1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Nat Med. Author manuscript; available in PMC 2021 July 13.

Published in final edited form as:
Nat Med. 2021 January ; 27(1): 34-44. doi:10.1038/s41591-020-01195-4.

Targeting metastatic cancer

Karuna Ganeshl:2= Joan Massagué3*~
IMolecular Pharmacology Program, Sloan Kettering Institute, New York, NY, USA.

2Department of Medicine, Memorial Hospital, New York, NY, USA.

3Cancer Biology and Genetics Program, Sloan Kettering Institute, Memorial Sloan Kettering
Cancer Center, New York, NY, USA.

Abstract

Despite recent therapeutic advances in cancer treatment, metastasis remains the principal cause of
cancer death. Recent work has uncovered the unique biology of metastasis-initiating cells that
results in tumor growth in distant organs, evasion of immune surveillance and co-option of
metastatic microenvironments. Here we review recent progress that is enabling therapeutic
advances in treating both micro- and macrometastases. Such insights were gained from cancer
sequencing, mechanistic studies and clinical trials, including of immunotherapy. These studies
reveal both the origins and nature of metastases and identify new opportunities for developing
more effective strategies to target metastatic relapse and improve patient outcomes.

Metastasis causes greater than 90% of cancer death. Unlike primary tumors, which can often
be cured using local surgery or radiation, metastasis is a systemic disease. Systemic
approaches, including screening, chemotherapy, targeted therapy and immunotherapy, are
therefore the mainstay of metastasis prevention and treatment. Concerted efforts to improve
cancer therapeutics in recent years are bearing fruit. The US cancer mortality rate declined
by 29% from 1991 to 2017, with an average decline of 1.5% per year between 2013 and
2017. The steepest declines have been observed in metastatic melanoma (-6.4%) and lung
cancer (-4.3%), largely owing to the transformative impact of immunotherapy?. In
metastatic breast cancer, for which checkpoint immunotherapy was less widely effective but
for which several new targeted therapies have been approved, the median 5-year survival for
patients diagnosed with recurrent disease increased from 18.4% (95% confidence interval
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(Cl), 13.6-24.8%) in 2000 to 32.6% (95% Cl, 20.6-51.4%) in 2010 (ref.2). Despite these
advances, mortality rates have stagnated or risen for several cancers, including those of the
pancreas, liver, uterus and sarcomas, and the vast majority of patients with recurrent or de
novo metastatic cancer of any type still die within 5 years of their diagnosis!-3. Treating
metastasis therefore remains a challenge.

Progress in both basic cancer science and clinical oncology is critical to further improving
the treatment of metastatic cancer. The last two decades have witnessed unprecedented
collaboration between cancer biologists and clinical investigators. Technological advances
have allowed the rapid accumulation of tumor genomic data annotated with disease
progression and drug response information. Clinical trials increasingly include extensive
real-time biospecimen collection and patient-specific model generation, such as patient-
derived xenografts and organoids, before and during treatment and following the
development of drug resistance. Innovative trial designs such as basket, umbrella and
platform trials have shortened the time needed to bring a drug to the clinic?.

Such approaches enable investigators to nimbly identify biomarkers of therapeutic response,
validate resistance mechanisms in ex vivo models and develop next-generation drugs. Rich
datasets derived from this process lead to hypotheses on the underlying mechanisms of
metastasis, which can then be tested in functional assays. Thus, the interplay between
preclinical and postclinical studies is accelerating understanding of the biology of
metastasis, allowing the development of new treatments. The goal of current research efforts
is to develop new treatments targeting the singular biology of metastatic seeding, dormancy
and micrometastatic growth during the dormant phase of metastasis, as well as to augment
the efficacy of current therapies against overt metastasis. Here we focus on a selection of
recent biological insights and how these advances point to new therapeutic opportunities to
improve outcomes in patients with cancer.

