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SUMMARY
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The last 50 years have witnessed extraordinary developments in understanding mechanisms of carcinogen-
esis, synthesized as the hallmarks of cancer. Despite this logical framework, our understanding of the molec-
ular basis of systemic manifestations and the underlying causes of cancer-related death remains incomplete.
Looking forward, elucidating how tumors interact with distant organs and how multifaceted environmental
and physiological parameters impinge on tumors and their hosts will be crucial for advances in preventing
and more effectively treating human cancers. In this perspective, we discuss complexities of cancer as a sys-
temic disease, including tumor initiation and promotion, tumor micro- and immune macro-environments, ag-
ing, metabolism and obesity, cancer cachexia, circadian rhythms, nervous system interactions, tumor-
related thrombosis, and the microbiome. Model systems incorporating human genetic variation will be
essential to decipher the mechanistic basis of these phenomena and unravel gene-environment interactions,
providing a modern synthesis of molecular oncology that is primed to prevent cancers and improve patient

quality of life and cancer outcomes.

INTRODUCTION

Looking back 50 years, when Cell launched as a new journal, it is
evident that the landscape of cancer research has changed
dramatically. During this time, reductionist cell biology utilizing
elegant and simple model systems has formed the mainstay of
scientific discovery, producing extraordinary insights into the
regulation of the cell cycle, apoptosis, cell motility, invasion,
and immune dysregulation, leading to significant progress in
the diagnosis and treatment of cancer; 5-year survival rates
have increased from 35% in the 1950s to 69.7% by 2017
(SEER Cancer Statistics Review 1975-2018). Despite this prog-
ress, cancer remains a leading cause of death worldwide.

We are in the midst of a renaissance where knowledge about
cancer biology and genetics is exploding, with >1,000 genes
identified that are altered in tumors, either genetically by recur-
rent mutations, or epigenetically, resulting in changes in their

regulation and expression.” This milestone has facilitated
ever more precise delineation of the molecular circuitry, cellular
constitutions, and heterogeneous population dynamics of
mutant cancer cells, as well as the mechanisms of tumor pro-
gression and metastatic dissemination in concert with ostensibly
normal—but functionally corrupted—cells of distinctive origins.
Such knowledge, which tends to be focused on the cancer cell
itself and its local microenvironment, has enabled new genera-
tions of mechanism-guided therapeutic drugs and treatment
regimens that have benefited some patients with certain forms
of cancer. Frustratingly, few of these innovative new therapeutic
strategies are broadly beneficial across the spectrum of human
cancers and, with many avenues for tumors to evolve resistance,
even fewer significantly prolong overall survival.

The multi-dimensional archaeology of cancer, combined with
advancing technologies, creates a dizzyingly vast scope for “big
data” down to the single-cell level. These technologies aim to
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characterize cancers in ever-increasing detail, shedding light on
the neo-Darwinian development and progression of cancers
from different cells of origin that face tissue-specific barriers
requiring distinctive adaptations reflected in their multistep
tumorigenesis. Appreciation of this sobering diversity and
complexity has been growing for decades, looming as a poten-
tially insurmountable challenge for the “war on cancer.” 24 years
ago, in the millennium issue of Cell, an attempt to reconcile this
daunting diversity with the growing knowledge about mecha-
nisms of cancer was published.” The hallmarks of cancer posited
that virtually all tumors acquire a common set of qualitatively
distinct functional capabilities that collectively enable cancer
cells to proliferate expansively while orchestrating the formation
of tumors that grow and often disseminate. The corollary
concept was that a common pair of phenotypic characteris-
tics—genomic instability and mutation, along with inflamma-
tion—facilitate their acquisition. Thus, the immense complexity
of cancer pathogenesis could be distilled, it was argued, as
different solutions to the same challenge, namely acquiring the
same set of hallmark capabilities during tumorigenesis and ma-
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lignant progression. This simple concept, refined in subsequent
years,®™ has resonated through cancer medicine to the present
day, indicating that it has some utility as a conceptual organizing
principle.

However, this modern synthesis of cancer biology does not
fully consider the broader interactions of an evolving tumor
with distant organs of the host, nor the impact of host patho-
physiology, germline genetic diversity, and environmental expo-
sures, on cancer initiation and evolution. The reassuring
simplicity of the hallmarks is clearly insufficient to fully under-
stand the multifarious manifestations of disease mechanisms.
As such, there is a clear need to develop new therapeutic strate-
gies that improve both the quality and length of life for patients
suffering from cancer, tackling some of the most life-threatening
conditions such as cancer cachexia, thrombosis, and paraneo-
plastic syndromes and, importantly, opportunities to intervene
at the earliest stages of cancer initiation in new prevention stra-
tegies. An expanding repertoire of (multi-omic) research tools
and refined model systems are now poised to address cancer
as a systemic disease consequent to the complex interplay



Cell

between the diversity of the host genome, chance events, and a
legacy of human behavior resulting in complex environmental
exposures.

Aging is the number one prognostic factor for most tumors,
given that over 90% of patients diagnosed with cancer are
over the age of 50. In addition to this major contributor to cancer
complexity, and indeed a route for actionable preventive strate-
gies, is the environment in which we live, estimated from epide-
miological studies to influence the development of up to 80% of
human cancers.® The term “environment” encompasses a wide
range of exogenous factors, including industrial pollutants in the
air or in our diet, as well as occupational or medical exposures to
toxic substances or certain types of radiation and pathogenic
viral and bacterial infection. It also includes what have come to
be known as “lifestyle factors”: diet, alcohol consumption, ciga-
rette smoking, sun exposure, and sedentary behavior, all of
which impact cancer risk. Remarkably, it is becoming increas-
ingly clear that these disparate environmental agents increase
cancer risk by affecting the same cancer hallmark characteris-
tics described above —genomic mutations, altered metabolism,
chromosome instability, and inflammation.

In this perspective, a culmination of four Cancer-Research-
UK-sponsored Marshall Symposia, we contemplate—as illus-
trated in Figure 1—the new frontier that complements the hall-
marks of cancer by embracing the complexity of human cancer
pathogenesis, using technological advances to unravel the
diverse interplay between an evolving tumor within an aging
environment and distant organ systems in genetically diverse
populations who have engaged in distinct behaviors and
been exposed to heterogeneous environmental exposures.
Importantly, we argue that over the next 50 years, we will need
to acknowledge the limitations of inbred animal models in highly
controlled environments to fully recapitulate such complexity.
Addressing this challenge will require well-conceived studies in
human subjects as a vehicle for advancing discovery, interfaced
with increasingly sophisticated ex vivo and animal models of
cancer complexities, in order to advance therapeutic interven-
tion and early interception to more effectively prevent, diagnose
and treat cancer and its systemic manifestations.

Any review with a visionary goal to chart future directions for
cancer research in the next 50 years might well consider other
salient topics that are not highlighted in Figure 1. Prominent
among these is the role of biological sex in cancer susceptibility,
development, and therapeutic responses. Apart from the impor-
tance of sex hormones in the development of breast, ovarian,
and prostate cancers, biological sex is associated with distinct
incidences of a range of other cancer types, including bladder,
kidney and esophagus,”® all of which are higher in males.
Increasing evidence supports a role for sex-chromosome gene
effects” and crosstalk between sex hormones and other systems
involved in inflammation and immunity,'®"" effects that have
clear implications for cancer treatment and therapeutic re-
sponses. For example, understanding why lung cancer in never
smokers is more common in females will require unraveling the
role of the environment, genetics, and human behavior. This field
is ripe for deeper analysis in the coming decades.

It would be remiss to discuss cancer complexity without
mentioning how the ever-increasing pace of developing artificial
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intelligence (Al) algorithms may impact our ability to process the
vast amounts of data being generated, and to understand how
the emergent properties of interconnected networks of genes
can help us to understand the progression of cancer from initi-
ated cells to metastasis at the single-cell level. Ultimately, we
anticipate a time when these new methods will be applied to mul-
tiple dimensions of cancer prevention and treatment, ranging
from analysis of the clonal architecture of normal tissues, to illu-
minating signs of increased risk, and to the prediction of stem
cell plasticity states that lead to drug resistance and poor patient
survival. Even when these clouds of complexity are understood
and Al is primed to improve outcomes for patients, the role of
“bad luck” in cancer-initiating mutations may never be fully miti-
gated. Finally, a focus on cancer complexity should not detract
from reductionist approaches to understanding cancer’s hall-
marks, particularly with respect to the dynamic, evolving nature
of the disease over space and time. Deep longitudinal sampling
studies integrated with autopsy programs to decipher the
co-evolution of the tumor within its microenvironment during
the disease course and at distant metastatic sites, exemplified
by studies such as renal, lung, and breast TRACERX, lung
TRACERx EVO, and the UK national PEACE autopsy program,
are primed to help with these endeavors to create “dynamic tu-
mor atlases” across cancer subtypes. However, space consid-
erations do not allow us to consider these important areas in
the depth they deserve.

Here, we lay out a roadmap delineating a selection of over-
arching themes —clouds of complexity —looming on the horizon
of cancer biology and medicine that, if mechanistically ad-
dressed, promise to improve patient outcomes and quality of life.

MULTISTEP TUMORIGENESIS: UNDERSTANDING
TUMOR PROMOTION AND PROGRESSION

It has long been appreciated that cancers develop via pathways
of stepwise tumorigenesis and malignant progression, and,
more recently, during adaptive resistance to therapy. In part,
these stepwise transitions and stages reflect the acquisition
and refinement of hallmark capabilities, enabled in particular
via the prominent phenotypic characteristics of genome insta-
bility and gene mutation, and tissue inflammation.>*

Cancer genetics has taught us that mutations in specific regu-
latory genes—termed oncogenes, of which the RAS genes are
prototypes—are essential drivers of this disease. In concert with
loss-of-function mutations in tumor suppressor genes, these
complementary genetic events can lead to the acquisition of the
multiple cancer hallmark capabilities found in most human can-
cers. Indeed, this paradigm has been strongly supported by
elegant mouse models of cancer in which germline or somatic ge-
netic modifications can combine to unleash the complete set of
phenotypes associated with human cancers, in the absence of
any evident environmental carcinogenic factors. However,
new knowledge has revealed that ostensibly “normal” tissues
throughout the body harbor a multitude of oncogenic driver events
comprising a patchwork of mutant cells that persist and can
expand as asymptomatic clones during aging.'>'® This provoca-
tive result informs us that mutations in “driving” oncogenes may
be necessary but not always sufficient for tumorigenesis (Figure 2).
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Figure 1. The “clouds of complexity”
impinging on the frontiers of cancer biology
and cancer medicine

Although the hallmarks of cancer have provided an

overarching conceptual rationale for the myriad
Circadian manifestations encompassing cancer as a dis-
clocks ease, below this simplicity lies a dizzying diversity

in mechanistic effects and phenotypes, both inside
tumors and system-wide in the affected individual.
Thus, above the horizon are clouds of complexity
that, we argue in this perspective, are important
and incompletely understood. Below the horizon
lie mechanistic effectors—the building blocks of
cancer—governing the inception and progression
of cancer, which are also incompletely under-
stood. Elucidating both dimensions of cancer as a
systemic disease will be instrumental for ground-
breaking innovations in prevention and enduring
treatment of human cancer.
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It is estimated that approximately 40% of the population will
develop cancer in their lifetime, and given that a typical human
has 30 trillion cells, these observations prompt the question:
why is cancer so rare at the single-cell level?

