10 are from the academic faculty. When answering
questions for this study, the COCD leads uniformly described the COCDs as of high value
to target complex questions very efficiently and completely. They also reported high patient
satisfaction and peace of mind knowing their complex cancer diagnosis had been reviewed
by specific experts to determine either the need for any additional workup, the option for a
clinical trial, or the development or confirmation of a personalized cancer care plan. The
Newport group highly values the involvement of their radiation oncologist as well as their
onsite radiologist in the reviewing of films as needed. Other regional COCD directors hope
to add such expertise as needed over time. COCDs’ attendance is less diverse than that
of tumor boards. These meetings are not supported by the pathology services, partly due
to access to source materials. All patients receiving care at City of Hope, however, are
required to have their pathology reviewed by COH pathologists. The case discussions are
primarily focused on medical oncology interventions and transitions of care across lines of
treatment as well as candidacy for clinical trials. The meetings are currently coordinated
by the network physicians without using administrative staff. The format enables in-
depth discussions, the engagement of the providers in the network practices, and the
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optimization of care via knowledge transfer. With these new meetings, we identified that
having a standard intake-reporting form and meeting summary report with standardized
categories of discussion and recommendations with possible likely impacts would be of
value to the regional leads and the COH leadership. Discussions of a standardized format
for such reporting are underway.

Figure 6. Tumor Board Attendance Over 3 years: 1 January 2019 to 31 December 2021.

Table 4. Details of comprehensive case discussion conferences.

Orange County Inland Empire North Valley

Start June 2020 August 2020 March 2021

Frequency Monthly Monthly Monthly

Format Virtual Virtual Virtual

Community Sites Newport Beach, South Bay,
Irvine Upland, Corona, Arrowhead

Antelope Valley, Santa Clarita,
Mission Hills, Thousand Oaks,

Simi Valley

Attendees 14 (4 Duarte campus) 21 (10 Duarte campus) 16–20 (6–8 Duarte campus)

Cases Presented Per Meeting 4.5 4 5
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4. Discussion

City of Hope’s enterprise commitment to democratizing precision cancer care includes
the provision of multispecialty, cutting-edge cancer knowledge to the chairside of every
network clinician. With the rapid expansion of the City of Hope network regionally
and now nationally, this goal is being realized through our pyramid of decision support.
This pyramid expands on traditional evidence-based pathways, formal and informal faculty
consultations, and tumor boards via its added Complex Oncology Case Discussions that bring
rapidly evolving knowledge to clinicians so they can enhance the provision of customized
cancer care plans to patients whose cancer diagnoses do not have standardized therapy
approaches. The study of this framework—which has evolved over the last 4 years as we
continue to expand our care delivery network regionally, nationally, and internationally—has
identified strengths and opportunities to fill further gaps in understanding the efficacy and
impact of these tools.

The pyramidal decision support project falls within our evidence-based care pillar in
our comprehensive value-based care framework. These initiatives have been discussed
previously [5]. They are supported by a comprehensive digital data strategy so as to have
all discrete data within our enterprise data warehouse so that informative analytics can be
made available to meet our expanding geography of care-delivery sites, expand access to
clinical trials and state-of-the-art cancer care, achieve identified quality-of-care goals, and
support our growing oncology-focused medical-home-type payor contracts.

The pathway improvements have come from the establishment of a formal program to
capture disease leads directing new drugs and therapy builds in our Epic EHR, overseeing
the addition of clinical trials, validating ClinPath recommendations, and identifying any
customization to achieve the best outcomes for patients. New operational initiatives to
incentivize real-time pathway navigation when ordering systemic medical oncology and
hematologic therapies have been identified, as is performed by our radiation oncologists.
This will improve the capturing of pathway choices for each line of therapy ordered, which
can improve prior-authorization turnaround times, enhance analytics to support growing
medical-home-type payor contracts, and inform our quality reporting and the disease
leads of therapies being given throughout the enterprise for specific cancer subtypes. The
improved discrete data capture of all entered elements from the pathway decision tool to
our enterprise data warehouse (EDW) is underway to improve the validation of Epic and
ClinPath data, which will support expanded value-based analytics.

Network and academic clinicians have long had the option to reach out to colleagues
with subspecialized clinical and research expertise for the 1:1 discussion of patient issues
and to order formal consultations when the standard of care is not applicable or optimal.
We do not currently collect any data on these informal but very helpful consultations.
However, we have data on formal requests for consultation. The consideration of a simple
report of informal consultations with clinicians, patient issues, recommendation categories,
and likely outcome impact via an efficient EHR tool or phone app might further capture
valuable work performed by subspecialty cancer faculty for which they currently do not
receive recognition, time, or compensation.

Disease-specific and precision oncology tumor boards carry out essential work by
bringing multidisciplinary teams together to ensure that the care plans of presented patients
are optimized. Given the substantial resources required to provide these tumor boards,
we identified a need to understand the full impacts of this resource more formally. Our
study led to the development and launch of a quality improvement study to capture
(1) structured data about the issues raised for the patients presented, (2) attendees noting
academic and network clinicians by specialty, and (3) the capture of structured decision
impacts. Enhancing standardized data collection can better inform the enterprise about the
impact of the many clinician and staff hours invested to improve patient care planning for
patients’ best health outcomes. The questionnaire for the study is shown in Supplemental
Table S1.
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Our novel Community Oncology Complex Discussions have been a welcome addition
to our pyramid of decision support offerings. These discussions meet the requirement for
providing the urgent expertise of academic site specialists who can be flexibly distributed
to network practices without interrupting either the academic or network sites’ operations.
This integration is becoming more important as our enterprise grows to serve more diverse
and geographically distant practices where general oncologists and their patients welcome
input from subspecialty faculty who can rapidly share the newest therapeutic options,
provide expert evaluation and recommendations for germline mutational-testing and
results, advise on a clinical trial of a new agent, an agent available for compassionate
use, or one not yet approved for an expanded indication. The impact of these complex
decision-making discussions may provide patients with new therapeutic options from
targeted therapies, to immune, or cellular therapies that may not be available or known to
network clinicians but may significantly improve patients’ cancer outcomes.

Our COCD model, however, could be further enhanced through cross-institutional
collaborations for orphan diseases and rare tumor sub-types such as NUT carcinoma
(‘nuclear protein in testis’ carcinomas, which can be found anywhere in the body but
are often midline), which require national and international expertise to arrive at proper
clinical trial options for this vulnerable population of patients. At the same time, there is
potential to extend this model beyond clinical operations and integrate network practice
physicians and patient data and specimens into research operations where specimens can be
collected into a network-wide tumor bank that evaluates patients for potential new clinical
trials based on the molecular and research-derived testing results [72]. Our institution has
currently made strides in implementing this strategy of an institution-wide tumor bank for
tissue samples and genetic results, including germline-testing results, but further efforts
are required to ensure that all patients are captured in this model. The enhancement of the
decision support pyramid with the COCD component has the potential to enhance and
transform the enterprise practice of cancer care across the nation and allow for seamless,
transformative precision medicine care for patients without the need for the traditional
consultation model.

5. Conclusions

Decision support that can be efficiently and effectively provided in real-time or near
real-time to every clinician before finalizing a patient’s care plan for each episode of
their cancer care has the best chance of optimizing patient outcomes across a spectrum
of measures. Comprehensive decision support with integrated tools to share current
and cutting-edge knowledge can improve diagnostic testing, identify the most effective
therapies, and reduce toxicities and avoidable emergency room and hospital admissions,
which can improve patient and providers’ satisfaction and goal-concordant-end-of-life care.
As payers move to more accountable, metric-based incentive contracts, having tools that
incorporate reportable metrics and bring subspecialty faculty expertise to every network
clinician can be informed by our Pyramidal Decision Support framework, which filled an
unmet need with the addition of the COCD component. As enterprises such as City of
Hope grow to expand access to high-quality cancer care, pyramidal decision support tools
serve as critical components to democratize cancer care efficiently and with measurable
outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11226738/s1, Figure S1: Tumor Types by Disease Categories in
City of Hope’s ClinPath Pathways. Table S1: Tumor Board Quality Improvement Questionnaire.
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Abstract: In recent decades, cancer biology and medicine have ushered in a new age of precision
medicine through high-throughput approaches that led to the development of novel targeted thera-
pies and immunotherapies for different cancers. The availability of multifaceted high-throughput
omics data has revealed that cancer, beyond its genomic heterogeneity, is a complex system of mi-
croenvironments, sub-clonal tumor populations, and a variety of other cell types that impinge on the
genetic and non-genetic mechanisms underlying the disease. Thus, a systems approach to cancer
biology has become instrumental in identifying the key components of tumor initiation, progression,
and the eventual emergence of drug resistance. Through the union of clinical medicine and basic
sciences, there has been a revolution in the development and approval of cancer therapeutic drug
options including tyrosine kinase inhibitors, antibody–drug conjugates, and immunotherapy. This
‘Team Medicine’ approach within the cancer systems biology framework can be further improved
upon through the development of high-throughput clinical trial models that utilize machine learning
models, rapid sample processing to grow patient tumor cell cultures, test multiple therapeutic options
and assign appropriate therapy to individual patients quickly and efficiently. The integration of
systems biology into the clinical network would allow for rapid advances in personalized medicine
that are often hindered by a lack of drug development and drug testing.

Keywords: team medicine; precision medicine; cancer systems biology; clinical network systems
biology

1. Introduction

Cancer is a complex disease that is caused by a dysfunction of normal cell biology
through genetic and non-genetic changes including epigenetic changes that corrode the
cell’s ability to promote cell death, resulting in a process of dysregulated growth and
proliferation. Every year, approximately over 1.9 million people are diagnosed with cancer
and 609,820 die from cancer in the United States alone [1]. The discovery of new diagnostic
tools, immunotherapy, and novel therapies has helped to reduce the cancer death rate by
33% since 1991, but despite this positive milestone, the improvement in outcomes has not
been uniform across all tumor types [1]. This is largely in part due to the heterogeneity of
cancer as a multi-modal disease that is driven by a collection of genetic and non-genetic
mechanisms, which means tumors from a single tissue type do not respond to the same
therapies despite similar histological profiles [2–4]. Therefore, considerable effort has been
invested over the last 20 years to understand the biology of cancer and more importantly
cancer within individual patients to decipher the heterogeneity of cancer types [3,5–7]. The
revolution in next-generation sequencing, liquid biopsy, single-cell sequencing, proteomics,
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and other novel diagnostic techniques has generated large libraries of whole genome,
transcriptome, epigenetic, proteomic, and metabolomic data [3,5–8]. However, the rela-
tionship between the individual gene and protein discoveries is not intrinsic in affecting
tumor pathology, and often times, intricate cascade effects in transcriptional, translational
and post-translational modification limit therapeutic efficacy [9,10]. In essence, effective
cancer therapeutics cannot be achieved through understanding a cancer’s individual parts
but requires a systems biology approach where large cross-collaborations of multi-modal
scientists, clinicians, and experts collaborate to understand the entirety of the oncogenic
network.

Systems biology at its foundation is comprehending that the whole is greater than
the sum of its individual parts and is a heuristic process of collaboration, prediction, and
discovery that has yielded several scientific discoveries in the last century [11,12]. Within a
biological system, key processes are necessary for system-level insight and understanding
including system structures, systems dynamics, the control method, and the design method
as initially described by Kitano et al. [13]. Within the cancer systems biology paradigm,
the system structures can be separated into five networks including the gene regulatory
network, molecular network, cellular network, organ network, and clinical and research
network. The systems dynamics process aims to understand how cancer as a complex
system of abnormal cell growth behaves and changes over time from an initial set of
conditions [14]. The cancer control method of systems biology relies on modulating the
state of the cell to limit cancer growth or induce apoptosis to validate potential therapeutic
options [15,16]. The highest level of cancer systems biology is a design method or design
principles where multi-dimensional models, from in silico mathematical models to cell
cultures to organoids to mouse PDXs, are constructed to mimic and mirror the oncogenic
properties of individual patients or a cohort of patients so that therapies can be tested and
applied based on the definitive initial conditions of the tumor [16–18]. Due to this multi-
scale and multi-modal persistence of cancer, we propose a novel highly adaptive approach
of clinical network cancer systems biology that integrates basic science expertise and novel
methodology with physician-level expertise and patient access to achieve the dream of
personalized medicine. With the advent of modern technology, especially machine learning
and artificial intelligence (AI), it is noticeably clear that cancer systems biology ought to
take on an integrated approach where preclinical biology, patient translational specimens,
and clinical care are all merged under a singular umbrella.

2. Systems Biology in Cancer

One of the primary challenges in cancer is that it cannot be understood through
a simplistic lens due to the nonlinear nature of the disease process and its subsequent
evolution. At the organ level, cancers exhibit differential patterns, and more evidence
has shown that cancer metastasis may have a deterministic pattern to its chaotic process
where certain genotypes show a preference toward target organs [19]. Furthermore, the
tumor tissue and its tumor microenvironment (TME) vary by cancer type, and recent
evidence shows that the TME may have an active role in the proliferation, migration,
invasion, survival, angiogenesis, and EMT within the cancer cell network [20]. This is
further complicated by protein signaling networks and biochemical signaling pathways
involved in cancer progression that are difficult to predict and overcome therapeutically
due to distinct perturbations in genotypes and phenotypes that drive their formation
and interaction [21,22]. At the lower magnification, genomic instability in DNA repair
and maintenance mechanisms as well as the disruption of epigenetic regulators has led
to the discovery of several genomic alterations and chromatin modifications. This has
unfortunately led to a high failure rate with only 6.7% of therapies reaching the phase II
trial phase with regulatory approval between 2009 and 2018 [23]. Ultimately, the issue of
cancer drug discovery is two-fold in that while with the help of next-generation sequencing,
large cohorts of patients have been identified with novel targeted therapeutic options
such as NSCLC EGFR-mutated patients or BRCA-2 positive breast cancer, there were also
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numerous cohorts of patients discovered with genomic alterations that have no clinically
proven drug options such as TP53, ARID1A or PIK3CA [24].

The discovery of novel therapeutics based on recent preclinical biological discoveries
is an iterative process within cancer systems biology that can be represented as a life cycle
of research that combines wet-lab and dry-lab efforts to arrive at validated therapeutics
(Figure 1). While traditionally systems biology begins its life cycle at preclinical basic
research, this is different in cancer in that there is a wide berth of data that is publicly
available from large cancer databases such as TCGA and publicly available results from
individual large cohort studies. This makes the life cycle of cancer systems biology more
fluid in that initial discoveries or drug targets can be made prior to any wet-lab experiments
through bioinformatics analyses and in silico modeling. Nevertheless, wet-lab analytical
modeling involving cell lines, 3D spheroids, tumoroids, and in vivo experiments is a
required stepping stone toward verifying an underlying therapeutic hypothesis regardless
of whether the foundation of that hypothesis was based on previous preclinical or clinical
knowledge. Subsequently, predictive modeling and translational research go hand in
hand in validating the clinical efficacy and viability of any therapeutic approach. This
is then followed by biomarker discovery and computational modeling where potential
therapeutics attempt to find the “best-fit niche” for their mechanism of action. However, it
is important to underscore that the cancer systems biology life cycle is nonlinear, and each
step may flow back into the previous step where further analytical modeling and predictive
modeling work is required based on the computational and biomarker findings, which in
turn may require new hypotheses to be made. This has further importance in clinical trials
and personalized medicine where initial findings of the therapeutic in a clinical population
such as toxicity or various omics profiling may yield results that require further drug
optimization or drug repurposing.

 
Figure 1. The life cycle of cancer systems biology drug discovery.
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The arrival of next-generation sequencing in the clinical setting has allowed for the
further stratification of individual cancer types beyond their histology or tumor locale.
However, as mentioned previously, cancer systems biology is complicated by the fact
that individual components of data do not represent the entire network of the cancer
system. While genomic data has been valuable in developing targeted therapies and
stratifying patients by biomarkers, it is not uniform with actionable mutation rates in
patients varying from 10.8% to 90.6% depending on cancer type [25]. This leaves large
cohorts of patients without viable therapeutic options. A recent example is EGFR to
SCLC transformation following osimertinib therapy, which underscores the importance
of non-genetic mechanisms at play in cancer resistance [26]. The underlying challenge for
this beyond identifying the possible drug candidates and novel therapeutic approaches
is clinical trial cost and a lack of clinical trial integration into the oncology standard of
care, which in turn further increases clinical trial costs [27–29]. This is in part due to the
traditional clinical trial model where cohorts of patients at different sites especially in the
community network are screened for individual trials separately to identify an individual
with a biomarker that is possibly present in less than 1% of that cancer population [27–29].
The implementation of large umbrella trials such as the Lung-MAP, ALCHEMIST, or
NCI-MATCH trials that aim to screen patients’ biomarkers and match the patients to
appropriate therapies have been successful in the academic setting [30]. However, it has
been reported that 40% of patients were more than 60 min away from a clinical trial location,
which is a central issue in increasing NCI-MATCH trial recruitment in the community
network setting [31,32]. This is further complicated by the lack of access to the community
practice patients from the trial and drug development perspective in that often, the complex
community network patients do not have access to trials that address their biomarker [33].

We believe the solution to these issues is a novel approach that integrates cancer sys-
tems biology with a concept that we previously identified called “Team Medicine” [34,35].
Team Medicine is a cross-collaborative effort to integrate basic scientists with clinicians to
drive forward rapid-pace translational research. The merging of Team Medicine and cancer
systems biology would result in a new paradigm called Clinical Network Systems Biology
where the academic site, the clinical community network, and basic scientists at a research
center would integrate under one umbrella to discover, develop, and test novel therapeutics
at a rapid pace to achieve more personalized medicine (Figure 2). The framework embodies
the four biological networks involved in cancer including the organ network, cellular
network, molecular network, and gene regulatory network, and it combines it with the
clinical and research network that encompasses the primary academic site and community
practice network.

In the subsequent sections, we will delve deeper into the two components that com-
prise this framework by looking at the individual parts of the biological network that drive
the patients’ cancer and the various strategies that can be utilized in the clinical network to
enhance the basics of systems biology toward precision medicine.

2.1. Biological Network in Cancer Systems Biology

Clinical Network Systems Biology is analogous to the Matryoshka nesting dolls: a set
of wooden dolls of increasing size placed one inside another. Thus, Matryoshka serves as a
great metaphor for a complex system. Analytically speaking, the metaphor is especially
well suited since it is likened to thinking in systems. Relatively speaking, a system may
be defined as an interconnected set of components that are organized toward a specific
function or purpose. Complex systems are systems within a system. Indeed, a Clinical
Network may be thought of as a complex system itself. Here, the biological network
may be perceived as comprising the inner (smallest) doll representing a single cell with
its gene network, i.e., the gene regulatory network (GRN) together with the non-genetic,
protein interaction network (PIN), which is followed by the next (bigger) doll representing
the cellular networks to form tissues that comprise the individual organs and, finally,
a bigger doll representing a network of organs that constitute an individual. Thus, it
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follows that a Clinical Network is a complex system comprising many systems which may
interact with each other with dependencies, competitions, relationships, or other types
of interactions such as feedback loops between their parts or between the system and its
environment. These interactive systems are traditionally called complex adaptive systems
(CAS) where the biological behavior of one component does not predict the behavior of the
other components. CASs are capable of self-organization that adapts to their environmental
stimuli, which increases their chances of survival. Therefore, due to the unpredictable and
temporal nature of these systems, they cannot be studied with traditional tools and require
analysis using nonlinear dynamical models that can accurately predict emergent behaviors,
cellular plasticity, and heterogeneous cells.

 

Figure 2. Clinical Network Systems Biology framework that integrates the biological networks with
the clinical and research networks.

GRN (Gene Regulatory Network): At the principal level, a GRN is a group of genes
that are characterized by gene expression and linked to one another through target gene
nodes that regulate a specific cell function. Such interactions are genetically “wired”
to ensure transgenerational transfer with high fidelity. Regulators of gene expression
include transcription factors (TFs) that typically bind specific DNA sequence motifs and
transcriptional regulators that typically interact with the basic transcriptional machinery
and specific transcription factors. Both TFs and regulators can act as either activators of
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gene expression or as repressors that repress gene expression. Other molecules that may
also play important roles in regulating gene expression include RNA-binding proteins
and regulatory RNAs. Elucidating the intricate regulatory relationships between TFs,
transcriptional regulators and their targets is essential to understand cellular functions
such as cell growth and division, differentiation, and development. They can also help
shed light on evolution, especially in the past half a billion years or so [36]. Furthermore,
identifying GRNs can also aid in understanding how the dysregulation of gene expression
contributes to complex heritable diseases as well as diseases such as cancer that have both
genetic and non-genetic underpinnings [37,38].

PIN (Protein Interacting Network): The proteins that result from differential gene
expression regulated by the GRNs interact with their cognate partners to form cellular
PINs. While it was initially believed that PIN configurations occur randomly, Barabási
and colleagues showed that PINs have a “scale-free” architecture in which the degree
distribution P(k) expresses a power-law behavior as a function of the degree k [39,40]. A
major advantage of scale-free networks is that they are largely resistant to random node
failure, but they are vulnerable to critical hub failures [39].

Intrinsically disordered proteins (IDPs) are proteins that lack unique 3D structures
and constitute a significant fraction of the proteome [41,42]. Because IDPs exist as confor-
mational ensembles (are highly malleable), they can interact with multiple partners [43].
Consistent with their unique ability to interact with multiple partners, IDPs occupy hub
positions in the scale-free network and play critical biological roles including transcriptional
regulation [44–46]. Furthermore, they also regulate several key processes such as cell cycle
regulation and facilitate phenotypic plasticity [47–50]. Nevertheless, IDP dysregulation
of expression can often bring about non-specific interactions and generate phenotypic
plasticity due to PIN modulation. This heuristic can often discover dormant pathways in
the network and result in phenotypic variability. When the environmental stressors are
removed, the IDPs are capable of reconfiguring the PIN to its original state, which suggests
a non-genetic mechanism in phenotypic reversal. However, when the stressors persist,
they can result in chronic network frustration through the acquisition of DNA mutations
and other genetic alterations, which can result in permanent phenotypic alterations. This
pinpoints the genetic/non-genetic duality in nature such as the evolution of drug resistance
in tumor cells. This duality helps us understand how non-genetic mechanisms are involved
in acquired resistance through irreversible genetic alterations at the single cell level.

Cellular Network: Individual cells, both in normal healthy tissue as well as in diseased
tissue such as cancer for example, do not exist as individuals: they live in communities
with other cells be it in their natural tissue environment or the tumor microenvironment.
Therefore, they exhibit group behavior which can significantly influence their fitness. Thus,
it is imperative to gain a systems perspective to fully understand their group behavior,
leading to the expected physiological output or how cancer cells exploit group behavior
to evade the toxic effects of a drug to eventually develop drug resistance. Nonetheless,
previous studies have not investigated drug resistance from such a systems-level perspec-
tive. Most studies employ a reductionist approach focusing on a gene target, its mutated
version(s), a pathway, or a small molecule. Alternatively, they endeavor to develop “inter-
mittent/adaptive” therapy by studying group behavior at the population level but do not
consider the role of individual molecules or the associated pathways.

Organ network: The human body is a complex interconnected organ system where
individual organs have their own morphology and functional diversity, which leads to
temporary, shifting, nonlinear output biological changes. This process is interlinked in
that one organ in the system has a direct effect on the behavior of the other systems. The
multi-component organ systems regularly interface with one another through continuous
feedback mechanisms and throughout varying scales of space and time to arrive at a precise
physiological output. The lack of such coordinated interactions and communications can
lead to the malfunction of individual systems or the entire organism [51]. Thus, it follows
that a systems perspective rather than a reductionist approach is required to gain an
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in-depth understanding of the integrated physiologic function, which is an emergent
phenomenon resulting from interactions between the diverse organ systems. Indeed, in
recent years, a new field called network physiology has emerged [52,53]. The goal of
network physiology is to horizontally integrate physiological systems where individual
structures and regulation mechanisms lead to biological behavior and unique physiological
functions. There is a necessity to develop innovative analytical instruments and theoretical
structures to address dynamical networks observed in physiological systems, which has
further underscored the need for a highly interdisciplinary ‘Team Medicine’ approach to
the problem.

2.2. Clinical Network in Cancer Systems Biology

A Clinical Network may be likened to a complex system comprising individual
physicians and physician–scientists at both academic and community practice sites who
enhance cancer systems biology through biomarker discovery, translational research, and
clinical trial enrollment with a focus on cross-collaborative precision medicine. Precision
medicine is the tool that drives cancer systems biology, where the technologies of precision
medicine are utilized in tandem with the clinical network to study the distinct biological
and environmental factors of each patient toward the development of new therapeutics [54].
Precision medicine has revolutionized the field of cancer over the last two decades from
identifying new cancer biomarkers, genetic alterations, and treatments to improving patient
outcomes [55–57]. Despite all the successes, there are several shortcomings of current
precision medicine that need to be addressed such as its incorporation into the clinical
cancer network, more consistent serial specimen collection, and increased collaboration
between the researchers and clinicians to harness the research network in real time [58,59].
Here, we introduce the clinical network as a part of cancer systems biology and build upon
our approach by proposing a model for an AI-driven drug-matching algorithm.

One crucial issue that needs to be resolved for the further widespread adaptation of
precision oncology is the consistent use of biomarker platforms at the community and
independent oncology clinic level. The availability of biomarker testing among practicing
oncologists differs based on their geographical location and practice type with reported
rates varying from 0.1% to 100% in actionable biomarkers in community practices, indi-
cating the need for further policies that ensure all cancer patients have access to precision
oncology [32,60]. Limited resources at both the clinics and in the community are a few
of the multiple factors that contribute to this disparity [61]. Furthermore, the utilization
of multiplex biomarker tests in clinical practice varied significantly among oncologists,
and since many reported mixed confidences in interpreting these results, evidence-based
guidelines and deploying pathways with the combination of physician education efforts
may combat this issue [62]. The implementation of large panel omics testing across the
clinical network would improve biomarker discovery in cancer systems biology. A multi-
faceted approach is needed to encompass as many solutions as possible comprising a wide
array of parameters to include infrastructure changes such as the expansion of academic
centers to incorporate community clinics or geographical sites into one large oncology
network, the use of clinical pathways, and the development of molecular tumor boards
within those networks and at the patient level such as community engagement, education,
and empowerment [61,63–65].

Our previous work highlighted the importance of a strong integrated clinical and
research network at both academic and community practice sites [29,32–34,66,67]. On-
cology pathways that guide physicians have been implemented across the City of Hope
network, and applying such a strategy can ensure that patients are assigned appropriate
therapies based on their biomarker profile both in the academic and community practice
settings [66,67]. Most cancer patients start their cancer journey with a community oncolo-
gist, and the main reason they are referred to an academic site is to enroll in a clinical trial;
nevertheless, cooperation and communication between sites needs to increase [68]. The
complete incorporation and cross-collaboration of clinical trial systems from the lowest
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levels (e.g., community sites) to the highest levels (e.g., national networks) is critical in
expanding access to clinical trials, which are specifically biomarker-driven [30,67]. The
decentralization of clinical trials conducted in the clinical network would address dis-
parities of care, access to care, and raise trial accrual rates that will accelerate the cancer
systems biology drug discovery pipeline [69]. We have previously designed a pyramidal
decision support framework that leverages this cross-collaboration through four distinct
levels including a clinical pathway program, network and academic clinician consultations,
disease team tumor boards, and complex oncology case discussions [33]. This would allow
for a better examination of rarer cancer-type populations such as Nuclear protein of the
Testis (NUT) carcinomas or narrow targets for traditionally hard-to-treat cancers such as
pancreatic cancer [30,70–72].

Additionally, multidisciplinary cancer teams’ collaboration and sub-specialties are a
vital component in the clinical network systems biology where knowledge and expertise
need to be diversified beyond individual cancer specialists such as the involvement of
pathologists, radiologists, and others to improve patient outcomes, particularly in complex
cases and through the utilization of Precision Oncology Tumor Boards [33]. Baseline and
serial sample collections need to be improved across the network. The use of technologies
such as liquid biopsies and single-cell sequencing can help determine the early signs
of possible recurrence of early-stage cancers, monitor treatment response, and follow
the evolutionary heterogeneity diversity between cancer clones [73–75]. Yet, despite the
prevalence and importance of biobanking protocols at institutions, many fail to capture the
necessary specimens and data to accelerate its adaptation networkwide [76–78].

Previously mentioned stopgaps to precision medicine and more recently personalized
medicine have largely been due to the high cost of various sequencing techniques as well
as the cost of drug development or repurposing, and they have been limited by a lack of
high-throughput drug screening. With the advent of liquid biopsies, it is now possible to
study circulating tumor cells and detect protein expression from standard blood as well as
cerebrospinal fluid (CSF) in patients with leptomeningeal metastases [74,79]. Advances in
microbiome analysis have resulted in the identification of temporal changes in microbiome
composition as a potential marker for immunotherapy response [80]. Microbiome discover-
ies have resulted in novel techniques of fecal microbiota transplants and have been shown
in advanced melanoma to help immunotherapy-resistant patients overcome anti-PD-1
resistance [81]. Novel biopsy analysis techniques to detect and study circulating cancer
cells, epigenetic modifications, point mutations, translocations, amplifications, deletions,
chromosomal abnormalities, protein expression, and phosphorylation are now more readily
used for liquid and tissue samples. Alongside this, the development of rapid 3D cell cul-
tures and tumor organoids allows for high-throughput drug screening [82–84]. The recent
developments in artificial intelligence, specifically machine learning, can further enhance
personalized drug screening and match patients quickly with appropriate therapies and
discover new therapeutics or candidates for drug repurposing [82,85,86]. Taken altogether,
harnessing the clinical data and specimens and the research network, we have designed
and proposed a novel real-time AI-driven drug-matching algorithm that could be utilized
to enhance future personalized medicine (Figure 3). Additionally, the hope is that this
technology ultimately assists in drug discovery and the development of novel therapies by
taking advantage of retrospective samples leading to clinical trials.
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Figure 3. AI-driven drug-matching algorithm for future personalized medicine (created with BioRen-
der.com, accessed on 1 May 2023).

3. Conclusions

Cancer systems biology has been instrumental in the recent discoveries of precision
medicine. Furthermore, the integration of traditional basic science and clinical cancer
researchers with a multidisciplinary team of scientists from other fields has allowed for
the study of cancer at multiple scales with a deeper understanding of its biology and
evolution. While previously, sequencing cost remained a barrier for clinical research,
novel technologies have made it possible to quantitate tumor samples beyond genomic
sequencing toward understanding protein expression and phosphorylation, epigenetic,
chromosomal abnormalities, and other non-genetic mechanisms in real-world clinical
samples. Furthermore, adaptive therapy (also known as intermittent therapy) based on the
principles of ecology and evolution may help address the issue of drug resistance, which is
almost inevitable [87,88]. This has allowed for the study of cancer biology at multiple scales
enhanced by the traditional experimental and computational models. However, further
cross-collaboration and integration between individual academic sites, national cancer
networks, and community practices is required to achieve truly personalized medicine.
The implementation of these ideas powered by recent advances in artificial intelligence
and machine learning would in the future allow for personalized high-throughput drug
screenings that would yield faster drug discoveries and approved therapeutics.
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Abstract: The development of EGFR small-molecule inhibitors has provided significant benefit for
the affected patient population. Unfortunately, current inhibitors are no curative therapy, and their
development has been driven by on-target mutations that interfere with binding and thus inhibitory
activity. Genomic studies have revealed that, in addition to these on-target mutations, there are
also multiple off-target mechanisms of EGFR inhibitor resistance and novel therapeutics that can
overcome these challenges are sought. Resistance to competitive 1st-generation and covalent 2nd-
and 3rd-generation EGFR inhibitors is overall more complex than initially thought, and novel 4th-
generation allosteric inhibitors are expected to suffer from a similar fate. Additional nongenetic
mechanisms of resistance are significant and can include up to 50% of the escape pathways. These
potential targets have gained recent interest and are usually not part of cancer panels that look for
alterations in resistant patient specimen. We discuss the duality between genetic and nongenetic
EGFR inhibitor drug resistance and summarize current team medicine approaches, wherein clinical
developments, hand in hand with drug development research, drive potential opportunities for
combination therapy.

Keywords: EGFR; non-small cell lung cancer; drug resistance; genetic/nongenetic; epigenetics

1. EGFR Mutations in Cancer

The epidermal growth factor receptor (EGFR) gene encodes for a transmembrane tyrosine
kinase, is expressed in many tissues at various levels and is normally activated by its ligand
epidermal growth factor [1]. Alterations of EGFR are common in solid tumors, including
amplifications and activating mutations, in particular for patients with glioblastoma and
non-small cell lung cancer (NSCLC). There are striking differences in NSCLC patients, with
a significantly higher frequency of EGFR mutations in patients of East Asian heritage versus
Caucasian patients and somewhat higher incidence in women and never-smokers [2–4].
About 90% of the identified activating EGFR mutations in lung adenocarcinoma involve
either the L858R substitution in exon 21 or in-frame deletions in exon 19, leading to
malignant transformation with ligand-independent activation of growth and anti-apoptotic
pathways. Additional rare EGFR alterations include point mutations, insertions or deletions
in exon 18–21 [5,6]. The development of ATP-competitive small-molecule EGFR inhibitors
demonstrated the significance of these EGFR mutations for cancer growth. Gefitinib was the
first molecularly targeted EGFR inhibitor that showed remarkable efficacy in lung cancer
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patients with EGFR mutations [7,8] (Figure 1). Currently, different FDA-approved EGFR
inhibitors are available, and it appears that common and uncommon oncogenic EGFR
mutations are preferably inhibited by some of these drugs [5]. Unfortunately, as it is the
case for most small-molecule inhibitors that target oncogenic tyrosine kinases, resistance
eventually ensues. An initial major focus was identifying on-target mutations in the drug
binding pocket of the inhibitor. Depending on the mechanisms of action of the drug,
mutations can also occur in other parts of EGFR and it appears that resistant mutations
are context-specific. It is also possible that transformation in resistant cells is driven by
off-target genetic alterations that lead to the activation of other transforming proteins
and circumvent EGFR dependency. However, a significant portion of EGFR inhibitor
resistance is driven by mechanisms that have not yet been identified and it has become
clear that nongenetic mechanisms of resistance may play a larger role than previously
thought. In this review, we take a closer look at the various genetic and nongenetic
mechanisms of resistance towards EGFR inhibitors, both of which can either be acquired or
pre-existing. The overall mechanism of how clonal selection occurs may be similar between
the drug resistance mechanism towards different classes of drugs and towards different
drug targets in growth pathways. We have previously suggested an intermediate drug-
tolerant state for acquired genetic as well as nongenetic KRAS inhibitor resistance that may
also apply here for the occurrence of genetic and nongenetic mechanisms of EGFR inhibitor
resistance [9,10]. Nevertheless, the molecular mechanisms that determine the resistance
pathways are not known. It has become apparent that EGFR-targeted monotherapy, even
with next-generation inhibitors, is prone to drug resistance. Initially, research was focused
on catching up to emerging resistance mutations and now it appears that combination
therapy may be a more viable approach to at least delay treatment failure and increase
clinical benefit. Within this context, we will further summarize recent team medicine
approaches directed towards overcoming EGFR inhibitor resistance.