The origins and progression of metastasis

Although cancer cell dissemination can start early during tumor progression®/, most cells
leaving a tumor fail to colonize distant organs and instead succumb to various stresses®. To
form metastases, cancer cells must negotiate a series of steps previously termed the
‘metastatic cascade’, with each step requiring specific functions®19 (Fig. 1). By acting on
heterogeneous cancer cell populations, these pressures select for clones with fitness to
colonize distant organs.

Sources of intratumoral heterogeneity.

The heterogeneity of cancer cell populations is rooted not only in genomic instability and
genetic variation within a tumor but also in the capacity of malignant progenitor cells for
extensive phenotypic variation. Stem-like malignant progenitors have the ability to fluidly
adopt diverse phenotypic states in response to cell-intrinsic developmental programs as well
as external stromal signals. This property, called phenotypic plasticity, enables cancer cells
to adapt to specific microenvironments, overcome metastasis barriers and resist therapyl1-13,
Phenotypic plasticity exacerbates the heterogeneity of genomically diverse cancer cell
populations4. Changes in the heterogeneity of cancer cell populations may in turn influence
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the composition of the tumor stroma and, with that, the emergence of cancer cells with the
propensity to establish metastatic relapse.

Metastasis-promoting genes.

Studies combining experimental models of metastasis and patient-derived tumor gene
expression data have identified genes whose expression in cancer cells promotes metastasis
in mouse models and is associated with relapse in the clinic (reviewed in refs.10.15-17) A
large array of genes are known to facilitate cancer cell dissemination steps such as invasion,
circulation, extravasation, resistance to stromal and metabolic stresses, formation of
metastatic niches, co-option of organ-specific stromal components and other pro-metastatic
functions®10, Some of these genes are expressed by cancer cells in the primary tumor,
priming the cells for metastasis upon dissemination to particular organs. The expression of
other metastasis-promoting genes becomes manifest as disseminated cancer cells adapt to a
specific host tissue environment. Metastasis-promoting genes are candidate targets of
treatments against metastasis, and several are the object of ongoing clinical trials (reviewed
in ref.18),

Metastasis-driving mutations.

Other studies have leveraged large cancer genomics datasets to identify pro-metastatic
mutations. This work is guided by the principle that cancer involves the evolution of
malignant cell populations under selective pressure to survive the stresses of tumor
progression!®, The mutation patterns and overall mutational burden in primary and
metastatic cancers are largely concordant, as demonstrated in comparisons of large cohorts
of colorectal, non-small-cell lung, pancreatic and renal cell cancers, among others, although
discrete subclonal genetic alterations suggest the sequential dominance of certain
clones®-24, Cancer genomics studies have identified few recurrent metastasis-associated
mutations, and recurrent mutations may be associated with resistance to specific therapies in
metastatic disease, not mediators of metastatic cascade progression per se. Genes that
regulate DNA methylation and chromatin modification are frequently mutated in aggressive
tumors?4, and studies of clinical and experimental metastasis have shown that acquired
epigenetic and transcriptional changes are critical drivers of metastasis2>-3L. Alterations at
the epigenetic level could favor phenotypes that are adept at dissemination and organ
colonization.

Metastasis and cancer stem cells.

The concept that metastasis may be driven by metastasis-initiating cells (MICs) is rooted in
stem cell biology. The cancer stem cell (CSC) hypothesis posits that only certain cells have
the ability to initiate and propagate tumors32:33. Studies on leukemia, intestinal cancers and
other cancers showed that tumor-initiating CSCs are homeostatic stem cells with acquired
oncogenic mutations34-38, In principle, CSCs could directly become MICs by activating an
additional set of metastasis-promoting genes while retaining their original stem cell
phenotype. Indeed, metastatic lesions frequently mimic the histology, and hence the
differentiation trajectory, of the tumor of origin3°. However, experimental evidence from
studies on colorectal cancer (CRC) suggests that MICs are phenotypically distinct from
CSCs and are more akin to regenerative progenitors than to homeostatic stem cells#0:12,
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Metastasis and phenotypic plasticity.