The historical concept that chemically induced skin carcino-
genesis, mimicking natural environmental insults, involves “initi-
ating” and “promoting” events'* has been conceptually refined
by the realization that many normal tissues are replete with cells
containing latent mutations in oncogenes and tumor suppressor
genes.'>'® Certainly, some environmental carcinogens act syn-
ergistically as both mutagens and inducers of inflammation (typi-
fied by tobacco smoke) to mutationally initiate and promote can-
cer. This suggestion, first made in the 1940s, is one that has
important implications for cancer prevention and unproven as-
sumptions regarding the long-term safety of e-cigarettes.'®
However, Riva and colleagues recently demonstrated
that many known or suspected initiating carcinogens do not
appear to cause mutations themselves, but rather may act by
stimulating other hallmarks—including but not limited to chronic
inflammation—that awaken and trigger clonal expansion of
cells carrying latent oncogenic mutations.'® The concept that
non-mutational factors—e.g., wound healing, chronic inflamma-
tion, and exposure to chemicals in the environment—can stimu-
late the growth and selection of cells containing such activating
mutations in oncogenes or inactivating mutations in tumor
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environment. We foresee the need to

chart the entirety of multistage pathways
of tumorigenesis across tissues, to clarify the mechanisms by
which environmental or endogenous physiological promoters
can trigger stem/progenitor-cell-like properties in pre-initiated
cells harboring oncogenic mutations, acting through diverse in-
flammatory/wounding pathways across different tissues and
cell types to alter clonal selection. The roster of suspects that
may act as environmental tumor promoters includes, but is
certainly not limited to, microplastics, glyphosate,*® per/poly-
fluoroalkyl substances (PFASs), hot liquids,?” and infectious
agents such as H. pylori (Figure 2). Moreover, serious questions
remain unanswered with respect to the long-term safety of e-cig-
arettes and the realistic possibility that human exposure to vap-
ing substances could promote tumor initiation, independent of
DNA mutagenesis, in much the same way as air pollution is
thought to act. Endogenous or lifestyle factors, including diet,
stress, sleep deprivation, sedentary behavior, and circadian
rhythm disruptions, many of which can impact the microbiome,
are also likely to play formative roles.

We envisage that defining encyclopedias of environmental
(and physiological) promoter-induced inflammatory and
other reactive responses that orchestrate tumorigenesis will
facilitate the development of crucially important technical capa-
bilities for early detection of incipient neoplasia that can distin-
guish lesions likely to progress to malignancy from those that
will not.
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Figure 2. The interplay between cancer
driver mutations and environmental or
endogenous tumor promoters in cancer risk
Mutations are essential for cancers to develop and
may arise as a result of spontaneous errors in
normal DNA replication, during aging of quiescent
cells, or by exposure to mutagens in the environ-
ment. Obesity, dietary factors, and inflammation
may also contribute to mutation burden indirectly,
for example, through generation of reactive oxy-
gen species (ROS), but this is unlikely to make a
major contribution to overall mutation numbers.
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Rigorously assaying for non-mutagenic tumor promoters will
require improved technological capabilities, including single-cell
RNA and DNA sequencing, as well as spatial transcriptomics/pro-
teomics/metabolomics, to unveil heterotypic cellular interactions
and actionable pathways suitable for molecular cancer prevention
efforts. While the foundation of cancer may lie in mutant onco-
genes and tumor suppressor genes, it is increasingly evident
that tumor progression involves non-mutational epigenetic
programming,* as reflected in the dynamic heterogeneity apparent
in many tumors, and as such, the epigenomes of both cancer
cells and the diverse cells of the tumor microenvironment
(TME) will necessarily require illumination at all stages. There is
evidence for “epigenetic memory” of prior exposure to inflamma-
tion-inducing agents, which we envisage could subsequently
contribute to tumorigenesis.”® While past exposure to mutagens
can be identified by whole-genome sequencing of human cells
and tissues that reveals mutational signatures of distinctive carcin-
ogens,”” there is currently no technology for identifying past or cur-
rent exposure to tumor promoters. The technical development of
such tools will enable molecular cancer prevention efforts aimed
to dampen inflammatory tumor promoter activities, further refined
by deep appreciation of the broader macro-environmental com-
plexities of the host, as elaborated in the topical sections that
follow.

TUMORIGENESIS AND WOUND HEALING: TWO SIDES
OF THE SAME COIN

While the complexity and uniqueness of each human cancer is
undeniable, there are also remarkable commonalities across
cancers. Some of these commonalities are general—all cancers
engage the same cell cycle machinery and almost all exhibit p53

activation of both Myc and the Ras/phos-

phatidylinositol 3-kinase (PI3K) pathway.

Furthermore, cancers of specific types
or tissues of origin share signature tumor/stromal phenotypes,
even when driven by different oncogenic mutations, and these
differ profoundly from adenocarcinomas arising in other organs,
even when driven by the same oncogenic mutations. Dvorak
offered us the first clue as to the source of these organ-specific
neoplastic constraints with his proposal that tumors are unre-
solved wounds,*° and there are clear parallels between the hall-
marks of cancer and the hallmarks of wound healing.®' More
lately this has been directly confirmed by showing that activation
of the same core oncogenic mutations—KRasG12D and Myc—
in adult tissues (lung and pancreas) directly and immediately
drives formation of distinct adenocarcinomas whose tumor-stro-
mal phenotypes perfectly match those of their spontaneous hu-
man pancreatic or lung adenocarcinoma counterparts.®>**
Thus, the principal determinant of cancer phenotypes is not their
unique panoply of oncogenic mutations but their organ/tissue of
origin. In contemporary parlance, the same oncogenic pathways
are hacking into the unique endogenous wound repair programs
of each target tissue/cell type.

This is a potent conceptual advance for two reasons. First, it
speaks to the widely held presumption that cancer’s hallmarks
(inflammation, immune suppression, promiscuous proliferation,
suppression of apoptosis, etc.) are neomorphic traits selected
through tumor evolution because they benefit tumor progres-
sion.? However, if cancers are merely persistent hacks of normal
regenerative programs, then most of cancer’s “hallmarks”
actually evolved to optimize tissue repair, not neoplastic subter-
fuge. Second, wound repair has major components—an initial
regenerative phase, which is followed by resolution, a discrete
morphogenic program that reorganizes the inchoate tissue and
reasserts homeostatic architecture, cellularity, and function.
Emerging evidence indicates that, in wound healing, the switch
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from regeneration to resolution is triggered by a decrease in
mitogenic signaling. Provocatively, it has long been known
from genetic and pharmacological studies that blockade of
oncogenic signaling triggers rapid regression of tumors (both
cancer cells and stroma)—at least initially. This is typically
attributed to “oncogene addiction,” a phenomenon lacking a
coherent mechanistic explanation. However, the similarity be-
tween post-injury wound resolution, due to cessation of mito-
genic signaling, and regression of tumors upon oncogene
blockade suggests that a close examination of injury resolution
could yield entirely novel strategies for cancer treatment.

TME: UNRAVELING AND TARGETING CELLULAR
NICHES

The inflammation induced by cancer promoters and resultant
multistep tumorigenesis discussed above are intertwined with
stage-specific alterations in the complex multicellular TME and
its associated extracellular milieu, which progressively co-
evolves with the cancer cells. Emerging evidence indicates
that alterations in tissue integrity associated with age, tobacco
exposure, or environmental pollutants among others (see aging
and cancer: cellular fitness, microenvironment dynamics, and
evolution over time section) can permit clonal expansions of
normal somatic cells harboring oncogenic mutations. The TME
is evidently involved in regulating disease progression and
modulating the response to a broad range of cancer thera-
pies.®"** Within the TME, cellular niches provide unique habitats
that influence tumor behavior, treatment response, and immune
surveillance. Understanding the complex interactions within
these spatial niches is essential for developing more effective
cancer treatments. Moreover, there is potential that by identi-
fying and targeting the key cell types, processes, or signaling
pathways within particular niches, the effects of such therapeutic
interventions can be amplified. We briefly summarize below
knowledge about cellular niches within the TME and highlight
questions that warrant investigation over the next decades.

Cellular niches in the TME consist of diverse cell populations,
including cancer cells, immune cells, fibroblasts, vasculature,
fat, nerve cells, and extracellular matrix (ECM) components.
Each niche may contribute to tumor growth, invasion, and
metastasis in distinct ways by supporting the specific features
of cancer cells that inhabit them (Figure 3). For instance, cancer
cells with high stemness potential reside within stem-cell-like
niches,*? which support their self-renewal and resistance to con-
ventional therapies, leading to disease relapse.**>> Immune cell
niches can either promote or suppress anti-tumor immune re-
sponses, thereby profoundly influencing treatment outcomes.*®
The spatial heterogeneity of other TME components such as fi-
broblasts in the tumor stroma, can contribute to desmoplasia,
angiogenesis, and immune modulation.®”

The importance of cancer niches can be particularly appreci-
ated in the context of metastatic colonization, where metastatic
cells must recreate a supportive environment upon seeding a
new organ. Notably, the fact that metastases may erupt years
after primary tumor resection, indicates that metastasis-
competent cells can reside in distant organs in a non-prolifer-
ating, dormant state. The existence of dormant niche compo-

1594 Cell 187, March 28, 2024

Cell

nents that sustain the quiescent but viable state of metastatic
cells, with the propensity to enable outgrowth, is reported.®®=°
However, the properties of these dormant niches and how they
change over time to re-awaken cancer cells are still largely un-
known. Certainly, tissue aging has implications for dormancy
reversion.” As we discuss in the following sections, aging
as well as progressive systemic changes that are directly
linked to metabolic and inflammatory perturbations caused by
cancer-derived factors may contribute to evolving niches
(Figure 3).