Figure 1. Evolution of EGFR tyrosine kinase inhibitors.

2. Evolution of EGFR Inhibitors

First-generation small-molecule EGFR inhibitors (erlotinib, gefitinib) were designed to
interfere with EGFR tyrosine kinase activity by competing with binding of the adenine base
of ATP to its binding pocket. The core interacting residues for ATP in EGFR include L718,
V726, A743, M793 and L844 [11] and many competitive inhibitors commonly form inter-
actions, in particular with M793 at the hinge region, including gefitinib and erlotinib [12].
About half the patients treated with these drugs acquire the T790M mutation at the highly
conserved ‘gatekeeper’ residue and it has been suggested that future covalent inhibitors
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may circumvent this escape mechanism [13–15]. Indeed, second-generation inhibitors
(afatinib, dacomitinib) were designed to be structurally related to these compounds but
contained additional moieties to facilitate covalent binding to C797, in addition to the inhi-
bition of the EGFR tyrosine kinase activity. Unfortunately, these drugs are also susceptible
to the emergence of T790M mutations as they cannot distinguish between wild-type and
mutant EGFR. This broad inhibition of EGFR is associated with dose-limiting side-effects,
which do not allow for sufficient inhibition of the T790M mutation [16,17]. Mutant-selective
third-generation inhibitors (osimertinib, lazertinib) were a true product of team medicine,
where efforts from clinicians, clinical scientist, medicinal chemists, pathologists, biostatisti-
cians and others led to the design of new EGFR inhibitors to circumvent these limitations
and to specifically target EGFR. These contain activating mutations, including the T790M
resistance mutation [18,19]. Even though these inhibitors do not target wild-type EGFR
and have therefore little side-effects associated with this particular target, they are also
susceptible to on-target drug resistance, such as C797S mutations or others.

In 2018, osimertinib became the first drug in this class to receive FDA-approval for
first-line treatment of metastatic NSCLC with EGFR exon 19 deletions or exon 21 L858R
mutations. The double-blind, phase III FLAURA trial with 556 patients established the
efficacy of osimertinib, demonstrating prolonged progression-free survival [20]. When
compared to standard EGFR inhibitor therapy, osimertinib increased median progression-
free survival from 10.2 months to 18.9 months (hazard ratio (HR) 0.46; 95% CI: 0.37 to 0.57).
Both, standard EGFR inhibitor therapy and osimertinib had similar objective response
rates (76% vs. 80%), but the median duration of response with standard EGFR inhibitor
therapy was 8.5 months (95% CI, 7.3 to 9.8) and osimertinib resulted in a 17.2-month
response (95% CI, 13.8 to 22.0). Additionally, standard EGFR inhibitor therapy had a
higher rate of grade 3/4 adverse reactions compared to osimertinib (45% vs. 34%). A
further long-term follow up also demonstrated increased overall survival with osimertinib,
compared to standard EGFR inhibitor therapy, in previously untreated patients [21]. These
results further suggest that adverse reactions with osimertinib maybe somewhat higher
(42% vs. 47% in the standard EGFR inhibitor therapy group) than previously reported. In
general, osimertinib increased overall survival by almost 7 months to 38.6 months (95%
CI: 34.5 to 41.8) compared to the standard therapy group result at 31.8 months (95% CI:
26.6 to 36.0). After 3 years, 28% (79/279; 20.7 months median exposure) of osimertinib
treated patients were still on trial, versus 9% (26/277; 11.5 months median exposure) in the
comparison group. A meta-analysis of 15 studies with 324 patients further supported a role
for osimertinib in the control of intracranial metastatic disease, with complete intracranial
response rates of 7% to 23% [22]. The objective response rate was calculated for 195 patients
at 64% (95% CI: 53–76) and the disease control rate was 90% (95% CI: 85–93), calculated for
246 patients.

The efficacy of osimertinib in EGFR-mutated NSCLC patients harboring exon 20 inser-
tion mutations (up to 12% of mutated EGFR) is limited and this population can benefit from
mobocertinib, a C797 covalent EGFR inhibitor, which may be resistant to C797S mutations
as well [23–25]. In 2021, mobocertinib was FDA-approved as the first drug for NSCLC
patients with locally advanced or metastatic disease that had an EGFR exon 20 insertion
mutations and progressed with platinum-based chemotherapy. The rate of adverse events
was found to be similar to that of other EGFR inhibitors and in general manageable. In the
phase I/II dose-escalation/expansion trial a response rate was achieved in 43% (12/28) of
the patients (95% CI: 24 to 63) and the median progression-free survival was 7.3 months [24].
Further, in a larger cohort of 114 patients, the objective response rate was 28% (95% CI:
20 to 37), the median progression-free survival was 7.3 months (95% CI: 5.5 to 9.2) and
median overall survival was 24.0 months (95% CI: 14.6 to 28.8) [26]. Additional data suggest
that the intracranial activity of mobocertinib could be limited. Mobocertinib may provide
better responses in patients without brain metastases, who benefited from longer treatment
periods, and the intracranial anti-tumor activity appears to be insufficient [27].
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Lazertinib was tested in a phase I/II clinical trial with 38 patients in the dose escalation
group and 89 patients in the dose expansion group, where it was generally well tolerated.
Treatment-related grade 3 or 4 adverse events occurred in only 3% (4/127) of patients,
without any events that lead to death or treatment-related deaths. A total of 54% (69/127)
of patients achieved an objective response (95% CI: 46 to 63) [19]. In another South Korean
phase 1/2 study with 78 T790M-positive NSCLC patients, lazertinib caused a complete
response in one patient and 53.9% (41/78) of the patients had partial responses, resulting in
a similar objective response rate of 55.3% (95% CI: 44 to 66) [28]. Median progression-free
survival was 11.1 months (95% CI: 5.5 to 16.4) and the median overall survival did not
reach 22 months. As expected, loss of EGFR T790M was identified as a major resistance
mechanism. Lazertinib was also active in the brain and suppressed intracranial tumor
growth, with one patient showing a complete response and five patients showing partial
responses, resulting in an intracranial objective response rate of 85.7% (95% CI: 60 to 100.0).
Lazertinib received local approval in South Korea in 2021 for NSCLC patients with EGFR
T790M mutations that had previously received treatment with EGFR inhibitors and that
had locally advanced or metastatic disease. However, it has not yet gained FDA approval
in the USA.

Fourth-generation allosteric mutant-selective EGFR inhibitors that have different bind-
ing sites are currently being tested. These mutations can be compounded and include the
activating mutation (e.g., exon 19 deletion, L858R), the first-/second-generation inhibitor
resistance mutation (e.g., T790M) and/or an osimertinib resistance mutations. Occasionally,
mutations that cause osimertinib resistance may not necessarily emerge from clones that
contain the T790M resistance mutations but can also originate from the original clone con-
taining the oncogenic mutation, such as L858R with the M766Q exon 20 resistance mutation.
Interestingly, this double-mutant can be sensitive towards the tyrosine kinase inhibitor ner-
atinib, which was originally developed against EGFR family members [29]. The occurrence
of multiple mutations in EGFR complicates the development of next generation inhibitors
but allosteric mutant-selective fourth generation EGFR inhibitors are designed to show
efficacy in this context. Whether they must be combined with other targeted therapies,
standard chemotherapy or immunotherapy will have to be determined. Team medicine
takes center stage in the development of new therapeutics that are essentially initiated by
results from precision medicine approaches. The development of second-generation EGFR
inhibitors has demonstrated that pre-clinical results may not easily be transferrable to
clinical practice and that with a combined effort of various pre-clinical and clinical groups
of scientist significant progress can be achieved.

3. Genetic Mechanisms of EGFR Inhibitor Resistance beyond On-Target Mutations

Different on-target mutations within EGFR have been reviewed previously (e.g., [30]).
Additional genetic changes frequently target the signaling molecules that substitute for the
functional activation of pathways, which are otherwise dysregulated by oncogenic EGFR
(Figure 2). Mutated proteins within these pathways can present themselves as therapeutic
targets or hint at potential targets for combination therapy.

There are at least two categories of signaling targets: (a) genetic alterations of receptors
that substitute for EGFR signaling and (b) mutations within signaling pathways activating
mechanisms downstream of EGFR (Figure 3). The first category includes amplification of
the gene for the receptor tyrosine kinases (RTKs) MET, HER2 and FGFR1 or the activating
fusion of ALK, FGFR3 and RET, essentially substituting for loss of EGFR kinase activ-
ity [31–37]. The second mechanism affects downstream effectors, including targets within
the mitogen-activated protein kinase (MAPK) pathway (BRAF mutation and fusion [36,38],
KRAS mutation [39,40]), CRKL amplification [41]), the phosphatidylinositol-3-kinase (PI3K)
pathway (PIK3CA (phosphatidylinositol-3-kinase catalytic α subunit) mutation [42], PTEN
deletion [43]), or cell cycle pathways (CCNE1, CCND1, CDK6 [44]) were observed. There is
also a reduced expression of the tumor suppressor NF-1, a KRAS-specific GTPase-activating
protein (GAP), but whether these changes are genetic and/or nongenetic has not been well
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established. However, concomitant exon 19 deletion and stop-gain mutation in NF1 can
lead to poor clinical activity of gefitinib and osimertinib, suggesting that these mechanisms
may be involved in EGFR inhibitor resistance [45,46]. Further, BIM deletion polymor-
phisms did not directly cause EGFR inhibitor resistance but resulted in significantly shorter
progression-free survival and therefore affected the overall efficacy of the treatment [47].
Additional rare mutations have been found in various models of cell line-based EGFR
inhibitor resistance.

Figure 2. Major genetic and nongenetic escape mechanisms for acquired EGFR inhibitor resistance.

Figure 3. Model of genetic and nongenetic drug resistance mechanisms. Simplified model of possible
(A) genetic and (B) nongenetic alteration identified in patients with therapy-related resistance to
EGFR inhibitors.
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4. The EGFR Inhibitor Genetic Resistance Gap

Not all mechanisms of resistance are based on genetic changes that can be attributed
to mutations (Figure 2). There is no defined overall proportion of specific mechanisms
and it also likely depends on multiple factors, such as patient selection, pretreatment
or cotreatment, and the type and class of EGFR inhibitor used, to name a few variables.
For example, in a cohort of 37 patients resistant to first-generation EGFR inhibitors, 44%
showed a nongenetic mechanisms of drug resistance (including phenotypic changes) [42].
First-line osimertinib resistance in NSCLC can be caused by 53–69% and second-line osimer-
tinib resistance can be caused by 30–60% of unknown mechanisms that are likely mostly
nongenetic [48]. Moreover, there is little information about what causes the regulation
of signaling molecules through nongenetic mechanisms of EGFR inhibitor resistance. It
is likely that these mechanisms involve typical modifications that regulate gene expres-
sion, such as changes in DNA methylation or changes in histone modifications, ultimately
changing DNA accessibility and allowing for changes in gene expression. These alter-
ations are unlikely to affect single genes but may contain unique vulnerabilities that could
be exploited.

A complex and poorly understood mechanism of EGFR inhibitor resistance involves
transformation into new histologic subtypes, including epithelial-to-mesenchymal transi-
tion (EMT) [42,49] and small cell lung cancer (SCLC) transformation of NSCLC cells [42,50]
(Figure 3). The altered tumor cells are potentially substituting EGFR-dependency with
other mechanisms that also lead to phenotypic changes. These mechanisms are expected
to involve transcription factors and their effectors, which could be opportune targets for
drug development in this patient population. Nevertheless, EGFR inhibitor-resistant cells,
when transformed into SCLC, are genetically diverse and acquired resistant mutations
may play a larger role in them than initially thought. The current standard-of-care SCLC
therapy is utilized in this population, but overall survival is significantly lower than that
of the non-transformed EGFR population and more therapeutic options specific to this
population are required [42,51–53].

Similar to the genetic mechanism of resistance, nongenetic mechanisms also involve
activation of other RTKs and their ligands, including increased expression of hepatocyte
growth factor and the ligand for MET [54,55], as well as the upregulation of fibroblast
growth factor receptors (FGFR) [56,57] and insulin-like growth factor 1 receptor (IGF1R) [58]
in cell line models or AXL and its ligand GAS6 [49] in EGFR inhibitor-resistant cells.
Another interesting mechanism involves the function of Aurora kinase A (AURKA) in
the development of EGFR inhibitor resistance. Both AURKA and the related AURKB
can share oncogenic features but possess different substrates, and there is considerable
interest in targeting Aurora kinase activity in cancers [59]. AURKA is thought to induce
at least some level of drug tolerance towards third-generation EGFR inhibitors, which
can be reverted by AURKA inhibitors [60]. AURKB may play a more prominent role
in EMT-transformed EGFR inhibitor resistance, where it is thought that its co-inhibition
with EGFR enhances BIM- and PUMA-mediated apoptosis [61]. Even though not defined
in EGF inhibitor resistance models, the activation of signal transduction and activator of
transcription 3 (STAT3) [62], the RIG-I-TBK1-IRF3 axis [63] or nuclear factor-κB (NF-κB) [64]
may induce residual signaling during the inhibition of EGFR in dependent cells that could
be sufficient for the evolution of resistant clones.

5. Clinical Strategies in the Treatment of EGFR Inhibitor Resistance

Clinical strategies for third-generation EGFR inhibitor resistance are mainly focused
on combination therapies that inhibit emerging off-targets or on trying to inhibit EGFR with
on-target mutations at C797, the binding site of covalent EGFR inhibitors in NSCLC and
glioblastoma (Table 1). Combinations include the inhibition of oncogenic EGFR with osimer-
tinib or lazertinib and the targeting of MET with tepotinib (NCT03940703, NCT05120960)
and savolitinib (NCT03944772) or the FDA-approved bispecific EGFR-MET antibody ami-
vantamab, respectively (NCT05299125, NCT02609776). MET could also be targeted out-
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side of clinical trials with FDA-approved drugs that are active against this RTK, includ-
ing crizotinib or capmatinib. Other RTKs that are targeted in combination with osimer-
tinib are mainly in line with resistance mechanisms that are described above and include
ALK with alectinib (NCT03944772), RET with selpercatinib (NCT03944772) or HER2 with
trastuzumab (NCT04285671) or EGFR, HER2, or HER4 with dacomitinib (NCT03755102).
Additional approaches involve combinations with traditional chemotherapy (pemetrexed
plus platinum chemotherapy) (NCT03944772, NCT05153408, NCT05299125, NCT02609776)
or targeting cancer dependency pathways that are known to be activated downstream of
EGFR, including cell cycle (CDK4/CDK6) (NCT04545710), MAPK pathway (NCT03944772,
NCT03944772), PI3K pathway (NCT05284994) and others, depending on the resistance
mechanism. The development of 4th-generation EGFR inhibitors or inhibitors that are active
in the presence of C797 mutations are exciting, including BLU-945 (Blueprint Medicines),
WJ13405 (Suzhou Junjing BioSciences), BAY2927088 (Bayer), JIN-A02 (J Ints Bio), HS-10375
(Jiangsu Hansoh Pharmaceutical), QLH11811 (Qilu Pharmaceutical), BPI-361175 (Xcovery
Holding Company), and BDTX-1535 (Black Diamond Therapeutics). None of these drugs
have yet been approved and little is known about their efficacy, but preclinical information
published for BLU-945 [65] or BDTX-1535 [66] is promising and there are additional drugs
that will reach clinical stage soon, such as THE-349 (Theseus Pharmaceuticals). It will be
important to see whether genetic and nongenetic mechanisms of resistance will apply for
these drugs as well and whether there is a significant increase in overall survival. Non-
genetic mechanism are difficult to discern, and better biomarker strategies are needed to
identify therapeutic targets.

Table 1. Ongoing or planned registered clinical trials of patients with resistance to 3rd generation
EGFR inhibitors (query date: 3 January 2023). Indicated are oncogenic EGFR-targeted combination
therapies (top) and their targets and matching therapeutic as well as monotherapies (bottom) targeting
EGFR with mutations at C797 (C797X).

Primary Target
Primary

Therapeutic
Secondary Target Secondary Therapeutic

ClinicalTrials.gov
Identifier

EGFR Osimertinib CDK4/CDK6 Abemaciclib NCT04545710

EGFR Osimertinib mTOR
Aurora A

Sapanisertib
Alisertib NCT04479306

EGFR Osimertinib Anti-EGFR Necitumumab NCT02496663

EGFR Osimertinib MET Tepotinib NCT03940703

EGFR Osimertinib MET Tepotinib NCT05120960

EGFR Osimertinib COX1/COX2 (AKT/BIM) Aspirin NCT04184921

EGFR Osimertinib

MET Savolitinib

NCT03944772

EGFR Gefitinib
Anti-EGFR Necitumumab

Antifolate + Anti-PD1 Pemetrexed + Durvalumab
ALK Alectinib
RET Selpercatinib

Antifolate +
Platinum Chemotherapy

Pemetrexed +
Carboplatin or Cisplatin

MEK1/MEK2 Selumetinib
TROP2 ADC Datopotamab-deruxtecan

- - Topoisomerase + Anti PD-L1 +
Platinum Chemotherapy

Etoposide + Durvalumab +
Carboplatin or Cisplatin

EGFR Osimertinib BCL-2/BCL-xL Pelcitoclax NCT04001777

EGFR Osimertinib BCL-2/BCL-xL Navitoclax NCT02520778
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Table 1. Cont.

Primary Target
Primary

Therapeutic
Secondary Target Secondary Therapeutic

ClinicalTrials.gov
Identifier

EGFR Osimertinib SRC Dasatinib NCT02954523

EGFR Osimertinib α/δ Phosphatidylinositol
3-kinase TQ-B3525 NCT05284994

EGFR Osimertinib
EGFR Necitumumab +

NCT04285671HER2 Trastuzumab

EGFR, HER2, HER4 Dacomitinib EGFR Alone or + Osimertinib NCT03755102

EGFR-MET bispecific
antibody Amivantamab

EGFR Lazertinib or NCT05299125,
Antifolate + Pemetrexed NCT02609776,

Chemotherapy + Carboplatin NCT04077463

EGFR-MET bispecific
antibody EMB-01 NCT03797391

Anti-HER3 ADC Patritumab
Deruxtecan EGFR Osimertinib NCT04676477

EGFR Nazartinib
(EGF816) MEK1/MEK2 Trametinib NCT03516214

PARP Olaparib Anti-PD-L1 Durvalumab NCT04538378

Antifolate +
Chemotherapy

Pemetrexed
+ Platinum

Chemotherapy
Anti-PD-1 Alone or + Pembrolizumab NCT03515837

EGFR (C797X) BLU-701
EGFR Alone or + Osimertinib

NCT05153408Antifolate + Pemetrexed
Chemotherapy + Carboplatin

EGFR (C797X) BLU-945 EGFR Alone or + Osimertinib NCT04862780

EGFR (C797X) WJ13405 NCT05662670

EGFR (C797X) BAY2927088 NCT05099172

EGFR (C797X) JIN-A02 NCT05394831

EGFR (C797X) HS-10375 NCT05435248

EGFR (C797X) QLH11811 NCT05555212

EGFR (C797X) BPI-361175 NCT05393466

EGFR (C797X) BDTX-1535 NCT05256290

Traditionally, immune checkpoint inhibitors did poorly as first-line therapeutic treat-
ment in patients with oncogenic EGFR mutations. However, in certain contexts, some
patients do benefit from reactivating the T-cell immune response [67]. Nevertheless, this
class of therapeutics is also considered for the EGFR inhibitor resistance NSCLC population,
including the anti-PD-1 antibody pembrolizumab (NCT03515837) and the anti PD-L1 anti-
body durvalumab (NCT03944772). Combinatory therapeutic options of EGFR inhibitors
with immunotherapy in advanced NSCLC have been reported to result in an increase in
the amount of grade 3 or higher toxicities, most notable pneumonitis, with no significant
improvement in survival or response [68–70]. However, combination immunotherapy with
chemotherapy plus antiangiogenics may be a more viable path towards the development
of therapeutics. IMpower150 evaluated atezolizumab (anti PD-L1) with bevacizumab
(anti VEGF-A) plus chemotherapy (carboplatin plus paclitaxel) in first-line nonsquamous
NSCLC, and EGFR patients showed significantly improved progression-free survival and
overall survival [71]. Even so, the majority of EGFR patients still receive TKI first-line
therapy and evaluation of immunotherapy with chemotherapy plus antiangiogenic agents
following the persistence of resistance is still ongoing. The ORIENT-31 evaluated sintil-
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imab (anti PD-1) immunotherapy with bevacizumab plus chemotherapy (cisplatin plus
pemetrexed) in EGFR patients following TKIs and results showed improved progression-
free survival of 9.8 months and a response rate of 44% as compared to chemotherapy
alone [72]. Overall, these results suggest immunotherapy, chemotherapy, and antiangio-
genic therapy combinations may be the most promising therapeutic options. However, we
must await more trial results to definitively determine the role of immunotherapy in the
resistance setting.

6. Conclusions and Future Direction

The molecular mechanisms that cause genetic or nongenetic drug resistance are un-
known, making it difficult to predict treatment strategies. There is some overlap between
these two mechanisms, such as the activation of bypass RTK pathways, but there are also
unique phenotypic changes induced by nongenetic mechanisms. There is currently no
EGFR inhibitor that halts disease progression or even provides curative benefits due to drug
resistance. A major goal of clinical strategies involves the identification of on-target and
off-target mutations. These mutations allow for the maintenance of oncogenic signaling,
either by blocking inhibitor binding or targeting bypass mechanisms. Liquid biopsies
may help to provide useful insights into the type of mutations and will lead to the use
of possible bypass pathway inhibitors. Additional tests that capture nongenetic changes
should be considered for patients where no acquired driver mutations can be identified.
Team medicine will lead the way and identify the best treatment strategies for novel or
current therapeutics and evaluate their risk–benefit relationship, pinpoint novel escape
mechanisms through precision medicine, evaluate and adjust treatments for differences in
ethnicity, sex or age through clinical trials, provide the best possible care for patients while
optimizing quality of life during treatment, and attempt to make affordable care available
to all patients. Current common therapeutic approaches include combinations with drugs
that target (a) bypass mechanism, such as MET inhibitors in cells with MET amplification,
(b) common cancer pathways, such as apoptosis, cell cycle or MAPK pathways, (c) critical
downstream effectors of EGFR, and (d) anti-folate and/or platinum chemotherapy. Alterna-
tively, antibody drug conjugates (ADCs) and experimental vaccines can also be considered.
The goal is not only to target cancer cells more efficaciously but possibly also to eliminate
potential emerging drug resistant subclones to at least delay disease progression. A ques-
tion that has been discussed for other oncogenes is that, in the presence of an inhibitor, the
scaffold function of the mutated oncoprotein may contribute to some oncogenic signaling
and therefore targeted degradation of EGFR should be considered [73]. Many inhibitors for
bypass mechanisms are already available and there is hope that better biomarker strategies
will help to identify the patient population that can benefit from these therapeutics, in
particular for those with nongenetic resistance against EGFR inhibitors.
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Abstract: The landscape of melanoma treatment has undergone a dramatic revolution in the past
decade. The use of oncolytic viruses (OVs) represents a novel therapeutic approach that can selectively
infect and lyse tumor cells and induce local and systemic antitumor immune responses. As the first
OV approved by the Food and Drug Administration (FDA) for melanoma treatment, talimogene
laherparepvec (T-VEC), a genetically modified herpes simplex virus (HSV), has shown promising
therapeutic effects in the treatment of advanced melanoma, both as a monotherapy or in combination
with other immunotherapies, such as the immune checkpoint inhibitors (ICIs). With proven efficacy,
T-VEC has been evaluated against a variety of other cancer types in a clinical trial setting. In this
article, we will provide a review on OVs and the application of T-VEC in melanoma monotherapy
and combination therapy. In addition, we will review the recent progress of T-VEC application in
other cutaneous cancer types. Moreover, we will briefly describe our experience of T-VEC therapy at
City of Hope, aiming to provide more insight for expanding its future application.

Keywords: oncolytic virotherapy; T-VEC; immune checkpoint inhibitors; immunotherapy; targeted
therapy; combinational therapy; melanoma; cutaneous cancers; clinical trials

1. Introduction

The last decade has witnessed a dramatic transformation of the landscape of melanoma
treatment. Based on the deeper understanding of the molecular features of melanoma
and the tumor microenvironment, the current melanoma therapies have progressed to
mainly include targeted therapy, immune checkpoint inhibitors (ICIs), and virotherapy.
The elucidation of BRAF V600 mutations and the dysregulated RAS/RAF/MEK/ERK
pathway in melanoma cells has led to the development of targeted therapies including
BRAF inhibitors (BRAFi) and MEK inhibitors (MEKi), which have shown significant efficacy
in melanoma eradication and been approved by the Food and Drug Administration (FDA).
The discovery of ICIs mainly includes the antibodies against cytotoxic T lymphocyte
antigen-4 (CTLA-4), programmed cell death protein-1 (PD-1), and programmed death-
ligand 1 (PDL-1). ICIs have provided another approach by releasing the inhibitory brakes on
the T cells and facilitating robust immune responses, rendering them effective in melanoma
treatment [1,2].

Oncolytic viruses (OVs) represent a novel class of cancer therapy in which wild-type
or genetically modified viruses are used. Historically, viruses have been explored as
therapeutics in two ways—as viral vectors for gene therapy and tumor-lysing (“oncolytic”)
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viruses [3]. The key difference between these two categories lies in that the OVs are
typically replication-competent, whereas the viral vectors for gene therapy are usually
replication-defective viruses. Interestingly, modern OVs have often been engineered to
express immunostimulatory proteins, which also fulfill the function as viral vectors. A
variety of viruses, such as herpes simplex virus (HSV), vaccinia virus, adenovirus, and
reovirus, have been evaluated for their oncolytic potency. While some of these viruses have
completed different phases of clinical trials, talimogene laherparepvec (T-VEC), which is an
engineered HSV-1 with the insertion of the granulocyte monocyte colony-stimulating factor
(GM-CSF) gene and deletion of infected cell protein 34.5 (ICP34.5) and ICP47 genes, is the
first OV approved by the FDA for melanoma treatment [4,5]. In this review, we will focus
on T-VEC and its effects on melanoma and other cutaneous malignancies as a monotherapy
and in combination with other cancer therapies (Table 1). We will also discuss ongoing trials
involving T-VEC (Table 2). Moreover, we will look at how City of Hope Comprehensive
Cancer Center provides T-VEC treatment to its patients, which will provide insight into the
implementation of T-VEC in the real-world. In this review, the novelty lies in (1) providing
an overview of the path the T-VEC took from initial testing to widespread use, (2) offering
detailed information on the past and ongoing clinical trials involving the use of T-VEC as a
monotherapy and in combination therapy, (3) and presenting a general description of the
clinical experience with T-VEC at City of Hope.
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Table 2. Ongoing clinical trials of T-VEC in skin cancers.

Reference
Study Drugs/
Mechanisms

of Action

Stage
(n)

Disease Treatment Key Outcomes

1

Talimogene
Laherparepvec and
Pembrolizumab in

Treating Patients With
Stage III-IV
Melanoma

(NCT02965716)

TVEC/OVT
Pembrolizumab/

PD-1 inhibitor
Phase II
(n = 47)

Advanced Melanoma
Refractory Melanoma

Pembrolizumab
and TVEC

combination

Objective response
rate, median

progression-free
survival, median
overall survival

2
T-VEC in

Non-melanoma
Skin Cancer

(NCT03458117)
TVEC/OVT Phase I

(n = 26)

Non-melanoma Skin
Cancer

Basal Cell Carcinoma
Squamous Cell

Carcinoma
Cutaneous
Lymphoma
Merkel Cell
Carcinoma

TVEC
Local immune

response, systemic
immune response

3

Talimogene
Laherparepvec and

Nivolumab in
Treating Patients with

Refractory
Lymphomas or
Advanced or

Refractory
Non-melanoma Skin

Cancers
(NCT02978625)

TVEC/OVT
Nivolumab/PD-1

inhibitor
Phase II
(n = 68)

Refractory T cell
Lymphoma

Refractory NK cell
lymphoma

Cutaneous Squamous
Cell Carcinoma

Merkel Cell
Carcinoma

Other Rare Skin
Tumors

TVEC followed
by nivolumab

and TVEC
combination

Response rate, best
overall response rate,

progression-free
survival,

overall survival

4

Study of TVEC in
Patients With

Cutaneous Squamous
Cell Cancer

(NCT03714828)

TVEC/OVT Phase II
(n = 11)

Cutaneous Squamous
Cell Cancer TVEC

Overall response rate
(ultrasound, targeted

lesions,
non-injected lesions)

5

Talimogene
Laherparepvec and

Panitumumab for the
Treatment of Locally

Advanced or
Metastatic Squamous
Cell Carcinoma of the

Skin
(NCT04163952)

TVEC/OVT
Panitumumab/Anti-
EGFT monoclonal

antibodies

Phase I
(n = 5)

Advanced Squamous
Cell Cancer

Panitumumab
and TVEC

combination

Response rate, best
overall response rate,

progression-free
survival,

overall survival

2. Overview of Oncolytic Virus and T-VEC

OVs have emerged as a novel class of immunotherapies with remarkable efficacy
through possessing two closely related properties: the capability to kill cancer cells and
the potential to enhance anti-tumor immune responses [17]. The viruses, either native
or modified, are able to infect and replicate within tumor cells, causing cell lysis and the
release of viral progenies that will proceed to infect neighboring cells. Moreover, virus
infection is able to trigger an apoptosis cascade in the surrounding cancer cells, which limits
the viral replication and tumor cell proliferation. Meanwhile, the rupture of the tumor cells
releases tumor-derived antigens that are new to the immune system, thereby facilitating
the development of systemic tumor-specific immune responses [17].

In comparison to normal cells, which possess intact antiviral mechanisms, tumor
cells have been found to have abnormally regulated pathways that can be manipulated
to facilitate OV infection and replication. For instance, melanoma cells have been shown
to harbor Ras overexpression and defective interferon (IFN)-signaling pathways, which
can be readily targeted by the oncolytic vesicular stomatitis virus (VSV) and reovirus [18].
Additionally, while tumor cells often overexpress tyrosinase and survivin, the genetic
modification of the viral genome to incorporate the promoters of tyrosinase or survivin
genes has been found to increase the oncospecificity of oncolytic viruses. Moreover, to
stimulate tumor-specific immune reactions, OVs have been genetically engineered to
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express an array of immunomodulatory or immunostimulatory proteins, such as interleukin
(IL)-2, IFNγ, and GM-CSF [17].

In the past two decades, a wide variety of viruses, including adenovirus, HSV, and
poxvirus, have been studied for their potency as oncolytic viruses [19–21]. T-VEC, an
attenuated HSV expressing GM-CSF, became the first oncolytic agent that achieved regu-
latory approval in the United States, Europe, and Australia. As a JS1 strain of HSV-1, the
preferential tumor infection and replication of T-VEC is enhanced via the deletion of the
ICP34.5 gene, which also attenuates the natural neurovirulence of the virus and improves
the safety [22]. The insertion of two copies of human GM-CSF gene in the genome of
T-VEC leads to local expression, which enhances the recruitment of antigen-presenting cells
(APCs). The activation of APCs facilitates the tumor antigen presentation to tumor-specific
T cells, which further elevates the antitumor immunity [23]. Another key modification is the
deletion of the ICP47 gene. While ICP47 normally reduces antigen presentation by binding
to the transport-associated protein to prevent the antigen loading of MHC-I molecules, the
deletion of the ICP47 gene enhances tumor antigen presentation. Additionally, the deletion
of ICP47 permits the earlier and increased expression of the herpes unique short 11 (US 11)
gene, leading to increased selectivity for tumor cells [24].

3. T-VEC Treatment for Melanoma

3.1. T-VEC Monotherapy for Melanoma and Path to FDA Approval

T-VEC was first tested in a phase I clinical trial published by Hu et al. in 2006, in
which T-VEC was administered via intratumoral injection in patients with a wide diversity
of tumor types, including refractory breast, head and neck, and gastrointestinal cancers
and malignant melanoma. In total, thirty patients were segregated into either a single-dose
group, where doses of 106, 107, and 108 plaque-forming units (pfu)/mL were tested, or
into a multidose group, which tested a number of dose regimens. While 26 of the enrolled
30 patients were evaluable, 19 of the 26 posttreatment biopsies showed residual tumors, of
which 14 exhibited extensive necrosis and apoptosis, and all demonstrated strong staining
for HSV in the necrotic areas. A mild toxicity profile was reported, which mainly comprised
low-grade fever, chills, myalgia, and local reactions. The dose regimen that consisted of an
initial dose of 106 pfu/mL followed by 2 doses of 108 pfu/mL every two to three weeks
was reported to be the most effective approach in both seropositive and seronegative
patients [6].