MICs are endowed with marked phenotypic plasticity and undergo dynamic phenotypic
changes (Fig. 2). For example, in CRC, mutations that hyperactivate the WNT signaling
pathway, which is essential for the proliferation of intestinal stem cells, turn intestinal
LGR5* cells into tumor-initiating CSCs3”. While tumors are initiated by LGR5* cells, the
cells that disseminate from the primary tumor invasion front, circulate in the blood and seed
liver metastasis in mouse models are predominantly LGR5™ (ref.13). Once established in the
liver, some proliferating metastatic cells reacquire LGR5 expression as they go on to
establish macrometastatic colonies!3.

Additional insights into the role of plasticity in metastasis come from studies on MICs
expressing L1CAM, a cell adhesion molecule whose expression in primary tumors is
associated with poor outcome in many types of cancer*!. LLCAM is expressed by intestinal
progenitors after injury and is required for regeneration of the epitheliumP. In invasive
carcinomas, dissociation of epithelial structures induces malignant progenitors to adopt a
highly plastic regenerative phenotype endowed with migration, anoikis evasion and
L1CAM-dependent growth reinitiation capacity4942. In metastatic cells derived from CRC,
lung, breast and renal carcinomas, LICAM expression mediates initiation of metastatic
growth in the brain, lungs, liver and bone marrow#243, Thus, LICAM* MICs have the
phenotype of regenerative progenitors that emerge upon disruption of epithelial integrity and
drive the distant regrowth of tumors as metastases*? (Fig. 2).

Epithelial-mesenchymal transition.

Another phenotypic plasticity process relevant to metastasis is the epithelial-mesenchymal
transition (EMT), in which epithelial cells lose polarity and cell-cell adhesions, migrate and
invade stroma to generate tissue. EMT occurs during gastrulation, in several other
developmental events and in wound healing, and it frequently involves a continuum of
‘partial EMT” states between the mesenchymal and epithelial endpoints#4-46. Cells with
features of EMT are present at the invasion front of carcinomas, and EMT enables
migration, invasion and metastatic dissemination of cancer cells*’ (Fig. 1). At metastatic
sites, cancer cells undergo a reverse process of mesenchymal-epithelial transition (MET) as
a step toward the initiation of metastatic growth#849, EMTs are driven by the SNAIL and
ZEB transcriptional repressors of epithelial genes. Transforming growth factor (TGF)-g is a
potent inducer of EMT in cooperation with other pathways, particularly the RAS-MAPK
signaling pathway®0.

These studies on regenerative progenitors and their phenotypic plasticity are illuminating a
multi-stage process that mirrors epithelial repair reenacted in carcinoma metastasis (Fig. 2).
Such lineage plasticity is often found in very aggressive end-stage metastatic cancers and is
associated with resistance to standard tissue-lineage-specific therapies!1>1, Understanding
the mechanisms and functional consequences of plasticity is therefore vital to improving
cancer therapeutics®2:53,
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Circulating tumor cells.

Cancer cells disseminate from tumors by invading blood and lymphatic vessels (Fig. 1).
Cutaneous melanoma cells can also disperse by migrating on the abluminal surface of
lymphatic vessels, a phenomenon known as extravascular migratory metastasis®*. Perineural
invasion of cancer cells that migrate along nerves has also been documented>°. However,
hematogenous dissemination is considered to be the main form of metastatic spread to
distant organs. Cancer cells in the blood circulation, referred to as circulating tumor cells
(CTCs), are a focus of intense research. CTCs express progenitor and EMT markers,
suggesting that these cells are primed to grow as metastatic tumors>6:57,

The study of CTCs provides a unique window into the biology of cancer cells that are on the
way to seed metastasis®829, CTCs have a short half-life in circulation and largely disappear
upon removal of the primary tumor. The vast majority of CTCs are eliminated and never go
on to form metastases. The extent to which some CTCs persist or reappear after the primary
tumor is eliminated likely reflects the existence of active metastases. Therefore, treatment
will still require targeting of metastatic cells that have already established residence in
distant organs.