Significant technological progress has been made in charac-
terizing cellular niches within the TME, revealing their dynamic
and complex nature. Advanced imaging techniques, single-cell
sequencing, spatial transcriptomics, multiplex high-resolution
imaging techniques, and niche-labeling strategies are allowing
researchers to identify distinct cellular populations and map
their spatial organization within tumors.*" This has enabled, for
instance, identification of a tissue-intrinsic regenerative program
activated at early stages of metastatic niche initiation,*’ the
phenotypic states inherent to particular tumor niches linked to
certain genetic abnormalities or between patients with primary
or metastatic cancers,’>*® the tumor-stromal composition
changes associated with cancer progression,** as well as the
features in the TME that can be correlated with clinical outcome
or predict therapy responses.*”™’ Based on such multi-omics
profiles, new classifications of tumors are emerging.“® Although
we expect that many tumors will ultimately be amenable to TME
modulation in the future, it is conceivable that certain cancers will
prove especially challenging, such as liver metastases in pa-
tients with microsatellite-stable colorectal cancers or glioblas-
toma (GBM). Notably, these are also organs subject to immune
suppression under steady-state conditions, which likely contrib-
utes an additional barrier to mounting an effective immune
response.

Looking forward, it will be important to determine the
biology underlying TME spatial diversity; how hypoxia, nutrient
availability, metabolites, and ECM composition influence the
behavior of cellular niches. Understanding the intricate inter-
play between the distinct cellular niches within tumors is
essential, for example, to discriminate between cancer-pro-
moting and cancer-restrictive niches. Investigating the tempo-
ral evolution of these cellular niches will provide insights into
how the TME evolves both during cancer progression and
following therapeutic intervention. Longitudinal studies
capturing the dynamics of cellular populations within niches
over time, for example, from sequential patient biopsies com-
bined with multimodal imaging strategies in preclinical
models,*® will be key to unravel the spatiotemporal heteroge-
neity of tumors.

We envisage that charting the dynamic evolution of the TME
and its heterogeneous niches will reveal new avenues to
manipulate TME states to interfere with tumor growth and pro-
gression, metastatic outgrowth, and adaptive resistance to
therapy. Understanding the key determinants of dormant
niches that can maintain metastatic cells in a quiescent state
for decades, and the subsequent alterations that lead to a
switch toward metastatic outgrowth, will be an essential
requirement for developing strategies to detect and eliminate
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by cancer cells, immune cells, and non-
immune stromal cells throughout tumor
progression and released into the cardio-
vascular system have actions beyond the

St,ss local TME (Figure 4). Several mechanisms
§ leading to the release of immuno-modula-
: tory molecules during cancer progression
have been identified. First, the tumor itself
can act in an autocrine manner on neigh-
boring tumor and non-tumor cells, leading
to the activation of both immune and non-
immune cells and the release of additional
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resulting in a secretory phenotype marked
by high production of pro-inflammatory
cytokines such as interleukin (IL)-6 and
IL-8.°"°* Third, genetically unstable tu-
mor cells activate DNA damage sensors
that produce type-1 interferons or acti-
vate inflammasomes and IL-1B produc-
tion, which can act peripherally on
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dormant cells. Generating refined model systems to investigate
these questions will be paramount to gaining mechanistic
knowledge around metastatic dormancy and other niche phe-
notypes. Exploiting vulnerabilities within cellular niches holds
great potential for the development of effective precision-based
therapeutic strategies through the identification of specific
markers or pathways that are essential for niche maintenance
and tumor progression. Beyond the TME is the tumor
“macro-environment” of the host, also depicted in Figure 3,
which encompasses a number of the complexities discussed
in the following sections.

THE IMMUNE MACRO-ENVIRONMENT: HOMEOSTATIC
CONTROL AND HACKING SYSTEMS PHYSIOLOGY

The effects of tumor-induced perturbations of the immune sys-
tem extend beyond the local tumor-immune environment,
involving pronounced alterations to the systemic immune land-
scape during tumorigenesis. Paracrine molecules produced

stromal cells and bone marrow progeni-
tors.®%°>%¢ Fourthly, microbial elements
influenced by patients’ diet and environ-
ment can lead to the activation of cells
expressing pattern recognition receptors and the release of in-
flammatory molecules such as IL-6, IL-1B, and tumor necrosis
factor (TNF).°>®° Lastly, stress-induced metabolites produced
by genetically unstable tumor cells or surrounding stromal and
immune cells can also be actively released into the circulatory
system.®®®° These systemic cues are sensed by hematopoietic
progenitors during the course of tumor development, leading to
dysregulated myelopoiesis and expansion of aberrant myeloid
cells that contribute to the dampening of local and systemic
anti-tumor immunity, and to the shaping of a pro-tumorigenic
TME (Figure 4).%""

The co-option of developmental and regenerative programs
by tumor cells further contributes to changes in the systemic
immune environment, as exemplified by the cooperation be-
tween MYC and KRAS in driving an immunosuppressive micro-
environment, marked by the exclusion of systemic T and B cell
infiltrates in highly proliferative, invasive carcinomas. Deactiva-
tion of MYC triggers tumor regression that is accompanied by
the rapid reversal of these immunological changes, involving
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Figure 4. Local and systemic drivers of protumorigenic myeloid dysregulation

(1) Molecules produced during tumor initiation that contribute to the recruitment and activation of macrophages that play a key role in the initiation of the in-
flammatory cascade and the release of inflammatory molecules in the blood circulation.

(2) Release of inflammatory molecules in the blood circulation that drives the enhancement and dysregulation of myelopoiesis.

(3) Epigenetic remodeling of myeloid progenitors in the bone marrow that contributes to the induction of nodes of molecular suppressive programs along the

myeloid lineage.

(4) Additional drivers produced in the local tumor microenvironment that contribute to further enhancement of myeloid suppression that further dampen anti-
tumor immunity and promote tumor proliferation and growth. The list of molecules provided in each category is not exhaustive and is only provided as examples.

a program that parallels the resolution phase of wound healing
responses.’?

Additionally, the characteristics of systemic immune re-
sponses in tumor-burdened hosts are heavily influenced by
changes in physiological homeostatic controls, such as circa-
dian control, endocrine response to stress and metabolism,
and physical activity-induced changes in the circulatory system.
Understanding how the systemic immune response changes
during cancer progression, and how systemic immune functions
are altered as the antigenic and phenotypic diversity of a tumor
increases, and whether adaptive immunosuppression brought
about by tumor evolution contributes to cancer-related death,
are all important topics for future research.

These complexities suggest that the design of effective im-
mune-based therapies will require a comprehensive under-
standing of the molecular underpinnings of the interplay between
local and systemic immunity. Broadly, these analyses will
comprise the identification of the systemic drivers of pathogenic
myelopoiesis through deep and dynamic profiling of cancer pa-
tients’ secretome, as well as charting the chromatin and tran-
scriptomic programs along the myeloid lineage, starting from
early hematopoietic progenitors in the bone marrow to tumor-
associated myeloid cells in order to identify initiating nodes of
myeloid dysregulation. The results may guide the development
of novel strategies to target mediators of systemic immune
dysfunction. Concurrent assessments of systemic cancer pa-
tients’ secretomes and their clinical features, along with an
understanding of tumor somatic evolution, could form the foun-
dation for a therapeutic framework to guide patient immune-
stratification and immunotherapeutic decision-making.

Importantly, multistep tumorigenesis, malignant progression,
and the evolving phenotypes of cancer-promoting micro- and
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systemic macro-environments are also modulated by a plethora
of other complexities, as delineated below.

AGING AND CANCER: CELLULAR FITNESS,
MICROENVIRONMENT DYNAMICS, AND EVOLUTION
OVER TIME

Most cancers occur in people over the age of 60, and by 2050,
it is projected that over 2 billion of the world’s population will
be over 60 years old.”® The age-related rise in cancer can be
attributed to various factors, including the accumulation of
chronic genetic damage, epigenetic drift, alterations in tissue
microenvironments (including increased senescent cells), and
changes in adaptive and innate immunity.”* These factors
can alter tissue homeostasis and thus fitness, enabling selec-
tion for proliferative expansion of mutant cells responsive to
such altered landscapes. However, given the frequency with
which they are observed in normal tissues, it can be surmised
that mutation-driven clonal expansions rarely evolve to
become life-threatening malignancies in aging tissue microen-
vironments.”® It is critical to view the association of cancers
with old age through the lens of evolutionary biology —animals
have evolved strategies to maintain tissue functions and avoid
disease, maximizing reproductive success. These mecha-
nisms wane in post-reproductive periods. Therefore, we
need to appreciate how young/healthy tissue microenviron-
ments maximize the somatic fitness of stem and progenitor
cells, preventing the persistence or expansion of cells with
potentially malignant mutations—youth is tumor suppressive.
Unfortunately, aged tissues progressively lose their ability to
limit cancer evolution.”>”® Notably, inherited progeria syn-
dromes often (but not always) exhibit accelerated and
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augmented cancer incidence,”” which we envisage results

from progeria-associated tissue dysfunction in the context of
increased frequency of mutations.

Recent studies have revealed that aging is characterized by
an increase in clonal expansions of somatic cells harboring
oncogenic mutations in histologically normal tissue,”® which
can vary widely in their pathogenic potential, as has been
most clearly shown for clonal hematopoiesis, which is associ-
ated with increased risk for leukemias and solid cancers.”® A
challenge will be to better understand how healthy tissues
impede tissue-impairing clonal expansion and the phenotypic
evolution of somatic cells that leads to cancer pathogenesis,
and how environmental carcinogens and lifestyle factors in
concert with natural aging affect these protective mechanisms
(see multistep tumorigenesis: understanding tumor promotion
and progression section). These expansions are associated
with conditions that change tissue landscapes, including in-
flammatory bowel disease,®°®? sun exposure for the skin,®*
alcohol and smoking for the esophagus,®® air pollution and
smoking exposures for the lung,”' and obesity and smoking
for clonal hematopoiesis.®® Although it is increasingly accepted
that healthy lifestyles promote tissue repair/maintenance and
cancer protection and that unhealthy lifestyles engender
chronic inflammation, poor tissue repair, and increased risk of
cancer and other diseases,’®®” we do not understand how
healthy lifestyles impact the earliest stages of carcinogenesis,
including such mutation-driven clonal expansions. The forth-
coming knowledge may support the development of interven-
tions that can block abnormal clonal expansions in aging tis-
sues, with the aim of reducing cancer incidence as well as
physiological aging. Understanding how non-mutagenic carcin-
ogens (analogous to the tumor-promoting potential of pollutant
particulate matter) impact this process and drive the expansion
of cells with stem-like potential harboring oncogenic mutations
will be instrumental. We also need to characterize suspected
feedback loops whereby aging promotes particular mutation-
driven clonal expansions, which then further contribute to tis-
sue aging (which itself promotes oncogenesis). Analyzing clonal
mutational patterns in tissue samples (e.g., blood and acces-
sible epithelial tissues) from clinical trials of candidate anti-ag-
ing agents and from individuals of different ages, lifestyles (e.g.,
exercise), and diet could reveal strategies to limit the clonal
evolution that can lead to aging-associated tissue decline and
cancer.?%®'