In the following phase II clinical trial published by Senzer at al. in 2009, T-VEC (4 mL
of 106 pfu/mL followed by 4 mL of 108 pfu/mL every 2 to 3 weeks for up to 24 treatments)
was tested in fifty patients with stage IIIc unresectable metastatic melanomas. A mild
toxicity profile, including transient flu-like symptoms, was reported. The overall response
rate (ORR) per the Response Evaluation Criteria in Solid Tumors (RECIST) was 26%; the
complete response (CR) rate was 16% and the partial response (PR) rate was 10%. The
regression of both injected and distant lesions was observed, with 92% of the responses
being maintained for nearly three years. The overall survival (OS) rates were 58% at 1 year
and 52% at 2 years [7].

In the subsequent phase III OPTIM study, intralesional T-VEC was compared with sub-
cutaneous GM-CSF when treating 436 patients with unresected stage IIIB to IV melanomas.
While the primary end point was a durable response rate (DRR), which represents an
objective response lasting continuously for 6 months per independent assessment, the
secondary end points included the OS and ORR. In regard to the T-VEC injection, the first
dose was given at 106 pfu/mL (to seroconvert HSV-seronegative patients). Subsequent
T-VEC doses of 108 pfu/mL were administered three weeks after the first dose and then
once every 2 weeks. GM-CSF 125 μg/m2 was administered subcutaneously once daily
for 14 days in 28-day cycles [8]. In the final report of this study in 2019, a significantly
higher DRR was reported with T-VEC (19.3%) than GM-CSF (1.4%). Similarly, the ORR
was greater in the T-VEC (31.5%) than GM-CSF (6.4%) treatment. Fifty patients (16.9%) and
one (0.7%) patient in the T-VEC and GM-CSF arms, respectively, achieved CR. The median
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OS in the T-VEC arm reached 23.3 months (95% CI, 19.5–29.6) versus 18.9 months with
GM-CSF (95% CI, 16.0–23.7). The toxicity profile was acceptable, with the most common
adverse events (AEs) including fatigue, chills, pyrexia, nausea, and influenza-like illness.
While the incidence of these AEs was highest during the first three cycles, most AEs lasted
2–4 days and subsequently subsided over time [9]. Based on the data from the OPTIM
study, T-VEC was officially approved by the FDA on 27 October 2015.

Furthermore, other clinical trials of T-VEC monotherapy have been conducted and
have shown promising results in terms of their efficacy and safety. For example, a phase
1 study (NCT03064763) assessed the safety and effectiveness of T-VEC in Japanese patients
with advanced stage melanomas that could not be surgically removed. The study found
that T-VEC had a favorable safety profile, with no dose-limiting toxicities being observed,
and the most common side effects were fever and chills. Most AEs were grade 1 or 2, which
were consistent with those observed in the OPTIM trial [25].

3.2. T-VEC Combinational Therapy for Melanoma
3.2.1. Rationale for T-VEC Combinational Therapy

The current frontline therapies for melanoma include chemotherapy, targeted therapy,
immune checkpoint inhibitors (ICIs), and virotherapy (i.e., T-VEC). The activating mutation
of BRAF, the key serine threonine protein kinase in the RAS/RAF/MEK/ERK pathway,
has been found in nearly 70% of melanomas, with the consequential activation of the
downstream MEK and ERK signaling contributing to the dysregulated proliferation of
melanoma cell growth [26]. Vemurafenib was the first BRAFi approved by the FDA for the
treatment of BRAF V600 mutant melanoma, followed by dabrafenib and encorafenib. While
the BRAFis all exhibited improved survival outcomes in melanoma patients compared to
the traditional chemotherapies, the rapid development of drug resistance to the BRAFi
monotherapy was reported. The combination therapy of BRAFi and MEKi was developed
subsequently to reduce this resistance, which was proven to be remarkably effective in an
array of clinical trials. For instance, in the coBRIM trial, the combination of vemurafenib and
cobimetinib resulted in a remarkably improved median OS (22.3 months) and progression-
free survival (PFS) (12.3 months) compared to that of the vemurafenib monotherapy (OS,
17.4 months; PFS, 7.2 months) [27]. Similarly, in the COMBI-d trial, treatment with a
combinational therapy of trametinib and dabrafenib led to a significantly prolonged median
OS (25.1 months vs. 18.7 months) and increased median PFS (11.0 months vs. 8.8 months)
in comparison to the dabrafenib monotherapy [28].

Interactions between immune checkpoints and their ligands negatively influence T cell
function and the subsequent immune responses against tumor antigens. ICIs, which block
these immunosuppressive pathways, have been shown to effectively elevate the antitumor
immune reactions in preclinical studies. Among the ICIs, the blockade of CTLA-4 and
interaction between PD-1 and PD-L1 are the two most prominent. The development of mon-
oclonal antibodies against CTLA-4 (e.g., ipilimumab) and PD-1 (e.g., nivolumab and pem-
brolizumab), along with the successful survival outcomes in clinical trials with advanced
melanoma patients, has significantly transformed the melanoma treatment landscape. For
instance, in the CheckMate067 trial, untreated unresectable stage III or stage IV patients
were randomly segregated into ipilimumab, nivolumab, and nivolumab + ipilimumab
treatment groups. With a 6.5-year follow-up period, remarkable improvements were re-
ported in the median OS values (19.9 months with ipilimumab, 36.9 months with nivolumab,
and 72.1 months with nivolumab + ipilimumab) and median treatment-free intervals
(1.9 months, 2.3 months, and 27.6 months with ipilimumab, nivolumab, and nivolumab
+ ipilimumab, respectively). In addition, 43%, 74%, and 81% of the patients after ipili-
mumab, nivolumab, and nivolumab + ipilimumab treatment, respectively, received no
further subsequent systemic therapy [29,30].

While T-VEC, ICIs, and targeted therapies exhibit remarkable success, the combination
of T-VEC with ICIs or targeted therapies would be expected to have synergistic efficacy.
It has been shown that T-VEC infection and replication in tumor cells can elevate the
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inflammatory state of the tumor microenvironment, which can further promote T cell
influx and activation [31]. While the GM-CSF gene product facilitates the recruitment and
activation of antigen presentation cells (APCs), the oncolysis of the tumor cells spreads the
tumor-associated antigens, which increases the availability to APCs and T cell priming. As
the immune responses can be reduced via the expression of immune checkpoints on the T
cells, such as CTLA-4 and PD-1, the coadministration of ICIs can prevent T cell exhaustion
and prolong T cell activation and expansion [32].

3.2.2. Clinical Trials of T-VEC Combinational Therapy for Melanoma

The first randomized trial assessing the efficacy of the combinational therapy of T-
VEC and ICIs was reported by Chesney et al. One hundred and ninety-eight patients
with unresectable stage IIIB to IV melanomas were randomly segregated into the T-VEC
+ ipilimumab (n = 98) or ipilimumab monotherapy (n = 100) group. The toxicity profile
was reported as mild, and the AEs mainly included fatigue, chills, and diarrhea. While
three patients in the combination therapy group had fatal AEs, none were related to the
treatment itself. The objective response was reported as thirty-eight patients (39%) in the
combination therapy group and 18 patients (18%) in the ipilimumab monotherapy group.
The median time to response was 5.8 months in the T-VEC + ipilimumab group (n = 38),
which was not estimable in the ipilimumab group (n = 18). The median PFS was 8.2 months
in the duplet group and 6.4 months in the monotherapy group. While this study indicates
that the combination has greater antitumor activity without additional safety concerns
compared to ipilimumab, several interesting findings are noted. First, it was notable that
both the injected lesion and visceral lesions decreased in size in response to treatment. In
total, 52% of the patients receiving combination therapy and 23% of the patients receiving
ipilimumab monotherapy had visceral lesions that responded to treatment. Second, the
efficacy of the treatments was shown to be affected by the tumor staging and existence of
BRAF mutations. The ORR in the combination therapy group was significantly higher for
patients with low tumor staging (IIIB/IIIC/IVM1a) in comparison to high tumor staging
(IVM1b and IVM1c) (44% vs. 33%). The ORR in the combination arm was 42% among
BRAF wild-type patients, which was greater than that among BRAF mutation patients
(34%) [10].

In the other trial, the MASTERKEY-265 trial (phase Ib/III study), T-VEC + pem-
brolizumab was evaluated versus pembrolizumab monotherapy. In the phase Ib study,
21 patients with unresectable stage IIIB-IVM1c melanoma with injectable, measurable
lesions and no prior systemic treatment were enrolled and followed for 18.6 (17.7–20.8)
months before the time of reporting. There were no severe toxicities reported in any of the
21 patients, with the most common AEs including fatigue, chills, and fever. With the com-
binational therapy, the confirmed objective response rate was 61.9% (95% CI, 38.4–81.9%),
while the confirmed CR rate was 33.3% (95% CI, 14.6–57.0%). Moreover, the combination
treatment led to >50% reductions in 82% of injected, 43% of non-injected non-visceral,
and 33% of non-injected visceral lesions [11]. All twenty-one patients enrolled were off
treatment as of the data cutoff (Mar 2, 2020). Among them, 6 died and 15 are in long-term
follow-up. With a median follow-up time of 58.6 months, the CR rate was reported as
43% (9/21 patients); 92.3% of the responders (12/13) remained in response, including all
9 patients with a CR. While the median PFS and OS were not reached at the data cutoff
point, the 4-year PFS and OS rates were estimated as 55.9% and 71.4%, respectively. No
additional safety signals were ever detected [33].

The remarkable results of the phase 1b part of MASTERKEY-265 led to the phase III
randomized, double-blind KEYNOTE-034 study. In this study, a total of 692 patients
with unresectable stage III-IVM1c melanoma who were naive to anti-PD1 therapy were
randomized 1:1 to a T-VEC + pembrolizumab or placebo + pembrolizumab treatment. With
a median follow-up of 31.0 months, it was reported that the median PFS was 14.3 months
for the T-VEC + pembrolizumab arm and 8.5 months for the placebo + pembrolizumab
arm. While the median OS was not reached for the T-VEC + pembrolizumab arm, the OS of
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the placebo + pembrolizumab arm was 49.2 months. However, statistical significance was
not expected with OS in the primary OS analysis. The ORRs were 48.6% for the T-VEC +
pembrolizumab group and 41.3% for the placebo + pembrolizumab group. The CR rate was
greater in the T-VEC + pembrolizumab arm in comparison to the placebo + pembrolizumab
arm (17.9% vs. 11.6%). The DRRs were 42.2% in the T-VEC + pembrolizumab arm and 34.1%
for the placebo + pembrolizumab arm. Importantly, the safety profiles were acceptable,
without any unknown safety issues from each agent [12].

In addition to the abovementioned trials, several other clinical trials involving the
T-VEC combination therapy are ongoing to further evaluate the systemic efficacy of T-VEC.
For instance, in a phase II clinical trial (NCT#02965716), patients with unresectable stage
IIIB-IV melanoma who did not respond to PD-1/PD-L1 blockade were treated with T-VEC
+ pembrolizumab. This study had been designed to evaluate the T cell infiltration into
tumors, the T-cell receptor (TCR) clonality in tumors and in peripheral blood, and the
tumor immune microenvironment after T-VEC + pembrolizumab combination treatment,
which will hopefully provide more in-depth information on the mechanisms of T-VEC in
tumor eradication [34].

4. T-VEC Treatment in Other Cutaneous Cancer Types

Along with the success of T-VEC in melanoma treatment, T-VEC monotherapy and
combination therapies are under exploration in other cutaneous cancer types, such as
Merkel cell carcinoma (MCC) and cutaneous squamous cell carcinoma (CSCC).

As an aggressive malignancy from cutaneous neuroendocrine cells, MCC typically
presents on the sun-exposed areas in the elderly. The current FDA-approved treatment for
MCC includes chemotherapy and ICIs, such as PD-1 or PD-L1 blockade. Recent clinical
trials reported superior ORR and PFS values with PD-1/PD-L1 treatment in comparison to
chemotherapy; however, the CR rate was low, and most patients progressed in less than
12 months [35]. In regard to these observations, T-VEC has been assessed for MCC therapy.
In Westbrook et al., four patients with regionally advanced MCC were treated with T-VEC.
All four patients achieved durable CRs, with a median PFS of more than 16 months without
severe AEs. Moreover, the treatment with T-VEC prevented distant metastasis in these
high-risk individuals [14]. In another study, Knackstedt et al. reported on the combination
therapy of T-VEC and a PD-1/PD-L1 inhibitor in two patients with anti-PD-1 refractory
MCC. While the radiotherapy and chemotherapy had been utilized with failure, the T-VEC
and PD-1/PD-L1 inhibitor combination therapy led to CR in one patient and near-CR in
another patient [15].

CSCC is another common cutaneous malignancy, which has a wide range of presenta-
tions from low-risk in situ disease to high-risk advanced metastatic tumors. Compared to
melanoma, CSCC has a less aggressive clinical course but a significantly higher incidence
rate [36]. The current treatment options mainly include PD-L1 inhibitors, chemotherapy,
and EGFR inhibitors. A single-arm phase II trial of T-VEC (NCT03714828) was conducted
in treating low-risk invasive CSCC. With the Simon 2-stage design being used and a total
sample size of 20 patients, 7 patients were recruited for stage 1 and an additional 13 patients
would be recruited if five or more subjects met the primary endpoint in stage 1. In the
interim analysis of 7 patients, all achieved overall CR. All AEs were of grades 1–2 based on
the NCI Common Terminology Criteria for Adverse Events v. 4.0 (CTCAE v. 4.0), with the
most common AEs including transient fatigue, flu-like symptoms, and headaches. At the
time of analysis, the mean time to response was 43.4 days and the duration of the ORR was
190 days [37]. While-T-VEC has shown remarkable success with a 100% CR in stage 1, a
high response rate will be expected and assessed at the completion of the study.

Currently, several other clinical trials are ongoing for assessing the efficacy of T-VEC
in treating these cutaneous malignancies. For instance, the combination of T-VEC and ra-
diotherapy is being evaluated in MCC and melanoma in a phase II trial (NCT02819843) [16].
In another phase II trial (NCT02978625), a combination therapy of T-VEC and nivolumab is
being assessed in MCC, CSCC, and basal cell carcinoma [38–41].
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5. T-VEC Treatment Practices in City of Hope

City of Hope is a National Cancer Institute (NCI)-designated Comprehensive Cancer
Center and a member of the National Comprehensive Cancer Network (NCCN) (Figure 1).
At City of Hope, T-VEC treatment has been applied to patients with recurrent or metastatic
melanoma, metastatic CSCC, and metastatic MCC. While a few patients complained of
chills, fever, and fatigue a few hours after T-VEC injection and some edema at the injection
site, these symptoms usually lasted less than 24 h. Extensive fibrosis has been observed
after T-VEC injection, which prevented further intratumoral injections. Overall, the toxicity
profile of T-VEC has been reported as mild and tolerable.

 

Figure 1. Map of City of Hope locations in Southern California. Teardrop with “H” represents COH
main campus at Duarte, California, where the T-VEC treatment is performed. Other red teardrops
represent 18 out of 27 campuses in City of Hope.

Among the melanoma patients under T-VEC treatment, nearly 32% of the patients
were referred from other hospitals for either monotherapy or combination therapy. Overall,
in comparison to T-VEC monotherapy, T-VEC + ICI combination therapies in which pem-
brolizumab was applied most frequently have resulted in higher CR rates, which indicates
synergistically the more significant efficacy with the addition of ICIs. In light of this ob-
servation, we are currently undertaking preclinical studies that aim to explore melanoma
treatment with the intratumoral injection of multi-drug combination therapies. Regarding
the subsequent therapies following T-VEC, the PD-1 or CTLA-4 inhibitors as monotherapies
or in combination and the BRAF or MEK inhibitors as monotherapies or in combination
were most commonly administered. A small number of patients with metastatic CSCC and
MCC were treated with either T-VEC monotherapy or combination therapies as off label
treatments per the tumor board recommendations. While most patients with metastatic
CSCC and MCC suffered from the progression of disease before eventually expiring, future
trials on CSCC and MCC patients need to be conducted before the efficacy of T-VEC can be
fully assessed in these two malignancies.

While most of the patients who were referred to City of Hope for T-VEC treatment
lived within reasonable distance (less than 50 miles from City of Hope), several resided
far away and even travelled four to five hours one way to receive treatment. Meanwhile,
the regulations for the transportation, storage, and handling of T-VEC are cumbersome.
For instance, T-VEC is usually stored frozen at −70 to −90 ◦C then thawed to a liquid
state prior to preparation, which takes approximately 30 to 70 min in our experience. The
pharmacy workflow must be adjusted so that trained technicians can prepare the syringes
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and the IV hood must be set aside for cleaning to reset the airflow. The main constraints
include the lack of trained providers who can administer T-VEC, the freezer availability and
capacity, and the biweekly scheduling. Additionally, insurance may not approve T-VEC for
indications other than melanoma. All of these factors have limited the access of patients to
T-VEC treatment.

6. Discussion and Future Directions

The landscape for cancer treatment has been rapidly evolving in the last few decades.
With the advent of new drugs and combinations, the therapeutic options for patients have
widely broadened and become more multidisciplinary. As the first OV approved by the
FDA, T-VEC provides a new approach for cancer therapy regimens.

T-VEC was first studied in clinical trials of melanoma and demonstrated improved
efficacy. For instance, in the phase III OPTIM study involving patients of unresected
stages IIIB to IV melanoma, significantly higher ORR, DRR, and CR values with tolerable
toxicity profiles were associated with the treatment of T-VEC in comparison to GM-CSF.
With FDA approval, its application has been rapidly extended to the treatment of other
cancer types. For instance, in a single-arm phase II trial where T-VEC was administered
in patients with invasive CSCC, all 7 patients in stage 1 of the study achieved CR, with
very mild AEs. Currently, T-VEC alone or as part of a combination therapy has been
explored in clinical trials with a variety of cancers, such as MCC, CSCC, breast cancer,
pancreatic cancer, colorectal cancer, and liver cancer. However, it is noteworthy that so
far in most of the clinical trials, intratumoral injection remains the only option for virus
administration. In fact, the intratumoral administration of T-VEC causes the direct lysis of
tumor cells and increases the intratumoral infiltration of APCs and T cells, which leads to
neoantigen recognition and strengthened tumor specificity. Moreover, intratumor injection
protects the virus from the neutralizing antibodies and macrophage sequestration effect
towards the virus. While the intratumoral route serves as a perfect means of eradication of
locoregional cancers, it might not be effective with distant tumors that are inaccessible to
direct injections or metastasized tumors that cannot be accurately located. Clinical trials
are ongoing to evaluate the systemic route of OVs, which have demonstrated feasibility in
systemic injections. More results are still needed to show the antitumor efficacy that can
be achieved.

While ICIs have been commonly used in T-VEC combination therapies, other forms of
treatment have also been evaluated. One example is a phase 1b clinical trial (NCT03088176)
that will investigate the safety and tolerability of administering T-VEC locally, in conjunc-
tion with oral therapy with dabrafenib and trametinib. This study will be conducted with
up to 20 patients with advanced melanoma who possess activating mutations in the BRAF
gene. Another phase II trial (NCT02819843) intends to evaluate the effectiveness of T-VEC
as a treatment for melanoma in conjunction with or without radiotherapy [42]. Interestingly,
ongoing studies are investigating the potential benefits of using neoadjuvant T-VEC in
patients with advanced, resectable melanoma. A phase 2 trial (NCT02211131) was con-
ducted on 150 patients with resectable stage IIIB-IVM1a melanoma, who were randomized
to receive T-VEC followed by surgery or surgery alone. The study found that the use of
neoadjuvant T-VEC in combination with surgery resulted in a 25% reduction in the risk
of disease recurrence compared to patients who received surgery alone [43]. Still, further
research is needed to determine the best approach for utilizing T-VEC in combination with
immunotherapy or other therapies for patients with advanced melanoma.

The success of T-VEC has amplified the interest of many researchers in cancer virother-
apies. A number of other OVs have been designed and have undergone evaluation in
preclinical and clinical studies as monotherapies or in combination with other systemic
immunotherapies. For instance, TILT Biotherapeutics constructed TILT-123, an adenovirus
engineered to express tumor necrosis factor (TNF)-α and IL-2. While its safety and biodis-
tribution has been studied in mice and hamsters and it has been demonstrated to be safe in
animals, the virus has been shown to induce rapid antitumor immune responses with viral
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replication restricted to the tumors and not normal tissues. With promising results, it is
under evaluation in a phase 1 trial (NCT04217473) [44]. Another famous OV is Pexa-Vec
(JX-594, Pexastimogene Devacirepvec) from SillaJen, a vaccinia virus genetically modified
with thymidine kinase (TK) gene deletion and GM-CSF expression. While TK is essential for
viral DNA production and has been overly expressed in the cancerous cells in comparison
to in the normal cells, the deletion of the viral TK gene enables the OV to target the tumor
cells more selectively while sparing the normal cells, which increases its tumor specificity.
To date, JX-594 has been tested in a dozen clinical trials with many types of malignancies.
All studies with JX-594 have shown excellent safety profile in more than 400 patients [45].
In general, most OVs follow the same principles regarding genetic modifications, which
mainly include genetic alterations to limit pathogenicity, genomic deletions to enhance the
tumor-specificity, and genomic additions to increase immune responses. While more virus
species are being engineered and tested, more OVs are expected in the future to present
even more options for cancer patients.

Currently, the genomic identification of cancer-promoting mutations can not only lead
to drug development but can also provide information for individual patients to guide the
treatment. While many drugs have shown remarkable efficacy in tumor suppression, it
is still difficult to achieve a complete cure due to the refractoriness and high relapse rates
of some tumors. Therefore, a combination of multiple therapies and new approaches is
needed. Among the cancer therapies, the discovery of the immune checkpoints CTLA4,
PD-1, and PDL1 and ICIs is a paramount achievement that has revolutionized the landscape
of cancer treatment. The combination therapy of T-VEC and ICIs has, thus, appeared to be
a very promising melanoma treatment approach. Indeed, many preclinical studies have
provided evidence that supports the rationale of this combination. It has been shown that
T-VEC can cause tumor regression and T cell infiltration, along with increased IFN-gamma
and PD-L1 expression [46]. Liu et al. reported increased PD-L1 expression associated with
OV monotherapy but better survival rates when combining OV with anti-PD-L1 in the
mouse models [47]. The clinical trials of the combination therapy involving a variety of
cancer types have also provided solid evidence for its success. At this time, there is still
eager anticipation to see more trial results that may offer further insights on the future
combination therapies for melanoma.
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Abstract: Recent data suggest that patients with advanced cancer who participate in biomarker/
genomically informed early-stage clinical trials experience clinical benefit. While most early-stage
clinical trials are conducted in major academic centers, the majority of cancer patients in the United
States are treated in community practices. Here, we describe ongoing efforts at the City of Hope
Cancer Center to integrate our network community oncology clinical practices into our academic,
centralized biomarker/genomic-driven, early-stage clinical trial program to build an understanding
of the approaches that provide the benefits of early-stage clinical trial participation to community
patients. Our efforts include three key initiatives: the development of a virtual “Refractory Disease”
phase 1 trial matching televideo clinic, the construction of infrastructure to support the expansion
of phase 1 clinical trials to a distant regional clinical satellite hub, and the implementation of an
enterprise-wide precision medicine, germline, and somatic testing program. Our work at City of
Hope may serve as an example to facilitate similar efforts at other institutions.

Keywords: integration; community clinical network; phase 1; genomic-driven; clinical trials

1. Introduction

Clinical development of a new molecular or biological entity is a long and costly
process [1,2]. Advances in science and technology have enabled academic centers, biotech-
nology companies, and major pharmaceutical companies to access an ever-increasing
number of agents with sufficient therapeutic potential to test in the clinic [3–5]. However,
many drugs fail during drug development, either because of unacceptable toxicity, or lack
of target effect [6,7]. Properly designed, executed, and analyzed early-stage clinical trials
are fundamental for a new drug or combination of drugs to obtain eventual approval
for marketing.

The complexity of performing early-stage trials and the burden posed to patients in
terms of time, frequent travel, required procedures, and traditionally low response rates
impacts referral patterns, and has historically limited the access of most patients to new
anticancer agents until much later stages in the process of drug development [8,9]. Major
academic centers and a few selected community practices currently share the majority of
the responsibility for conducting these trials.

Clinicians as well as non-clinicians may question whether it is worthwhile for patients
treated in community practices to pursue clinical trials with drugs being tested in early
clinical drug development. Previous work in the field arguing against or encouraging
referrals and participation is limited. Decoster et al. conducted a review of the antitumor
activity and toxic deaths reported in single-agent phase I clinical trials in cancer patients
using cytotoxic compounds between 1972 and 1987 [10]. A total of 6639 patients were
accrued to 211 trials studying 87 compounds. There were 23 (0.3%) complete responders
and 279 (4.2%) partial responders for an overall response rate (RR) of 4.5% among all entries.
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Toxic deaths were rare and reported in only 31 patients (0.5% of the entire population).
Similarly, Von Hoff et al., in 1991, reported their review of 228 phase 1 trials over a period
of 14 years [11]. There were 75 complete and 432 partial responses recorded among
7960 patients for an overall objective RR of 6%.

In contrast, Chihara et al. reported on National Cancer Institute (NCI) sponsored
phase 1 trials conducted between 2000 and 2019 [12]. The overall RR for all trials during
the study period was 12.2% among 9325 patients and the complete RR was 2.7%. Overall
response increased from 9.6% during the period 2000 to 2005 to 18% between 2013 and 2019,
and complete RR from 2.5% to 4.3%. Overall RR for combination therapy was substantially
higher than for monotherapy (15.8% vs. 3.5%). Furthermore, Chakiba et al. conducted a
literature review of 224 phase 1 trials that were published from 1 January 2014 to 30 June
2015 [13]. The overall RR was 19.8%. Phase 1 trials employing an enrichment design
(i.e., specific histologic characteristics, a specific biomarker, or both) were associated with a
higher probability of clinical benefit, and a higher probability of an objective tumor response
occurred among patients enrolled in phase 1 trials that included expansion cohorts.

Additional studies evaluated the impact of biomarker treatment strategies compared
to an “all comers” approach in clinical trials. These analyses are limited in the phase
1 setting. Schwaederle et al. conducted a meta-analysis comparing patient outcomes
in phase 1 studies that used a biomarker selection strategy with those that did not [14].
The analysis included trials performed between January 2011 and December 2013 and
evaluated RR and progression-free survival (PFS). A total of 346 studies met the criteria
for evaluation; 13,203 patients were treated within 351 study arms. Of these, 117 arms
used a cytotoxic agent, whereas 234 arms used a targeted agent, with 57 (24.4%) being
personalized. Non-personalized targeted agent arms had outcomes comparable with those
that tested a cytotoxic agent. However, personalized arms using a genomic biomarker
had a significantly higher median RR, 30% vs. 4.9% in the other arms, and a longer PFS,
5.7 months vs. 2.95 in the other arms. Furthermore, Mackley et al. [15] analyzed reports of
158 phase 1 trials published between January 2015 and July 2018; thus, not overlapping with
the studies analyzed by Schwaederle and collaborators. The studies involved 6707 patients.
The combined RR was 4%. Among the trials using tumor biomarkers as the eligibility
criteria, the RR was higher: 12% vs. 4.9%. However, the same was true of trials focusing
on single tumor type (13%) compared to multiple tumor types (3.8%). There were no
treatment-related deaths, but the proportion of grade 3 to 4 toxicity was 13.2%.

Von Hoff et al. conducted a pilot study using molecular profiling (MP) of patients’
tumors to find potential targets and select treatment based on these findings [16]. This group
evaluated the premise that a substantial group of patients selected by this approach would
experience improved clinical outcomes compared to their outcome with the immediate
priorly administered treatment. The null hypothesis of ≤15% of this patient population
having a PFS on MP-selected therapy/PFS on prior therapy of ≥1.3 was rejected. Eighteen
of sixty-six patients (27%) had a PFS ratio of ≥1.3.

Important caveats in analyses of the clinical benefit of phase 1 trials in cancer patients,
molecularly driven or not, include the multiplicity of tumor histological types usually ac-
crued and the required multiple-dose evaluation steps for safety evaluation and regulatory
agency mandates. Thus, even when a target is identified and there is an agent reasonably
expected to result in efficacy, the range of doses tested include some below target inhibition
and some unnecessarily toxic, beyond the requirement for target inhibition. Importantly, in
order for a biological target to be clinically relevant and a molecularly targeted approach
beneficial, potent drugs should be available that can interact successfully with the target
without significant off-target toxicity.

Thus, overall, it is reasonable to conclude that it is worthwhile for an academic center
to pursue systematic rational efforts to obtain promising targeted or immune-interacting
agents, and to provide increased access to patients and care providers in community
practices of these agents at the time when patients need them the most. That is, to provide
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these agents when their disease has become refractory to the available standard of care
therapeutic approaches.

2. Current Challenges for Early-Stage Clinical Trials

Although the numbers of clinical trials with novel agents have increased, and expan-
sion cohorts have become the routine, the number of clinical sites involved in a typical
industry-sponsored clinical trial have exponentially increased, limiting the slots available
to individual sites. This practice comports with corporate mandates to fill out available
slots as quickly as possible in order to decrease the time to completion of the clinical trial.

Safety issues arising from the coordination of multiple sites have been partially offset by
the institution of frequent investigators’ calls and virtual meetings. However, these meetings
often involve multiple time zones, substantial time demands and incomplete or stale data
sets that may frustrate participants and result in attendee attrition. Unintentionally, these
circumstances create competition among the sites for patients’ slots, resulting in insufficient
slots for patients who have time-sensitive needs for these investigational therapeutics.

From the participating sites’ perspective, challenges include insufficient staff recruit-
ment and retention, low capacity of treating units and hospitals (such as during the SARS-
CoV-2 pandemic) [17,18], increasing clinical and regulatory demands on the clinicians–
investigators’ time, as well as prolonged time to activation of trials, frequent amendments,
and reporting requirements [19]. Tracking down the genomic analyses of referred patients
among the array of different analytic platforms not integrated into the medical records has
also proven to be a difficult task.

From the community oncology perspective, and impacting community sites integra-
tion into clinical trials, referring patients to be placed on phase 1 waiting lists is, at a
minimum, inconvenient and impractical. Furthermore, the necessity for patients to travel
long distances for very frequent clinic visits, the requirement in many cases for tumor
sample prescreening with uncertain outcome, together with multiple patients’ procedures,
and imaging while on trial, dampen the enthusiasm of previously motivated patients and
families. An additional, sometimes insurmountable, challenge to community patients’ par-
ticipation is the approval process and financial limits of health management organizations
(HMOs) [20].

3. City of Hope (COH) Community Oncology Practice Network

The COH Clinical Practice Network serves populations located in four Southern Cal-
ifornia counties: Los Angeles, Orange, San Bernardino/Inland Empire, and Riverside,
encompassing 33,109 square miles and approximately 18 million residents (Figure 1). These
sites were selected due to their demonstrated telehealth access, strong leadership commit-
ment to quality care and research, and the diverse populations served. Over 30 community
satellite practice sites with >150 physicians are distributed throughout our catchment area.
The catchment area is one of the most diverse regions in the country (45% Hispanic/LatinX;
12% Asian/Pacific Islander; 6% Non-Hispanic Blacks) and includes a clinical practice site
serving a low resource and socio-economically disadvantaged population in the California
high-desert region. The majority of sites provide multidisciplinary cancer care. We share
unique utilization of the EPIC electronic medical record, employment of COH tailored
“Via” pathways, disease-focused tumor registries, as well as precision medicine genomics
evaluation. Twenty percent of Duarte campus referrals for complex care or unique studies
come from our community satellite practices. A Clinical Outpatient 190,000 Sq. Ft. hub ca-
pable of conducting all stages of clinical trials (Lennar Foundation Cancer Center) recently
opened in Irvine, Orange County.
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Figure 1. COH community practice sites.

The COH clinical practice network provides access to a very large cancer patient
population (October 2020–September 2021: 104,378 unique patients; 359,679 completed
appointments); (October 2021–September 2022: 107,870 unique patients; 367,812 completed
appointments). The patients served are spread throughout a very large geographical
territory and the network practices have different capabilities. Thus, concerted efforts are
needed if we are to provide on-site access or directed channeling of patients to early-stage
clinical investigations when appropriate.

4. Clinical Research Integration Opportunities

A number of initiatives have enhanced early-stage clinical investigation at COH.
These include rapid clinical trial activation times (<90 days on average); uniform protocol
templates; a single application form used by the protocol review committee, data safety
monitoring board, and institutional review board; upstaffed regulatory start-up and con-
tracting teams; specialized teams to build Epic Beacon and OnCore content; increased
use of Master Clinical Trial Agreements with biotech and pharmaceutical companies that
reduces the involvement of the general counsel; and participation as a leading academic
organization in the NCI Early Therapeutics Clinical Trials Network.

Through an institution-sponsored Precision Medicine program, tumor whole exome
and transcriptome sequencing together with germline gene panel sequencing are performed
for City of Hope patients and their families. A digital infrastructure and informatics
platform provides logistical and analytic support.

5. Ongoing COH Phase 1 Program Integrative Initiatives

5.1. Development of a Virtual “Refractory Disease” Phase 1 Trial—Matching Tele-Medicine
Oncology Clinic

During this televideo-medicine-enabled clinic, interested patients referred by COH
oncologists (community and academic) or regional HMO oncologists are evaluated. Re-
ferred patients have incurable tumors for which standard effective conventional therapies
have been exhausted or are non-existent.