Detection of CTCs in untreated patients with localized disease as identified by imaging may
help identify patients with subclinical metastatic disease, potentially sparing these patients
invasive surgeries that are unlikely to be curative or driving more aggressive therapy.
Specific molecular features may identify CTCs that have a greater propensity for eventual
metastatic relapse and thus may serve as clinically relevant biomarkers. In this regard, it is
note-worthy that cancer cells circulate singly as well as in clusters89, and CTC clusters have
a superior ability to seed metastasis in experimental models®. CTC clusters are enriched in
genome methylation patterns that denote a stem-like cancer cell state®’. It remains to be
determined whether stem-like cancer cells seed metastasis because they form clusters or
form clusters and seed metastasis because they are stem-like.

While the sensitivity of current CTC detection assays remains limiting, improved technology
for CTC and tumor cell-free DNA (cfDNA) detection is enabling early detection and may
potentially guide early treatment of metastatic relapse®2:63, In contrast, patients with
established metastatic disease typically have higher CTC and cfDNA burdens than can
readily be detected using current assays, which have utility in enabling serial noninvasive
‘liquid biopsy’” monitoring of therapy response and the emergence of resistant tumor
subclones®¥-%6. Importantly, unlike a tissue biopsy of one tumor, liquid biopsies integrate
information from multiple, spatially discrete metastatic tumors, capturing intertumoral
heterogeneity and maximizing the chance of detecting subclonal resistance-associated
mutations that may be specific to individual tumors®7.

Protective dormancy.

In many cancers, surgical resection of the primary tumor is followed by a period lasting
from months to years without clinical evidence of disease but ultimately followed by
aggressive outgrowth of cryptic metastases (Fig. 1). MICs that were disseminated before the
removal of the primary tumor can remain latent, dynamically fluctuating between dormant
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and proliferative states until conditions allow these cells to evade clearance by the immune
system and grow as a metastatic outbreak. It is thought that there are two mechanisms for
this: cellular dormancy, in which disseminated cancer cells fail to form a colony by entering
proliferative quiescence, and tumor mass dormancy, in which tumor growth becomes limited
by the failure to activate angiogenesis or reaching an equilibrium with other constraints
imposed by the host stroma®8.69,

Disseminated cancer cells in mouse models of metastasis are frequently located near
capillaries, where they enter growth arrest’%-72, TGF-B, a potent growth inhibitor for
epithelial progenitors’3, is present in perivascular locations and inhibits the growth of
disseminated cancer cells’%:74.75, Although metastatic dormancy is commonly attributed to
the effect of stromal growth-inibitory signals on MICs, MICs can proactively suppress local
growth-promoting signals in order to enter a quiescent state’, which protects MICs form
immune surveillance’®-79, The relevance of the immune system in metastatic dormancy is
clearly implied by cases in which immunosuppressed organ recipients developed metastasis
in organs transplanted from donors who had been deemed cured of melanoma&0.

a niche.

Normal adult stem cells depend on cues that balance their proliferation, self-renewal and
differentiation. These cues are provided by contacts with neighboring cells, extracellular
matrix and diffusible factors that form a local tissue structure or composition called the
‘stem cell niche” (refs.81.82), The survival, quiescence and outbreak of disseminated
metastatic cells similarly depend on stromal signals, cell contacts, extracellular matrix and
metabolic cues collectively referred to as the ‘metastasis niche’ (refs.18:39.83) The
interactions between MICs and their niches are bidirectional, with cancer cell-derived
factors making the host tissue more conducive to MIC survival.