Aging also influences the ECM, a core constituent of the TME
secreted by tumor-associated fibroblasts and other non-tumor
cells.”® The ECM modulates tumor cell behavior through me-
chano-transduction. Aged fibroblasts release molecules that
induce significant changes in tumor cells, impacting signaling
pathways, reactive oxygen species (ROS) response, and
metabolism,”*"® as well as emergence from proliferative
dormancy.“? Indeed, it is possible that the regulatory processes
that augment selection for somatic clones carrying cancer-
associated mutations during aging overlap with those that
awaken cells from the dormant state to instruct metastatic
colonization (see the above discussion on dormant metastatic
niches).’®%8 While fibroblast senescence may be involved in
both proliferative expansions, it is important to distinguish be-
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tween senescence and aging, as senescence can occur across
the lifespan, having both pro-tumor and anti-tumor effects, as
described in the next section. Targeting actionable elements
in the microenvironment of aging tissues, beyond senescence,
has the potential to inhibit metastasis and overcome therapy
resistance in elderly cancer patients. This pursuit will require
sophisticated bioengineering techniques, Al-based pathology,
and exploration of intersecting factors such as biological sex
and stress with age. Specifically, spatial transcriptomics
layered with sequencing and the 3D reconstruction and anno-
tation of the TME using Al-based pathology techniques such
as CODA,* quantitative analysis of multiplex immunohisto-
chemistry using techniques like AstroPath,®*:°° as well as bioin-
formatics tools for gene behavior analysis to predict cell-cell
communication will be critical to understand how the aging
TME impacts the expansion of cells with stem-like potential
leading to tumor initiation or the awakening of dormant meta-
static cells.’’ The ultimate goal is to identify agents that induce
tissue landscapes to assume phenotypic states that limit all
stages of cancer evolution, from early clonal expansions to
metastatic outgrowths. Applications could range from early
prevention (e.g., interventions that maintain more youthful land-
scapes) to therapies (e.g., adjuvant/neoadjuvant therapies that
reduce metastatic outgrowth) that can be used to reduce can-
cer burden and mortality in a rapidly aging population. Among
these, leveraging the expanding knowledge base and insights
about the complexities connecting (partially age-related) cell
senescence to cancer are likely to lay the groundwork, as dis-
cussed below.

SENESCENCE AND CANCER: CELL STATE
TRANSITIONS AND THERAPEUTIC APPROACHES

Senescence is a stress response characterized by a stable
cessation of proliferation, with changes in cellular morphology,
gene expression, chromatin states, as well as increased
secretion of cytokines. The unambiguous identification of se-
nescent cells is complicated by a lack of gold standard
markers of the senescent state. Moreover, there are several
closely related cell states, such as quiescence, dormancy,
diapause, and drug-tolerant-persister (DTP) cells, which share
features with senescent cells. For example, the senescence
marker senescence-associated B-galactosidase is also ex-
pressed in some DTPs. Moreover, while the dogma in the
senescence field is that the proliferation arrest of senescent
cells is irreversible (which is not the case for the related states
mentioned above), there is growing evidence that senescence
is also reversible.”” Multiple gene expression signatures can
identify senescent cells, but there is significant variability in
gene expression among senescent cancer cells derived from
different tissues.®

In cancer cells, senescence can be triggered by genotoxic
stress (resulting from chemotherapy or radiotherapy; referred
to as “therapy-induced senescence”), oxidative stress, or hy-
peractivated mitogenic signaling. A proliferation arrest can be
considered beneficial for cancer therapy in the short term.
However, the persistence of senescent cancer cells can be un-
favorable in the long term due to the creation of an inflamed
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microenvironment, thereby acting as a tumor promoter (see tu-
mor promotion section). It is increasingly feasible, and poten-
tially beneficial, to kill senescent cancer cells, fibroblasts,
and collaterally affected normal cells, via so-called senolytic
therapy, aiming to avoid undesired phenotypic effects of
senescence in cancer. Indeed, evidence from mouse models
suggests that several of the side effects of chemotherapeutic
agents are caused by the induction of senescence in normal
cells, such that the removal of senescent cells in chemo-
therapy-treated mice reduced bone marrow suppression and
improved renal function.®* Aging studies have also shown an
increase in senescent cells—principally fibroblasts—over
time, and senolytic clearing of such senescent cells in animal
models delays aging-associated disorders, including cancer
(see aging section).?>%°

Based on these considerations, a “one-two punch” approach
to cancer therapy has been proposed, consisting of sequential
treatment with a senescence-inducing therapy, followed by a se-
nolytic therapy.®” Conceptually, sequential treatment should be
highly synergistic, while reducing the toxicities of combination
therapy. A practical complication in applying this approach is
the heterogeneity of cancer cell senescence pathways, making
it challenging to find senolytic drugs that act broadly. For
instance, the BH3 mimetic drug navitoclax (ABT-263), which is
used widely as a senolytic drug in aging research, is only seno-
lytic in a fraction of senescent cancer cells. Recent data indicate
that activation of death receptor signaling with agonistic anti-
bodies has broader senolytic activity in cancer cells.®” An alter-
native approach to senolysis is the exploitation of the immune
cells attracted to the senescent tumor mass by secreted cyto-
kines that are components of the senescence-associated secre-
tory program (SASP). In preclinical models of pancreatic cancer,
induction of senescence resulted in recruitment of CD8+ T cells
into tumors, resulting in sensitivity to checkpoint immuno-
therapy.”®

Despite these initial advances, many questions remain to be
answered. Successful exploitation of the “one-two punch”
pro-senescence therapeutic approach will require an under-
standing of which combinations of pro-senescence plus seno-
lytic drugs are most active, and of the context dependency of
such drug pairs. Moreover, we need to better understand the
complexity of the infiltrating immune cells in senescent tumors
and how to exploit their presence therapeutically. There is,
however, another layer of complexity, namely that maintaining
senescent cells can be demonstrably beneficial in certain tu-
mors, perhaps reflecting variabilities in their SASP*; this di-
chotomy of function requires further investigation in regard
to fine-tuning therapeutic targeting of senescence. Finally, in
the aging human brain, neuronal cells abundantly express
senescence markers.”® It will therefore be crucial to under-
stand whether a therapeutic window can be defined for
aged patients with cancer in the context of senolytic therapy.
A successful proof-of-concept clinical study using pro-senes-
cence and senolytic therapies will act as a catalyst for this
approach to cancer therapy. Intertwined with aging and
senescence are the complex effects of metabolic variation,
in cancer cells, in tumors, and in the host, as elabo-
rated below.
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METABOLISM, DIET, AND CANCER: SYSTEMIC
EFFECTS AND THERAPEUTIC OPPORTUNITIES

The widespread dysregulation of metabolism and cellular ener-
getics in cancer suggests that altered metabolism is not merely
an ancillary consequence of tumorigenesis but is rather a
selected requirement for tumor initiation and progression. While
metabolic changes intrinsic to cancer cells support tumorigen-
esis, the complex metabolic crosstalk between the tumor and
the host—both within the immediate TME and across distant
organs—highlights our emerging appreciation of cancer as a
systemic disease (Figure 5). Early during carcinogenesis, can-
cer cells are selected for metabolic reprogramming that maxi-
mizes the production and supply of nutrients from the microen-
vironment to satisfy the metabolic demands required for
aberrant growth.'® However, the reciprocal relationship be-
tween tumor metabolism and systemic metabolism remains
largely unexplored. We focus in this section on our increasing
appreciation of these intertwining complexities and their poten-
tial to provide new approaches to prevent, detect, and treat
cancer.

Effects of cancer on the body

Cancer cells subvert non-cancer cells (e.g., fibroblasts, adipo-
cytes, immune cells, and neurons) in the TME to provide metabolic
support and supplement nutrient-poor tumor environments, '%'+1%?
wherein avid nutrient uptake and metabolic waste production
can suppress anti-cancer immune responses.'®'% In the
macro-environment, tumors alter the host’s systemic metabolism
both directly'® (by the tumor secreting particular signaling
molecules or altering nutrient availability) or indirectly'®® (e.g.,
via the immune system’s response to the tumor). The reprogram-
ming of metabolism in distant organs, such as the liver'®” and
brain,'® alters whole-body metabolism to promote cancer-
related systemic manifestations, including metastasis, resistance
to anti-cancer therapy, cancer-associated cachexia (CAC), and
death (Figure 5).'%%""° Since these alterations in systemic meta-
bolism start early, understanding them may guide and enable
the design of strategies aimed to preserve host metabolism and
restrict systemic manifestations of late-stage cancers.

A clear example of the metabolic effect of cancer on the body
is the induction of the active catabolic state of CAC, a complex,
debilitating wasting syndrome that limits fithess and the effec-
tiveness of therapies, resulting in poor patient outcomes."''+1"2
CAC likely represents corruption of a normal and transient
wound healing process, which cannot be resolved in the context
of cancer."'® The mechanisms by which tumor progression and
metastasis cause systemic changes that facilitate the loss of
muscle and/or fat remains largely unknown but may reflect a
cancer/host interplay that causes a systemic metabolic imbal-
ance favoring the tumor at the expense of the host. Conse-
quently, interventions that prevent or reverse CAC may also limit
tumor growth.''* A deeper understanding of distinct metabolic,
inflammatory, molecular, and neuro-endocrine drivers of CAC
and their origins from the host or the evolving tumor may open
new therapeutic avenues that extend beyond treating the causes
and consequences of CAC to hampering the growth of primary
and metastatic tumor.""*
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Figure 5. Cancer as a systemic disease

Reciprocal relationships between cancer cell metabolism, the metabolism of heterotypic cells of the tumor microenvironment, and systemic metabolism. These
metabolic crosstalks modulate cancer progression and could lead to cancer-associated cachexia. Detecting these metabolic alterations provides clinical op-

portunities for early detection and disease monitoring.

Obesity, physical activity, and cancer
Metabolic disorders as well as variations in healthy physiolog-
ical states impacted by factors like exercise can influence the
development and progression of cancers and are likely to
involve interplay between the host’s genome, diet, physical
state, physiological status, and microbiome."'® Approximately
4%-8% of all cancers are attributed directly to obesity,"'"®
but this statistic is set to increase rapidly as obesity rates
grow, particularly in low- and middle-income countries.
Although strategies to reduce obesity and increase regular
physical activity are obvious interventions with potential to pre-
vent or treat cancer, the mechanistic link between obesity and
cancer remains unclear. Outstanding questions include the
following: is obesity per se or the accompanying metabolic
perturbation responsible for increased cancer incidence?
Does adipocyte expansion indiscriminately release factors
that are pro-oncogenic? Do some individuals have a specific
pathophysiologic response to obesity that makes them more
susceptible to cancer? And, what is the role of the gut micro-
biome (discussed in more detail below)?