A full-time dedicated coordinator oversees the preparation of the clinic ahead of
the scheduled appointment. The coordinator contacts referring physicians and patients
and retrieves medical records which are made available to the phase 1 oncologist prior
to the visit. The retrieval of all prior pathology data and reports and tumor genomic
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analyses is particularly challenging. In our experience, outside, often diverse, genomic
analyses are frequently not incorporated into electronic medical records. If targetable
alterations are identified during review, patients will be offered targeted treatment with
therapies tailored to their tumor biology if not previously performed. In addition, in
some cases, historical genomic analyses provide clues to potential targets amenable to not
yet approved investigational agents when biological rationale exists supporting potential
efficacy. If no such mutations are found (or while waiting for testing), available non-target
specific phase 1 trials, such as those with novel mechanisms of action or immune-system-
targeted therapies, are discussed. If the patient agrees to participate in a trial and they meet
preliminary eligibility criteria during the virtual visit screening, the patients will visit the
COH Duarte campus (or the Orange County clinical-research Hub, see below) to undergo
examination and consent to the particular study; subsequently, they receive screening for
trial initiation. However, if a tumor-specific later stage trial is available that better fits the
patient, a recommendation and referral to the proper tumor-specific physician(s) is made,
after obtaining approval from the referring physician.

These clinics (once a week with rotating phase 1 oncologists) were initiated during 2022
with great acceptance from patients and medical providers alike. Feedback communication
with referring physician within 48 h is routinely performed. Patients are also provided
access to our centralized germline and somatic genomic testing, if not previously performed
(see below).

5.2. Expansion of Phase 1 Trials to City of Hope—Orange County

The large community oncology practice network at COH has increased our catchment
area, enabled the enrollment of patients from diverse ethnicities and backgrounds as well
as providing the patients the opportunity to seek specialized clinical care closer to home.
However, early-phase trials can only be opened at sites that have the capabilities to conduct
these trials. These requirements include the handling of research samples that may involve
frequent and long hours of pharmacokinetic sampling and specialized on-site research
pharmacy and radiology. Patients identified through the COH community network eligible
for early-phase trials still must travel to the main campus in Duarte multiple times a month.

One recent development in the COH enterprise has been the opening of the City
of Hope Orange County Lennar Foundation Cancer Center in Irvine, Orange County, in
August 2022.

The Orange County Cancer Center offers all comprehensive cancer services with a
dedicated clinical research unit and allows the conduct of on-site early-phase cancer trials.
Within the County, this cancer center serves as a ‘hub’ offering a full array of clinical
operations serving as the ‘spokes’ or regional community sites within Orange County.
These ‘spoke’ sites typically provide only clinical services and late-phase trials. As the new
cancer center is located within 25 miles from each of these regional sites (Figure 2), patients
can be easily routed to the hub for early-phase trials as well as more specialized services.

Adding early-phase trials to a second campus beyond the academic Duarte campus
created a number of challenges: increased regulatory processing, the establishment of an
efficient clinical workflow for each trial, and the coordination of Orange County laboratories
with laboratories at the Duarte campus for sample processing and shipping. Dedicated
efforts have succeeded in ensuring that most services required for conducting early-phase
trials are now operational at the Orange County site, such as contracting, institutional
board review, data safety monitoring, budget review, and an electronic health system as
well as phase I disease team management.
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Figure 2. Map of COH Orange County clinical sites.

5.3. Precision Medicine Network Initiative

The efficient and successful conduct of early-stage drug trials depends critically upon
the investigators’ ability to identify patients whose tumor mutational profiles match the
molecular target of an investigational drug [21–24]. Limiting the success of early-stage
drug trials, patients frequently experience difficulty in obtaining tumor sequencing, trialists
often lack ready access to completed studies, and clinicians may experience challenges
in interpreting the often disparate, dense, and abstruse tumor sequencing reports [25–29].
These limitations may compound in the community oncology setting due to inconsistent
tumor sequencing practices, inadequate administrative structure, and lack of advanced
molecular expertise [30]. Helping to ameliorate these limitations and accelerate the progress
of early-stage drug trials for its community oncology practice partners, City of Hope created
the Center for Precision Medicine.

6. The City of Hope Center for Precision Medicine

The advent of targeted cancer therapies ushered in the era of precision medicine
in clinical oncology [31]. City of Hope (COH), recognizing the unparalleled promise of
precision medicine, established the COH Center for Precision Medicine (COH-CPM) in
2020 [32]. The COH-CPM aims to harness genomic-driven insights to pioneer personal-
ized prevention and treatments towards improving the outcomes and quality of life for
patients and their families. To accomplish its mission, the COH-CPM initiated the INSPIRE
(Implementing Next-generation Sequencing for Precision Intervention and Risk Evaluation)
study, a universal access investigation open to all patients at COH with a personal and/or
family history of cancer.

COH-INSPIRE participants receive germline genetic assessment through testing with
a custom 155 cancer gene panel [33]. Tumors of patients with an available cancer specimen
undergo somatic tumor-normal whole exome and whole transcriptome sequencing [34,35].
To conduct the INSPIRE study, COH-CPM relies on an expert team of enrollment specialists,
genetic counselors, and cancer genetic physicians who facilitate the participation and
clinical management of patients. Since its inauguration, the INSPIRE study has experienced
tremendous success with enrollment of nearly 15,000 patients. INSPIRE patients whose
sequencing results pose complex genetic, genomic, and clinical questions receive in-depth
review at 2 weekly clinical case conferences: a Genetics Case Conference and a Precision
Oncology Tumor Board (POTB).

6.1. COH-CPM Clinical Case Conferences

Genetic counselors and cancer genetics physicians conduct the Genetics Case Con-
ference with the aim of resolving challenging problems related to germline findings and
genetic risk. The INSPIRE study has observed that nearly 1 in 5 (2654/14,346 [18.5%])

132



J. Clin. Med. 2023, 12, 4061

patients carry a germline pathogenic variant requiring clinical review and management;
this significantly elevated pathogenicity rate ensures a full volume of complex case re-
views but also, more clinically significant, validates a universal access model of precision
medicine availability.

6.2. Precision Oncology Tumor Board

The second weekly conference, the POTB, complements the Genetics Case Conference.
The POTB provides interpretation, targeted therapeutic insights, and clinical trial eligibility
information related to tumor whole exome and transcriptome sequencing results. The
POTB enlists the expertise of a multidisciplinary team comprising, among others, med-
ical and surgical oncologists, genomic scientists, genetic counselors, and computational
biologists. To date, the POTB has completed over 150 deep-dive analyses to help the tangi-
ble delivery of precision medicine to COH patients, positively impacting their treatment,
health, and well-being.

7. Centralized Logistical Operation of COH-INSPIRE

Inaugural COH-CPM INSPIRE activities focused on optimizing precision medicine
operations at the central, academic COH Duarte campus. Initial efforts sought to design,
implement, and iteratively improve four core precision medicine operations: patient en-
rollment, specimen processing, germline and somatic tumor next-generation sequencing,
and clinical management. Most patients enroll in the INSPIRE study through assigned
study consenters stationed in the oncology subspecialty clinic where they receive treatment.
Consenters may also enroll a patient remotely via a televideo protocol should in-person
consenting prove infeasible. For germline DNA assessment, patients provide blood samples
to a central specimen collection laboratory situated on campus. The COH Pathology depart-
ment assumes responsibility for retrieving fresh-frozen, paraffin-embedded tumor blocks
for somatic sequencing. Furthermore, the COH Pathology department oversees delivery
of the germline and somatic tumor specimens to commercial NGS vendors who perform
CLIA/CAP-grade germline panel and somatic whole exome and transcriptome sequencing.

Vendors typically complete the sequencing of specimens within 10–14 days of spec-
imen receipt and deliver test reports directly to the COH electronic medical record as
primary BAM, FASTQ, and VCF sequencing files. A centralized electronic data warehouse,
POSEIDON, receives copies of the primary BAM, FASTQ and VCF sequencing files [36].
Data analysts and computational biologists have access to these data files for downstream
analysis. A clinical team of genetic counselors and cancer genetic physicians review all
sequencing results; this team identifies patients requiring clinical management and/or
further in-depth analyses. Optimization of these core operational activities has enabled
high volume patient participation in the INSPIRE study at the COH Duarte campus.

8. Expansion of INSPIRE to the COH Community Oncology Network

Iterative improvements in the INSPIRE protocol established an efficiently functioning,
fully interoperable, and incrementally more agile precision medicine workflow. Since initial
optimization, COH-CPM has continued expansion of INSPIRE with serial introduction of
the study across COH community oncology practices. To achieve streamlined integration
of INSPIRE across the community practice enterprise, COH-CPM adopted a “hub-and-
spoke” mode of operational logistics. Administration and pathology processing operations
remain anchored at the Duarte campus hub, while specimen collection and in situ INSPIRE
consenting takes place nodally at the community oncology clinic spokes. As with INSPIRE
cases originating at the Duarte campus, all community oncology INSPIRE cases qualify for
review through the Genetics Case Conference and POTB. Precision Medicine teams organize
and conduct reviews at the central Duarte campus with remote televideo participation of
community practices.

In 2021, COH-CPM successfully commenced network community INSPIRE partici-
pation. Among the first community oncology sites to participate, the COH Upland clinic,
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located in San Bernadino County, approximately 30 miles east of the central Duarte campus,
serves a racially and ethnically diverse, historically underserved patient population. To
date, over 1000 Upland community oncology patients have completed germline and so-
matic sequencing through the INSPIRE study. To expedite timely and convenient genetics
care at the Upland clinic, a cancer genetics-trained surgical oncologist provides in-person
services to INSPIRE patients requiring ancillary management.

COH-CPM has recently expanded INSPIRE to 20 COH community oncology practices;
ongoing expansion efforts continue towards achieving full participation of all COH commu-
nity oncology practices. Full expansion of INSPIRE promises the diverse community oncology
patient population not only facilitated access to precision medicine resources but also widened
avenues for potentially clinically impactful early drug development participation.

9. Leveraging INSPIRE to Accelerate Early Drug Development across the COH
Community Oncology Network

Over the past 2 decades, the number of clinical trials requiring genomically in-
formed biomarker qualification has increased exponentially from 15% to greater than
50% [37,38]. Often utilized qualifying biomarkers include, among others, germline and
somatic pathogenic genetic variants and fusions, tumor mutational burden, homologous
recombination deficiency, microsatellite instability, checkpoint inhibitor protein expression,
and hormone receptor states [39]. INSPIRE directly or secondarily (through downstream
analyses) has the ability to assess the gamut of these biomarkers; moreover, standard
INSPIRE review protocols identify patients eligible for clinical trial enrollment based upon
their genomic biomarker profile. These embedded review protocols permit proficient,
routine identification of clinical trial-eligible patients and undergird a high-volume clinical
trial selection process.

Expansion of INSPIRE across the COH community network affords the early drug
development program four transformational opportunities to 1—increase early-stage clinical
trial enrollment; 2—optimize investigational drug and clinical trial matching; 3—improve drug
response rates; and 4—enhance healthcare equity for COH oncology community participants.

The INSPIRE study promotes not only improved quantity of enrollment, but also
higher quality. INSPIRE’s comprehensive assessment of germline, somatic whole exome
and transcriptome alterations allows more specific drug matching and, consequently, more
precise enrollment into early-stage drug development trials. More precise enrollment
and optimized drug matching predicts improved drug response rates and, consequently,
accelerated drug development [40,41]. Conversely, failure to “select the right drug for the
right patient” may result in a lack of therapeutic efficacy and abandonment of further drug
development efforts [42–44].

Historically underserved populations frequently demonstrate compromised aware-
ness of genetics and genomics and the impact that these areas of medicine may have on
their health and oncology treatment options [45,46]. The INSPIRE study proactively enrolls
community oncology practice patients, many of whom present from marginalized and
underserved regions of the COH catchment area. INSPIRE enrollment specialists and
genetic counselors directly engage these patients, explaining the rationale and process
of genetic and genomic testing; subsequently, patients meet with genetic counselors and
cancer genetics physicians to review their test results and discuss health implications
for them and their families. These direct interactions often represent the patients’ first
awareness of precision medicine and its promises. In tandem with increasing awareness,
INSPIRE provides concrete access to the resources of precision medicine testing and offers
a navigable clinical pathway to enter early-stage drug development studies [47].

Community participation in the INSPIRE study promotes patient health agency and
autonomy. Knowledge of individual genetic alterations, both germline and somatic, em-
powers patients to make informed decisions regarding therapeutic options as well as clinical
trial participation. Informed engagement with genetic specialists and early-stage drug de-
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velopment trialist moves the patient closer to the ideal of authentic shared decision-making
in their cancer care [48,49].

10. Conclusions

Overcoming several significant practical challenges, our ongoing initiatives at COH
have allowed our community clinical network to leverage the ever-transforming landscape
of genetics, genomic, and novel therapies that is impacting cancer care. Our program has
achieved excellent clinician and patient satisfaction. To date, the program has performed
>12,000 germline and >6000 somatic tumor unique patient tests for a diverse patient
population comprising 47% Hispanics/Latinx, 29% API, 12% African Americans, and 1%
Native Americans.

Precision medicine-based innovation and discovery provide new opportunities for the
early-stage drug development bench to clinic translational programs. In turn, these programs
offer the COH community oncology patient population access to promising treatments.

We believe that the COH experience of developing and implementing a hub and spoke,
early drug development program can serve as a model for other community oncology
practices nationwide. Only with community integration can novel therapeutic discoveries
reach their true clinical potential. However, such integration requires careful consideration
and thoughtful deliberation regarding value versus cost, understanding not only thera-
peutic dividends but also the societal and ethical benefits of providing advanced genomic
oncology care to underserved, disadvantaged populations.
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Abstract: Integrative oncology is a new and growing field of cancer care. Integrative oncology
is a patient-centered, evidence-based field of comprehensive cancer care that utilizes integrative
therapies such as mind-body practices, acupuncture, massage, music therapy, nutrition, and exercise
in collaboration with conventional cancer treatments. Patient interest and utilization has been
growing over the past two decades. Clinical research has shown the benefits of these approaches to
improving symptom management and quality of life, and is now being incorporated into national
guidelines from the National Comprehensive Cancer Network (NCCN) and American Society for
Clinical Oncology (ASCO). The availability of these services at cancer centers is growing, although the
structure and implementation of integrative oncology remains highly variable. This article discusses
the benefits of integrative oncology and provides an overview of the current state of integrative
oncology programs nationwide. Current challenges and opportunities for cancer centers to provide
integrative services is reviewed in the areas of programmatic structure, clinical service, education,
and research.

Keywords: integrative oncology; clinical care network; implementation

1. Introduction

Over 19 million people around the world were diagnosed with cancer and almost
10 million died from cancer in 2020 [1]. By 2040, new cases and death totals are expected to
reach approximately 28 million and 16 million, respectively [2]. Cancer treatment alone
costs the world approximately USD 1.2 trillion dollars annually. According to the National
Center for Complementary and Integrative Health (NCCIH), “if a non-mainstream ap-
proach is used together with conventional medicine, it’s considered complimentary”, while
“if a non-mainstream approach is used in place of conventional medicine, it’s considered
alternative” [3]. Therefore, integrative medicine is practiced in combination with conven-
tional cancer care, not as an “alternative”. Thus, these types of therapies are commonly
termed integrative, complementary, and alternative medicine (ICAM) and have become
increasingly popular in Western medicine. The Academic Consortium for Integrative
Medicine and Health describes this approach as one that “reaffirms the importance of the
relationship between practitioner and patient, focuses on the whole person, is informed by
evidence, and makes use of all appropriate therapeutic and lifestyle approaches, healthcare
professionals and disciplines to achieve optimal health and healing”. The NCCIH divides
ICAM modalities into three main categories: nutrition, psychological, and physical. Nutri-
tion approaches focus on food as medicine and encompass special diets, dietary patterns,
and natural products (i.e., dietary supplements such as vitamins, minerals, herbs, and
botanicals). Psychological aspects include mindfulness and spirituality, while physical
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modalities include massage and spinal manipulation, and increasingly popular is the com-
bination of psychological and physical approaches known as mind and body practices,
including acupuncture, massage therapy, mindfulness, meditation, music therapy, and
yoga (see Figure 1 from NCCIH) [3].

Figure 1. NCCIH ICAM approaches.

As this applies to cancer care, The Society of Integrative Oncology (SIO) defines
integrative medicine as a “patient centered, evidence-informed field of cancer care that
utilizes mind and body practices, natural products, and/or lifestyle modifications from
different traditions alongside conventional cancer treatments” [4]. In practice, integrative
medicine is a multidisciplinary approach to treating patients with efforts to combine
the benefits of integrative and conventional modalities that have been shown to be safe
and effective. These types of therapies are provided by a different group of professional
caregivers, with different educational backgrounds, credentials, and regulatory oversight
that varies by therapy, geography, and culture.

The use of ICAM has become increasingly popular. According to the 2012 National
Health Interview Survey, 59 million Americans over the age of four used at least one
complementary health approach, equating to USD 30.2 billion dollars in out-of-pocket
expenses [5]. Dietary supplements and yoga appeared to be the most popular modalities in
2017, with 57.6% and 14.2% of adults reporting their usage, respectively [6,7]. People use
integrative medicine for a wide array of diseases and conditions. According to surveys, a
majority of patients use integrative medicine most commonly for back pain or back prob-
lems, head or chest colds, neck pain or neck problems, joint pain or stiffness, and anxiety
or depression [8]. As more patients are using integrative medicine, so are practitioners.
According to a national survey of medical oncologists, one third reported using ICAM and
nearly two thirds had recommended some form of ICAM to patients [9].

Cancer patients and survivors in particular, increasingly look to ICAM in attempt
to decrease recurrence, manage the side effects of treatment, and manage and treat other
comorbidities [10]. More specifically, approximately one third of cancer patients reported
using ICAM in the last 12 months in 2019, with herbal supplements being the most com-
monly used modality. Of the cancer patients using ICAM, 29.3% did not disclose their
ICAM use to their physicians [11]. This high use of herbal supplements, in combination
with lack of disclosure to their healthcare providers, is worrisome not only because dietary
supplements are not thoroughly regulated, and thus may have quality and safety issues,
but also because many have drug interactions and the potential for negative outcomes.
Therefore, it is important for physicians to discuss ICAM with their patients to ensure they
are using ICAM in safe and effective ways. This also requires educating physicians on the
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various ICAM modalities, such as their safety, efficacy, and effects on the body and on other
conventional treatments.

Despite the growing efforts to provide conventional cancer care globally, and similar
attempts to increase the use of ICAM into Western medicine practices, a systematic integra-
tion of these two approaches is still missing. This is where the field of integrative oncology
can serve as a bridge between the two models and help both patients and practitioners find
solutions to navigate between the two systems. This article focuses on integrative oncology
and the current state of practice, with an emphasis on clinical care network as most patients
are treated at community centers near home rather than large academic cancer centers.

2. Benefits of Integrative Oncology

Growing evidence indicates the important role of integrative oncology on outcomes
in cancer care, with most studies indicating improvement in symptoms and quality of
life including pain, nausea/vomiting, anxiety, hot flashes, insomnia, neuropathy, and dry
mouth [12]. As a result, integrative therapies are now being incorporated in national
guidelines from the National Comprehensive Cancer Network and the American Society
for Clinical Oncology [13–15].

The mind-body connection is an important aspect of integrative oncology, as em-
phasized in the recent Institute of Medicine (IOM) report “Cancer Care for the Whole
Patient” (IOM) [16]. In this comprehensive report, it is mentioned that “cancer care today
often provides state-of-the-science biomedical treatment but fails to address the psycho-
logical and social (psychosocial) problems associated with the illness. These problems—
including. . . anxiety, depression or other emotional problems—cause additional suffering,
weaken adherence to prescribed treatments, and threaten patients’ return to health”. Exten-
sive research has documented that mind–body interventions appear to address many of
the issues mentioned in the IOM report.

Mindfulness meditation is the practice of bringing one’s attention to the present via
thoughts, feelings, emotions, and physical presence with openness. One of the most well
studied techniques is Mindfulness-Based Stress Reduction (MSBR), which can be taught via
an 8-week course [17,18], and a variety of other techniques have also been studied such as
yoga meditation and Tibetan meditation. The MBSR training is generally a 2.5 h session each
week for 8 weeks, along with an 8 h retreat. A clinical trial of 229 women found that MSBR
significantly improved total mood, quality of life, and well-being compared to the control
group, in women who had undergone breast cancer treatment [19]. Another randomized
controlled trial examining breast cancer survivors found mindfulness awareness practices
to significantly reduce stress, pro-inflammatory gene expression, inflammatory signaling,
fatigue, sleep disturbance, and vasomotor symptoms, though these effects, aside from
cancer-related distress, did not persist at a 3 month follow-up [20]. Six other studies
found that meditation can also significantly decrease anxiety, fatigue, and depression in
cancer patients [21–26], as well as lead to stress reduction and improve overall quality
of life [21,27]. Anderson et al. demonstrated a survival advantage among breast cancer
patients randomized to a psychological intervention with more than 10 years of follow-
up [28]. Although the exact mechanism behind this effect remains unclear, the authors have
proposed several theories. Psychological therapies such as Cognitive Emotional Behavior
Therapy (CEBT), Cognitive Behavioral Therapy (CBT), and supportive-expressive therapy
aim to alleviate anxiety and depression commonly associated with cancer treatments.
These negative emotional states are believed to suppress the immune and neuroendocrine
systems, which may impact survival [29]. Patients are taught problem-solving skills,
cognitive flexibility, and relaxation techniques to better cope with stressful situations.
However, a recent meta-analysis of psychosocial interventions showed only minimal short-
term improvements in survival, with individually delivered interventions failing to show
any survival benefits [30]. ASCO/SIO guidelines recommend meditation to reduce anxiety
(Grade A), treat mood disturbance and depressive symptoms (Grade A), and improve
quality of life (Grade A) [31].
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Another important mind–body therapy has been yoga. One meta-analysis of ran-
domized controlled trials found that yoga significantly decreased depression, distress,
and stress in cancer patients, though the number of studies analyzed was limited to ten,
which varied in quality [32]. Another review of thirteen randomized controlled trials found
yoga to improve cancer patients’ mental health, quality of life, and treatment-related side
effects, while decreasing stress, anxiety, and depression [33], which supports a review by
Greenlee et al. that also found an improvement in quality of life and decrease in distress,
anxiety, and depression in cancer patients that practiced yoga [21]. Similarly, Cramer et al.’s
meta-analysis of 23 randomized controlled trials found that yoga can improve quality
of life and decrease fatigue and sleep disturbances in the short-term, but did not affect
depression or anxiety [34]. ASCO/SIO guidelines recommend yoga to reduce anxiety
(Grade B), improve mood disturbance and depressive symptoms (Grade B), and improve
quality of life (Grade B). They also state that yoga can be considered for post-treatment
fatigue (Grade C) and that gentle yoga can be considered to improve sleep (Grade C) [31].

Acupuncture is a modality that has gained increasing acceptance due to the growing
clinical research demonstrating its positive outcomes. Its main benefits for cancer patients
surround symptom management, though the outcomes are dependent on the symptom.
For example, a randomized controlled trial consisting of 226 women with early-stage breast
cancer showed a statistically significant reduction in aromatase inhibitor-related joint pain
in patients that received 12 acupuncture sessions over 6 weeks, compared to the women
who received sham acupuncture, or no acupuncture [35]. Another large randomized
clinical trial by Shen et al. focused on 104 women with high-risk breast cancer and found
electroacupuncture to significantly decrease the number of emesis episodes compared to
minimal needling or antiemetic pharmacology after 5 days, but these differences disappated
by day 9 [36]. Additionally, four reviews found that acupuncture reduces cancer-related
pain [37–40], while two other reviews found not enough statistically significant evidence to
draw this conclusion [41,42], and a review by Paley et al. found that acupuncture’s effect
on pain management varied by cancer type [43]. A meta-analysis by Tao et al. found that
acupuncture can also increase quality of life and reduce symptoms such as pain, fatigue,
sleep disturbance, and gastrointestinal discomfort [39], while two reviews found decreases
in fatigue, chemotherapy-induced nausea and vomiting, and leukopenia [21,42]. The recent
SIO-ASCO joint guidelines on integrative therapies for cancer pain found evidence to
support the use of acupuncture aromatase inhibitor-related joint pain, general cancer pain
and musculoskeletal pain [15].

Massage is another popular integrative therapy that has been evaluated for patients
with cancer. A randomized trial of 380 patients with advanced cancer with moderate to
severe pain found that six 30 min massage therapy sessions over 2 weeks can significantly
reduce pain and mood compared to simple-touch sessions, while sustained pain, quality
of life, symptom distress, and medication analgesics were not significantly different [44].
Meanwhile, other studies have shown that massage therapy can decrease pain, fatigue,
anxiety, nausea, and depression from 42.9% to 59.9% in cancer patients, though the effects
are relatively short-term [21,45–48]. Massage was recommended by the SIO-ASCO joint
guidelines to help reduce pain during palliative and hospice care [15].

Integrative oncology also emphasizes the importance of nutrition and physical activity
in the health of cancer patients, and has been correlated with improved clinical outcomes.
The Women’s Intervention Study (WINS) and the Women’s Health Eating and Living
(WHEL) have found improvement in clinical outcomes, such as recurrence rates and overall
survival with nutrition and physical activity [49,50]. The American Institute for Cancer Re-
search and the World Cancer Research Fund have created a combined report for guidelines
regarding nutrition and physical activity to prevent cancer. The American Cancer Soci-
ety, American College of Sport Medicine, and ASCO have published guidelines for those
with cancer [51–53]. These guidelines generally emphasize regular exercise, a plant-based
Mediterranean style diet, limiting risk factor such as alcohol, and maintaining a healthy
body weight. Adherence to these guidelines has been associated with improved survival,
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such as in colon cancer, and ongoing clinical trials are evaluating this in a more prospective
manner [54]. Integrative oncology programs should incorporate these guidelines for cancer
prevention and survivorship for patients.

It is important to remember that various integrative modalities can cause harm to
patients with cancer if used inappropriately. For instance, herbs may interact with drugs,
interfering with cancer treatments or compounding toxicity [55,56]. Quality control issues
are a major concern with natural products and herbal supplements because of the potential
for product substitutions or fillers, contamination, and inaccurate labeling [57]. Moreover,
some treatments used by patients may not be covered by Medicare or insurance plans,
leading to financial constraints for patients and their families. Additionally, patients may
suffer from psychological distress due to unrealistic expectations regarding these treatments,
especially when used as an alternative to standard of care.

3. Current State of Integrative Oncology

As patient interest has grown in integrative oncology, cancer centers are responding
by providing more services, as indicated by one study [58]. From 2009 to 2016, comprehen-
sive cancer centers were offering more services, including herb/supplement consultation
(89–96%), meditation (89%), acupuncture (89%), yoga (87%), massage (84%), music therapy
(82%), and physician integrative medicine consultation (60%) [59]. Unfortunately, the exact
details of how these services are provided is lacking and thus much of this information
is garnered by the authors first-hand understanding through colleagues and attending
conferences. Based on our experience, how these services are provided varies significantly
at different clinical centers. At large academic cancer centers, the integrative medicine
programs are often housed within the department of medicine or family medicine, such as
at the University of Arizona and University of Wisconsin. These programs may or may
not have strong connections to the cancer center. Additionally, with this model, integrative
medicine services are often not found within the same clinical space as the cancer center
and thus patients receive them at a different location, which may be a distance away. Many
patients seek integrative services through community practices that generally operate
separately from the main medical center. Therefore, patients receive clinical care at more
than one system and most commonly, these medical systems are not connected and thus
have limited communication.

The practice of integrative medicine has natural overlap with several related services,
including supportive/palliative care, pain medicine, psychology, psychiatry, spiritual
care, rehabilitation therapies (e.g., physical therapy, occupational therapy, speech therapy),
prevention, and survivorship. The relationship between these other key disciplines and
integrative programs is highly variable. In some institutions, these programs are within
the same administrative structure as supportive/palliative care such as at Memorial Sloan
Kettering Cancer Center and MD Anderson Cancer Center. In other cancer centers, it
may exist primarily as a separate clinical program (Duke and University of California San
Francisco), wherein faculty have primary academic appointments in other departments
and divisions. The leadership of integrative oncology programs also comes from a variety
of different disciplines, including family medicine, internal medicine, oncology (medical,
radiation, and surgical) psychology, psychiatry, and naturopathic physicians, among others.
How these integrative medicine clinical programs collaborate with other related services
within the same institution is so diverse that no general trend can be ascertained. In general,
the optimal structure and relationship within a comprehensive cancer center remains
unclear and is still being evaluated.

4. Challenges and Opportunities for Integrative Oncology

Since no optimal model has been clearly identified for integrative oncology within
a cancer center, we will highlight the characteristics of successful long-term integrative
oncology programs within four main areas: programmatic and financial structure, clinical
service, education, and research. The integrative oncology program should have senior
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level support within the cancer center to ensure long term viability. Many examples of
programs being started with philanthropy investment, only later to slowly disappear,
illustrate a common story among integrative medicine/oncology programs, which speaks
to the importance of institutional support, but also programmatic leadership. Having
oncologists either leading or establishing strong partnerships is critical to understanding
the nuances with modern cancer care, as well as developing trust among the cancer center
staff by being an advocate from within. A series of guidelines have been developed
by SIO and endorsed by ASCO for highlighting evidence-based integrative therapies in
breast cancer and more recently, integrative approaches to cancer pain [14,15]. Additional
practice guidelines are currently under development by SIO to facilitate the incorporation
of integrative therapies in an evidence-based approach.

Integrative medicine is patient-specific and based on a patient’s goals, values, cultures,
and philosophy of health. Practice guidelines are often generic and difficult to adapt
to individual patients. A universal, one-size-fits-all approach to implementation of these
evidence-based guidelines is impossible and therefore personalization and cultural tailoring
are necessary for each cancer center. Additionally, the limited published data is available
discussing how to establish integrative oncology programs. Based on our knowledge
and experience, challenges to implementing a community network integrative oncology
program include a lack of financial resources, clinical delivery due to limited numbers of
integrative oncology trained practitioners and leaders, as well as difficulties advocating and
collaborating with other departments (e.g., palliative care physicians and social workers),
and developing an educational forum for disease-specific cancers.

Financial: Funding and budgetary constraints pose the number one challenge of a
community integrative network program. Increased cancer survival rates, diminishing
payments and reimbursements, and expanding and aging populations make obtaining
enough funding to support a network expansion of an existing integrative program difficult.
Without more rigorous scientific evidence in large, reproducible, randomized controlled
studies, it will be difficult to justify the costs of payments from Medicare and insurers for
many integrative supplements and practices. Most patients will have high out-of-pocket
costs already limiting their access to standard care in addition to receiving integrative
therapies, which has been identified in surveys of patients [60,61]. Developing a financially
feasible integrative oncology program that expands patient access is challenging, but
necessary. Insurance will typically cover integrative oncology visits with an MD or NP. Still,
visits with other integrative care providers, such as naturopaths and acupuncturists, often
incur high out-of-pocket costs. Additionally, racial disparities and lower socioeconomic
patients are often under-represented in integrative oncology programs due to financial
constraints, time away from work, transportation, and lack of childcare. Ideally, programs
should offer a sliding scale fee structure that allows patients of limited financial resources
to still be able to receive integrative therapies as medically indicated.

The financial model also needs to be constantly evaluated for sustainability, as philan-
thropy is unpredictable. Achieving defined budgetary support from the healthcare system
is paramount as the integrative oncology program matures. The clinical services themselves
also provide significant revenue in which to sustain the program, although this alone is
rarely enough. Thus, successful programs often draw from all three sources of funding:
institutional, philanthropy, and clinical revenue. Programs should also focus on the return
on investment (ROI) for healthcare systems, which may come in the form of increased
patient satisfaction, improved quality of life, decreased cost or healthcare utilization, and
market differentiation. Thus, the benefit of integrative programs goes beyond the revenue
it is able to generate, which is not always understood by senior leaders.

Clinical Services: Clinical delivery of programs also varies between centers. Three
types of services are generally found: outpatient, inpatient, and group. Mostly commonly,
these services include integrative oncology consultation, acupuncture, massage, mind–
body medicine, music therapy, nutrition, and exercise counseling. Careful consideration
should be made in the referral process and, if possible, adherence to routine procedures
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for referral to other services such as supportive/palliative care or physical therapy. Where
to deliver care is also a major challenge, given many cancer centers have outgrown the
available clinical space. Ideally, these services should be provided within the cancer center
so they can be both accessible and visible to patients. Some programs have begun to deliver
services simultaneously while patients receive chemotherapy in the infusion suites, which
then obviates the need for separate space and appointment.

Many comprehensive cancer centers have associated integrative oncology programs
with their cancer services. These programs are intricately linked in proximity to large
academic centers. However, incorporating an integrative oncology program into multiple
community network sites poses many challenges. The demand for integrative oncology is
increasing, but having all the available integrative services for patients at each network site
will be complex and problematic. Barriers to developing and expanding such a program
to the community include financial limitations, lack of skilled and certified integrative
practitioners, spatial constraints at each site, and adaptation of innovative technology.

Additionally, the development and expansion of integrative oncology programs to
academic network sites depends on the availability of a skilled workforce. Currently, most
oncologists do not have an integrative oncology background. Only a minority have received
formal integrative medicine training and board certification and dedicated therapists who
focus only on oncology patients are scarce. Recruiting enough experienced integrative
providers that could provide care at these individual sites makes it challenging to meet
the high demands of interested patients. Developing an integrative oncology program in
the community also requires increasing square footage space, including dedicated exam
rooms, quiet areas for services such as meditation, and procedure rooms for massage and
acupuncture treatments. Most importantly, merging integrative therapies into a cancer
patient’s care plan will require the endorsement and adoption of the whole care team,
including medical, radiation, and surgical oncologists, which requires a culture change for
most places as these clinicians may not be aware of the value of integrative therapies. This
also entails making sure services are available for referral by the treatment team.