Disseminated cancer cells are initially unwelcome in the host tissuel®. Tissue-resident
macrophages and natural Killer (NK) cells are an important line of defense against
disseminated cancer cells84-86, In addition, bone marrow-derived and peripheral immune
cells are recruited to newly seeded metastases. Depletion of T cells and NK cells increases
metastasis in experimental models’1:87:88_ |n line with experimental observations, tumor
lymphocyte infiltration as measured by an ‘immunoscore’ was inversely correlated with
metastasis size in patients with CRC8%. Non-immune cells, such as astrocytes in the brain,
also mediate killing of infiltrated cancer cells#3. However, these mediators of anti-metastatic
defense may ultimately be co-opted by MICs to provide a supportive niche. Recent work is
rapidly expanding the list of stromal cell types capable of supporting metastatic tumor
growth, which may in turn be potential targets for therapeutic intervention: these include
osteoblasts and osteoclasts in bone metastasis®:90-92: monocytes®3, neutrophils®4-%6 and
normal epithelial cells® in pulmonary metastasis; astrocytes®8, microglia®® and neurons!00
in brain metastasis; and endothelial cells in multiple sites*243.70, The composition of
metastatic niches may vary depending on the colonization step, from niches that regulate
MIC dormancy to those that support aggressive metastasis growth.

Work with mouse models of metastatic disease showed that factors released from primary
tumors into the circulation can prime distant organs to become supportive of the growth of
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arriving cancer cells, thus creating a ‘pre-metastatic niche’ (ref.191). A number of tumor-
derived factors have shown activity in this context, including chemokines, cytokines and
hormones released by tumors in soluble form or packed in a variety of extracellular
vesicles?4102 How tumor-derived cytokines could affect metastatic relapse years after the
removal of a primary tumor remains unknown. While these data are intriguing, clinical
evidence for the targetability of niche-priming factors is presently lacking.

Treating metastatic cancer

The growing knowledge about the biology of metastasis provides opportunities to improve
clinical outcomes in patients with cancer. Discerning the biological differences between
micro- and macrometastases, targeting the vulnerabilities of metastatic cancer cells and
exploiting the properties of metastatic tumor microenvironments provide a basis for present
and future treatments of metastasis.

Developing therapies for micro- and macrometastases.

Patients with overt metastatic disease present as having stage 1V cancer or develop a distant
recurrence following previous removal of the primary tumor. These patients have metastases
of at least 1 cm? that can be detected by cross-sectional imaging. Such overt metastasis may
be clinically manageable by systemic therapy but is typically incurable. The other context in
which patients receive systemic therapy is early-stage cancer, where no metastasis is
apparent but micrometastasis is assumed to be present. Therapy might be administered either
before surgery (neoadjuvant therapy) or after surgery (adjuvant therapy) and is applied to
high-risk early-stage cancer, in which a visible tumor is localized to the originating organ
and can be completely surgically removed. In most cancers, adjuvant and/or neoadjuvant
therapy substantially reduces recurrence rates and prolongs overall survival for subsets of
patients with stage Il or stage Il cancer, demonstrating the feasibility of eliminating
disseminated tumor cells or their metastasis-initiating capacity.

In cases of early-stage cancer where the primary tumor is entirely removed by surgery but
the patient later relapses with macrometastatic disease, patients must have already harbored
disseminated cancer cells in distant organs before tumor removal. While targeting the early
steps of tumor invasion and survival in the circulation are, in our opinion, unlikely to be
effective at preventing or treating metastasis, targeting micrometastatic cells could prevent
metastasis. However, the majority of therapeutic effort has focused on the final steps of the
metastasis cascade: colonization of distant organs. New drugs are typically first evaluated in
clinical trials in patients with advanced, therapy-resistant metastatic disease, primarily
because these are the patients for whom no effective standard treatments exist. This provides
an ethical rationale for testing untried new agents in these patients. Second, the effectiveness
of therapy can be evaluated in a relatively short time frame of a few months, given the rapid
rate of growth of advanced metastatic diseasel%3. Only when drugs have been shown to
effectively control advanced metastatic disease are they then tested in patients who may have
other standard treatment options, first in the treatment of patients with newly diagnosed
metastatic disease and, only then, in the adjuvant/neoadjuvant setting, in patients with
surgically removed disease, where a fraction of patients remain at risk of later
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macrometastatic relapse due to the proliferation of pre-existing micrometastatic cancer cells.
Because many patients with early-stage disease will be cured by surgery alone and may not
require anti-metastatic therapy, the threshold for testing a new drug, which may have
unknown and potentially lifelong side effects, is very high. Further, the cost and
administrative burden of performing an adjuvant/neoadjuvant study are substantially greater
than those for a study in the advanced metastatic setting, because several years of follow-up
of large patient cohorts is needed to establish treatment efficacy.