Regular physical activity has been implicated in the preven-
tion and/or improved cancer-specific survival for several can-

cer types,''” ostensibly functioning not only by reducing

body mass index but also by lowering levels of hormones,
suppressing inflammation, improving immune function, and
altering intermediary metabolism."'® The emergence of new
technologies for identifying molecular effectors of physical
activity at the organism level''®"?° will provide unprece-
dented opportunities to define physiological responses to
physical activity that can be leveraged for cancer prevention
and control.

Cancer and host metabolism in detection and therapy

Metabolic interventions that impact the cancer cells, the TME, or
systemic host metabolism—through limitation of nutrient sup-
port of cancers or by boosting anti-tumor-host responses—
may each provide new therapeutic opportunities. However,
targeting the metabolic alterations in cancer has proven to be
challenging, due to many factors including potential toxicities
of targeting pathways that are essential in normal cells and the
difficulty of making selective drugs for highly abundant enzymes,
as well as the metabolic flexibility and plasticity of cancer cells.
New approaches to overcome these limitations will be needed,
including strategies to influence the pathologic activities of
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metabolic enzymes while maintaining their function in normal
organs.'?!

Cancers’ abilities to alter systemic and tissue-specific meta-
bolism also suggest new opportunities for early disease detec-
tion through changes in the levels or types of circulating or
excreted metabolites.’?* Redox metabolism, urea cycle meta-
bolism, sulfur metabolism (including bile acid production), as-
pects of one-carbon and nucleotide metabolism, and possibly
even tricarboxylic acid (TCA) cycle function or glycolysis, could
be monitored systematically using increasingly refined technolo-
gies to inform on the metabolism of the host, the tumor, and their
interplay.

Dietary interventions are another promising avenue, most
likely to be effective in augmenting cancer therapy.'?*'%*
Fasting or fasting-mimicking diets (FMDs) can improve cancer
outcomes for many organ-specific tumors in both rodents and
humans,'?>'?% evidently functioning through the regulation of
various regulatory pathways, including reduced insulin and leptin
signaling, and attenuated inflammation (which are also downre-
gulated by exercise).

Precision nutrition—selective alterations of specific dietary
carbohydrates, amino acids, and lipids—offers another way to
target cancer vulnerabilities. Reducing the intake of non-essen-
tial amino acids such as serine, glycine, and methionine can
retard tumor growth and sensitize treatment-resistant cancer
cells.'?”12% Additionally, manipulating the balance of saturated
and unsaturated lipids can directly affect membrane composi-
tion and thereby impair the survival of cancer cells.’*® Moreover,
low-carbohydrate diets that limit insulin production can increase
the efficacy of PIK3CA-targeted therapies in certain cancers.'*°
While several of these dietary approaches are now being
explored in clinical settings, further understanding of how diet af-
fects normal physiology and anti-cancer responses is still
emerging'?*'?*3% and can be anticipated to guide further appli-
cations of this strategy.

The success of such metabolic interventions depends on a
deeper mechanistic understanding of the requirements imposed
on cancer cells by their origin, genetics, and environment,
coupled with the impact of therapy.'”®'®" We also need to
understand the interplay and effects of metabolism and its phys-
iological and pharmacological modulations on many of the sys-
temic host factors that govern cancer progression, as discussed
elsewhere in this review, including circadian rhythms, as dis-
cussed below.

CIRCADIAN RHYTHMS AND CANCER: CLOCKS AS
CRITICAL REGULATORS OF PHYSIOLOGY AND
DISEASE

A poorly understood aspect of tumor-host dynamics involves the
potential temporal effects on cancer cell behavior and response
to therapy. Circadian rhythms describe 24-h oscillations of light,
temperature, and other aspects of the earthly environment, as
well as daily fluctuations in gene expression and physiology
driven by genetically encoded molecular oscillators (“circadian
clocks”) present in virtually all mammalian cells. Disruption of
circadian rhythms caused by nightshift work, travel across mul-
tiple time zones, and residence at the western edge of time
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zones, are all associated with increased cancer incidence.'*?
Recent work has uncovered mechanisms that may contribute
to these associations.

Mammalian circadian clocks are based on a transcription-
translation feedback loop in which a heterodimer of the tran-
scription factors CLOCK and BMAL1 drives the expression
of its repressors, PERIODs (PER1-3) and CRYPTOCHROMEs
(CRY1 and 2). PERs and CRYs accumulate and inactivate
CLOCK-BMALI1 after which PERs and CRYs are tagged for pro-
teasomal degradation, renewing the cycle. Thousands of genes
exhibit daily oscillations of expression in every organ that has
been examined, such that over half the genome is rhythmically
expressed somewhere in the body.'®® Several mechanisms
contribute to transcriptional oscillations including transactivation
by CLOCK-BMALA1, and to repression of diverse transcription
factors by PERs and CRYs. Intriguingly, both PER2 and CRY2
have been shown to influence P53, the most frequently inacti-
vated tumor suppressor in cancer.'**'%° CRY2 also stimulates
turnover of the oncoprotein ¢c-MYC in rapidly proliferating
cells,®® although its deletion does not appear to affect MYC in
healthy spleens in vivo.'®’

Molecular connections between clocks and proteins that are
well-known to influence cancer, such as P53 and c-MYC,
encourage speculation that disruption of these pathways might
explain enhanced cancer incidence associated with circadian
abnormalities. However, recent work suggests alternative mech-
anisms, including disruption of anti-tumor immunity and of
cellular stress responses. %% Genetic deletion of individual
clock components has varied impacts on tumor growth in mouse
models, #%'“%1% 50 it seems unlikely that a particular mecha-
nism based on disrupting a core clock component will universally
explain increased cancer incidence caused by circadian disrup-
tion. Using transformed murine cells to initiate tumors results in
striking differences in tumor growth depending on the time of
day at which cells were implanted, '*° implicating circadian regu-
lation of anti-tumor-immune responses. Exposure of host mice
to chronic circadian disruption exacerbated tumor growth and
eliminated the impact of engraftment time, which suggests that
impaired immune responses may contribute to increased tumor
growth upon circadian disruption. Chronic circadian disruption
also increased tumor burden in genetically engineered mouse
models of KRAS-driven lung adenocarcinoma.'*®'*? Unbiased
analysis of gene expression in lung tumors revealed that circa-
dian disruption increases expression of heat shock factor 1
(HSF1), which has been linked to enhanced tumorigenesis in a
variety of contexts.'*® Additional research is needed to deter-
mine whether reduced immune surveillance and/or elevated
HSF1 is required for enhanced tumorigenesis caused by chronic
circadian disruption.

Multiple mechanisms likely contribute to enhanced tumori-
genesis observed in people exposed to circadian disruption.
Circadian disruption also influences cancer-associated pheno-
types, including metastasis and cachexia.'**'*> Circadian
disruption acts as a tumor-promoting lifestyle factor through
unknown mechanisms, likely including sleep deprivation and
metabolic disturbances. Continuing research is needed to
delineate the contributions of the mechanisms discussed here
and the additional effects of circadian disruption on the etiology
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of diverse tumor types. Few clinical trials include multiple
dosing times and “circadian logic” in their design, although
there are clues that such regimens can affect chemotherapy
outcomes,'“® and the response to checkpoint blockade in mel-
anoma, where emerging evidence from the MEMOIR study
suggests that adaptive immune responses are less robust in
the evenings.'*” Recording the time of day at which biopsies
are collected, and when treatments are delivered during clinical
trials, would also markedly improve the potential to advance
understanding in this area. Another systemic regulator of the
interplay between the host and tumor phenotypes, likely inter-
twined with circadian rhythms, involves the nervous system,
as considered below.

INFLUENCES OF THE NERVOUS SYSTEM: EMERGING
ROLES OF NEURO-CANCER CROSSTALK

Neurons, glial cells, and nerves: A critical component of
the cancer ecosystem

In recent years, both the central and peripheral nervous sys-
tem have emerged as critical components of tumor-host inter-
actions. Exciting discoveries have established neural innerva-
tion and signaling subversion as potential new factors of the
tumor macro- and microenvironment, both in brain tumors
and most other cancers, making it possible that neuronal-can-
cer interactions might eventually become another hallmark of
cancer. Much as it governs physiological wound healing, tis-
sue development, and organogenesis, as well as homeostasis
and plasticity throughout life, the nervous system seems to
play instrumental roles in the regulation of cancers.®'*® Spe-
cifically, synaptic and paracrine neuronal activity, but also can-
cer-intrinsic neural features, can govern cancer initiation,
growth, dissemination, and treatment resistance; conversely,
tumors can negatively affect the nervous system and even
reprogram it, leading to detrimental feedback loops.*'* More-
over, the nervous system influences cancer biology and can-
cer therapy response through dysregulation of the immune
system, alterations to angiogenesis, and broader systemic
effects.

A salient example is GBM (gliomas), wherein pathways of
normal neurodevelopment are hijacked to interconnect cancer
cells into a network, a syncytium involving cell-cell communica-
tions that foster tumor phenotypes.'*® This cancer network re-
ceives direct input from bona fide glutamatergic (excitatory)
neuron-glioma synapses that activate the network, driving tumor
growth.’® The cell population is constantly stimulated by an
autonomous rhythmic activity generated by pacemaker-like can-
cer cells within the network, recapitulating neurodevelopmental
processes.'>' GBM dissemination— perineural invasion—in the
brain is governed by this cancer network via its neuron-glioma
associations, as well as other co-opted neuronal mecha-
nisms.'°? Remarkably, in the human brain, GBM also remodels
neural circuits, such as in regions of language representation,
developing functional interconnectivity between the cancer
and the normal brain, which is associated with decreased patient
survival.'®®

Outside the brain, tumors secrete growth factors (e.g., nerve
growth factor, NGF) that attract innervation by peripheral nerves
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and can even reprogram them. This innervation by sympathetic,
parasympathetic, and sensory nerves has been demonstrated to
drive tumor growth, invasion, metastasis, and therapeutic resis-
tance in most cancer sites throughout the body, largely via para-
crine secretion of neural factors. New therapeutic avenues that
are based on these neuro-cancer interactions are currently being
explored.'*®

Cancer pain

An important example of how tumors and cancer therapies can
negatively impact a patient’s nervous system involves the sensa-
tion of pain. Debilitating bone pain associated with metastases in
prostate, breast, and lung cancers can severely impact quality of
life. Opioid analgesics remain the mainstay of cancer pain
management, but the long-term consequences of tolerance,
dependence, and hyperalgesia are problematic.’®* The potent
analgesic lidocaine has both pain-killing and anti-tumorigenic
activity as well as effects on immune responses, consistent
with a vital role for the neuro-immune cancer axis in approaches
to treatment.'>® Clinical trials of new approaches to pain treat-
ment focused on blocking input into the central nervous system
have promise, for example, using antibodies that neutralize im-
mune-derived mediators such as NGF or TNF to alleviate cancer
pain (NCT02609828). Similarly, channel-blocking small mole-
cules are also under evaluation in phase 3 trials aimed at
reducing cancer-associated pain.'*® Pain control is an increas-
ingly important dimension to managing and treating cancer,
with encouraging promise.