Currently in community practices, the most readily available integrative oncology
care model entails the patient seeing a conventional oncologist while also being managed
in parallel by an integrative medicine provider who may or may not have had formal
oncology training. Obviously, there are risks with this arrangement, especially if there
is no collaboration or discussion. It is recommended in these settings to ensure there is
a dialogue between the oncologist and the integrative medicine provider, including the
sharing of medical records to reduce the chances of serious drug interactions and use
of contraindicated interventions. Through this dialogue, there is an opportunity for the
oncologist to gauge their level of comfort with the integrative medicine provider, and
ensure the integrative medicine provider is using similar evidence-based standards as
the oncologist. Not only will this promote safety and increase the knowledge base of
the integrative medicine provider and oncologist, but a constructive relationship will
eventually lead to referrals from the integrative medicine provider as well due to the
mutual respect. Likewise, such interactions will help the oncologist identify practices
that are marketed as integrative but are actually alternative. Sometimes patients may
choose to seek out alternative therapies while also receiving conventional cancer treatment,
and patients are encouraged to at least inform their oncology team so they are aware of
the potential risks, even if they do not agree with the combined approach. The optimal
situation is one in which an established working relationship exists between the oncology
team and the integrative practitioners, and includes a shared medical record system for
enhanced communication. Additionally, oncologists should consider developing a network
of preferred providers in preparation for when patients inquire about receiving integrative
therapies.

Telehealth has been rapidly adopted across several health systems in the United
States and around the world during the COVID-19 pandemic, and as patients are more
isolated from family and community they attempt to explore strategies and interventions
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to successfully manage their symptoms, incorporate a healthy lifestyle, and improve their
overall health. Telehealth has had its own unique opportunities and challenges in oncology.
Considering that cancer patients more frequently use ICAM than the general population, to
meet patient’s needs, integrative oncology programs have become more widely available
in several cancer centers [58]. Despite more integrative oncology programs have become
available in cancer centers around the nation, access to such programs is still limited
to major medical centers. Even when a cancer program has an established integrative
oncology program, access may be further limited due to time constraints and challenges
with the coordination of care with multiple appointment requirements and geographic
barriers. Adopting telemedicine in integrative oncology may therefore help reduce some of
these challenges. According to one study at University of Texas MD Anderson, looking
at this paradigm shift during the pandemic, telehealth integrative oncology consultations
were provided to 509 new patients from 21 April 2020 to 21 October 2020 compared to
842 new patients in person during the same period in 2019 [62]. In this study, it was
concluded that delivering integrative oncology consultations using telehealth is feasible
and meets patient’s needs. These patients reported lower symptom burden and more
concerns about lifestyle, herbs, and supplements. Additional studies have also shown
the ability of telehealth to effectively deliver diet and exercise interventions for patients
with cancer [63–66]. We believe that use of the telehealth platform to provide integrative
oncology consultations is beneficial if in-person consultation is not feasible to counsel
patients on healthy lifestyle and address any questions regarding natural products or other
integrative modalities.

Another option to consider is a group medical visit (GMV) model to increase access
to specialized integrative oncology care. This model has been tested successfully in other
community settings such as UCSF Integrative Oncology [67]. GMV aims to present inte-
grative oncology information to groups of individuals, not to serve as a support group,
except for informal patient interactions. Patients are divided into one of three appropri-
ate series: patients on active treatment or maintenance treatment of their specific cancer
(tumor-specific), patients finished with treatment and in remission (tumor agnostic), and
any cancer patient with metastatic disease on treatment (tumor agnostic). Each series
consists of three meetings: session 1 covers nutrition and cancer, session 2 covers cannabis
and other supplements, and session 3 covers acupuncture and stress reduction therapies.
All three meetings last 2 h, including didactic content presented by the physician, time for
patient questions, and individual consultations in a nearby room. Groups include up to
eight patients, and each is allowed to bring one guest.

The program for GMV integrative oncology visits has been demonstrated previously
to be financially viable. It is more efficient for a provider to bill for more patients receiving
shorter individual consultations as part of the GMV than to spend that time in private, 1 h
consultations. The revenue from group visits significantly exceeds the revenue potential
when compared to the time spent on individual visits. When similar models were imple-
mented in other communities, patient and provider satisfaction surveys were high and
rated with scores indicating the enjoyment and high value of sessions.

Education and Research: The lack of awareness of integrative therapies has been noted
by both patients and clinicians and is a barrier to utilization [60]. Therefore, the success
of any integrative oncology program relies on the ability to inform patients and clinicians
about the potential benefits of these approaches. A strategy for clinicians is to provide
experiential opportunities for them to receive clinical services such as acupuncture or
meditation. The services could be provided as part of a routine meeting such as a depart-
ment/division meeting or even an in-service meeting for nurses. Another important aspect
of training is the development of specialists in integrative oncology, including medical
oncology, radiation oncology, and surgical oncology as well as integrative therapists spe-
cializing in cancer–acupuncture, massage, and mediation. Given the growing demand by
patients, and the lack of clinicians to staff this demand, it is essential that comprehensive
cancer centers consider this part of the long-term mission. Along with the SIO, only four
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academic institutions provide formal integrative oncology training for healthcare providers:
MD Anderson, Memorial Sloan-Kettering, University of Arizona, and the University of
Michigan [12].

To successfully provide integrative oncology in the community, patients need to
be aware of the services offered and have an easy way to access the program promptly.
Education is vital to helping patients consider integrative therapies as part of their treatment.
One strategy is to utilize current infrastructure to help educate patients. Many cancer
centers are exploring the use of patient navigators familiar with all the services offered to
assist the patient with reinforcing and detailing their goals and treatment plan. Having the
patient navigator be familiar with available integrative services is a significant opportunity
to engage patients, as the navigator facilitates timely appointments, obtains medical records,
and completes pre-authorizations. Many patients already find and use outside resources
to help them with this process. Third-party companies and concierge physician services
are often hired to advocate for the patient by reviewing medical research on their behalf,
helping them locate practitioners and clinical trials, and offering integrative solutions
for their problems with discussions on supplements, medical cannabis, nutrition, and
lifestyle changes.

Although there are a growing number of large, randomized clinical trials of integrative
therapies, there continues to be a relatively weak foundation of positive trials in oncology
to compel insurance companies of both the clinical and financial benefit to cover these
services. Clinical programs should consider incorporating routine collection of patient
outcomes to demonstrate the real-world value of integrative interventions. These should
also be accompanied by some financial analysis as well, given many of these benefits may
come in the form of decreased length of stay or decreased use of healthcare services such
as emergency room visits [68]. If infrastructure and funding allows, integrative oncology
programs should be providing patients the opportunity to participate in clinical trials to, in
turn, help produce more critical data to understand how to best use these approaches to
improve patient care.

5. Conclusions

Integrative oncology is growing in cancer care, both in patient interest as well as in
the positive clinical impact it provides. Benefits of early integrative oncology support may
include optimization of symptom management and improved quality of life, as well as a
potentially enhanced ability to deliver chemotherapy due to the mitigation of side effects
by integrative oncology approaches. The complexity of cancer treatment regimens and
the potential of complementary and integrative care, to either enhance or interfere with
treatment, underscores the need for more integrative oncology providers. It is important
that all practitioners involved in the care of cancer patients have the knowledge and skills to
recognize the benefits of integrative oncology. Cancer centers, both at comprehensive cancer
centers as well as community network sites, should provide opportunities for patients to
utilize these therapies as part of the treatment plan. Programs require support from senior
leadership and integrative oncology programs, and need to be culturally sensitive to meet
the unique needs of their patient population. A global commitment to research is critical to
advancing evidence-based integrative oncology programs.
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Abstract: Treatment for endometrial cancer is rapidly evolving with the increased use and integration
of somatic tumor RNA sequencing in clinical practice. There is a paucity of data regarding PARP
inhibition in endometrial cancer given that mutations in homologous recombination genes are rare,
and currently no FDA approval exists. A 50-year-old gravida 1 para 1 woman with a diagnosis of
stage IVB poorly differentiated endometrioid endometrial adenocarcinoma presented to our compre-
hensive cancer center. Following surgical staging, she was placed on adjuvant chemotherapy with
carboplatin/paclitaxel which was held multiple times due to poor performance status and compli-
cations. CT scan of the abdomen and pelvis following cycles 3 of adjuvant chemotherapy showed
recurrent progressive disease. She received one cycle of liposomal doxorubicin but discontinued it
due to severe cutaneous toxicity. Based on the BRIP1 mutation identified, the patient was placed on
compassionate use of Olaparib in January 2020. Imaging during this surveillance period showed a
significant decrease in hepatic, peritoneal, and extraperitoneal metastases, and eventually the patient
had a clinical complete response in a year. The most recent CT A/P in December 2022 showed no
sites of active recurrent or metastatic disease in the abdomen or pelvis. We present a unique case of a
patient with recurrent stage IVB poorly differentiated endometrioid endometrial adenocarcinoma
with multiple somatic gene mutations including BRIP1, who had a pathologic complete response
following compassionate use of Olaparib for 3 years. To our knowledge, this is the first reported case
of high grade endometrioid endometrial cancer that has shown a pathologic complete response to a
PARP inhibitor.

Keywords: endometrial cancer; PARP inhibition; pathologic complete response; Olaparib; BRIP1
mutation; ATM mutation; RAD51C mutation; POLE mutation; TMB high

1. Introduction

In 2022, an estimated 65,950 cases of uterine cancer were diagnosed in the United
States with 12,550 women succumbing to the disease [1]. The incidence of uterine cancer
has continued to rise in the United States over the last 10 years [1]. Certain factors known
to negatively affect prognosis at the time of diagnosis include higher FIGO grade, extensive
lymphovascular space invasion, invasion of the outer third of the myometrium, non-
endometrioid histologic subtypes, and loss of p53 expression [2,3]. Treatment of early-stage
disease involves upfront surgical staging with adjuvant chemotherapy and radiotherapy
depending on final pathologic stage along with consideration of the presence of high-
risk histological features. Chemotherapy and radiation following surgery for patients at
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advanced stages is recommended but carries significant short and long-term toxicities [3].
Thus, the investigation of alternative, less-toxic therapy is of interest.

Treatment for endometrial cancer is rapidly evolving with the increased uptake and
integration of somatic tumor RNA sequencing and germline testing into clinical practice.
The newly released 2023 National Comprehensive Cancer Network (NCCN) guidelines for
uterine cancer include molecular tumor profiling into the four distinct molecular subtypes
of endometrial cancer established by the Cancer Genome Atlas Research Network: (1) hy-
permutation in the exonuclease domain of DNA polymerase-ε (POLEmut); (2) mismatch
repair deficiency, which confers microsatellite instability (MMRd); (3) mutations in TP53;
and (4) tumors with none of the aforementioned classifications (‘no specific molecular
profile’ or ‘NSMP’) [4,5]. Clinical trials are ongoing to determine the optimal treatment
algorithm for each molecular category [6].

In ovarian cancer, the inhibition of poly (ADP-ribose) polymerase (PARP1) has re-
sulted in superior clinical outcomes in patients that have germline or somatic mutations in
BRCA1, BRCA2, and DNA homologous repair deficiency-related genes in frontline [7–9]
and recurrent [10–12] settings. However, there is a paucity of data regarding use of PARP
inhibition in endometrial cancer given that mutations in BRCA1, BRCA2 and other homol-
ogous recombination genes are rare [13]. There is currently no FDA approved use of PARP
inhibitors in endometrial cancer. Various clinical trials are ongoing to elucidate the utility
of PARP inhibitors in advanced or recurrent endometrial cancer, though data have yet to
emerge [14,15].

We describe a case of a sustained complete pathologic response to Olaparib in a
patient with stage IVB poorly differentiated endometrioid endometrial adenocarcinoma
with multiple somatic mutations in the pathways of DNA repair, signal transduction,
and metabolism.

2. Case Presentation

2.1. History of Presenting Illness

A 50-year-old gravida 1 para 1 woman with a diagnosis of stage IVB poorly differenti-
ated endometrioid endometrial adenocarcinoma presented to the Gynecologic Oncology
Department at City of Hope Comprehensive Cancer Center (COH) in mid-2019 for eval-
uation and treatment. Prior to presenting to COH, the patient had uterine leiomyomas
diagnosed twenty years prior with subsequent menorrhagia, anemia, and multiple hospital
visits. She had a negative endometrial biopsy on record from 2018. Following worsening
bleeding in 2019, the patient underwent another endometrial biopsy, which identified a
high-grade endometrial carcinoma. Pelvic ultrasound at this time showed the uterus with
multilobulated appearance secondary to multiple leiomyomas (14 × 9.5 × 11 cm) with
poor discernment of the endometrium. CT A/P without contrast prior to her presenta-
tion at COH showed a large multi-fibroid uterus (17.7 × 10.2 × 14.7 cm) and prominent
retroperitoneal lymph nodes, progressively increased in size (18 mm × 15 mm), which is
concerning for metastatic disease.

Her past medical history is significant for systemic lupus erythematosus, diagnosed
at 16 years of age, and complicated with renal failure, requiring hemodialysis and renal
transplant into the left lower pelvis at age 25, followed by long-term immunosuppression
with prednisone. Her family medical history included a cousin with endometrial cancer of
unknown age and was otherwise noncontributory. The patient had no history of smoking,
alcohol, or drug use.

Physical exam at initial presentation was remarkable for a 20-week sized uterus. She
was counseled regarding her diagnosis and elected to undergo primary surgery. She thus
underwent an exploratory laparotomy, modified radical hysterectomy, bilateral salpingo-
oophorectomy, right pelvic lymphadenectomy, and infra-gastric omentectomy in June 2019.
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2.2. Surgical Findings

The patient had a globularly enlarged uterus measuring approximately 20 cm, with a
tumor extending to the serosa, parametria, posterior lower uterine segment, and cervix,
requiring a modified radical hysterectomy. The adnexa had no gross pathology. The
posterior pelvic cul-de-sac was obliterated by the tumor. There were significant adhesions
of the left pelvic kidney to the left lateral aspect of the uterus and parametrium, requiring
extensive lysis of adhesions. An enlarged right common iliac lymph node was present. The
omentum appeared grossly normal. The upper abdomen was within normal limits. At the
end of the procedure, the patient was optimally cytoreduced.

2.3. Pathology

The hysterectomy specimen consisted of a 1251-g uterine corpus containing a 12.7 cm
endometrial mass diffusely involving the myometrium, extending past the lower uterine
segment into the anterior and posterior cervix. The tumor involved the left parametrium
and cul de sac peritoneum, bilateral fallopian tubes and ovaries, and the omentum.
Macrometastatic carcinoma (3.4 cm tumor deposit) was found involving the right common
iliac lymph node. Microscopic examination of the endometrial tumor demonstrated a
highly infiltrative, poorly differentiated carcinoma with extensive lymphovascular space
invasion (Figure 1). Interestingly, tumor infiltrating lymphocytes were minimal in quantity
and were not a prominent feature of the tumor. On balance, the immunomorphologic
finding was consistent with a FIGO stage IV high-grade endometrial carcinoma, endometri-
oid type, FIGO grade 3. The patient was staged as stage IVB. An incidental serous tubal
intraepithelial carcinoma was noted in one fallopian tube.

2.4. Immunohistochemistry (IHC)

The tumor immunoprofile demonstrated positivity for pan-cytokeratin, PAX8, and ER
(60%, moderate intensity). TP53 IHC showed a wild-type staining pattern. Mismatch repair
protein analysis demonstrated loss of nuclear expression for MSH6 and intact nuclear
expression for MLH1, MSH2, and PMS2.

2.5. Somatic Tumor Testing

GEM ExTRA® somatic tumor testing [16] was performed on the surgical specimen
identifying alterations shown in Table 1, notably mutations in BRIP1 (c.2098-2A>G), ATM
(R23*), RAD51C (R370*), POLE (V411L), MTOR (A469T), PTEN (R233*), TP53 (N131I),
MSH2 (E580*), and MSH6 (E641*). The tumor had a high tumor mutation burden (344
Mut/Mb), but microsatellite instability (MSI) was stable. Germline testing was performed
using Invitae Germline Precision Medicine American College of Medical Genetics (ACMG)®

Panels 22081I-VT0013 and 22081I-VT0014 and was uninformative [17].
When interpreted in conjunction with the molecular profile (POLE mutation p.V411L,

high TMB, microsatellite stable), the molecular classification best fits the POLE-ultramutated
molecular subtype in the context of a multiple-classifier (MSH6 deficiency by IHC, POLE
mutation by molecular sequencing, and microsatellite stable status). The presence of TP53
mutation may be interpreted as a passenger mutation in this context.

2.6. Adjuvant Therapy and First Recurrence

Adjuvant chemotherapy with weekly carboplatin and paclitaxel was initiated but
paused several times due to poor performance status and complications. CT scan of the
abdomen and pelvis following three cycles of adjuvant chemotherapy showed recurrent
progressive disease with new hepatic metastases, abdominopelvic peritoneal and mesen-
teric carcinomatosis, left supraclavicular, retroperitoneal, and pelvic nodal metastasis, and
metastatic deposits within the abdominal wall. The patient was then switched to liposomal
doxorubicin and received one cycle, but this was discontinued due to severe cutaneous
toxicity necessitating hospitalization.
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Figure 1. The histologic section of the uterine tumor showed poorly differentiated neoplastic cells
with destructive growth pattern, diffusely infiltrating throughout the myometrium. The lower
magnification image (4×) showed the presence of lymphovascular space invasion (arrow). The
inset shows a high magnification view (40×) of the tumor cells, with high grade cytologic features
including nucleomegaly, irregular nuclear contour, stippled to clumped chromatin, and variably
prominent nucleoli. Scattered mitotic activity and numerous apoptotic cells can be seen, signifying
high proliferative activity.

2.7. Compassionate Treatment with Olaparib

Based on the BRIP1 mutation identified, the patient was placed on compassionate
use of Olaparib in January 2020, with the dose adjusted to 200 mg, twice daily. Imaging
during this surveillance period showed a significant decrease in hepatic, peritoneal, and
extraperitoneal metastases, and eventually the patient had a clinically complete response
in a year.

The patient continued Olaparib until November 2022, when she experienced abdom-
inal pain secondary to a ventral midline abdominal wall hernia with a resulting partial
small bowel obstruction. After failed conservative treatment, the patient underwent a
diagnostic laparoscopy with conversion to laparotomy, incisional/ventral hernia repair
plus mesh implantation for recurrent obstruction and bowel incarceration within the hernia.
Ileocecectomy/colectomy was also performed at this time due to plaque-like deposits noted
on the serosal surface of the small bowel and mesentery, which are concerning for recurrent
disease. Nodules in the omentum and transverse colon mesentery were resected. Pathology
was negative for malignancy, and the transition point for the small bowel obstruction was
thus determined to be due to scarring from the tumor treatment on the mesentery of the
terminal ileum and right colon.
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Table 1. Tumor genomic alterations identified by GEM ExTRA® somatic tumor testing.

Gene Name Gene Symbol Mutation

AT-rich interactive domain-containing protein 1A ARID1A E1767*

ATM serine/threonine kinase ATM
H1380Y

R23*
c.2921 + 1G>A

BRCA1 interacting protein C-terminal helicase 1 BRIP1 c.2098-2A>G
Cyclin-dependent kinase inhibitor 2A CDKN2A D74N

F-Box and WD repeat domain containing 7 FBXW7 R479Q
MutL homolog 3 MLH3 K703fs
MutS homolog 2 MSH2 E580*
MutS homolog 6 MSH6 E641*)

Mammalian target of rapamycin MTOR A469T
Neurofibromin 1 NF1 W221*

Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha PIK3CA
E545D
R348*

DNA polymerase epsilon catalytic subunit POLE V411L

Phosphatase and tensin homolog PTEN
R233*
T277A

RAD51 paralog C RAD51C R370*
Tumor protein P53 TP53 N131I

Tuberous sclerosis complex 2 TSC2 G1157*
Tumor mutational burden TMB High 344 mut/mB
Microsatellite instability MSI Stable

The most recent CT A/P in December 2022 showed no sites of active recurrent or
metastatic disease in the abdomen or pelvis. Figure 2A shows regression of peritoneal
carcinomatosis by CT A/P at the time of progression in October 2019 in comparison to the
most recent imaging in December 2022. Figure 2B is representative of the regression of
one of the patient’s hepatic lesions. Though not shown, all other abdominal and hepatic
metastases demonstrated complete regression. Olaparib was discontinued in January 2023,
after 3 years. The patient is currently considered to have a complete response without
radiographic and pathologic evidence of disease.

Figure 2. Cont.
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Figure 2. (A,B): CT comparison demonstrating regression of abdoinopelvic metastases represented
by arrow. Axial views of metastases in October 2019 compared with corresponding axial views
demonstrating complete radiographic regression of abdominopelvic metastases in December 2022.

3. Discussion

We present a unique case of a patient with recurrent stage IVB poorly differentiated en-
dometrioid endometrial adenocarcinoma with multiple somatic gene mutations including
BRIP1, who had a pathologic complete response following compassionate use of Olaparib
for 3 years. To our knowledge, this is the first reported case of high grade endometrioid
endometrial cancer that has shown a pathologic complete response to a PARP inhibitor.
One case of high grade serous endometrial carcinoma with clinical radiographic response to
Olaparib is noted in the literature [18], however, no pathologic confirmation was reported.

PARP inhibition increases both progression-free survival and overall survival in pa-
tients with BRCA-deficient and homologous recombination deficient ovarian cancer [7–12].
Heeke and colleagues reported that 34.4% of endometrial cancers possess molecular aberra-
tions of genes involved in the homologous recombination pathway [13]. BRIP1 (BRCA1
interacting helicase 1) is actively involved in the homologous recombination pathway by
interacting with the BRCT repeats of BRCA1 [19]. A mutation of BRIP1 is associated with
Fanconi anemia and breast cancer [20,21]; however, only 0.14% of endometrial cancers have
BRIP1 mutations. This makes the study of BRCA-mutated and homologous recombination
deficient mutated endometrial cancer patients difficult given the low incidence; however,
it is worth investigation if clinical outcomes such as those reported in the ovarian cancer
literature can be achieved with PARP inhibitor use in patients with endometrial cancer
who harbor these germline and somatic mutations. There are ongoing clinical trials seeking
to answer this question [14]. Other gene mutations in the DNA repair pathway includ-
ing POLE, ATM, and RAD51C may also contribute to the significant response to PARP
inhibition [22].

The classification of endometrial cancer is moving away from traditional type I and
type II classification system and towards molecular categorization [4]. As the prognos-
tic utility of molecular subtyping has been elucidated, the investigation of the optimal
treatment for each of the four molecular subtypes originally determined by the Cancer
Genome Atlas Research Network is ongoing in the overarching Refining Adjuvant Treat-
ment In Endometrial Cancer (RAINBO) umbrella program [6]. This molecular classification
works well for patients who neatly fit into each category; however, in cases such as ours
where multiple genomic alterations exist that fit into more than one of the four molecular
subcategories, the approach to treatment becomes challenging.
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Our patient’s genomic analysis indicated her tumor was MMRd, POLE ultramutated,
and possessed a passenger TP53 mutation with a resulting high tumor mutation burden.
Given these multiple mutations, it is unclear which prognostic molecular subcategory
she would fall into. This presents challenges to the clinician given the immense genomic
heterogeneity, and an individualized approach to the specific molecular profile of the
tumor should be undertaken to optimize clinical outcomes. Patients with endometrial
cancer who have genomic alternations in homologous recombination related downstream
genes should have a shared decision-making discussion with their provider regarding
the potential benefits of PARP inhibitor therapy. Such decisions should be undertaken in
collaboration with a multidisciplinary team consisting of the patient’s medical oncologist,
surgeon, nursing team, and pharmacist to provide optimal team-based care.
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Abstract: The treatment of sarcoma necessitates a collaborative approach, given its rarity and complex
management. At a single institution, multidisciplinary teams of specialists determine and execute
treatment plans involving surgical, radiation, and medical management. Treatment guidelines for
systemic therapies in advanced or nonresectable soft tissue sarcoma have advanced in recent years as
new immunotherapies and targeted therapies become available. Collaboration between institutions is
necessary to facilitate accrual to clinical trials. Here, we describe the success of the Midwest Sarcoma
Trials Partnership (MWSTP) in creating a network encompassing large academic centers and local
community sites. We propose a new model utilizing online platforms to expand the reach of clinical
expertise for the treatment of advanced soft tissue sarcoma.

Keywords: advanced soft tissue sarcoma; sarcoma treatment; Midwest Sarcoma Trials Partnership;
targeted therapy; multidisciplinary tumor board; collaboration

1. Sarcoma and the Complexities of Treatment

Sarcomas are a rare, heterogenous group of malignant tumors that arise from tissues
of mesenchymal origin, comprising approximately 1% of all diagnosed malignancies
worldwide, with an incidence of approximately 13,000 cases per year in the United States [1].
Sarcoma affects patients across the lifespan and demographic spectrum. Over 100 histologic
subtypes have been identified, with the majority originating from soft tissue (80%) and
the remainder originating from bone [2]. Sarcoma primarily spreads hematogenously [3].
Over 20 different genetic syndromes have been shown to harbor a predisposition toward
developing sarcoma [4,5]. Prognosis depends on histologic subtype, depth of invasion,
grade, and tumor size. Mortality in sarcoma is regrettably high, with 5-year overall
survivorship ranging from 43% to 73%, although reports from national cancer databases
may not be fully accurate in their survival rates for rare tumors such as sarcoma [6,7].

The standard of care in managing sarcomas requires a collaborative approach by a
multidisciplinary tumor board (MTB), comprising of radiologists, pathologists, geneticists,
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surgical oncologists, radiation oncologists, orthopedic oncologists, and medical oncologists,
to determine the optimal management. Treatment is often multimodal. For patients
with localized or oligometastatic disease, the standard treatment is complete surgical
resection, with some patients benefiting from radiation therapy and/or systemic treatment
(chemotherapy, immunotherapy, and targeted therapy). Systemic treatment is typically
palliative for nonresectable or widely metastatic sarcoma, where the overall survival is a
dismal 12–14 months [8].

Given the poor prognosis of sarcoma without definitive surgical management, clinical
trials are necessary to further delineate therapies for nonresectable or widely metastatic
sarcoma. Current guidelines from the National Comprehensive Cancer Network (NCCN)
recommend anthracycline or gemcitabine-based chemotherapies as first-line therapy for
nonresectable disease if a clinical trial is not available [9]. The average progression-free
survival (PFS) after these first-line agents is 4–6 months [8]. Patients receive a median of
three different systemic treatments, with variable benefits of treatment after third-line ther-
apies [10]. Over the past decade, immunotherapies and targeted therapies have enhanced
treatment options for advanced sarcoma [11–13].

2. Collaboration between Academic and Community Programs in Sarcoma

The National Cancer Institute (NCI) is working to bridge the gap in access to research
and clinical trials between academic and community cancer centers. Across the United
States, 64 hospitals have been named Designated Cancer Centers (DCCs) and receive
funding from the NCI to conduct studies to enhance patient care. The vast majority of
these DCCs are affiliated with university medical centers. Many DCCs collaborate with
local community sites or establish satellite clinics to form larger networks, which have
succeeded in increasing community access to clinical trials. For example, the City of Hope
encompasses 27 sites across 5 counties in Southern California. Community sites have been
shown to contribute up to one-third of total clinical trial accruals across DCC-associated
networks [14]. The availability of clinical trials for patients who initially present to a
community site associated with the City of Hope has led to increased access to clinical trials
for patients of diverse backgrounds [15].

For patients with sarcoma, larger DCC-associated networks can improve access to
MTBs for patients who present to local partners. This carries many benefits for patient
care, especially the ability to expedite the referral process for treatment planning while
continuing patient care at local sites.

However, even a large DCC-associated network generally will not be large enough
to support a clinical trial in rare cancers, such as sarcoma, without patient accrual from
outside the network. Even then, given the heterogeneity across subtypes of sarcoma,
studies investigating individual subtypes are limited by patient accrual, whether at local
community sites or at large academic centers. Thus, sarcoma experts now recognize the
need for a high level of communication and collaboration across multiple DCC-associated
networks in order to increase patient accrual and, thereby, improve the quality of evidence
available for individual subtypes.

The concept of clinical trial alliances in oncology is not novel. Various groups, such as
Alliance, ECOG-ACRIN and SWOG, have all formed collaborations for cancer research,
although without a specific focus on sarcoma. The Sarcoma Alliance for Research through
Collaboration (SARC) is the largest sarcoma-specific clinical trial collective. The SARC
was founded in 2003 by five sarcoma experts; today, it encompasses 85 cancer centers
in the United States, along with 6 international institutions. The SARC has completed
15 clinical trials and has 8 open trials as of 2022, and it curates a sarcoma-specific database
hosting the prospective data from these trials [7]. In addition, the SARC has partnered with
the NCI to provide funding opportunities for researchers and to bring sarcoma experts
together through semiannual meetings.
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3. The City of Hope and the Midwest Sarcoma Trials Partnership

The City of Hope is moving sarcoma research ahead through collaborative initiatives,
such as the Midwest Sarcoma Trials Partnership (MWSTP). The MWSTP was established in
2012 with the goal of improving the care of patients with sarcoma by increasing patient
accrual to clinical trials. The majority of MWSTP anchor sites also belong to the SARC,
highlighting the intertwined nature of collaboration in sarcoma. The seven original member
institutions are the Mayo Clinic (including locations in Arizona and Florida), the University
of Minnesota, the University of Wisconsin, the Medical College of Wisconsin, the University
of Iowa, the Washington University in St. Louis, and the Northwestern University. As a
result of leadership changes, the City of Hope Comprehensive Cancer Center joined the
partnership in 2020. MWSTP members meet monthly to discuss open clinical trials and
encourage collaboration across member sites. Combining expertise across eight states and
thousands of patients, the MWSTP enables the development of investigator-initiated trials
with access to patients across multiple health care systems. Additionally, it provides a
forum for physicians from the MWSTP network to collaborate on retrospective review of
data for the purpose of publishing treatment experiences across these centers (Figure 1).

 

Figure 1. MWSTP Anchor Site Locations.

4. MWSTP’s Impact on Soft Tissue Sarcoma Research

Since 2012, the Midwest Sarcoma Trials Partnership has completed four clinical trials
and is currently accruing patients to three active clinical trials investigating chemotherapy
and targeted therapies for the treatment of sarcoma, specifically soft tissue sarcoma. These
phase II studies have recruited across the eight anchor sites and have allowed the expan-
sion of clinical trial availability. The results of the MWSTP’s research have significantly
influenced current NCCN guidelines for sarcoma treatment.

The MWSTP’s trial with regorafenib has led to new treatment options for patients
with metastatic angiosarcoma, a rare and aggressive variant of sarcoma arising from blood
and lymphatic vessels [16,17]. There is a paucity of angiosarcoma-specific data, with the
first dedicated phase II trial occurring in 2008 [18]. In order to increase access to this trial,
the MWSTP collaborated with two non-MWSTP sites, Sarcoma Oncology Group (Santa
Monica, CA, USA) and Mercy Health (Janesville, WI, USA).

Regorafenib is a small-molecule inhibitor with activity against VEGFR 1-3, PDGFb,
RET, and KIT [19]. In the MWSTP’s 2021 phase II trial involving 31 patients from across
the expanded MWSTP network, regorafenib showed activity against previously treated
metastatic angiosarcoma, with an overall response rate of 17.4% and a median PFS of
5.5 months. Two patients had a complete response, two patients had a partial response,
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and ten patients had stable disease, for an overall clinical benefit rate of 60.8% [20]. Based
on this study, current NCCN guidelines now include regorafenib as a recommended agent
in the treatment of angiosarcoma [9] (Figure 2).

Figure 2. Kaplan–Meier curve of progression-free survival in patients receiving at least 2 cycles of
regorafenib [20].

Another targeted therapy, pazopanib, is a small-molecule tyrosine kinase inhibitor
of VEGFR and PDGFa/b that has single-agent activity in non-adipocytic soft tissue sar-
coma [21]. The MWSTP’s first trial of treatment-naïve patients with advanced sarcoma
studied pazopanib as a first-line treatment for patients who were determined to be un-
suitable for doxorubicin chemotherapy. The primary endpoint at 16 weeks was met, with
39% of patients achieving clinical benefit (complete response, partial response, or stable
disease). Secondary endpoints included PFS, overall survival (OS), and quality of life. PFS
was 3.67 months, and OS was 14.16 months. Side effects were similar to prior studies with
pazopanib, with no appreciable decrease in quality of life [22]. Pazopanib has since been
shown to be non-inferior to doxorubicin in the front-line setting, highlighting the future of
this targeted therapy as a mainstay of treatment for metastatic sarcoma [12].

The MWSTP also studied tivozanib, a small-molecule tyrosine kinase inhibitor with
activity against VEGFR1-3, PDGFa/b, and cKIT. In a phase II trial involving 58 patients with
previously treated soft tissue sarcoma, tivozanib was well tolerated, with 36% of patients
exhibiting PFS at the primary endpoint of 4 months, and a median PFS of 3.5 months [23].
Response to tivozanib did not correlate with the genetic expression of VEGFR1-3, PDGFa, or
PDGFb as measured with immunohistochemical staining of tumor tissue. Although there
are currently no ongoing trials of tivozanib in sarcoma, as of March 2021, tivozanib met FDA
approval for treatment of relapsed/refractory renal cell carcinoma, another malignancy
that is known to spread hematogenously [24].