To date, no drugs have been approved exclusively for use in the adjuvant setting and not for
macrometastatic disease, although some dormancy-specific trials in the adjuvant setting are
in progress (reviewed in ref.104). Indeed, several drugs that have been demonstrated to
provide a survival benefit in treating macrometastasis fail to show benefit in the adjuvant
setting against micrometastasis. In colon, breast and non-small-cell lung (NSCLC) cancers,
only one in three agents approved to treat macrometastatic cancer have been approved for
perioperative treatment when no visible metastases are present!®. While such attrition could
be due to inadequate trial sample size or insufficient depth of pathway inhibition, it could
also be due to the intrinsic differences in the biology of dormant and indolent
micrometastases in the adjuvant setting versus growing, radiologically apparent
macrometastases.

Most preclinical studies assessing novel therapeutic approaches aim to prevent metastasis or
slow tumor growth in animal models, not to shrink large tumors. Thus, there is a disconnect
between preclinical studies, which aim to control micrometastases, and first-in-human
clinical studies, which assess shrinkage of macrometastases. This disconnect may explain
why several drugs that showed promise in controlling micrometastatic tumor growth in
preclinical studies failed to achieve shrinkage of macrometastatic tumors in human clinical
trials. As a corollary, drugs that may in fact control micrometastatic disease fail to reach the
patients who may most benefit from them106,

Targeting metastatic cancer cells.

Both micrometastatic and macrometastatic disease are currently treated with three broad
systemic approaches: chemotherapy, targeted therapy and immunotherapy, sometimes in
combination. While cytotoxic chemotherapy remains the backbone of metastasis treatment
and is currently the only option for many cancer subtypes, drugs that target tumor-driving
oncoproteins, or ‘targeted therapy’, are improving outcomes in many cancers%’ (Fig. 3).
However, mutation-specific therapy can elicit dramatic tumor responses that are often short-
lived, and these therapies often select for the expansion of tumor subclones that harbor drug-
resistance mutations or bypass targeted pathways and secretomes!07-109,

Patient biospecimen-based studies are rapidly revealing resistance mechanisms and
suggesting routes to improvement. In NSCLC, for example, first-generation tyrosine kinase
inhibitors (TKIs) against activating epidermal growth factor receptor (EGFR) mutations,
gefitinib and erlotinib, improved overall survival in metastatic disease but not in the adjuvant
setting10111 |n contrast, the third-generation TKI osimertinib, which targets the drug-
resistant EGFRT799M mutant, improved overall survival in both the metastatic and adjuvant

Nat Med. Author manuscript; available in PMC 2021 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganesh and Massagué Page 9

settings112-114, underscoring the need for improving drugs in the pipeline to attack subclonal
disease-resistance mutations earlier in the course of disease and more effectively.

Other strategies to overcome resistance include combination or sequential therapies to target
resistance pathways, often guided by synthetic lethality screens, where cancer cells may
compensate for the genetic or pharmacological inhibition of an individual signaling pathway
by becoming dependent on a complementary signaling pathway for their survival. Targeting
both pathways simultaneously may thus enable selective killing of cancer cells while sparing
normal cells that have not become dependent on the second pathway. Recent successes of
the synthetic lethality approach include poly(ADP-ribose) polymerase (PARP) inhibitors for
cancers with DNA damage repair defects115:116 and cyclin-dependent kinase 4 and 6
(CDKA4/6) inhibitors with estrogen receptor antagonists for hormone receptor-positive breast
cancer!l’. Several investigational approaches aim to deliver higher doses of biologically
active drug more specifically to the tumor while limiting the toxicity of inhibiting the same
pathway in normal cells, thus maximizing the therapeutic window (the difference between
the drug dose needed to kill cancer cells and the dose needed to kill normal cells), for
example, by using antibody-drug conjugates, nanoparticle delivery systems or bispecific
antibodies.