The road to translation

Future research in translational cancer neuroscience will need
to address three main points: (1) mapping the world of neuro-
cancer interactions (e.g., synaptic, paracrine, and systemic),
including the classes of neurotransmitters, neurotrophins, neu-
ropeptides, and hormones that are relevant for distinct tumor
entities and disease stages, combining molecular imaging,
circulating biomarkers and morphological, neurophysiological,
and molecular profiling of freshly resected tumor tissues, for
which bespoke methodologies need to be developed; (2)
developing informative biomarkers to monitor neuro-cancer
interactions in a given patient; (3) establishing optimal combi-
nation therapy partners, e.g., immunotherapies, as part of
the emerging field of neuro-immuno-oncology. Since more
than 100 drugs are approved in neurology, psychiatry, and
internal medicine that target neural signaling pathways, drug
repurposing may prove productive, as exemplified by clinical
trials targeting stimulatory neuron-cancer synapses of the
AMPA receptor subtype with the antiepileptic drug perampa-
nel,’®®">" or targeting neural-like cancer cell networks with
meclofenamate (EudraCT 2021-000708-39).'*° Moreover,
drug development aimed at early neurodevelopmental regula-
tors usurped by cancer cells and at cancer-specific neural in-
teractions present promising avenues. While interfering with
normal neurotransmission can lead to side effects that need
to be monitored, understanding the mediators and receptors
specifically implicated in driving tumorigenesis should produce
therapeutic targets based on more precise mechanistic in-
sights.
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In summary, the recent discovery of intimate neuro-cancer in-
terfaces opens new horizons in our broader understanding of
cancer, including the possibility that modulating cognitive or
other neural states might impair crucial cancer phenotypes.
Future research will determine whether this emerging knowledge
can be leveraged for the development of new therapeutic stra-
tegies.

PARITY: LESSONS FOR TUMOR PROTECTION

The aforementioned examples of how the host can modulate
tumor development and malignant progression have largely
focused on tumor-promoting intersections. The converse
consideration is the potential for human behavior and environ-
mental exposures to protect against tumor initiation. Recent
work has shed light on the role of sex hormones such as andro-
gens and the endocrine system in such interactions and re-
vealed mechanisms via which they govern anti-tumor immunity
and T cell checkpoint responses. This crosstalk is consistent
with knowledge about autoimmunity and infectious diseases,
where, e.g., biological sex is associated with apparent differ-
ences in incidence and magnitude of vaccine-mediated im-
mune responses. A clear example of this is parity and the dura-
tion of breastfeeding, which are well established to have
positive health benefits for both mother and child. Pregnancy
and breastfeeding have been associated with protection from
breast and ovarian cancer, though the risk does rise in the short
term, and a lower risk from all-cause mortality later in life.'*®
The risk of breast cancer is reduced by 4% for every 12 months
of breastfeeding in addition to the 7% decrease in risk
observed for each birth."*° Breastfeeding particularly reduces
the risk of triple-negative breast cancers (TNBCs).'®° The
mechanisms behind breast cancer protection associated with
pregnancy are thought to be related to the maturation of the
breast epithelial cells, making them less susceptible to transfor-
mation, and to a reduction in circulating estrogen through
amenorrhea.

Previous studies have established a positive prognostic effect
from high levels of T cell infiltration in early-stage breast cancers,
particularly in TNBC.'®" For instance, a small subset of T cells
with a tissue-resident phenotype were shown to be highly prolifer-
ative and cytotoxic, essential qualities for a durable anti-tumor
response.'®” Recently, using mouse models, the critical role of
T cells with a resident memory (TRM) phenotype in immune pro-
tection from mammary tumor rechallenge has been reported, sug-
gesting that TRMs may confer protection against breast can-
cer.'®® Healthy, non-cancer affected breast tissue contains a
multiplicity of immune cells, including myeloid, natural killer (NK),
B, and T cells that do not express high levels of T cell-inhibitory
checkpoint molecules.'®>'®* Given this epidemiological data,
future work should seek evidence for an immunological mecha-
nism that might explain the relationship between breastfeeding,
pregnancy, and resultant long-term breast cancer protection.
Gene expression patterns in the human breast significantly
change years after pregnancy, notably with an upregulation of
immune-related genes.'®® Pregnancy itself causes dramatic
changes in the gut and vaginal microbiome of the mother through
the three trimesters.'® It is also well accepted that breast milk
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contains a rich microbiome that changes throughout the stages
of lactation.’®” In colostrum samples, Weisella, Leuconostoc,
Staphylococcus, Streptococcus, and Lactococcus are the pre-
dominant species. In contrast, at 1 and 6 months, microbes that
are typically found in the oral cavity (e.g., Veillonella, Leptotrichia,
and Prevotella) are significantly increased in breast milk."®® Over-
all, breast milk can contain up to 600 different bacterial species,
which could ultimately influence the immune repertoire of both
mother and child."®°

Research into the inflammatory and microbial changes during
pregnancy and post-pregnancy, as well the composition of
breast milk, has mainly focused on the benefits to the infant
but has not yet deeply investigated how these effects may
benefit the mother in the long term, as well as contribute to im-
mune surveillance of the local breast microenvironment. Further
research into sex hormones, their change at various reproduc-
tive stages, in both females and males, and how they alter
anti-tumor immunity may help elucidate underlying molecular
mechanisms governing cancer protection as well as progres-
sion, not only in hormone-responsive organs.

THROMBOINFLAMMATION AND CANCER

Thromboembolism is the obstruction of a blood vessel by the
pathological formation of a clot. It is a leading cause of death
in people with cancer and is associated with a poor prognosis
that cannot be explained by cancer stage.’””'”" Individuals
with cancer have a 9-fold higher risk of thrombosis than the gen-
eral population and cancer-associated thromboembolism is
growing in incidence.'”?

An underlying predisposition to thrombosis relates to a
dysregulated thromboinflammatory response that involves the
interplay between coagulation and inflammatory mediators
(Figure 6).'”® Neutrophils, the most abundant myeloid leuko-
cytes, promote thromboinflammation through the release of
neutrophil-extracellular traps (NETs), a negatively charged com-
bination of histones, proteolytic enzymes, and DNA that acti-
vates thrombosis.'”* Several cancer types are also known to
secrete tissue factor, the primary activator of coagulation in vivo.
Higher plasma levels of tissue factor are associated with a worse
cancer stage, poorer outcomes, and a risk of thrombosis."”®

Thromboinflammation potentially promotes tumor growth and
spread. Tumor cell-platelet aggregates are hypothesized to pro-
mote tumor migration.'”® An elevated platelet count is a marker
of poor prognosis as well as a risk for thromboembolism. Murine
models of GBM demonstrate that platelets bind to tumor cells
through podoplanin and, importantly, elevated plasma levels of
podoplanin are associated with a higher risk of thromboembo-
lism and lower survival rates in patients.' %"’

Studies in mice and humans have established associations
between the number and type of intra-tumoral neutrophils and
disease progression.’”® The neutrophil phenotype is influenced
by the environment and many types of cancer elicit potent immu-
nosuppressive and pro-angiogenic functions of neutrophils that
promote tumor growth and/or dissemination.’”®'®° Balancing
this view, emerging evidence also reveals anti-tumoral activities
of neutrophils and tumor-derived factors that act by promoting
the education and activation of cytotoxic T cells.'®'-'2
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Beyond these functions, the release of NETs has been shown
to promote intravascular tumor cell entrapment, which facilitates
metastasis, by physically shielding tumors from the actions of
cytotoxic T cells, or awakening dormant cancer cells by remod-
eling their local microenvironment (Figure 6).'®% Conversely,
NETs can also be cytotoxic and have been shown to kill tumor
cells by the action of associated proteolytic enzymes and
histones.

Managing thrombosis

Many factors can alter thrombotic risk during treatment of pa-
tients with cancer, including surgery, chemotherapy, infection,
and intravenous inoculation of therapeutic drugs. A large-scale
cohort study that serially measures multiple biomarkers in peo-
ple with cancer receiving therapy is needed to help identify risk
biomarkers that could be used to define a change in an individ-
ual’s risk over time. Future assay development should look for
reliable global markers of thrombotic risk that would allow a
more flexible and personalized approach. This leads us to the
question: once we can identify the risk, can we do anything to
mitigate it?

The use of low-dose anticoagulation (thromboprophylaxis) to
prevent venous thromboembolism is effective in higher-risk can-
cer populations. However, there is insufficient evidence to sup-
port the use of thromboprophylaxis in all people with cancer
due to the risk of bleeding caused by this treatment. Clinical
scores, the most validated being the Khorana score, can identify
some but not all at higher risk.'®* Newer anticoagulants such as
factor Xl inhibitors, which aim to “uncouple” haemostasis from
thrombosis are currently being trialed for treatment of cancer
thrombosis (NCT05171075). Future randomized controlled trials
should investigate their effectiveness in preventing thrombosis.

To improve outcomes for people with cancer, we need both to
understand the role of thromboinflammation, and to develop
methods to monitor thrombotic risk throughout cancer manage-
ment so as to improve both prevention and treatment strategies.

both in the context of hematologic malig-

nancies and clonal hematopoiesis (e.g.,
JAK2"817F in myeloproliferative neoplasms or in clonal hemato-
poiesis).'®°

Clonal hematopoiesis of indeterminate potential (CHIP) is a
phenomenon of aging defined by the presence of leukemia-
associated somatic mutations in the hematopoietic stem cells
of individuals without apparent hematologic clonal disorders.®®
These mutated hematopoietic stem cells give rise to altered im-
mune progenies that influence host immunity.'®® The most
frequent CHIP mutations are recognized to promote myeloid-
derived inflammation through increased production of inflamma-
tory cytokines.