Given the success of pazopanib as a single agent, the MWSTP conducted the first trial
of pazopanib in combination with topotecan, a cytotoxic chemotherapy, in patients with
previously treated advanced non-adipocytic sarcoma. Unfortunately, this phase II trial did
not meet its primary endpoint of 66% of patients exhibiting PFS at 12 weeks. Higher rates of
grade 3 or 4 toxicities, including hematologic toxicity and hypertension, were observed in
this study in comparison to prior studies with pazopanib or topotecan as a single agent [25].
Thus, the combination of pazopanib and topotecan did not move forward to phase III
trials. Of note, the trial enrolled an osteosarcoma cohort. Utilizing efficacy benchmarks, a
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threshold of 11 out of 36 potentially enrolled patients with PFS greater than 20 weeks was
needed in order to demonstrate efficacy. In our study, this level was exceeded with a PFS
rate of 45.5% at six months, indicating a high likelihood of efficacy in the treatment of this
disease or an effect from pazopanib alone.

The open trials of the MWSTP include several promising studies. A phase II trial of
abemaciclib for the treatment of sarcoma with cyclin-dependent kinase (CDK) pathway
alteration has been opened since 2019 [26]. A phase II trial of temolozomide with cabozan-
tinib in advanced sarcoma has recently completed accrual [27]. In 2022, a phase I clinical
trial of NOX66 plus doxorubicin in anthracycline-naïve patients with sarcoma opened, with
results being expected in 2024 [28]. In 2023, the MWSTP will open a study of lubinectedin
with radiation for the treatment of retroperitoneal soft tissue sarcoma of the extremity.

The impact of the MWSTP extends beyond the conduct of clinical trials; it utilizes ret-
rospective reviews to study community issues that impact future patient care. The MWSTP
studied the administration of anthracyclines and/or ifosfamide in pregnancy-associated
sarcomas [29]. In this multi-institutional study of treatment regimens for sarcomas during
pregnancy, a high rate of fetal demise was seen only in patients receiving both doxorubicin
and ifosfamide, especially when the treatment was initiated earlier in the second trimester.
While limited by the small sample size, this review encompassed the largest study to date
of sarcoma patients who received anthracyclines and/or ifosfamide during pregnancy.
Future endeavors toward building an international registry of sarcoma patients would
allow further investigations into this topic.

The MWSTP also conducted a retrospective review to report the safety, efficacy, and
prognostic factors related to checkpoint inhibitors in soft tissue sarcoma. The results
confirm the activity and safety of anti-PD-1 therapy in advanced sarcoma [30]. A notable
response rate was observed in undifferentiated pleomorphic sarcoma and leiomyosarcoma
subtypes. This study expands the knowledge base beyond what is currently available from
clinical trials involving checkpoint inhibitors in metastatic sarcoma.

5. Conclusions

The inherent nature of sarcoma requires a multidisciplinary and collaborative approach
to treatment. Due to its rarity, access to clinical expertise is necessary. At a single institution
level, whether academic or community-based, MTBs are the cornerstone of management
for patients in a local geographic area. Sarcoma networks, such as the MWSTP, allow cross-
communications across MTBs and coordination of clinical trials across multiple anchor
sites. The success of the MWSTP shows that all participating sites, regardless of whether
they are academic or community-based, and whether they are an anchor site or an affiliated
center, can contribute to the enhancement of care for each individual patient they bring to
the network.

As a positive outcome of the COVID-19 pandemic, telehealth has made virtual collab-
oration more attainable than ever, allowing the expansions of existing medical networks
via online communication. In previous studies of sarcoma MTBs that moved to an online
platform as a result of the pandemic, there was no perceived difference in quality of dis-
cussion compared to in-person meetings [31], while also having no measurable effect on
overall survival [32]. The potential impact of utilizing technology to create virtual MTBs,
which connect single-institution or single-network MTBs into one large MTB, could change
our entire existing framework of sarcoma care. Patients with rare subtypes of sarcoma
would have increased access to an MTB specific to their condition, thus utilizing cumulative
expertise from clinicians across the country and the world. The future of sarcoma care lies
in increasing cooperation between existing sarcoma networks to improve access to clinical
trials for all patients with sarcoma.
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Abstract: Background: Metastasis-directed therapy is widely utilized for oligometastatic prostate
cancer patients, but standard imaging does not always identify metastases definitively and, even with
PSMA PET, there may be equivocal findings. Not all clinicians have access to detailed imaging review,
particularly outside of academic cancer centers, and PET scan access is also limited. We sought to
understand how imaging interpretation impacted recruitment to a clinical trial for oligometastatic
prostate cancer. Methods: IRB approval was obtained to review medical records from all patients
screened for the institutional IRB-approved clinical trial for men with oligometastatic prostate cancer
involving androgen deprivation plus stereotactic radiation to all metastatic sites, as well as radium223
(NCT03361735). Clinical trial inclusion required at least one bone metastatic lesion and no more than
five total sites of metastasis, including soft tissue sites. Tumor board discussion records were reviewed,
along with results from additional radiology studies ordered or confirmatory biopsies performed.
Clinical characteristics such as PSA level and Gleason score were studied for association with
likelihood of oligometastatic disease confirmation. Results: At the time of data analysis, 18 subjects
were deemed eligible and 20 were not eligible. The most common reasons for ineligibility were no
confirmed bone metastasis in 16 patients (59%) and too many metastatic sites in 3 (11%). The median
PSA of eligible subjects was 3.28 (range 0.4–45.5), whereas the median PSA of those found to be
ineligible was 10.45 (range 3.7–26.3) when there were too many metastases identified, and 2.7 (range
0.2–34.5) when metastases were unconfirmed. PET imaging (PSMA or fluciclovine PET) increased the
number of metastases, while MRI resulted in downstaging to non-metastatic disease. Conclusions:
This research suggests that additional imaging (i.e., at least two independent imaging modalities
of a possible metastatic lesion) or tumor board adjudication of imaging findings may be critical to
correctly identify patients appropriate for enrollment in oligometastatic protocols. This should be
considered as trials of metastasis-directed therapy for oligometastatic prostate cancer accrue and
results are translated to broader oncology practice.

Keywords: oligometastatic; prostate cancer; metastasis-directed therapy; imaging; PSMA PET

1. Introduction

Metastatic prostate cancer remains incurable despite recent improvements in outcomes
with systemic therapy. Whereas previously any metastatic disease, even if only to pelvic
lymph nodes, was felt to represent a disseminated disease state which should only be
treated with systemic therapy, sophisticated analysis of metastases from an autopsy series
identified that metastatic deposits can create additional metastases [1]. This raised the
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possibility that enhanced eradication of cancer at visible metastatic foci using focal radiation
could prevent or reduce further cancer spread. Preliminary success with this approach
has been observed. For instance, the ORIOLE trial [2] found improved progression-free
survival when stereotactic ablative radiation (SABR) was used to treat oligometastatic sites
(compared to observation). However, this study utilized PET scans to define oligometas-
tases, and 19% of those treated with SABR had progression within 6 months, suggesting
that additional occult metastatic sites existed.

Advances in imaging with prostate-cancer-specific PET tracers such as [11C]Choline,
[18F]DCFPyL, and [68Ga]Ga-PSMA-11 have resulted in improved sensitivity and specificity
for detecting metastatic foci [3–5]. However, these are not widely available, and the majority
of prostate cancer patents enrolling on clinical trials continue to undergo conventional
imaging with CT and technetium bone scans to define their eligibility.

Our institution is recruiting subjects to an IRB-approved investigator-initiated clinical
trial (NCT03361735) designed to enroll men with oligometastatic, castration-sensitive
prostate cancer. Participants receive 9 months of androgen deprivation therapy, stereotactic
ablative radiation to all metastatic sites, and 6 doses of radium223 (55 kBq/kg intravenously,
once every 4 weeks × 6 doses). The protocol requires at least one bone metastasis and no
more than five sites of metastasis for inclusion. During screening for the clinical trial, it was
noted that review of imaging by the tumor board, or additional imaging studies ordered to
verify the oligometastatic status, often led to a determination that the patient was ineligible.
Based on this observation, we obtained IRB approval to evaluate the subjects who did
not successfully enroll, with the goal of evaluating which imaging modalities were most
helpful in confirming or refuting an oligometastatic state and determining whether any
clinical characteristics should raise questions about the certainty of imaging findings. This
information was felt to have the potential to benefit future clinical trials for oligometastatic
prostate cancer patients, and also help practicing oncologists note imaging pitfalls when
recommending metastasis-directed therapy for patients presenting to them with what
appears to be oligometastatic disease.

2. Methods

After IRB approval via an amendment to the main clinical trial protocol, a retrospective
chart review was performed on patients who signed consent for the clinical trial protocol
(NCT03361735) or were being considered for enrollment based on tumor board records.

Treatment on the trial included androgen deprivation therapy for 9 months, SBRT to
all metastatic sites, and radium223 infusions (55 kBq/kg IV, once every 4 weeks for 6 doses).
The primary endpoint of this trial was time to treatment failure.

Baseline disease characteristics and the results of all imaging studies and biopsies that
were performed as part of the eligibility determination were tabulated. For the purposes of
this analysis, eligible men included those enrolled on the protocol, as well as those who
were deemed eligible but declined participation, while ineligible men were those who were
excluded from participation due to having more than the allowed number of metastases or
a lack of confirmed metastatic disease after tumor board review or additional imaging or
biopsy. Comparison between eligible and ineligible patient groups was performed using a
t-test for continuous variables and chi-square for categorical variables.

3. Results

This study began in 2018. At the time of analysis, 18 subjects had been deemed eligible,
while 20 others were deemed ineligible. Baseline characteristics are summarized in Table 1.
The median PSA of eligible subjects was 3.28 (range 0.4–45.5), whereas the median PSA of
those found to be ineligible was 10.45 (range 3.7–26.3) when there were too many metastases
identified, and 2.7 (range 0.2–34.5) when no metastases could be confirmed. There was no
difference in Gleason grade group between patients confirmed to be oligometastatic and
those recategorized as either non-metastatic or having more than five metastatic sites.
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Table 1. Characteristics of eligible and ineligible patients being evaluated for enrollment into the
oligometastatic protocol.

Eligible (n = 19)
Ineligible—Too Many

Metastases (n = 6)
Ineligible—Not

Metastatic (n = 13)
p Value ˆ

Median PSA * (range) 3.28 (0.4–45.5) 10.45 (3.7–26.3) 2.7 (0.2–34.5)
Many p = 0.057

Few p = 1.0
Primary untreated 18.1 (9.1–45.5) 8.9 (4.6–13.1) 13.7 (4.8–34.5)

Primary treated 1.7 (0.4–27.5) 12 (3.7–26.3) 1.174 (0.2–2.3)

Gleason grade group N (%)

1 3 (16%) 0 1 (8%) p = 0.17

2–3 8 (42%) 4 (67%) 4 (31%) p = 0.37

4–5 8 (42%) 2 (33%) 8 (61%) p = 0.14

Imaging modalities

MRI 10 1 7

PET (fluciclovine) 7 4 5

PET (PSMA) 3 0 1

* PSA at the time of eligibility assessment for enrollment on the clinical trial. ˆ p values were calculated comparing
eligible patients to those with too many (“Many”) metastases and eligible patients to those with too few (“Few”)
metastases using Fisher’s exact test for continuous variables and the chi-square test for the Gleason grade group
comparing too many versus too few.

MRI was performed in 19 of the 38 patients (50%) and PET scans were performed in 21
of 38 patients (55%). Biopsy of a bone lesion was performed in four cases (one each: femur,
iliac, ischium, and rib), and three of these patients had PSA <1 at the time. In all four cases,
biopsy was negative for malignancy, which was used to determine that the patient was
ineligible. One of these patients later developed metastasis in a different bone but did not
appear to develop metastasis in the original biopsied area. Three subjects with PSA >10
who were initially suspected of having metastatic disease were deemed non-metastatic
after tumor board imaging review and/or MRI. Two subjects with PSA <5 were found to
have too many metastases to qualify, in both cases based on fluciclovine PET imaging.

Skull (n = 2) and femur (n = 3) findings were most commonly recategorized as non-
metastatic on further imaging or further review by the tumor board, while acetabular
lesions were more commonly confirmed (n = 2). Spine and pelvic findings were evenly
divided between confirmed and unconfirmed patients.

4. Discussion

Metastasis-directed therapy holds significant promise for oligometastatic prostate
cancer, but clinical trials in this space have utilized different imaging modalities to define
their oligometastatic populations (Table 2). In this experience, there was a high ineligibility
rate during screening for a therapeutic clinical trial for patients with oligometastatic prostate
cancer, with subjects having either too many metastases or a lack of confirmed metastases.
This was the result of a high degree of scrutiny and utilization of additional imaging and/or
biopsy in order to confirm eligibility. It raises questions about how community oncologists
can best adopt metastasis-directed therapy for oligometastatic prostate cancer patients
without access to the resources available at a tertiary academic center.
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Table 2. Imaging used to qualify patients for enrollment in select published oligometastatic prostate
cancer clinical trials.

Study # Metastases Other Restrictions Imaging Used to Define # of Metastases

POP-STAR [6] 1–3 Bone or LN only [18F]-NaF PET/CT

ORIOLE [2] 1–3
Asymptomatic, arose in the

prior 6 months, ≤5 cm in long
axis or ≤250 cm2

Conventional imaging

STOMP [7] 1–3

Extracranial, negative MRI or
biopsy of prostate bed even if

choline PET negative in
prostate bed

[11C]Choline PET

# signifies the number of metastases.

Variability in radiologic interpretation in cancer patients has been well documented,
for instance when evaluating the RECIST response [8] and even when using conventional
imaging, which most radiologists have the greatest amount of experience in interpreting.
The lack of sensitivity and specificity of conventional imaging for identifying prostate
cancer metastases has also been well documented [9]. For instance, in the POPSTAR
trial, even with [18F]-NaF PET bone scans, there was considerable understaging as distant
progression-free survival (PFS) was about 40% at 2 years compared to 89–100% continued
remission at the sites of irradiation [6]. This indicates that smaller deposits of disease had
not been visible when metastasis-directed therapy was administered.

PSMA PET tracers significantly improve sensitivity [3]. However, due to limited access
and difficulty in interpretation, the research community has largely opted to continue basing
eligibility and response assessment on conventional imaging. In the ORIOLE trial, for
example, conventional imaging formed the basis for treatment. The protocol specified that
[18F]DCFPyL-PET images were evaluated and compared to bone scans, but additional sites
of suspected metastatic disease from the PET scan were not considered for treatment by
SBRT nor required to undergo further evaluation [2]. This design resulted in the ability to
analyze outcomes in patients whose PET-detected disease was fully treated (i.e., PET scan
did not detect additional sites of disease beyond what was visible on conventional imaging)
compared to those in whom some metastatic disease was left untreated, and it was noted
that the former group had greater progression-free survival. Thus, future oligometastatic
protocols are likely to rely on PSMA PET imaging. However, false positives will continue
to be an important consideration since benign conditions such as Paget’s disease have been
reported to result in false-positive PSMA radiotracer uptake [10], and interpretation can be
challenging for this relatively newer imaging modality.

Access to PET scans for prostate cancer patients remains a major limitation in com-
munity practice and in academic centers. A recent publication found that in a tertiary
medical center, there were disparities in PET scanning, with African American prostate
cancer patients less likely to undergo PSMA PET scan compared to non-Hispanic white
patients [11]. In the community oncology setting, differences in health insurance cover-
age and imaging facility capabilities may exacerbate the lack of equitable access to PET
imaging. Community oncologists may also have decreased access to multidisciplinary
care via participation in tumor boards. In one survey of community practices, 53.8% of
physicians reported participating in tumor boards weekly, while 42% participated less
than once per week, with less attendance from medical oncologists compared to radiation
oncologists [12]. In our experience, tumor board review was key in gaining confidence
for inclusion of patients and treatment of oligometastatic sites, even if PET imaging was
not available, and lack of access to optimal imaging should not preclude patients from
accessing the potential benefit of metastasis-directed therapy.

While a major focus has been placed on determining the number of metastatic lesions
that define the oligometastatic disease state, it seems that controversy surrounds whether a
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conventional imaging modality can adequately establish a patient as having the specified
number of metastases. Bone scanning has been suggested to yield inconclusive results
in about 16% of cases [13]. MRI has often been used to enhance detection of osseous
metastases or clarify inconclusive bone scan findings. However, in a study of findings
from pelvic MRI performed in 3765 patients for evaluation of presumed localized prostate
cancer, 74% of patients had bone abnormalities, which were only rarely confirmed to
be metastases [14]. This calls into question the use of MRI to adjudicate findings from
conventional imaging. Bone biopsies may be helpful in confirming a bone metastasis, but
even in experienced centers with specific protocols designed to maximize the yield, the
detection rates from bone biopsy performed to obtain cancer tissue have been reported
to be less than 80% [15], and in most community centers without expertise the yield will
be lower. Therefore, bone biopsy may not have a high enough sensitivity to be used to
exclude the presence of metastatic cancer. Some clinical characteristics may be helpful in
selecting metastases for greater yield, including the size of the lesion in the bone, presence
of a soft tissue component, intensity of scintigraphic uptake, or a newly apparent area of
disease involvement, but without communication between oncologists and radiologists,
optimal target selection is less likely to occur.

Overall, our experience raises concern about a potential lack of uniformity in the
population of patients who are subject to protocols for oligometastatic prostate cancer, and
how the results can subsequently be translated into clinical practice. There is no defined
algorithm for how to confirm oligometastases identified in a prostate cancer patient using
conventional imaging. We found that simple clinical factors may help guide clinicians
as to when additional scrutiny is warranted. In this research, subjects with PSA over 10
were less likely to be deemed oligometastatic after further imaging or imaging review,
although there were four subjects who were found eligible with PSA ranging from 10
to 45. Similarly, subjects were less likely to have metastases at all when PSA was less
than 1, though four subjects were deemed to have oligometastatic disease at this PSA
level, only one of whose disease was detected on a PET scan. While clearly not enough to
define an oligometastatic state, higher or lower PSA should at least raise clinical suspicion
and trigger additional imaging, consultation with radiology, or potentially a biopsy to
better clarify the extent of the disease. Where PSMA PET scans are not available, any
indeterminate bone findings, or a discordance between bone scanning and CT, or between
the volume of disease and PSA, may warrant additional imaging and/or biopsy before
metastasis-directed therapy is undertaken.

5. Conclusions

Defining the oligometastatic state depends on accurate interpretation of imaging.
In our experience, prostate cancer patients initially thought to be oligometastatic were
frequently reclassified when additional imaging was ordered to clarify indeterminate
findings. Physicians should be encouraged to thoroughly review imaging, utilizing tumor
boards or additional imaging modalities when appropriate, prior to applying metastasis-
directed strategies for their patients who appear to have oligometastatic prostate cancer.
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Abstract: The introduction of targeted therapy (TT) and immuno-oncology (IO) agents have revolu-
tionized the treatment of metastatic renal cell carcinoma (mRCC). However, despite the significant
improvements in survival and clinical response yielded by these agents, a significant percentage of
patients still experience progressive disease. Evidence now suggests that microorganisms living in
the gut (i.e., the gut microbiome) could be used as a biomarker for response and may also have utility
in increasing response to these treatments. In this review, we present an overview of the role of the
gut microbiome in cancer and its potential implications in the treatment of mRCC.

Keywords: renal cell carcinoma; gut microbiome; translational research

1. Introduction

Approximately 82,000 new cases of kidney cancer will be diagnosed in the United
States during 2023, with varying rates of progression to metastatic disease [1]. While treat-
ment options for localized disease have remained largely unchanged, significant advances
have occurred in the treatment landscape of metastatic renal cell carcinoma (mRCC). The
last couple of decades have seen an explosion in the number of U.S. Food and Drug Admin-
istration (FDA) approvals for this disease setting with multiple targeted-therapy agents
(TT), and immune checkpoint inhibitors (ICIs) being now available for this patient popu-
lation. TT agents can be divided into (a) inhibitors of vascular endothelial growth factor
(VEGF) signaling, which include drugs such as sunitinib, pazopanib, axitinib, cabozan-
tinib and levantinib, and (b) inhibitors of the mammalian target of rapamycin (mTOR),
represented by everolimus and temsirolimus [2–7]. In contrast, ICIs block coinhibitory
molecules such as programmed death-1 (PD-1), the programmed death ligand-1 (PD-L1)
and the cytotoxic T-lymphocyte activating protein-4 (CTLA-4) [8].

Despite the numerous available options for patients with mRCC with the use of the
previously mentioned agents, either as monotherapy or in combination, response to these
regimens remains heterogeneous, with some patients achieving a complete response (CR)
while others experience progressive disease (PD). Moreover, the 5-year survival rate for
patients in this stage is only 15% [9]. Therefore, selecting the approach that will yield
the most benefit for a given patient remains a significant challenge [10]. Despite multiple
efforts to identify biomarkers predictive of response, such as the gene expression signatures
from the IMmotion 151 trial, tumor mutational burden (TMB), and PD-L1 expression, the
International mRCC Database Consortium (IMDC) risk model remains the only predictive
biomarker to be prospectively validated in a phase 3 trial to date. There is, therefore, a need
to increase our understanding of the biological processes underlying the development and
evolution of RCC to develop novel biomarkers of response that will allow for treatment
selection in an individualized manner.

In recent years, fueled by the advent of next-generation sequencing technologies,
there has been an increased interest in the evaluation of the gut microbiome and its role
in cancer. Multiple studies now show that certain bacterial species might be associated

J. Clin. Med. 2023, 12, 1502. https://doi.org/10.3390/jcm12041502 https://www.mdpi.com/journal/jcm
173



J. Clin. Med. 2023, 12, 1502

with the development of certain cancers such as lung, melanoma and colon, as well as
with treatment response to currently available regimens [11]. In the setting of RCC, there
have also been efforts to characterize the role of the gut microbiome. Here, we provide
an overview of the role of the gut microbiome in cancer with a special focus on RCC. In
addition, we highlight the ongoing trials in the field and discuss the importance of intra–
inter-institutional collaboration for creating a solid working framework for microbiome
studies in the future.

2. Gut Microbiome

It is estimated that the human body is composed of around 3.7 × 1013 human cells [12].
In addition to these cells, the healthy human body also comprises a plethora of microbes
including bacteria, viruses and fungi which are collectively known as the microbiome. Re-
vised estimates suggest that these organisms amount to at least 3.8 × 1013 cells, accounting
for approximately half of the total number of cells present in the body, and are intrinsically
involved in the regulation and maintenance of human health [13,14]. However, although
these organisms can be found in multiple tissues throughout the human body, such as in
the skin, oral mucosa, and gastrointestinal tract, it is this last one, particularly the colon,
that hosts the highest number of bacteria, exceeding all other organs by two orders of
magnitude [13]. It is well established that the gut microbiome plays an integral role in a
number of physiologic functions that include the metabolism and uptake of nutrients, the
preservation of the intestinal barrier, and modulation of the immune system [14]. Indeed,
it is now known that there is a complex interplay between the gut microbiota and the
immune system of the host that impacts both local immunity and peripheral white blood
cell dynamics [15–22].

It has been hypothesized that intestinal microbes confer many metabolic capabilities
needed for the preservation of the host’s immune homeostasis and that alterations of the
gut microbiome composition (dysbiosis) could lead to immune alterations contributing
to the development of a number of systemic disorders [23,24] Notably, numerous studies
have shown its association with a number of inflammatory and autoimmune conditions
such as inflammatory bowel disease and lupus nephritis, while a number of persuasive
interventional studies have further demonstrated that microbiome modulating strategies,
such as fecal microbiota transplantation (FMT), can induce remission of some of these
conditions and modulate treatment response [25–29].

3. Gut Microbiome and Cancer

It is therefore not surprising that given the successes in establishing associations
between the gut microbiome and several diseases, subsequent studies have sought to
determine its influence in the context of cancer. Interestingly, and despite the increased
interest in examining the role of the microbiome in cancer seen in recent years, there are
historical reports dating back to 1868 suggesting a link between the presence of certain
microbes and oncogenesis [11,30,31]. Among the microbes reported to have a role in
carcinogenesis are viruses such as the Epstein–Barr, human papilloma, and hepatitis viruses
and bacteria such as Helicobacter pylori [32,33]. Nevertheless, the path to characterization of
other microbiome–cancer associations has been largely truncated by technical challenges of
the time. Encouragingly, the advent of new laboratory techniques and technologies such
as next-generation genomic sequencing is helping us to deepen our understanding of the
contribution of bacteria present in the gut to the development of cancer and their influence
in response to anti-cancer systemic therapies and their associated toxicities [34].

It is through the incorporation of these new technologies that pivotal investigations
have been able to show the presence of distinct microbial profiles in the gut of cancer
patients compared with their cancer-free counterparts [34,35]. Moreover, the preponderance
of preclinical and clinical evidence now suggests that gut dysbiosis plays key role in the
natural history of a number of malignancies including colorectal cancer, hepatocellular
carcinoma, melanoma and breast cancer [36–41]. Furthermore, the influence of the gut
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microbiome has been investigated in the setting of different systemic therapy approaches,
such as chemotherapy, stem cell transplantation and immunotherapy, where it has been
shown to modulate toxicity and treatment response [31,42–46]. Particularly, significant
efforts have been dedicated to investigating the association between the gut microbiome
and immune-related adverse events (irAEs). Evidence now suggests that differences in
gut microbiome profiles exist between patients who experience irAEs and those who do
not [47–49]. This finding could potentially be used to develop biomarkers to predict their
occurrence prior to initiation of therapy, as well as devising interventions to abrogate these
events once they ensue [49].

Notably, associations between certain bacterial species and response to immune check-
point blockade (anti-CTLA-4 and anti-PD-1) have also been demonstrated across different
cancer types, suggesting the presence of “responder” and “non-responder” gut microbiome
profiles [50–53] Indeed, there have been several efforts to recapitulate these favorable pro-
files through interventions such as FMT or bacterial supplementation that have shown some
success in enhancing therapeutic response and overcoming resistance [50,54–57]. Likewise,
dietary changes such as a higher fiber intake have also been associated with an increased
benefit from ICIs in preclinical and clinical models [58]. All of the compounding evidence
has resulted in the inclusion of “polymorphic microbes” as a new emerging hallmark
of cancer [59,60]. However, despite these encouraging data, the cellular and molecular
underpinnings that critically regulate these interactions are yet to be completely elucidated.

Although not fully understood, it is thought that the gut microbiome influences host
immunity and carcinogenesis through positive and negative interaction with other recog-
nized hallmarks of cancer [59]. This is mediated by a number of mechanisms including
(1) direct DNA damage and the disruption of systems that aim to maintain genomic in-
tegrity, (2) production of ligand mimetics that stimulate epithelial proliferation, (3) secretion
of gut hormones, (4) elicitation of immune responses through cross-reactive microbial and
tumor-associated antigens and (5) shifts in the gut ecosystem causing changes in the levels
of microbial metabolites [34,61–66]. Whereas it is certainly challenging to ascertain which
of these factors has the biggest influence in the context of cancer, there is an increasing
body of evidence suggesting that microbial metabolites and secondary metabolites not
only play a key role in the onset and development of numerous malignancies, but could
also be drivers of response of systemic treatment, namely immunotherapy [48,50,51,54,67].
One such group of metabolites are short-chain fatty acids (SCFAs), such as butyrate and
propionate, which originate from the bacterial fermentation of non-digestible carbohy-
drates, and have been implicated in the reduction of inflammation and regulation of CD4+
and CD8+ T cells [66,68–73]. Moreover, butyrate has also been shown to have a role in
tumor suppression through the up- and down-regulation of genes involved in carcino-
genesis [66,74,75]. Indeed, this SCFA seems to induce a pro-apoptotic effect through the
increased expression of genes such as Bax and Bak, and has been proposed to have an
additional tumor suppressing effect by regulating the Wnt/β-catenin signaling pathway
and by reducing the expression of anti-apoptotic genes such as Bcl-2 [73,74,76–78].

4. Gut Microbiome and Renal Cell Carcinoma

The treatment of metastatic renal cell carcinoma has changed dramatically over the
past decades with the introduction of targeted treatment strategies with tyrosine kinase
inhibitors such as sunitinib, pazopanib and cabozantinib and more recently with the
approval of ICIs that target inhibitory molecules such as PD-1, PD-L1 and CTDLA-4 [8].
The use of this latter treatment modality, either alone or in combination with TT, has further
improved the outcome of patients with mRCC and is currently the standard of care for
first-line treatment of this disease. However, unlike other malignancies such as non-small
cell lung cancer and melanoma, where the use of ICIs can be guided by PD-L1 tumor
expression or tumor mutational burden, there are currently no validated biomarkers to
predict response in patients with mRCC receiving ICIs [79–82]. Moreover, despite the
improvements in efficacy seen with current treatment approaches, up to 60% of patients
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receiving these regimens fail to respond [83]. Hence, there is increasing need for both
biomarkers of response that will allow us to identify the group of patients that will benefit
the most from these treatments, and interventions that can allow us to maximize the benefit
conferred by these approaches.

Given this context, as well as the large body of evidence linking the gut microbiome
with the host’s immune system and treatment response to ICIs in other malignancies,
the role of the gut microbiome in mRCC and its potential as a biomarker of response
and an intervention to improve treatment effectiveness are also being studied. Initial
observations from several studies, the majority of which were retrospective in nature,
have sought to indirectly determine the impact of gut dysbiosis in treatment response to
ICIs by assessing for changes in the context of antibiotic treatment. Overall, the resulting
evidence indicates that treatment with antibiotics is associated with decreased overall
survival (OS), progression-free survival (PFS) and objective response rate (ORR) in patients
with mRCC treated with standard-of-care ICIs [84]. Moreover, a study by De Rosa and
colleagues further suggested that antibiotic treatment was associated with an alteration
in the composition of the intestinal microbiota and the taxonomic beta diversity. Namely,
this study noted an over-representation of bacteria, such as Erysipelotrichaceae bacterium and
Clostridium hathewayi, suggesting that akin to the observations made for other cancer types,
gut dysbiosis could also affect treatment response in RCC [85].

Additional studies further extended this line of inquiry and aimed to delineate this
effect by assessing the impact of baseline gut microbiome profiles in patients receiving
ICIs. This was performed by collecting stool specimens prior to the initiation of treat-
ment and looking for the relative abundance of different bacteria using whole genome
sequencing (WGS). These studies found that an increase in microbial diversity, as well as
in relative abundance of certain bacterial species such as Akkermansia muciniphila and
Bifidobacterium spp., was associated with response to ICIs [50,85,86]. In contrast, data
published by Park and colleagues who evaluated a cohort of NSCLC and RCC patients
showed that a lack of treatment response was associated with an over-representation of the
Enterocloster genus [85]. Further work presented by Alves during the 2022 ESMO sympo-
sium supported these findings, noting that not only was the baseline overrepresentation
of the Enterocloster genus linked with a lack of treatment response but that those patients
who do respond to ICIs exhibited a decrease in the Enterocloster genus representation after
treatment [87].

Preclinical models have been in turn devised to evaluate the impact of gut microbiome
interventions in treatment response and have shown that the direct administration of
bacterial species associated with response in previous studies, such as Bifidobacterium and
Akkermancia muciniphila, could delay tumor progression and restore treatment efficacy in
mice treated with an immune checkpoint blockade [50,88]. Interestingly, it has also been
shown that bacterial supplementation with Clostridium butyricum MIYAIRI 588 (CBM 588), a
probiotic bacterium, could lead to an increase in relative abundance of previously identified
“beneficial bacteria” such as Bifidobacterium and Lactobacillus in mice, while also enhancing
the intestinal barrier function [89].

Current studies in humans have intended to harness this effect to achieve an increased
response to treatment and a reduction in treatment-related side effects using several strate-
gies including (1) bacterial supplementation, (2) fecal microbiota transplantation and
(3) diet modulation.

The first randomized clinical trial in this space was conducted by Dizman and
colleagues. In the study, twenty patients with mRCC who were initiating VEGF-TKIs
in any line of therapy were randomized to a probiotic-supplemented arm receiving a
Bifidobacterium-containing yogurt, or a probiotic-restricted arm. Notably, all patients
enrolled to the intervention arm reached detectable levels of Bifidobacterium animalis. Al-
though no difference in clinical benefit was seen between these arms, whole metagenome
sequencing identified that Barnesiella intestinihominis and Akkermansia muciniphila were
significantly more abundant in patients achieving clinical benefit [90].
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Another study was then carried out by the same group evaluating the effect of live bacte-
rial supplementation with CBM588 in treatment naïve mRCC patients receiving ipilimumab
with nivolumab for first-line treatment [91]. A total of 30 patients were randomized in a
2:1 fashion to the probiotic-containing and probiotic restricted arms, respectively. Despite
the robust preclinical and clinical rationale behind its’ primary endpoint of characterizing
the effect of CBM588 on the relative abundance of Bifidobacterium spp., this endpoint was
not met [54,91]. However, a significant advantage in PFS was seen in those receiving live
bacterial supplementation over those receiving ipilimumab with nivolumab alone (12.7 vs.
2.5 months, hazard ratio 0.15, 95% CI 0.05–0.47, p < 0.001). Additionally, a comparable safety
profile was seen among the two groups, with grade 3 and 4 adverse events being reported
in 50% and 52% of patients in the control and intervention arms, respectively.

Despite this encouraging PFS signal, a remaining question is whether the effects of
CBM588 will also be relevant in the context of newer combination strategies combining
ICIs and TKIs. This is especially true in light of our growing understanding of the effect
of TKIs in immune responses with several pieces of evidence suggesting that common
TKI-driven effects such as VEGF blockage or more specific activity such as inhibition of
MET and the TAM kinases, as seen with cabozantinib, could play an immunomodulatory
role [92–95]. To answer this question, and given the encouraging safety profile seen in
the aforementioned trial, a currently ongoing study will evaluate the effect of CBM588
in treatment-naïve patients receiving treatment with a combination of cabozantinib plus
nivolumab as first-line therapy for mRCC [96] (Figure 1).