Targeting the metastasis microenvironment.

In 1889, Stephen Paget described metastasis as a fertile “seed” landing on a receptive “soil”
(ref.118). While cancer treatments have historically focused on tumor cell-intrinsic
properties, the advent of immunotherapy has underscored the importance of the tumor
microenvironment in controlling metastasis!® (Fig. 3). Tumor neovasculature was an early
therapeutic target in the tumor microenvironment'20, and, indeed, anti-vascular endothelial
growth factor (VEGF) TKIs and the anti-VEGF antibody bevacizumab have shown efficacy
in the metastatic setting in several cancers'?L. In contrast, in renal cell cancer and CRC,
VEGF-targeted therapy was not effective in the adjuvant setting!22:123  in line with dormant
micrometastases not having activated angiogenesis for proliferation.

The past decade has witnessed a revolution in metastasis treatment in the form of immune
checkpoint inhibition (ICI). For the reasons discussed above, the majority of immunotherapy
clinical trials to date have been conducted in patients with macrometastatic cancer that has
become resistant to standard therapy. Unlike other drugs for metastatic cancer, antibodies
that block the receptor-ligand interactions of CTLA-4 and PD-1 can induce long-term,
durable responses, including complete tumor regression in some patients24125 (Fig. 3). At
present, only a limited portion of patients with cancer benefit from 1C1128, including those
with metastatic melanoma®16 and lung!27, bladder or renal cell128 carcinomas and those
with mismatch repair-deficient cancers12%.130, The types of metastatic cancer that respond to
current ICI have a high tumor mutational burden, thus generating more mutated peptides that
are processed, displayed on tumor cell-surface major histocompatibility complex (MHC)
class | molecules and recognized as foreign ‘neoantigens’ by the immune system31-135 g
understand further why there are differing responses, researchers are applying diverse
technologies, including single-cell mMRNA sequencing, spatial transcriptomics and mass
cytometry approaches, to gain insight into the mechanisms of tumor cell recognition by
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immune cells and immune cell priming and infiltration. The goal is to use this information to
induce more effective antitumor ICI responses. Strategies targeting the immunosuppressive
cross-talk among immune cells, cancer cells and other components of the metastatic tumor
microenvironment may be particularly beneficiall36:137 (Fig. 3). The recent success of
combination multi-kinase inhibitor therapy together with ICI in metastatic cancers that were
otherwise immune unresponsive illustrates the promise of this approach138-140,

To what extent do the principles of immunotherapy of established macrometastasis apply to
micrometastasis? ICI in melanoma in the adjuvant setting in patients with completely
resected stage 111 and stage 1V disease results in macrometastatic relapse-free survival and,
in some cases, an overall survival benefit over placebo control1#1-144_ Given the typically
short relapse-free survival (<2 years) in these patients with melanoma, melanoma
micrometastases are likely to be rapidly proliferating, albeit too small to detect with current
imaging technology at the time of surgery in these individuals. Patients with melanoma who
have a greater time lag from removal of the primary tumor to eventual radiological detection
of macrometastasis may harbor micrometastases with a distinct biology, potentially with a
greater tendency to enter dormancy, or that use distinct mechanisms of immune evasion.
Ongoing clinical studies will determine the extent to which ICI is effective in treating
micrometastases in surgically resectable cancers beyond melanoma.

Intriguingly, in syngeneic mouse models of triple-negative breast cancer, neoadjuvant anti-
PD-1 and anti-CD137 treatment, with the primary tumor still present and subsequently
surgically removed after ICI, increased tumor-specific T cell expansion, enhanced
eradication of micrometastasis and prolonged survival in comparison to adjuvant ICI
treatment administered after primary tumor removall4°. In patients with melanoma or
NSCLC, early neoadjuvant ICI trials have also demonstrated increased T cell expansion, an
enhanced BATF3* dendritic cell signature associated with increased antigen presentation, a
broader T cell repertoire and an excellent primary tumor response, in comparison to adjuvant
treatment, with survival data not yet maturel46-150_ One interpretation of these data is that
neoantigens derived from the primary tumor may help prime the immune system during
neoadjuvant checkpoint therapy, driving a more robust immune response against distant
micrometastases that share these neoantigens. Once the tumor is surgically removed, this
immune priming effect may be blunted because fewer tumor cells, and hence neoantigens,
remain when ICI therapy is administered. Seeking to leverage the immune-priming effect of
tumor neoantigens to boost anti-metastatic immune reactions, several groups are attempting
to vaccinate patients using neoantigen peptides that are either patient specific or based on
common mutations shared by many patients31,