Furthermore, CHIP is linked to non-hematologic cancer in
several ways. CHIP is associated with an increased risk of devel-
oping solid tumors, such as lung cancer, kidney cancer, lym-
phoma, and sarcoma.'®” CHIP is observed in 20%-30% of
patients with cancer overall, is shaped by anti-cancer thera-
pies,'® and is associated with an increased risk of death through
the progression of the primary non-hematologic tumors.'®®
However, little is known about the relationships between im-
mune dysfunction in CHIP and anti-tumor immunity during tumor
initiation, progression, and response to therapies.'®® Future
work delving into the tumor-immune interface within the context
of CHIP are poised to unveil prognostic biomarkers and poten-
tially anti-inflammatory interventions to attenuate disease initia-
tion and progression.

MICROBIOMES AND CANCER: DISEASE
PATHOGENESIS, THERAPY RESPONSE, AND
THERAPEUTIC TARGETING

Another environmental complexity that transcends the host per
se, in addition to those discussed above, involves the human
microbiome, composed of microbes and their genomes.™®" It is
increasingly well established that the microbiome variably pro-
foundly impacts disease pathogenesis and therapy outcomes
in human malignancies,’®® with polymorphic microbiomes
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recently highlighted as a hallmark-enabling phenotypic charac-
teristic of cancer.” There is increasing evidence for the impact
of gut and other tissue microbiota on the pathogenesis of cancer
as well as therapy responses, along with intriguing implications
for intra-tumoral microbiota.

The role of gut microbes on pathogenesis and therapy
response

Microbes within the gut have diverse effects on immunity and
cancer via a number of different mechanisms. They can directly
modulate cellular constituents promoting carcinogenesis, for
example, in colorectal cancer,'®® and influence systemic and
anti-tumor immunity.’®* The importance of the gut microbiota
in shaping responses to immune checkpoint blockade was first
shown in preclinical models®® and was quickly followed by land-
mark studies in human cohorts,®'*'> now bolstered by a num-
ber of studies demonstrating prognostic associations of the gut
microbiota with human cancers.'®? Importantly, we are gaining
more clarity into the taxa and functional characteristics of gut mi-
crobiota that are associated with response and resistance to
immunotherapy, with data suggesting that the presence of unfa-
vorable taxa in the gut is associated with systemic inflammation
and impaired anti-tumor immunity along with increased risk for
adverse events.'°® Recent studies have also suggested that di-
etary intake can impact the gut microbiota and immunotherapy
response and toxicity,'®”~'°° thus providing a tractable angle
for therapeutic intervention.

The role of intra-tumoral microbes on pathogenesis and
therapy response

Nucleic acid sequencing and imaging analyses have revealed
the presence of intra-tumoral microbes in various human can-
cers.?°2%* Microbial composition and load have been associ-
ated in certain tumor types with treatment responses and patient
survival.”?°>2% Advances in multi-omics approaches have pro-
vided mechanistic insight into the role of intra-tumoral microbes
within the oral and colorectal TME.?** Initially, intra-tumoral mi-
crobiome studies focused on gastrointestinal cancers and
microbe-accessible mucosal sites. However, in 2020, two land-
mark studies reported tumor-type-specific bacterial commu-
nities in many solid cancer types,”°®?°” suggesting diagnostic
potential involving bacterial nucleic acids in cancer patients’
blood.?°” One study reported that intra-tumoral bacteria were
predominantly intracellular in non-gastrointestinal cancers.>%®
Similarly, cancer-type-specific intra-tumoral fungal communities
have been reported.”?®2% However, recent data reanalysis
has raised important concerns about the prevalence of tumor-
type-specific microbiomes, in particular inside cancer cells
highlighting microbial contamination in datasets, human DNA
contamination of microbial references, and machine learning is-
sues.”'%?"" Bacterial imaging reanalysis questioned bacterial
localization within breast cancer epithelial cells,*®® instead
suggesting their presence in macrophages and interstitial
stroma. Reproducing findings on intra-tumoral fungi in pancre-
atic cancers has also faced challenges.?’?'* Thus, while there
is compelling evidence for the presence of tumor-infecting
microbes in specific cancer types, such as colorectal can-
cers,?00:201:204.215 there is now controversy regarding the gener-
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ality of a bona fide tumor-type-specific microbiome across hu-
man cancer types. Further research is needed to determine
whether the presence of intra-tumoral bacterial and fungal com-
munities is unique to specific cases or is a more widespread phe-
nomenon, and in which types of cancer they are most prevalent,
and functionally impactful.

Targeting gut and tumor microbes for cancer treatment,
interception, and prevention

A growing body of evidence supports the modulation of micro-
biota as a strategy to enhance outcomes to cancer treatment,'®?
including fecal microbiota transplants®'®?'” or inoculation with
well-defined, mechanism-guided microbial species.”'® Other
strategies include elimination of tumor-promoting species within
the TME via targeted antibiotic approaches.?'® As we move for-
ward, it will be imperative to develop standardized approaches
for assessing pathogenic (and beneficial) microbes acting at a
distance from the gut and mucosal tissues they naturally popu-
late, as well as within tumors. We must enhance our mechanistic
understanding of how gut and intra-tumoral microbes directly
and indirectly shape cancer pathogenesis, and thereby impact
patient outcomes. A corollary opportunity is to leverage this in-
formation to identify microbial-based biomarkers for cancer pre-
vention or prognostics, to aid in the design and testing of thera-
peutic strategies aimed to modulate microbes and thereby
better treat cancer, and ultimately even to prevent or intercept
malignant transformation.

FUTURE STRATEGIES AIMED TO LEVERAGE CANCER
COMPLEXITIES

Experimental systems for modeling cancer and its
complexity

Genetically engineered (and traditional cancer cell transplant)
mouse models of human cancer have for 40 years illuminated
mechanisms of multistep tumorigenesis and malignant pro-
gression, and increasingly, responses and adaptive resistance
to therapies, the latter enabled by the possibility of assembling
age- and disease-matched cohorts to conduct preclinical tri-
als.??9?%2 However, the spectrum of cancer complexities dis-
cussed in this review cannot be fully addressed in such
models, including, for example, assessing the impact of
gene-environment (GxE) interactions. The study of large hu-
man cohorts, such as the UK Biobank and “All of Us,” has
made us aware of the significant impact of confounding fac-
tors, including population structure, ethnic background, and
environmental exposures, on the outcomes of genetic ana-
lyses and therapeutic targeting. This simple lesson, which is
by its nature largely observational, has not yet been effectively
embraced by bio-medical experimentalists. It is therefore not
surprising that experiments in inbred animals, aimed to sup-
port the causal and mechanistic links between genotypes
and phenotypes suggested by human genetics, can fail to
translate into humans. Such genetically constrained experi-
mental models have raised debate about the limitations of an-
imal models for cancer research and have fueled the notion
that humans are the best model to study human disease,
despite the reality that performing experiments to fully address
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underlying mechanisms are very difficult if not impossible in
humans.??® Looking forward, in order to address the chal-
lenges of cancer complexities and the translation of their illu-
mination to better treatments for human cancers, we envisage
increasing refinement and utilization of other model systems,
both in genetically diverse mouse models and in ex vivo
models involving human cells and tissues.

In one approach to modeling GxE effects in cancer, mouse ge-
netic diversity can be embraced. Such diversity can be achieved
through studies in genetic reference populations (GRP), such as
the BXD and the Collaborative Cross GRPs*?*?2° or in outbred
mice, such as the diversity outbred mice,*?° that collectively
capture ~90% of the genetic variation in laboratory mice, sur-
passing the genetic diversity present in humans. Such geneti-
cally diverse mice can be used not only to study genetic
perturbations that are protective or predisposing to cancer
development (e.g., generating F1 animals of a GRP crossed
with a strain carrying an oncogene) as well as to study environ-
mental modifiers ranging from dietary challenges, stressors, to
pharmacological interventions.?”” Such longitudinal population
studies in mice have the prospect to (1) model the genetic diver-
sity present in human populations, (2) study GxE interactions, (3)
allow access to internal tumors and tissues for molecular charac-
terization, and (4) map genes responsible for a given phenotype
through quantitative trait locus (QTL) analysis. An unresolved
technical challenge for the future will be to develop efficient
means for genetic engineering of outbred cancer models to pro-
duce the remarkable diversity of organ-specific tumors carrying
the same oncogenic mutations as cognate human cancers in co-
horts amenable to preclinical trials. Certainly, the cancer field
has much to gain by embracing genetic diversity to model tumor
initiation and progression, and to use these models for preclinical
trials of new cancer drugs and mechanism-guided combina-
tions, advancing knowledge and its application to cancer
medicine.

Beyond all the myriad variations of mouse models of human
cancer, we envisage that ex vivo systems involving human cells
and tissues will be increasingly refined and creatively applied to
elucidate the mechanisms underlying cancer complexity and
develop “precision/personalized” assays both to test therapeu-
tic hypotheses and to guide treatment decisions for individual
cancer patients. Once it became evident that tissue stem cells,
alone or with stromal cells, could be propagated ex vivo as tis-
sue-like structures in 3D matrix,???° organoid cultures have
grown in use as a bridge between simplistic 2D cultures and
the complexity of in vivo human biology. Organoids offer ap-
proaches to propagate tumors ex vivo in three dimensions, rep-
resenting the pathological features of the parental tumor, there-
fore expanding the number of patient-derived model systems
amenable to experimentation aiming to complement observa-
tions from mouse models. Organoids can be established from
either adult tissue- or cancer-cell-specific stem cells as well as
pluripotent stem cells (either induced or embryonic),”*° although
the latter have the additional challenge of faithfully recapitulating
the biochemical signals and spatial organization of tissue/tumor
development.

Notwithstanding the challenge of intratumor heterogeneity
and tissue sampling bias where subclonal events may not be
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well represented in ex vivo propagated tumor models from pa-
tients, patient-derived organoids have been shown to maintain
tumor clonal events,”®' and their transcriptomic signatures can
be similar to the tumors from which they were derived.”*
Recent progress has been made in developing organoids to
more effectively mirror the TME observed in human cancers,
with lymphocyte/tumor organoid co-culture methods under
development,”®® as are means to create a functional vascula-
ture. Another limitation of the organoid approach in modeling
cancer is the potential lack of cancer-specific ECM and the
physical microenvironment (stiffness, interstitial fluid pressure,
vascularization, etc.). Currently most organoid culture ap-
proaches utilize Matrigel, collagen, or a mixture of the two.
Leveraging the field of bioengineering, many synthetic materials
are being developed that allow the generation of more
controlled environments enabling the modulation of tissue stiff-
ness.”®* We envisage future development of “tumoroids” that
more fully recapitulate all of these salient features of the bona
fide TME.