 

Figure 1. Study design for the phase I cabozantinib plus nivolumab +/− CBM588 trial [97].

FMT represents another microbiome-directed intervention with increasing momentum
in the treatment of mRCC. Although there are still limited published data regarding the
effect of this approach in this disease, current evidence suggests that FMT could improve
mucosa-associated invariant T (MAIT) cell function in this patient population and boost
immune surveillance against opportunistic pathogens that might be of relevance in the
setting of cancer-mediated immunosuppression [98]. Furthermore, this intervention is also
being evaluated as a way to reduce treatment-related toxicity. In a study conducted by
Ianiro et al., FMT was employed to reduce TKI-induced diarrhea in mRCC patients. In
his study, patients treated with donor-FMT showed a significant clinical improvement in
TKI-induced diarrhea symptoms when compared to those receiving placebo [99]. Another
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interesting study is the currently ongoing PERFORM trial, one that will evaluate the
prevention of treatment toxicity with immunotherapy utilizing this approach [100].

Beyond this, FMT is being evaluated as a tool to improve and induce response to
ICIs in the TACITO and MITRIC trials, respectively. The TACITO trial is a randomized
control trial of 50 mRCC patients to receive FMT or placebo and will evaluate the number
of participants free of tumor progression [101]. In contrast, the MITRIC trial will enroll
patients with solid tumors (including RCC) that have failed to respond to treatment. This
is a single-arm, open-label study that will enroll 20 patients who will receive FMT from
ICI-responders after experiencing progressive disease while on therapy with PD1/PD-L1
blockers and/or CTLA4-blockers [102]. The rationale behind these trials derives from
pre-clinical evidence showing that FMT from patients responding to ICIs can successfully
rescue primary resistance in RCC tumor-bearing mice [85]. Moreover, similar concepts have
already been successfully implemented in cohorts of immunotherapy-refractory patients
with melanoma [56,57].

Finally, dietary interventions are also underway in the KETOREIN trial. This is a
non-randomized four-arm design that aims to evaluate a ketogenic diet used concomitantly
with nivolumab plus ipilimumab in mRCC patients. This trial will evaluate objective
response rate as its primary outcome and will enroll a total of 60 patients to one of four
arms detailed in Figure 2 [103]. Results from this trial will build upon previously published
pre-clinical data from Ferrere et al. suggesting that a ketogenic diet shifts the balance of the
gut microbiota from tolerogenic to immunogenic bacteria (e.g., Akkermancia muciniphila)
and induces an antineoplastic effect mediated by 3-hydroxybutyrate [104].

 

Figure 2. Study design for the KETOREIN trial.

5. Challenges and Opportunities

Historically, challenges related to the characterization of the microbiome were mostly
attributable to technical limitations, especially considering that not all regular bacterial
species are amenable to culture processes, and that cultivating viruses and fungi can
be even more challenging. Moreover, body environments other than the gut are less
colonized and have yielded disappointing results. It was only more recently, with the
advent of advanced molecular techniques such as DNA sequencing and fluorescence in-
situ hybridization of stool, blood and saliva samples, as well as intra-tumoral analysis, that
a broader characterization of the human microbiome became independent from culture
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methods [105,106]. The most utilized tool as a strategy to surpass the challenge of obtaining
reliable and high-quality samples is sequencing the 16S rRNA gene, which is present only
in prokaryotic cells, with the drawback of identifying only bacteria [106]. Notwithstanding,
even when high-throughput sequencing technologies are increasingly available, up to 50%
of functional diversity remains unknown, a fact that is further complicated when including
non-reference populations [105].

Furthermore, although evolutionary advances in next-generation sequencing technol-
ogy have ushered in a new understanding of the interplay between the gut microbiome,
immunity and cancer, several challenges are notable and represent barriers for its incor-
poration in routine clinical practice. Among these challenges are the lack of uniformity
across the methodologies used for microbiome analysis (e.g., stool collection kits, probiotic
restriction in the control arms, etc.), an issue that could explain the modest overlap in
gut-microbiome profiles associated with response across studies (Table 1). Hence, the de-
velopment and validation of a reference framework would be a promising approach to be
incorporated in microbiome research that could facilitate collaboration and the comparison
of results.

Table 1. Studies evaluating gut microbiome composition and treatment response in mRCC patients.

Study Patient Population
Microorganism Associated with

Response/Clinical Benefit
Treatment

Routy et al, Science (2018) [50] Patients with metastatic RCC
or NSCLC

Akkermansia muciniphila, Ruminococcus,
Alistipes, and Eubacterium Anti PD-L1

Derosa et al, European Urology,
(2020) [85] Patients with advanced RCC Akkermansia muciniphila, Bacteroides salyersiae,

and Eubacterium siraeum Nivolumab

Salgia European Urology
(2020) [86] Patients with metastatic RCC

Akkermansia municiphila, Prevotella copri,
Feacalibacterium rumino Bifidobacterium
adolescentis, and Barnesiella intestinihominis

Nivolumab or nivolumab
with ipilimumab

Dizman et al, Cancer Medicine
(2021) [90] Patients with metastatic RCC Akkermansia muciniphila, Barnesiella

intestinihominis and Bacteroides caccae VEGF-TKI therapy

Dizman et al, Nature Medicine
(2022) [91] Patients with metastatic RCC Bifidobacterium spp. Nivolumab with

ipilimumab +/− CBM588

Another important challenge is the limited sample size of most studies. Considering
that microbiome profiling can be influenced by factors such as age, diet, socioeconomic
status, geography and ethnicity, large sets of data are needed to identify and fully capture
this heterogeneity [107]. Joint efforts analogous to The Cancer Genome Atlas (TCGA)
could prove beneficial in better understanding the immune–microbiome interface. Initi-
ated in 2006, TCGA consisted of a collaboration across multiple institutions and with the
labor of a myriad of multidisciplinary specialists to collect and analyze data from over
20,000 samples across 33 different cancer types to elucidate genomic aspects of cancer. A
similar approach would be an important step in microbiome research, with the collec-
tion of information from multiple centers, including academic and community sites, able
to create a more robust database and provide the foundation for insights into different
microbiome compositions. Ongoing population-wide initiatives such as The Human Mi-
crobiome Project (HMP) in the United States, the Metagenomes of the Human Intestinal
Tract (MetaHIT) in Europe, and a diabetes cohort in China have already managed to survey
around 2000 individuals [108–110].

The City of Hope is one medical group primed to help in this collaborative effort.
With over 30 different locations across Southern California, this network is well positioned
to conduct studies that collect samples representative of a broad population. Not only
accounting for the diverse ethnic backgrounds present in the state of California, but also
socioeconomic and cultural factors, can help broaden the resident microbiota. Additionally,
the institution recently broadened its area of influence and cancer care beyond its original
regional borders by acquiring the Cancer Treatment Centers of America group, which has a
well-established presence in Georgia, Illinois and Arizona. This will hopefully allow for
nation-wide studies that will provide a wider look at the composition of what constitutes a
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normal microbiome and will help better determine the changes seen during treatment and
survey differences across various patient groups.

Admittedly, this collaborative endeavor would require the contribution of experts in
many areas of biomedical research. Physicians and patient care personnel would identify
eligible candidates to provide samples. Basic science researchers would identify strains,
elucidate molecular pathways, and understand the gut microbiome’s modulatory effects.
In turn, bioinformaticians and data scientists would play a role in identifying correlations
and scrutinizing data. With recent studies relating the gut microbiome to cancer treatment
response and toxicity, it is particularly important for basic scientists to use animal models
to understand the mechanism behind these findings. Communication across all levels of
the chain of care is required to streamline such an effort and translate findings to patient
care and the clinical setting.

With broad patient samples, physicians from multiple sites, and basic science labs
working together, we can broaden our understanding of the mechanisms driving micro-
biome modulatory effects and use this knowledge to provide more personalized treatment
options for patients. For example, in a certain cancer population, if malnutrition or a
poor microbiota diversity is identified, we might be able to correct the course of treatment
and increase the odds of response and perhaps extend survival by administering live
bacterial products, as early-phase data have suggested, with larger confirmatory trials
underway [111].

6. Conclusions and Future Directions

In summary, the gut microbiome represents an area of emerging interest in oncol-
ogy. Difficulties faced during initial efforts for the characterization of the vast array of
microorganisms that reside in the human body have now been largely addressed by the
introduction and use of next-generation sequencing technologies. It is now well accepted
that the microorganisms living in the gut have an impact across many disease settings,
including cancer, and studies have further implicated the gut microbiome as a potential
biomarker for response in many cancer types including mRCC.

Furthermore, randomized clinical trials in the mRCC space have produced encour-
aging results supporting the use of microbiome-based interventions to increase the ef-
fectiveness of systemic therapy and reduce toxicity. Ongoing clinical trials are seeking
to validate these findings in larger cohorts, as well as address other clinically relevant
questions, including the effect of dietary interventions in treatment outcomes. However,
much work remains to be done before microbiome-based interventions can have a tangible
impact in routine clinical practice.

Namely, there is an unmet need for longitudinal microbiome data at the individual
and population level that can provide insights into the heterogeneity of the gut microbiome
across different patient populations. Hence, future research efforts should aim to include
diverse patient populations, as well as carefully annotated correlatives including genomic,
epigenomic and metabolomic data, all of which will help us elucidate the factors driving dif-
ferences between patient cohorts. Admittedly, such projects will necessitate large intra- and
inter-institutional collaborations which remain, to date, a largely unfulfilled opportunity.
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Abstract: Neuroendocrine tumors are a rare type of cancer found in hormone-producing cells
throughout the body. Research on disease-specific patient education assessments in this population is
lacking. We previously demonstrated the feasibility and validity of NET VITALS, a patient-centered
self-assessment designed to improve patients’ knowledge of their neuroendocrine tumor diagno-
sis/treatment and facilitate communication with their physician. In this report, we provide a brief
overview of patient assessments that have been used for patients with neuroendocrine tumors. We
summarize NET VITALS and present a proposed infrastructure for its implementation into standard
clinical care in both academic and community practice settings at City of Hope. Incorporating NET
VITALS into standard of care treatment for patients with neuroendocrine tumors may improve
patients’ overall clinical care experience.

Keywords: neuroendocrine tumors; self-assessment; NET VITALS; implementation science

1. Introduction

Neuroendocrine tumors (NETs) are hormone-producing tumors that develop from
endocrine cells throughout the body [1]. Although the incidence of NETs is rising, NETs
are a rare diagnosis, with 8.3 cases per 100,000 individuals diagnosed in the United States
in 2018 [2,3]. Given that NETs often present with nonspecific symptoms, such as diarrhea,
bloating, abdominal cramping, and flushing [4,5], delays in diagnosis are common, with
patients reporting a median of 9.2 years between the development of symptoms and final
diagnosis [6]. As a result, patients often present with advanced or metastatic disease at
diagnosis [7,8].

The relatively small number of patients with NETs may be a contributing factor to the
lack of research regarding education and treatment experiences of this patient population.
Patients with NETs often report poor clinical experiences, with many patients expressing
frustration with the lack of information provided and poor communication with their
treating physician [7–9]. Educational tools for patients with breast, prostate, and liver
cancers have demonstrated improvements in patient understanding and satisfaction with
the information received from their treating physician [10,11]. These positive results suggest
that patients with NETs could also benefit from patient-centric educational tools.
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In this report, we provide a brief overview of patient-centered self-assessments, with
an emphasis on tools specifically designed for patients with NETs. We describe NET
VITALS, a patient-centered self-assessment tool created by NET patient advocates and
physicians, and propose a strategy for its implementation at City of Hope. Our goal is to
establish a robust clinical infrastructure for the implementation of NET VITALS that could
improve the treatment experience of patients with NETs and contribute to an increase in
patients’ overall well-being.

2. Patient-Centered Assessments

Patient self-assessments have been developed for a variety of situations. Here, we
describe disease-agnostic and disease-specific self-assessments that have been used among
patients with NETs.

2.1. Disease-Agnostic Patient Assessments: Quality of Life

Many disease-agnostic patient self-assessments are designed to assess quality of life.
A well-known example is the European Organization for Research and Treatment of Cancer
(EORTC) Quality of Life Questionnaire-Core 30 (QLQ-C30) [12]. This 30-item questionnaire
has been used among patients with a variety of diagnoses [13–15]. Other examples of
patient-centered quality of life tools include the Health Outcomes Tool, Attitude Scale,
Now vs Later tool, Prognosis and Treatment Perceptions Questionnaire, and Short Form
36 health survey questionnaire [16–21]. These tools allow patients to clearly identify treat-
ment goals and current health status and can provide physicians with clarity regarding
patients’ preferences, which can potentially improve patient–physician communication.
Moreover, these tools have successfully been used in NET patient populations in the con-
texts of clinical trials and observational studies, emphasizing their utility [22–29]. However,
patients’ knowledge of their disease and treatment is not analyzed with these tools, leaving
a gap in patient education. While these tools can increase patient awareness and potentially
improve patient–physician communication, they lack disease-specific questions that may
provide greater insight for both the patient and physician.

2.2. NET-Specific Patient Assessments

Although there are numerous examples of disease-specific patient educational tools
and assessments [10,11,30], there are few examples of assessments designed specifically for
patients with NETs. The International Neuroendocrine Cancer Alliance (INCA) conducted
a global survey of patients with NETs in 2014 that investigated patients’ knowledge of their
disease and their perspective on disease burden and treatment experience [7,8,31]. While
this anonymous survey provided the NET research community with additional details
regarding patient perspectives on their NET disease burden, it did not allow for any follow-
up with patients, nor did it provide patients with a way to improve communication with
their physician. In 2017, INCA conducted another international survey of patients/families,
healthcare providers, and patient advocates and reported that patients with NETs continue
to struggle with a lack of information [32]. Only 30% of patients stated that they were
provided with sufficient information from their healthcare provider at diagnosis. However,
59% of healthcare providers surveyed believed that they provided patients with sufficient
information, highlighting a lack of communication between patients with NETs and their
healthcare providers.

The EORTC created a quality of life questionnaire for patients with gastrointestinal
NETs (EORTC QLQ-GINET21); this 21-item questionnaire has been validated in patients
with liver, pancreatic, and other gastrointestinal NETs [33,34]. This questionnaire is often
used in conjunction with the EORTC QLQ-C30 to obtain a more comprehensive picture
of a NET patient’s health-related quality of life [23,26,27,35]. While the EORTC QLQ-
GINET21 has allowed patients with gastrointestinal NETs to provide their physicians with
information about their current quality of life, some of the questions may not be relevant
for patients with non-functional tumors, and patients with non-gastrointestinal NETs are
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not included in the target patient population. Spolverato et al. designed a quality of life
questionnaire specifically for patients with NET liver metastases that incorporated elements
from the EORTC QLQ-C30, EORTC QLQ-GINET21, and Norfolk Quality of Life tool for
NETs [36,37]. While this questionnaire is useful for this patient population, it does not
assess patient knowledge or perception of information received.

To address the issue of patient satisfaction with information received, Bouma et al.
developed a web-based information system designed to improve patient satisfaction with
the amount and quality of information they were able to access about their diagnosis [38].
Although an initial feasibility study suggested that patients experienced an improvement
in quality of life and were satisfied with the application, a randomized controlled trial
comparing the web-based application to standard of care treatment found no difference in
perception of information received or satisfaction with information received [39]. However,
a 26-week multidisciplinary educational intervention for patients recently diagnosed with
NETs reported improvements in patients’ general self-efficacy and health-related quality of
life [28], suggesting that educational interventions in this patient population require further
optimization to maximize their benefit to patients.

The NET Cancer Health Storylines mobile application was developed to allow patients
with NETs to track the frequency and severity of their symptoms and monitor additional
health outcomes such as nutritional concerns, medications, and sleep [40]. Adams et al.
investigated the health-related quality of life of patients using the application who were
receiving somatostatin analog treatment; they observed a decrease in reported physical
symptoms on the EORTC QLQ-C30 and EORTC QLQ-GINET21 over time, suggesting
that the act of tracking symptoms may improve patients’ perception of changes in symp-
toms [41].

In terms of treatment planning, Wagner et al. designed a multicriteria decision analysis
framework for NET patients and physicians to use together when deciding on treatment
plans [42]. Although this framework is limited in its treatment options, it provides an
example of cooperative decision making, which has the potential to provide NET patients
with increased autonomy and feelings of improved communication with their physician.

In summary, there is a lack of NET-specific tools that have the goal of increasing
patients’ self-knowledge of their diagnosis and treatment journey.

3. NET VITALS

In light of complaints from NET patients that they did not have enough information
about their diagnosis and treatment from their physician [7–9], we decided to create a
tool to allow patients to address these issues. Patient advocates from the Learn Advocate
Connect Neuroendocrine Tumor Society (LACNETS) collaborated with NET physicians
from City of Hope to create NET VITALS, a patient-centered self-assessment tool [43,44].
NET VITALS comprises six sections: diagnosis information, pathology/functional sta-
tus/symptoms, imaging and diagnostic information, laboratory test results, surgery and
treatments received, and additional information (genetic testing information, level of social
support) (Figure 1 and Figure S1) [43]. The goal of NET VITALS is to give patients a sense
of autonomy and control as they navigate their NET diagnosis and treatment odyssey.

In 2019, we introduced NET VITALS to patients attending the Los Angeles NET Edu-
cation Conference [43]. Patients were invited to complete NET VITALS after attending a
seminar that explained how to fill it out. The feasibility of NET VITALS was demonstrated,
with an 88.3% response rate (68 out of 77 patients) and a median of 85.7% of items com-
pleted. NET patients were satisfied with NET VITALS as a potential tool to use with their
physicians, with 74.6% of patients agreeing that NET VITALS was a useful communication
tool and 76.3% of patients indicating that they would recommend NET VITALS to some-
one else. In terms of disease and treatment knowledge, NET VITALS highlighted areas
where NET patients may not have as much knowledge about their diagnosis or treatment,
including tumor Ki-67 index, grade, functional status, differentiation status, and receipt
of liver-directed therapy. These gaps in knowledge suggest that NET VITALS could be
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used to spur communication between patients and physicians to increase NET patients’
knowledge of their disease.

Figure 1. Sections of NET VITALS.

Given the feasibility and high level of patient satisfaction with NET VITALS in our
preliminary cross-sectional survey study, we present a suggested infrastructure for imple-
menting NET VITALS in the clinic.

4. Implementation of NET VITALS: The City of Hope Model

NET patient advocates, physicians experienced in treating patients with NETs across
the City of Hope enterprise, and healthcare providers with experience integrating patient
assessments into clinical care were approached to determine the best way to implement
NET VITALS into clinical practice. A proposed model for NET VITALS integration is
shown in Figure 2.

 

Figure 2. Proposed implementation of NET VITALS.

In this model, NET VITALS will be built into the list of intake tasks for patients with
NETs seeking consultation at City of Hope. Intake coordinators will direct patients to the
LACNETS website to download and complete NET VITALS. Once completed, the patient
will send a copy of NET VITALS to the intake coordinator to scan and upload into the
patient’s medical record for physician review prior to the consultation appointment.

For patients unable to access the LACNETS website, the intake coordinator will mail
a paper copy of NET VITALS to the patient for completion prior to their appointment. If
completion of NET VITALS prior to the consultation appointment is not feasible, patients
will be given a paper copy of NET VITALS upon check-in on the day of their appointment.
Paper copies of NET VITALS will be scanned and uploaded into the patient’s medical
record on the day of their initial consultation at City of Hope.
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5. Opportunities and Challenges of NET VITALS Integration within the City of
Hope Enterprise

The implementation model for NET VITALS will be piloted initially on the City of
Hope main Duarte campus and select community practice sites throughout southern
California. NET VITALS will also continue to be promoted through the LACNETS website
and outreach platform. Once the feasibility of this model has been demonstrated, expansion
to all City of Hope locations across the enterprise will be performed.

Strengths of the proposed infrastructure include the strong relationships between the
academic and community centers of City of Hope. With a primary center in Duarte, the
City of Hope Orange County Lennar Foundation Cancer Center in Irvine, over two dozen
community practice sites across southern California, and three Cancer Treatment Centers
of America locations in Phoenix, Chicago, and Atlanta, the potential for collaboration is
enormous. The connectivity of the main campus at Duarte and various community practice
locations has been previously demonstrated [45]. This interconnectivity allows physicians
from satellite clinics that may not see many patients with NETs on a routine basis to have
access to specialists at other locations to better understand their patient’s diagnosis and
develop an optimal treatment plan. City of Hope’s new relationship with Cancer Treatment
Centers of America furthers this connectivity, allowing patients at all locations to have the
opportunity to potentially benefit from NET VITALS.

A potential challenge of this implementation strategy is its reliance on electronic
medical records. To complete NET VITALS before their appointment, patients are expected
to have access to their online patient portal and the LACNETS website (which also implies
Internet access). We have suggested alternative pathways to complete NET VITALS that are
not dependent on Internet access to ensure that all patients have an opportunity to complete
this assessment. Additionally, City of Hope is in the process of promoting access to the
online patient portal, which includes converting Cancer Treatment Centers of America
to the electronic medical record system used by City of Hope to ensure uniform access
across the enterprise. The integration of NET VITALS into the electronic medical record
could allow care teams to easily compare patients’ responses to pre-existing data and track
patients’ care over time.

Another perceived limitation may be the inability of patients to complete all sections
of NET VITALS before their appointment. However, patients are not expected to be familiar
with everything covered in NET VITALS [44]. Identifying areas where knowledge is
lacking allows patients to have a more guided discussion with their physician during their
appointment, potentially improving overall patient–physician communication.

6. Conclusions

Patient-centered self-assessments, such as NET VITALS, may help increase patients’
knowledge about their NET diagnosis/treatment and promote dialogue with their physi-
cian and healthcare providers. Identifying and implementing a strategy for the incorpora-
tion of NET VITALS into clinical care can be significant to care teams that strive to provide
the best personalized care possible for patients with NETs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12031229/s1, Figure S1: NET VITALS.
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Abstract: Translational research in medicine, defined as the transfer of knowledge and discovery from
the basic sciences to the clinic, is typically achieved through interactions between members across
scientific disciplines to overcome the traditional silos within the community. Thus, translational
medicine underscores ‘Team Medicine’, the partnership between basic science researchers and
clinicians focused on addressing a specific goal in medicine. Here, we highlight this concept from
a City of Hope perspective. Using cisplatin resistance in non-small cell lung cancer (NSCLC) as
a paradigm, we describe how basic research scientists, clinical research scientists, and medical
oncologists, in true ‘Team Science’ spirit, addressed cisplatin resistance in NSCLC and identified a
previously approved compound that is able to alleviate cisplatin resistance in NSCLC. Furthermore,
we discuss how a ‘Team Medicine’ approach can help to elucidate the mechanisms of innate and
acquired resistance in NSCLC and develop alternative strategies to overcome drug resistance.

Keywords: drug resistance; cisplatin; non-small cell lung cancer; group behavior; IDPs; phenotype
switching; mathematical modeling

1. Introduction

Cancer is one of the major contributors to global mortality. According to Cancer
Statistics, which is published every year [1], 1.9 million new cancer cases and 609,360 deaths
from cancer are estimated in 2022 in the US alone, which is about 1670 deaths a day. Among
all the cancer types, lung cancer (both small and non-small cell) is the most prevalent, and it
is estimated that a total of 236,740 people will be diagnosed with lung cancer in 2022, which
is 1 in 16 people in the US alone [2–5]. Lung cancer is generally a disease of middle-aged
and elderly smokers, usually with several comorbid smoking-related conditions, such as
emphysema, chronic bronchitis, widespread atherosclerosis, and degenerative disorders of
the central nervous system (CNS) and other organs [6–8]. Despite significant developments
in preventing, screening, and treating lung cancer over the past decade, innate and acquired

J. Clin. Med. 2023, 12, 599. https://doi.org/10.3390/jcm12020599 https://www.mdpi.com/journal/jcm
195



J. Clin. Med. 2023, 12, 599

resistance to chemotherapeutic agents and radiation remains a vexing problem, and success
in increasing the life expectancy of patients is limited.

A vast majority (~85%) of lung cancer patients have a group of histological subtypes
collectively known as non-small cell lung cancer (NSCLC). Among the various subtypes,
lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LSCC) are the most
common subtypes [9]. LUAD is mostly driven by driver oncogenes, such as EGFR, KRAS
(G12C), MET, ALK, etc., against which targeted therapies are available. On the other hand,
no known targetable driver oncogenes have been identified for LSCC; thus, the therapeutic
options for LSSC patients are limited.

NSCLC patients are offered a broad range of genotoxic drugs, such as cisplatin or
carboplatin alone or in combination with immunotherapy [10], and often respond to treat-
ment initially. However, most patients develop drug resistance, and numerous mechanisms
underlying drug resistance have been identified, mostly in preclinical models of the dis-
ease [11–13]. Unfortunately, many of these mechanisms do not always hold in vivo and,
very often, are not effective in the clinic even if they appear promising in the in vivo models.
Therefore, a collaborative effort integrating the preclinical studies with clinical outcomes
could help to better understand the mechanism of drug resistance.

Here, we summarize the concept of ‘Integrating Clinical and Translational Research
Networks—Building Team Medicine’ from a City of Hope perspective (Figure 1). Using
cisplatin resistance in NSCLC as a paradigm, we describe how basic research scientists with
expertise in fields as varied as cancer biology, cell and molecular biology, biochemistry, bio-
physics, structural biology, and mathematical and computational biology; clinical research
scientists; and medical oncologists working together with a true ‘Team Medicine’ spirit, un-
covered a non-genetic mechanism underlying cisplatin resistance in NSCLC and identified
carfilzomib (CFZ), a previously approved proteasome inhibitor, to alleviate resistance. The
team was led by the Department Chair, a thoracic oncologist who helped coordinate the
team’s efforts, much like a tumor board that comprises clinical specialists, nurses, and care
providers does in a hospital setting. Furthermore, we discuss how this ‘Team Medicine’
approach also helped explore novel treatment strategies that could potentially preclude,
attenuate, or at least delay, the onset of cisplatin resistance in these patients.

 

Figure 1. Schematic representing the ‘Team Medicine’ approach.
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2. Mechanisms of Drug Resistance

Drug resistance is the major obstacle to long-term patient survival [14]. Cancer cells
can escape therapy and exhibit drug resistance by different routes and many of these routes
remain unpredictable and difficult to characterize [15]. A better understanding of the
molecular mechanisms that help in tumor progression and drug resistance is essential in
designing cancer subtype specific treatments. Drug resistance is defined as the inheritable
ability of the cells to survive clinically relevant drug concentrations [16]. Drug resistance
can either pre-exist before the start of the treatment, referred to as innate resistance, or
develop in response to the treatment and is referred to as acquired resistance [15–19].
Innate drug resistance is typically thought to involve genetic mutations, while acquired
resistance is generally believed to be due to both genetic and non-genetic/epigenetic
changes. In either case, resistance to therapy is associated with metastatic disease and poor
survival rates in patients [16,20–22]. Regardless, however, numerous mechanisms [23,24]
that promote drug resistance have been reported in the literature, adding to the resistance
conundrum (Figure 2).

Figure 2. Schematic representation of acquired resistance. Acquired resistance can arise through the
Darwinian section or Lamarckian induction. Path of drug resistance where a tumor cell can become
resistant purely due to genetic changes through non-genetic alteration in a particular genotype or
through initial non-genetic changes combined with genetic mutations.

Cancer drug resistance is multi-factorial and not solely driven by genetic mecha-
nisms [25]. In fact, an increasing body of evidence shows that non-genetic mechanisms,
such as lineage plasticity [26] (change in cell identity), epigenetic factors that regulate gene
expression, and phenotype plasticity, contribute to cancer drug resistance [27]. Cancer
cells escape the drug assault by two phenomena; ‘tolerance‘, which is the ability of the cell
to survive transient exposure to high drug concentration, and ‘persistence’, which is the
ability of a subpopulation of a clonal population to survive exposure to high concentrations
of a drug [27]. Drug-tolerant persisters (DTP) remain major factors in cancer relapse and in
developing drug resistance [28]. Persistence is observed in low frequency in tumor cells
with reduced proliferation rate and metabolism that helps them in tolerating drug insult.
The genetic makeup of the DTPs is indistinguishable from the bulk tumor population and
the resistance exhibited by them reverts to the sensitive state upon drug removal [29–34].
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However, Shaffer et al. [35] showed that persisters cells exhibit significant variability at
the single-cell level. Furthermore, these variabilities eventually decide the fate of the cell
regarding whether to irreversibly become resistant to drug treatment.

Two phenomena that determine whether a given cancer cell population will undergo
non-genetic evolution of drug resistance are epigenetic heterogeneity and epigenetic plas-
ticity [27,36–38]. Epigenetic heterogeneity refers to the overall variability in the epigenetic
landscape across a given cell population, which is influenced by both cell-intrinsic and
cell-extrinsic stimuli. Epigenetic plasticity, on the other hand, is the capacity of a cell to alter
its epigenetic state in response to either internal or external stimuli [27,36–38]. It is crucial to
understand that both epigenetic heterogeneity and epigenetic plasticity are not completely
independent variables; for example, various cancer cell types exhibit heterogeneity because
the epigenetic state of the population is more plastic.

A stable mechanism of non-genetic resistance can result in the pre-existence of resistant
clones in the subpopulation, in which case drug resistance simply emerges through Dar-
winian selection and is completely dependent on epigenetic heterogeneity. Alternatively,
the stable origin of a non-genetic resistance can also be a result of gradual Darwinian or
Lamarckian induction (Figure 2).

Recent evidence indicates that the genetic and non-genetic mechanisms of drug re-
sistance are not mutually exclusive but indeed co-exist (meaning that both evolutionary
phenomena of Darwinian selection and Lamarckian induction may be active) within a
given cancer type and drive the drug resistance that eventually led to therapy failure. The
genetic/nongenetic duality as described in the review is believed to be a major contributor
to the complexity of drug resistance [39]. Designing drugs that target only the genetic mu-
tations is like playing a whack-a-mole game where the player has zero chance of winning,
even after multiple attempts. Thus, it is important to gain a deeper understanding of the
relative contributions of genetic and non-genetic mechanisms especially, by understanding
how, why, and when these non-genetic alterations occur so that one can hit the desired
target consistently.

In addition to genetic mutations/epigenetic changes, protein interaction networks
(PIN) also contribute to drug resistance [40–42]. PIN dynamics are orchestrated by the hub
proteins, which are typically intrinsically disordered proteins (IDPs). IDPs lack 3D structure
but exist as conformational ensembles. Indeed, ~80% of cancer-associated proteins, for
example, p53, cyclins, MYC, SOX2, paxillin, etc., are IDPs [43]. This article focuses on
acquired resistance to cisplatin resistance in NSCLC.

3. Cisplatin Resistance in NSCLC

Cisplatin is one of the platinum-based frontline chemotherapeutic agents used to
treat solid tumors in a wide spectrum of cancers, including lung, ovarian, colorectal, head
and neck, and testicular [44–46]. Cisplatin delivers its attack by entering cancer cells and
binding to DNA, thus forming DNA adducts. These adducts block transcription and
DNA synthesis, which activates the intracellular signal transduction that helps to eliminate
the tumor lesions [43]. Patients usually have a good initial response to cisplatin-based
chemotherapy but relapse later, because the development of acquired or innate resistance
markedly reduces its clinical effectiveness [46–50]. Various molecular mechanisms, such as
altered DNA repair and the cellular accumulation of the drug, as well as the cytoplasmic in-
activation of the drug, are a few of many pathways through which patients usually develop
resistance to cisplatin. The goal of personalized medicine is to develop better responses to
the drug in the clinic. Here in this review, we will comprehensively discuss the non-genetic
mechanisms of cisplatin resistance in NSCLC [51,52]. Cellular resistance to cisplatin may
conceivably be based upon the overexpression or inactivation of certain oncogenes both
in genetic and epigenetic pathways [47,49,53]. One such epigenetic mechanism involves
focal adhesion complex (FA) and the components that contribute to cisplatin-resistance
in NSCLC.
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3.1. Focal Adhesion and Cisplatin Resistance

Focal adhesions (FAs) are contact points for a cell that interact with the extracellular
matrix (ECM) and regulate diverse cellular processes, such as apoptosis, proliferation,
migration, and differentiation. The principal components of FAs are integrin, paxillin, focal
adhesion kinase (FAK), SRC (Src Oncogene), talin, tensin, vinculin, and actin [54]. Integrins
function as transmembrane receptors for extracellular ligands and transduce biochemical
signals into the cell. Integrins, when bound to ligands, are shown to be involved in a
variety of signaling pathways, such as the cell cycle; the organization of the intracellular
cytoskeleton; and in mediating the translocation of new receptors to the cell membranes
with an α and a β subunit [55,56]. In mammals, there are 24α and 9β integrins among
which integrin β4 (ITGB4) is believed to be unique due to its >1000 amino acid cytoplasmic
domain when compared to other β-forms that typically have cytoplasmic domains of
~59 amino acids [57]. Furthermore, the unique property of ITGB4 is that it heterodimerizes
with ITGα6 as well as ITGα7 [52,58]. However, ITGβ4 and its role in cisplatin resistance
remained poorly understood until recently.

Another important component of the FA complex is paxillin (PXN). Human PXN is a
68-kDa (591 amino acids) protein [59]. The LUAD upregulation of PXN is associated with
tumor progression and metastasis [60,61]. The phosphorylation of PXN leads to the acti-
vation of the downstream pathways of MAPF/ERK, resulting in cisplatin resistance [50].
PXN contains an N-terminus proline-rich region that anchors SH3-containing proteins
along with five leucine-rich residues (LD domains 1–5) with a consensus sequence of
LDXLLXXL [62,63]. The LD2-LD4 region includes sequences for the recruitment of signal-
ing and structural molecules, such as FAK, vinculin, and Crk [62,64,65]. This region has also
been reported to interact with integrin; more specifically, integrin α4 (ITGA4). Interestingly,
PXN is an IDP [66]. The C-terminal region of PXN is believed to be involved in anchoring
PXN to the plasma membrane and targeting to FA complex. The C-terminal of the FA
complex harbor Cysteine-Histidine-enriched Lin11/Isl1/Mec3 (LIM) domains that form
zinc fingers, suggesting that PXN could bind DNA and act as a transcription factor [67]. In
addition to LD domains, LIM domains contain the SH3 domain and SH2 domain that forms
a docking site for many tyrosine and threonine kinases and recruit additional enzymes
into the complex, eventually leading to the activation of canonical signaling through the
Ras-mitogen-activated protein kinase (MAPK), phosphoinositide-3-kinase (PI3K)-Akt, and
phospholipase C-gamma (PLC-γ) pathways.

Our recent work showed that NSCLC tumor tissue has the heterogenous expression of
PXN/ITGB4, and patients with the increased expression of both these genes have poor over-
all survival [50]. Furthermore, the cell lines that were identified to be cisplatin-resistant were
also observed to have elevated levels of ITGB4/PXN. The knocking down of ITGB4 and
PXN attenuated cell growth and enhanced apoptosis in 2D and 3D cultures. Interestingly,
the double knockdown affected the expression of several genes, including USP1/VDAC1.
Chromatin immunoprecipitation revealed a reduced binding of acetylated H3K27 at the
promoter region of USP1 on the knocking down of ITGB4/PXN, highlighting the epigenetic
regulation of various genes by these two proteins. Further, the knocking down of USP1 and
VDAC1 generated a similar phenotype as the knockdown of ITGB4/PXN (Figure 3). The
suppression of VDAC1 resulted in increased mitochondrial respiration and the generation
of reactive oxygen species, leading to DNA damage, whereas the suppression of USP1 af-
fected the DNA repair caused by adduct formation induced by cisplatin. Thus, these results
highlighted the important role of the FA-associated complex-associated genes in cisplatin
resistance and suggested that disrupting the interactions between the key components
could potentially alleviate cisplatin resistance.
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Figure 3. Schematic depicting the interaction between ITGB4 and PXN regulating downstream
proteins USP1 and VDAC1 at the transcriptional level to coordinate cisplatin resistance; taken from
Reprinted/adapted with permission from Ref. [51].

3.2. Mathematical Modeling Suggests Bistability Drives Phenotypic Switching

Our work also highlighted the role of ITGB4 in defining tumor heterogeneity. An
immunohistochemistry analysis of patient samples and NSCLC cell lines confirmed the
differential expression of ITGB4 [52]. Therefore, ITGB4 was used as a marker to sort low
and high ITGB4-expressing NSCLC cells. Interestingly, the low ITGB4-expressing cells,
after a few days in culture, were able to recreate the heterogeneous population of ITGB4-
expressing cells, but the cells sorted for high ITGB4 failed to recreate the heterogeneous
expression of ITGB4. These results were suggestive that low ITGB4-expressing cells have
more plasticity to recreate the heterogeneity compared to high ITGB4-expressing cells.
Further, RNA seq analysis carried out on the ITGB4 knockdown cells suggested a bistable
relation between the microRNA 1-3p and ITGB4. A mathematical model developed based
on the expression of these two genes indicated bistability; in a mixture of heterogeneous
cells, some cells express high ITGB4/low microRNA 1-3p, low ITGB4/high microRNA 1-3p,
or an equal expression of both ITGB4 and miRNA 1-3p (intermediary cells). Intermediary
cells can shift in either direction depending on the environmental cues, for example, they
could increase ITGB4 expression to tolerate cisplatin toxicity, and in absence of a drug, they
could return to normal or low expressing subtypes [52].

3.3. Novel Alternatives to Alleviate Cisplatin Resistance

To identify small molecules that could potentially disrupt the interaction between PXN
and FAK and, hence, perturb the focal adhesion complex and its downstream signaling, we
used an in silico screening approach to screen a library of FDA-approved compounds. The
screen identified several compounds that were found to sensitize the platinum-resistant
NSCLC cells. Of these, carfilzomib (CFZ) was the most efficacious (IC50 in the low nanomo-
lar range) and was able to induce DNA damage and apoptosis in NSCLC cells [68]. Further-
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more, CFZ was also found to significantly inhibit migration, wound-healing, and ITGB4
expression at sublethal doses. Altogether, the data revealed an alternative and more efficient
approach to treating lung cancer patients with cisplatin resistance.

3.4. Group Behavior and Phenotypic Switching Enable NSCLC Cells to Evade Chemotherapy

Phenotypic plasticity is critical for cancer cells to adapt themselves and survive [69].
Because of phenotypic plasticity, cancer cells are adept at switching their phenotypes in
response to either intrinsic or extrinsic (environmental) cues. Thus, phenotypic plasticity
enables cancer cells to undergo epithelial-to-mesenchymal transition (EMT) in order to
facilitate distant metastasis; switch from being drug-sensitive to becoming drug-tolerant
and, eventually, -resistant; or acquire stem cell-like characteristics. These phenomena help
cancer cells to adapt to the fitness landscape and withstand drug treatment. Emerging
evidence also indicates that both genetic and non-genetic mechanisms play crucial roles
in the adaptability or cooperation between cancer cells to withstand stressful conditions.
Hata et al. [30] provided clinical evidence showing that drug-resistant cells can both pre-
exist and can evolve from drug-tolerant cells. If so, how does the co-existence of drug-
sensitive and drug-tolerant/resistant clones impact their ability to cooperate or compete
(group behavior) to evade drug toxicity [70,71]?

To address this question, we employed an approach that embodied both experimental
methods and mathematical modeling, again using the cisplatin treatment of NSCLC cell
lines [53]. Cisplatin-sensitive H23 and cisplatin-tolerant H2009 NSCLC cells were co-
cultured and monitored in real-time in order to discern differences in their behavior.
The two cell line cultures were grown as either monotypic (grown by themselves) or
as heterotypic cultures (co-culture of tolerant and sensitive cells) in different ratios 1:1, 2:1,
4:1, and 8:1 and their growth rates were monitored in real time using a live cell imaging
system. The data revealed that the tolerant cell proliferation was suppressed in the presence
of sensitive cells at a 1:1 ratio and the proliferation could be rescued by increasing the
fraction of tolerant cells in the co-cultures (Figure 4). The experiment was also repeated
for the alternative ratios where the sensitive cells were increased, keeping the tolerant
cells constant and the same result was observed, i.e., tolerant cell growth was inhibited by
sensitive cells; however, the addition of a drug or increase in the ratio of tolerant cells in
the population favored the growth of tolerant cells.

Figure 4. Behavior of cisplatin-sensitive and tolerant NSCLC cells in the 2D co-culture.
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Considering the key observations from these in vitro studies, such as (i) sensitive cells
inhibiting tolerant cell proliferation in a co-culture in the absence of cisplatin, (ii) the sup-
pressive effect being stronger upon longer incubation compared to shorter incubation, and
(iii) the competition by the sensitive cells being eliminated in the presence of cisplatin, a new
mathematical approach called the Phenotypic Switch Model with Stress Response (PSMSR)
was developed to fit the observed growth curves, the model conglomerate concepts from
chemical reaction kinetics, and the cooperative behavior of drug-tolerant phenotypes in the
community. A distinguishing feature of the PSMSR model is that it considers the ability
of cancer cells to switch phenotypes. In addition to several testable predictions, the most
important takeaway from the modeling exercise is that a small population of the tolerant
cells may help the drug-sensitive cells to sustain proliferation. However, high levels of
or continuous drug treatment, such stress removal mechanisms, may be insufficient to
sustaining sensitive cell viability. Thus, it follows that it is essential to turn off phenotypic
switching in such situations and allow the sensitive cells to become extinct and the tolerant
cells to proliferate, which is the fundamental basis of ‘adaptive’ therapy or intermittent
therapy strategy [72,73].

4. Conclusions and Future Perspective

In the cancer world, drug attrition rates are notorious—several drugs are effective in
preclinical studies but only a few are approved for clinical use [74]. Furthermore, while
most approved cancer drugs do help in improving the life expectancy of the patients, cancer
cells often develop resistance against these therapies and relapse as resistant and metastatic
diseases. Moreover, underlying mechanisms remain poorly understood.

The prescribed strategy that a physician follows—administering the maximal dose
continuously in the shortest possible time—can lead to counterproductive and potentially
adverse outcomes, such as drug resistance through genetic and non-genetic mechanisms,
as discussed above. This led to exploring the emergence of alternative therapies and ap-
proaches [75–78], for example, adaptive/intermittent therapies [70,79]. The basic principle
of intermittent therapy is to administer a lower therapeutic dose of the drug than the
maximally tolerated dose to maintain a stable disease. The major advantage of intermittent
therapy is an improved quality of life for the patient due to low drug dosage and, thus,
fewer side effects. By keeping the drug doses low and intermittent (with drug holidays
in between), the proliferation of resistant subclones can be delayed. Some of the success
stories of intermittent therapy have been seen in rectal, pediatric sarcoma, prostate, and
breast cancer [80–85].

Based on our observations and those of others from the literature, we believe that main-
taining a stable disease may be more prudent. A good example is a study by Klotz et [78],
where they treated 20 patients with advanced prostate cancer with intermittent endocrine
therapy (diethylstilbesterol in 19 cases and flutamide in 1 case). These patients were treated
until a clinical response was demonstrated, with a mean initial treatment duration of
10 months (range 2–70 months). The treatment was then stopped and re-started when
tumors relapsed, with mean interval times of 8 months (range 1–24 months). All relapsed
patients responded to the re-administration of the drug. Patients had a better quality of life
during the drug holidays of the treatment. Indeed, subsequent studies [86], including a
meta-analysis (Marlon et al.) [87], also concluded that intermittent androgen deprivation
can be considered as an option for recurrent or metastatic prostate cancer.

Therefore, the data from our studies on cisplatin resistance in NSCLC not only lend
further credence to the paradigm of intermittent strategy to maintain stable disease but
also underscore the nuances and benefits of a ‘Team Medicine’ approach from a systems
biology perspective.
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Abstract: Drug resistance remains one of the major impediments to treating cancer. Although many
patients respond well initially, resistance to therapy typically ensues. Several confounding factors
appear to contribute to this challenge. Here, we first discuss some of the challenges associated with
drug resistance. We then discuss how a ‘Team Medicine’ approach, involving an interdisciplinary
team of basic scientists working together with clinicians, has uncovered new therapeutic strategies.
These strategies, referred to as intermittent or ‘adaptive’ therapy, which are based on eco-evolutionary
principles, have met with remarkable success in potentially precluding or delaying the emergence
of drug resistance in several cancers. Incorporating such treatment strategies into clinical protocols
could potentially enhance the precision of delivering personalized medicine to patients. Furthermore,
reaching out to patients in the network of hospitals affiliated with leading academic centers could
help them benefit from such innovative treatment options. Finally, lowering the dose of the drug
and its frequency (because of intermittent rather than continuous therapy) can also have a significant
impact on lowering the toxicity and undesirable side effects of the drugs while lowering the financial
burden carried by the patient and insurance providers.
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1. Introduction

Cancer is a major healthcare crisis and one of the leading causes of death in the world.
In 2020 alone, worldwide, there were ~18 million cancer cases, and cancer accounted
for nearly 10 million deaths, or nearly one in six deaths, in the same year, Sung et al.,
2020 [1]. In less than two decades from now (by 2040), the number of new cancer cases
per year is expected to rise to >27 million and the number of cancer-related deaths to
>16 million [2]. These whopping numbers underscore the magnitude of the health care
crisis and the economic burden of this burgeoning problem across the globe. Although
the disease presents several challenges depending on the cancer type and, in some cases,
ethnicity, the emergence of drug resistance remains a major common concern in treating all
cancer patients.

Several confounding factors appear to be contributing to this challenge. Here, we first
discuss some of the challenges associated with drug resistance in cancer. We then discuss
how a ‘Team Medicine’ approach [3], involving an interdisciplinary team of scientists with
expertise in physics, biophysics, mathematics, evolutionary biology, bioinformatics, data
science, computational biology, and cancer biology, working with clinicians, has provided
new opportunities and new therapeutic strategies that could potentially preclude or delay
the emergence of drug resistance in several cancers. We conclude by proposing a few
innovations to our approach in treating cancer: (1) the novel therapeutic strategies such
as intermittent drug treatment at moderate dosage as opposed to continuous treatment at
high dosage and (2) leveraging precise knowledge of the tumor phenotypic landscape in
designing personalized therapy through deeper consideration of genetic, epigenetic, and
transcriptomic information.

2. Is Drug Resistance Genetic or, Are Non-Genetic Mechanisms Involved?

For well over a century, since Theodore Boveri’s ground-breaking observations in the
early 1900s (Zur Frage der Entstehung maligner Tumouren), cancer has been thought to be
a genetic disease [4–7]. In fact, today, a genetic basis underlying the origin of cancer, its
progression through distant metastasis, and the emergence of drug resistance is practically
common knowledge. The following excerpt from an influential review in Nature Medicine
by Vogelstein and Kinzler [8], titled “Cancer genes and the pathways they control”, under-
scores the prevailing ethos: “The revolution in cancer research can be summed up in a single
sentence: cancer is, in essence, a genetic disease. In the last decade, many important genes respon-
sible for the genesis of various cancers have been discovered, their mutations precisely identified,
and the pathways through which they act characterized.” (Our bold for emphasis). Pursuant to
this landmark review, a decade later, Vogelstein and Kinzler [9] further emphasized the
genetic nature of cancer in a perspective article, “The path to cancer—three strikes and
you’re out”, in the leading medical journal, New England Journal of Medicine. The authors
wrote “Focusing on driver-gene mutations and the pathways they control has rendered complex
cancer-genome landscapes intelligible. In solid tumors of adults, alterations in as few as three driver
genes appear to suffice for a cell to evolve into an advanced cancer.” (Our bold is for emphasis).

Highly influential articles like these and countless others have helped to firmly es-
tablish the genetic basis of cancer and, much like the modern synthesis in evolutionary
theory [10], provide a conceptual framework to understand cancer and its link to Dar-
winian evolution. Furthermore, specific mutations have been leveraged as hallmarks for
a conclusive diagnosis and the staging of specific cancer types, and highly potent drugs
that specifically bind to the mutant target oncoproteins have been developed, adding to the
precision with which individual patients are treated [11–13].
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However, contrary to the prevailing wisdom, emerging evidence indicates that mecha-
nisms such as epigenetic modifications and protein interaction network (PIN) rewiring—
defined as changes in the interaction of individual proteins in signaling pathways in
response to environmental changes—can also contribute to various aspects of cancer, in-
cluding its origin, progression, and the emergence of drug resistance [14–20], underscoring
the role of non-genetic mechanisms. It is now evident that both non-genetic and genetic
mechanisms are involved, especially in acquired drug resistance and, furthermore, as dis-
cussed below, the irreversible resistance to a drug that can be acquired via an intermediate,
reversible tolerant state via non-genetic mechanisms.

3. Discerning Drug Tolerance and Resistance

Perhaps one of the main reasons for our failure to overcome drug resistance in cancer,
whether innate or acquired, may have to do with the difficulty in how we perceive the
phenomenon. Unfortunately, and erroneously (even if inadvertently), it is assumed that
drug resistance, tolerance, and persistence are synonymous or equivalent and hence, are
used indiscriminately [21]. However, these are quite distinct and nuanced phenomena, as
elegantly demonstrated in microbiology.

In bacteria for example, resistance is defined as the ability of an organism to grow at
high concentrations within the presence of a drug. Resistance is typically due to mutations
and is heritable transgenerationally. On the other hand, tolerance is more generally used
to describe the ability, whether inherited or not, to survive transient exposure to high
concentrations of a drug, and persistence is defined as the ability of a subpopulation
to survive long-term exposure to high concentrations of a drug. Persistence is typically
observed when the majority of the population is rapidly killed following drug treatment
while a subpopulation persists for a much longer period of time [22,23] (Figure 1). Since
rigorous definitions are lacking in the cancer field, the term ‘resistance’ remains ambiguous
or confusing at best; thus, this further adds to the difficulty of defining a patient’s response
to a drug. For example, if a patient does not respond to a drug, is the patient’s tumor tolerant
and hence potentially reversible? or is it truly resistant and hence irreversible? Perhaps,
publicly available databases dedicated to cancer drug resistance could help alleviate some
of the confusion [24].

Figure 1. Bacterial Persistence. (A) Biphasic time-kill curve in bacterial populations exposed to
antibiotics: faster killing rate of sensitive cell (green dotted line) followed by a slower killing rate (red
dotted line) of the persisters. In contrast, the antibiotic-resistant population continues to grow in the
presence of antibiotic (blue curve). (B) (top) An isogenic population of antibiotic sensitive cells can
give rise to persisters via non-genetic/phenotypic plasticity. These slow cycling persisters survive
in the antibiotic treatment and tend to resume growth and generate a new population identical to
the original population upon antibiotic removal (bottom). Persisters and non-persisters can switch
among one another; the switching rate can be influenced by external stress factors. (C) Non-genetic
heterogeneity of a key regulator of persistence (say X) in an isogenic population may give rise to two
(or more) subpopulations that may continue switching stochastically among themselves to maintain
persistence [25].
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4. Current Treatment Strategies May Be Counterproductive

To further complicate the issue, in addition to being taken for granted that cancer is
a genetic disease, it is also believed that cancers arise by Darwinian evolution, involving
a reiterative process of clonal expansion, genetic diversification, and selection within the
adaptive landscapes of the tissue ecosystems they inhabit [26]. Therefore, while therapeutic
intervention can destroy cancer clones and erode their habitats, the same intervention, espe-
cially when administered continuously, may also inadvertently provide a potent selective
pressure for the expansion of drug-resistant phenotypes. However, recent developments
in sequencing and omics technologies, coupled with theoretical advancements, have pro-
vided an expanded understanding of the cancer phenotypic landscape. They highlight
non-genetic mechanisms that enable cancer cells to reversibly adapt to their environment,
unlike genetic mechanisms that are irreversible, underscoring the dire need to reconcile the
two mechanisms. Additionally, plastic phenotypes such as cancer stem cells (CSCs) are also
well-recognized entities contributing to drug resistance in many cancers [27–29]. Therefore,
the dynamic heterogeneity and the dynamic transitions between CSCs and non-CSCs and
their significance in metastasis and drug resistance warrant a deeper understanding of the
underlying mechanisms.

Indeed, a recent article by Sui Huang [30] in a Special Issue of Trends in Cancer entitled,
‘Quantitative Cancer Biology’, further emphasizes the need to reconcile non-genetic plastic-
ity with somatic evolution in cancer: “Posttreatment progression of tumors is commonly
explained by somatic Darwinian evolution (i.e., selection of cells carrying genetic mutations
that create more aggressive cell traits). But cancer genome and transcriptome analyses
now paint a picture far more complex, prompting us to see beyond the Darwinian scheme:
non-genetic cell phenotype plasticity explained by alternative stable gene expression states
(‘attractors’), may also produce aggressive phenotypes that can be selected for, without
mutations. Worse, treatment may even induce cell state transitions into more malignant
attractors.” (Our bold for emphasis).

5. Emergence of Irreversible Drug Resistance via a Potentially Reversible
Tolerant State

Because they exhibit a high degree of phenotypic plasticity [31], cancer cells can switch
on cell-autonomous traits such as persistence and quorum sensing when stressed [32]. Can-
cer cells exhibiting a persister trait are slow growing and can give rise to tolerant cells that,
as discussed above, play an important role in the emergence of true drug resistance [33,34].
To comprehend how drug resistance may evolve from an intermediate tolerant state, it is
helpful to view cancer from Waddington’s [35] epigenetic landscape perspective (Figure 2).
The concept of a “landscape” represents a high-dimensional state space where each phe-
notype acts as an “attractor” determined by the underlying PIN and is buffered against
environmental fluctuations. Cellular PINs are organized following scale-free (rather than
random) configurations. Therefore, PINs follow a power law distribution, wherein a few
nodes (referred to as hubs) have numerous edges (connections), while most nodes have few
or very few edges. Scale-free networks are resilient to random node failures; however, they
are susceptible to targeted attacks on hubs. PINs serve as the main conduit of information
flow with crucial roles in cellular decision-making [17,36]. PINs can determine the fate
that a cell can realize and can robustly establish its phenotype because they are minimally
frustrated [37]. Frustration is defined as the inability of the system to simultaneously mini-
mize the competing interaction energies between its components [38]. In cancer cells, PIN
frustration can be a viable mechanism of achieving phenotypic plasticity besides epigenetic
changes. As discussed in the next paragraph, PIN frustration is driven by a special class of
proteins with high structural flexibility and an ability to interact with multiple partners.
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Figure 2. Schematic illustration of Waddington’s epigenetic landscape [35]. The ball rolling down the
hill (the x axis) represents a pluripotent cell that differentiates as it rolls down the valleys. The fate of
the cell is decided by the attractors that reside at the bottom of the hill (the y axis). The valleys are
separated by ridges that preclude transdifferentiation [39].

Intrinsically disordered proteins (IDPs) are proteins that lack a rigid 3D structure
and exist as ensembles of interconverting conformations [40]. Because they are highly
malleable, IDPs interact with multiple partners and thus occupy hub positions in PINs.
Noise contributed in part by the conformational dynamics of IDPs (‘conformational noise’)
plays an important role in cell-fate specification [17,18,36]. Nonetheless, in response to
stress, especially in conjunction with post-translational modifications such as phosphoryla-
tion, IDPs engage in promiscuous interactions and drive phenotypic transitions by PIN
rewiring [17,18,36,41]. This heuristic can uncover new attractors in the system—including
“cancer attractors,” defined as hidden stable states of PINs [42,43]—and cause phenotypic
switching. Upon stress withdrawal, IDPs reconfigure the PIN to return to the original
phenotype, highlighting the reversible nature of phenotypic switching. However, if stress-
ful conditions persist, chronic stress can result in persistent network frustration, which is
relieved by acquiring specific DNA mutations and/or other genetic alterations, making
the phenotypic change permanent [32,44]. Thus, it follows that, non-genetic mechanisms
can eventually lead to acquired resistance via irreversible genetic changes at the individual
cell level. Further, as discussed below, this stepwise trajectory to drug resistance also
highlights an unprecedented opportunity to preclude or delay it by controlling stress (by
manipulating drug dose/time) experienced by the tolerant tumor cells.

6. Intermittent or ‘Adaptive’ Therapy—An Eco-Evolutionary Principles-Based
Therapeutic Strategy to Preclude or Delay Onset of Drug Resistance

The rationale for this treatment strategy is based on the principles of ecology and
evolution. Within the tumor microenvironment (TME), cancer cells reside with several
other cell types that cohabit in this space. By producing growth factors and proinflamma-
tory cytokines to promote angiogenesis, these cells create an ecosystem that enables the
malignant cell population to grow and flourish. Therefore, group behavior, an emergent
property defined as the collective actions performed by the individuals in the group as
a whole, imposes costs and benefits to the participating individuals that can be recast
as a game pay-off matrix. Thus, evolutionary game theory, which provides an elegant
conceptual framework to capture the frequency-dependent nature of ecosystem dynamics,
can be used to model tumor progression and dynamics. In fact, game theory can also be
leveraged to discern the games cancer cells play by either cooperating or competing in
the absence or presence of stress (selective pressure). Therefore, treatment options that
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consider the strategies cancer cells adopt to deal with drug effects have been developed
and are referred to as intermittent or ‘adaptive’ therapy [45].

Typically, such treatment protocols call for initial therapies to induce adaptive changes
in the tumor environment such that the proliferation of resistant clones is markedly sup-
pressed for extended periods. In this paradigm, it is recommended that therapy is ad-
ministered in small doses to attenuate tumor growth but has just enough to improve the
symptoms. In other words, it is recommended that a minimal dose of the treatment (that is
necessary and not at the maximum tolerated) must be used to achieve the desired result.
Furthermore, treatment is administered intermittently (in alternate cycles) rather than con-
tinuously (given at every scheduled time) so that a drug-sensitive tumor population will be
sustained at the expense of the resistant ones. In addition, drug combinations/epigenetic
modifiers may be used in the intermittent/adaptive therapy regimen if necessary. Although,
in this treatment strategy, the tumor is not completely eradicated, and it is likely that the
tumor progresses between treatments; it is also likely that the tumor cells will continue to
be sensitive to therapy and therefore delay or may even preclude the onset of drug-resistant
disease (Figure 3) and thus, prolong overall survival.

Figure 3. Continuous Monotherapy versus Intermittent Combination Therapy. (A) In continuous
monotherapy, the idea is to eradicate the tumor as quickly as possible. However, this strategy can
give rise to resistance, and resistant cells are expected to propagate over time (top). By contrast,
combination therapy applied intermittently (bottom) could induce ‘adaptive strategies’ to change
the tumor environment in such a way that the proliferation of the resistant clones can be suppressed
for prolonged periods of time. Therapy is applied in small doses to reduce the tumor population
only sufficient enough to improve the symptoms. Furthermore, treatment is intermittent so that
drug-sensitive cells will proliferate at the expense of the resistant ones. (B,C) Although the tumor will
increase in size between treatments, the extant tumor cells will continue to be sensitive to therapy [21].
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Indeed, intermittent therapy for prostate and breast cancer [46], melanoma [47], rectal
cancer [48], and pediatric sarcomas [49] are currently being evaluated in the clinic with
promising results. In some other cancers, e.g., non-small cell lung cancer, our preclinical
data obtained using a Team Medicine approach also indicate that such strategies may
prove successful as well [50]. They could also have a significant impact on mutant KRAS
inhibitors, such as sotorasib, which was recently approved for lung cancer treatment and is
promising but is already being reported to develop resistance [51–56].

Despite the promise and initial success, more research is warranted to gain a deeper
understanding of intermittent/adaptive therapy and of the side effects, if any, especially
when drug combinations are to be used. For example, in one study, it was reported that
when a tumor is sensitive to two or more drugs, the simultaneous application of these drugs
could result in the emergence of cells resistant to both therapies. However, when these
drugs were applied one at a time, a subpopulation of cells was sensitive to one or the other
drug, delaying the emergence of double-resistant cell clones [57]. Conversely, in another
study on lung cancer, it was observed that concurrent targeting of multiple kinases, rather
than a single kinase, resulted in the complete (100%) inhibition of tumor growth. The latter
strategy was only effective when intermittent and not continuous therapy was administered.
One possibility for this dramatic inhibition is likely due to the lack of adaptability of the
tumor cells to the changing fitness threshold imposed by selection [58].

Two randomized trials have investigated intermittent dosing regimens with BRAF
and MEK inhibitors for the treatment of BRAF-mutated advanced malignant melanoma.
Gonzalez-Cao et al. [59] reported lower median progression-free survival (PFS; 6.9 months
versus 16.2 months; p = 0.079) with the intermittent use of vemurafenib and cobime-
tinib when compared to continuous dosing in 70 patients with treatment-naïve advanced
melanoma. No statistical difference was observed for overall survival (OS) or in objec-
tive response rates (OSS). In another randomized, open-label, phase two trial, compar-
ing continuous versus intermittent BRAF and MEK inhibition in patients with BRAF-
mutated melanoma, Algazi et al. [60] reported that continuous dosing was associated with
a statistically significant improvement in median PFS compared with intermittent dosing
(9.0 months versus 5.5 months, p = 0.064, pre-specified two-sided α = 0.2). Even though
there was a PFS difference between the two groups, no differences were observed in the OS
and ORR. This could possibly be due to the finding that intermittent dosing was associated
with longer survival after progression (HR 0.76; 80% CI 0.78 to 1.00). Maio et al. [61]
improved efficacy with intermittent MEK inhibition when combined with anti-PD-1 im-
munotherapy (pembrolizumab) in patients with advanced or metastatic BRAF-mutated
solid tumors (36% colorectal cancer and 10% melanoma). ORR was reported to be 8%
effective with concurrent and 28% effective with the intermittent dosing groups, respec-
tively. Several trials have investigated the role of intermittent androgen deprivation therapy
(ADT) in the treatment of advanced prostate cancer. These trials have reported that inter-
mittent ADT has similar clinical outcomes when compared to continuous ADT with no
statistically significant differences in OS, cancer-specific survival, or PFS [62–64]. However,
intermittent ADT is associated with an improved quality of life and a lower risk of adverse
events [63–65]. Ongoing trials are now investigating intermittent ADT in combination
with additional therapies, such as radiation or immunotherapy, that can potentially further
increase the time of systemic treatment [66]. Thus, the clinical trials so far, which have
investigated intermittent dosing regimens, have yielded mixed results, highlighting the
complexity of translation preclinical studies into human trials and the challenges of select-
ing the optimal dosing regimen. Future trials should focus on exploring this approach in
biomarker-selected populations, as well as elucidating which subgroups of patients may
benefit most from this approach.

Since intermittent therapy relies on drug-sensitive cells to suppress the proliferation
of the tolerant cells, the success of such therapies is dependent on the initial population of
the two cell types within the tumor. The hypothetical scenario shown in Figure 4, where
the three models represent the three patients, may help better appreciate the underlying
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nuances. Here, Patient 1, with the highest number of sensitive cells compared to tolerant
cells, will have more prolonged progression-free survival in response to drug treatment.
The second patient with an equal number of sensitive and tolerant populations will have
shorter progression-free survival, while Patient 3, with the highest number of tolerant
cells, will have the shortest progression-free survival. The purpose of intermittent therapy
is to prevent the development of drug refractory-resistant clones and is based on the
presumption that the sensitive cells, in the absence of the drug, will compete with resistant
cells and grow faster to suppress the growth of resistant cells. Thus, the more percentage of
sensitive cells, the better the response to the intermittent therapy, and, thus, in scenarios like
model 1 and model 2, the success rate will be higher compared to model 3. Moreover, the
inherent assumption in intermittent therapy, that the sensitive and tolerant cell types are
competitive, may not hold universally. Depending on the tissue/cancer type, more complex
ecological relationships may exist among the different cell types (such as cooperation or
competition, depending on the stress level/drug dosage) that may require more fine-tuned,
dynamic adjustments to drug schedules/dosages as the therapy progresses and the tumor
phenotypic landscape evolves.

Figure 4. The cartoon representing the importance of tumor heterogeneity on therapeutic approach,
continuous verses intermittent.

Thus, it follows that, before initiating a therapeutic strategy, a detailed genetic (and
possibly transcriptomic and epigenetic) analysis of the patient’s tumor is imperative. For
example (Figure 5), patients with an RAF mutation are likely to respond better to BRAF
inhibitors, while patients with BRAF and MEK mutations may respond less to the same
inhibitors, and patients with MEK and PI3K mutations will not respond to BRAF inhibitors
at all. Likewise, patients with activated RTK signaling are unlikely to respond to the BRAF
inhibitor drug treatment effectively, as the tumor will likely take advantage of the bypass
signaling through the AKT -mTOR pathway to overcome the drug effect. Therefore, pre-
trial validation of the mutations in the tumor by NGS and the expression of the activated
signaling need to be determined so that patients with a similar mutational profile or
expression status may be grouped into a specific cohort. As illustrated in Figure 5, patients
in each of the four cohorts can be treated with continuous or intermittent therapy, and
the statistical significance can be derived to determine the best therapeutic approach.
However, comparing intermittent versus continuous treatment between the two cohorts
will give insignificant information. Figure 5 also suggests the role of Team Medicine,
where basic help from scientists can identify those signaling pathways that need to be
targeted for effective therapy through experiments, clinicians and bioinformaticians can
help to validate the basic study by analyzing thousands of public data and help to look for
specific mutations that can contribute to the pathways, molecular pathologists can help in
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determining the expression of these proteins in the tumor biopsies, and finally, clinicians,
aided by cumulative information and precise mathematical models, can design the drug
treatment strategy.

Figure 5. A schematic representing the pretreatment preparation for choosing the best treatment strat-
egy. RTK, receptor tyrosine kinase; Ras, Ras protooncogene; Raf. Raf protooncogene, serine/threonine
kinase; MEK, MAP kinase-ERK kinase; ERK, extracellular regulated MAP kinase; PI3K, phosphatidyli-
nositol 3-kinase; AKT, AKT serine/threonine kinase 1; mTOR, Mechanistic Target Of Rapamycin
Kinase; BRAF, B-Raf Proto-Oncogene, Serine/Threonine Kinase; NGS, next generation sequencing.
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7. Concluding Remarks

There exist multiple mechanisms that regulate phenotypic switching and drug resis-
tance, even within a given cancer type. Furthermore, although promising in some cases,
challenges still remain with regard to intermittent therapy, as discussed above. Thus, a
better understanding of the mechanisms can help us to design the most effective therapeutic
approach. Nonetheless, from the foregoing, it is obvious that these exciting developments
in medical oncology, which expound the virtues of modern translational research, can
only be made possible by a true Team Medicine approach, including basic scientists and
clinicians. By incorporating treatment strategies based on the principles of ecology and
evolution in clinical protocols, and by reaching out to patients who frequent those hospitals
that are part of the network formed by academic centers rather than the academic centers
themselves, we can enhance the precision in which we deliver personalized medicine to all
our patients, regardless of their economic status or their ability to access advanced medical
centers. We trust that our integrated efforts at the City of Hope, in conjunction with the
cancer treatment centers of America, shall serve as a good example to those who wish to
adopt this paradigm. Last but not least, lowering the dose of the drug and its frequency (be-
cause of intermittent rather than continuous therapy) can also have a significant impact on
lowering the toxicity and undesirable side effects of the drugs while lowering the financial
burden carried by the patient and insurance providers [67].
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