Tumor-derived explants and organ-on-chip technologies
offer additional solutions to these challenges, which may
enhance cancer drug discovery and development by permitting
appropriate and diverse human models of cancer with repre-
sentative TMEs. Organ-on-chip technologies provide more
elaborate models of disease, employing microfluidics to model
tissue interfaces and to begin to recapitulate the complex TME,
allowing the investigation of tumor/stromal interactions and
anti-cancer drug testing®**>*" Patient-derived tumor explants
are initiated by culturing fragments or thick (vibratome) sections
of fresh tumor tissues, permitting the short-term maintenance
of the histopathological features of the parental tumors. Since
tumor spatial morphology can be maintained, such approaches
may offer the ability to combine ex vivo drug testing with
biomarker analysis to identify predictors of drug response,
and to decipher the impact of the TME on drug response and
resistance.**®

Patient-derived xenograft (PDX) mice also facilitate in vivo
testing of drugs in the context of a human tumor in an immuno-
deficient background; partially “humanized” PDX mice bearing
some features of the human immune system have further
extended their use to evaluate immunotherapies,**° although
further refinement will be needed to fully model the complexity
and polymorphic diversity of human immune response to human
tumors in mouse hosts. Moreover, PDX models are cumber-
some, expensive, and, in many cases, unable to replicate
the complexity and heterogeneity of human tumors and their mi-
croenvironments. Patient-derived tumor fragments (PDTFs)
address some of these issues by allowing ex vivo testing of the
impact of novel drugs in multiple tumor fragments obtained
from patients.?*%?*" The PDTF platform allows perturbation of
fresh or frozen tumor fragments retaining the microenvironment
of the original tumor, albeit only briefly. Crucially, the PDTF
response ex vivo to checkpoint inhibition was shown in one study
to be highly concordant with the clinical response of the same
patient to anti-programmed cell death protein 1 (anti-PD1)
agents, illustrating the potential value of this platform.”*> While
still limited in some respects (such as short-term viability of the
fragments and loss of innate immune cells and functional
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vasculature), we envisage that further improvements in this plat-
form will significantly contribute to our understanding of re-
sponses (and resistance) to cancer therapeutics within the
complexity and heterogeneity of human tumors.

Exploiting the other side of oncogene addiction

Studying resistance to targeted therapies over the past two de-
cades has revealed that re-activation of the drug-inhibited
signaling pathway by secondary mutations is a dominant mech-
anism of resistance. By inhibiting signals to which the cancer cell
is addicted, we can steer the cancer cell to evolve into the direc-
tion of higher signaling. This begs the question whether we can
also steer cancer cells in the opposite direction, of evolving to-
ward a less malignant phenotype through reduced oncogenic
signaling. In considering this concept, it is important to realize
that cancer cells strive to optimize rather than maximize mito-
genic signaling. Consistent with this, emerging evidence indi-
cates that further stimulation of mitogenic signaling in cancer
cells can be as toxic as the inhibition of these signals, by further
activating cellular stress response pathways.”*® Indeed, a com-
bination of hyperactivation of oncogenic signaling and inhibition
of the associated stress responses is very effective in animal
models of colon cancer. Remarkably, resistance to this combi-
nation was associated with downregulation of oncogenic
signaling and loss of oncogenic capacity.>** An obvious concern
in such a therapeutic approach is the presence of many appar-
ently normal cells in the aging soma that harbor oncogenic mu-
tations (see tumor promotion section). Such cells may be stimu-
lated to expand by drugs that further activate oncogenic
signaling. However, in animal models of precancerous intestinal
adenomas, a further increase in Wnt signaling by treatment with
lithium chloride was associated with a reduction in adenoma for-
mation rather than an increase, indicating that also in a pre-can-
cer state, there is a “goldilocks” scenario in which more onco-
genic signal is not better.>*> Consistently, epidemiological
studies show that long-term treatment of bipolar disorder pa-
tients with lithium chloride is associated with a reduced risk of
colorectal cancer.?*® Although the risks and hurdles of this par-
adoxical approach must be addressed, steering cancer cells to-
ward a less malignant phenotype through deliberate hyperacti-
vation of oncogenic signaling holds promise for future cancer
therapy.

TRANSLATING DISCOVERIES TO PATIENTS: NEXT
GENERATION CLINICAL TRIALS

Many basic science discoveries inform us about the early steps
of tumorigenesis. There is, therefore, an opportunity to develop
clinical trials testing drugs in early-stage cancers and preven-
tion platforms. Two distinct types of preoperative trials repre-
sent attractive designs for drug development and clinical trans-
lation. First, neoadjuvant clinical trials evaluate the efficacy of
drugs administered with therapeutic intent several months
before surgery. Those trials also allow for the investigation of
the mechanisms of resistance.’*” Second, window-of-opportu-
nity trials are not designed to assess drug efficacy but are
particularly appealing to explore the mechanisms of action
and the pharmacodynamics of new drugs administered for a
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short duration (typically a few days) prior to the initiation of can-
cer therapy.?*® Moreover, in a prevention setting, the categori-
zation of studies as primary, secondary, and tertiary is an
appealing framework that may prove useful for future drug
development if endorsed by scientific societies.’*® Primary
chemoprevention studies describe the use of medicines to
prevent cancer in high-risk individuals. Precise definitions of
clinical, genomic, demographic, and environmental factors
capable of highlighting at-risk patient populations will be
required to enable such studies. This capability might be
achieved through combined epidemiological and preclinical
studies, facilitated by improving capabilities for clinical data
collection, including digital Al-facilitated tumor pathology.”'>°°
Novel biological endpoints that capture treatment effects asso-
ciated with impaired cancer development will be necessary as
early indicators of treatment benefit. Secondary chemopreven-
tion studies refer to evaluating potential interventions in pa-
tients with established pre-malignant conditions. There is a
need for prospective randomized evaluation of promising
agents from the preclinical space in this therapeutic setting
for multiple cancer indications.?®" Tertiary chemoprevention
studies involve approaches to reduce the risk of cancer
relapse, locally or at other organ sites. In this category, circu-
lating tumor DNA will have an increasing role as a tool to
non-invasively detect minimal residual disease (MRD) as a
biomarker and an early endpoint of therapeutic efficacy, as
this technology is capable of detecting and determining treat-
ment response in micrometastatic disease that is not identifi-
able by clinical imaging.?°>72°¢

Since cancer is a disease driven by biological mechanisms,
there is a need to establish new classification systems based
on the biology of the disease, in addition to the current ones
based on the organ of origin. Multi-omic classifications could
dramatically accelerate the development of drugs targeting
biological pathways through organ-agnostic clinical trials.”>”
The previous sections of this review have shown that cancer
is a complex disease driven by multiple and interrelated bio-
logical mechanisms. These complexities should therefore be
integrated into portraits that recapitulate the complete biology
of each cancer patient. Trials testing the clinical utility of these
multiplex, comprehensive molecular portraits of cancer are be-
ing developed,*® although at present validating the utility of
individual components of the multiplex analyses on an
extended number of patients is a challenge. Moreover, the
future of cancer therapy is almost certainly one of combinato-
rial multi-targeting with distinctive classes of cancer drugs that
disrupt tumor-driving mechanisms as well as systemic mani-
festations. Therefore, as knowledge progresses about molec-
ular and cellular mechanisms driving the complexities of can-
cer and their pathogenic effects, these and other innovative
clinical (and preclinical) therapeutic trial designs will be instru-
mental in translating the results to the benefit of cancer pa-
tients.

CONCLUDING REMARKS

Improving the quantity of life for cancer patients remains an over-
arching goal of cancer research. Looking forward, improving
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the quality and duration of life (“cancer without disease”),
decreasing the burden of symptoms, and improving healthcare
sustainability, affordability, and accessibility face monumental
yet ultimately tractable challenges, enabled by embracing and
better understanding the complex biology of the disease, locally
and systemically, as elaborated herein.

Despite progress in our understanding of the disease, it is
estimated that cancer incidence will increase by 20%-50%
over the next 20 years, reflecting in part aging populations,
increased obesity and the multi-faceted environmental factors
impinging on the inception and malignant progression of can-
cer, a reality mandating ongoing investment and redoubled ef-
forts to address its complexities. Furthermore, the incidence of
early-onset cancers is increasing,?*° for reasons that are un-
clear. An overarching issue related to the new era of addressing
cancer’s complexities involves the systemic manifestations of
the disease and the impact of environmental exposures and in-
fluences—from well-recognized and cryptic pollution to un-
healthy diets, microbiota, and beyond—to the course of
multistep tumorigenesis, malignant progression, and therapy
resistance across the spectrum of human cancers. Success-
fully elucidating and addressing these complexities will benefit
from the recruitment into the cancer research enterprise of sci-
entists and clinical academics with expertise in areas outside of
oncology such as data science, mathematical modeling, neuro-
science, inflammation and autoimmunity, aging, metabolism,
endocrinology, and muscle physiology. This expansion in
expertise and capabilities will require new funding and
research opportunities that cross disciplines and international
borders and move beyond the traditional (largely governmental)
funding mechanisms, analogous to the philanthropically-based
CRUK/NCI Cancer Grand Challenges Program, specifically
aimed at encouraging multi-disciplinary collaborations to
address the plethora of questions delineated in this review.
Furthermore, at a time when commitments to clinical academic
training and career paths thereafter is under threat around the
world, there is a pressing need to reinvigorate clinical academic
MD/PhD training programs, along with post-MD research
fellowships in lieu of formal PhDs, as well as innovative initia-
tives and funding mechanisms to “buy” protected time for
physician-scientists to substantively engage in translational
research.

Understandably, much effort has been focused on achieving
“cures” for this disease; while an appropriate strategic goal,
the reality of neo-Darwinian adaptation of cancer cells,
enabled by genome instability and mutational evolution as
well as epigenetic plasticity, suggest that all forms of cancer
may never be completely curable. Optimistically, however,
elucidating and targeting the mechanisms that enable cancer
cells’ phenotypic plasticity and flexibility through tumorigen-
esis, malignant progression, and adaptive resistance to ther-
apy may provide opportunities to transform cancer into a
chronic, largely asymptomatic disease, increasing survival
and improving the quality of life of patients with cancer. Con-
nections between aging and cancer extend beyond the accu-
mulation of mutations. Understanding how organ/tissue and
tumor landscapes change with age and with diverse environ-
mental exposures, and how such changes influence all stages
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of cancer evolution, from selection of initiated clones to metas-
tasis, will be essential for winning more battles and maybe
even wars on cancer.

Over the next two decades, as the world is faced with an ag-
ing population in which cancer will touch at least one in three
and global incidence is set to rise, this review may help to pro-
vide a logical framework for initiatives aimed to address the
clouds of complexity described herein, aiming to increasingly
prevent the inception of cancer, to reduce the incidence of
symptomatic cancer, as well as to diagnose cancers earlier,
collectively alleviating suffering and prolonging the quality
and quantity of life for those suffering from this daunting
disease.
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