Treating organ-specific metastasis.

While most anti-metastatic drugs are appropriately systemic, there are opportunities to
substantially improve patient outcomes by targeting organ-specific mediators of metastasis.
Some cancers metastasize to a single site and remain exclusively in that organ for the
remainder of the patient’s life or spread to other organs only after a prolonged period of
time. Such phenotypes offer opportunities to improve survival via regional therapy. CRC
metastasis to the liver is the classic example. All blood draining the intestine flows first into
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the liver via the hepatic portal vein. This anatomical constraint means that the vast majority
of CTCs disseminating from an intestinal cancer must first traverse the hepatic sinusoids,
where they become trapped and initiate metastases with far higher frequency than in other
sites such as the lung or bone. Surgical resection of small-volume CRC liver metastases is an
established standard of care and is curative in approximately 20% of patients®1, Liver
metastasis-directed therapies are increasingly being used and include hepatic artery infusion
chemotherapy, radiofrequency ablation and embolization!52, Beyond CRC liver metastasis,
recent randomized phase 2 studies have demonstrated improved overall survival for patients
with oligometastatic cancers with consolidative radiotherapy administered to kill residual
cancer cells in the tumor bed following surgical resection of the primary tumorl53.154,

Bone is typically an early site, and sometimes the only site, of metastasis for hormonally
driven breast and prostate cancers. The alpha emitter radium-223, which selectively binds to
areas of increased bone turnover, improves overall survival in patients with bone-metastatic
prostate cancerl5®, There is also promise in targeting host organ-specific stromal
components (Fig. 3). In the adjuvant setting, meta-analyses of studies in thousands of
women showed a small but statistically significant overall survival benefit from
bisphosphonates, which inhibit osteoclast-mediated bone resorption196:157,

Another case for organ-specific therapy is the brain, which is typically the last site of
metastasis relapse. Because space-occupying lesions in the constrained physical parameters
of the skull can cause rapid demise, any disease control here can improve survival in patients
with end-stage cancer'®8. Indeed, prophylactic cranial irradiation increases overall survival
and is a standard of care in the adjuvant treatment of small-cell lung cancer, which invariably
metastasizes to the brain1>%, Along with the brain, other metastatic sites that are separated
from the circulation by tissue barriers or have immunosuppressive microenvironments
include the leptomeningeal space and the peritoneal cavity. Improved understanding and
targeting of metastasis mechanisms in these unique microenvironments are likely to improve
outcomes for cancers that disseminate to these clinically challenging sites#3:98.99.160-163

Future directions

While current approaches to treat metastatic cancer target well-known vulnerabilities such as
the high proliferative activity, oncogene dependence and immune susceptibility of cancer
cells, recent insights into the biology of metastasis have revealed new types of potential
targets that could be exploited for therapeutic advantage.

Targeting plasticity.
Basic interrogations of cancer mechanisms and insights from the application of novel
technologies such as single-cell RNA sequencing to clinical specimens are revealing more
fully the complexity of targeting highly plastic and heterogeneous cancers164.165_ At the
same time, the curative potential of immunotherapy and steady progress made by
improvements in mechanism-driven targeted therapy are driving progress. The very presence
of tumor cell plasticity suggests numerous routes to therapy resistance; however, MICs
across multiple cancer types share conserved regenerative phenotypes. Identification of key
molecular determinants of such states, such as LLCAM#0 and CD36 (ref.166), is likely to
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yield improved therapeutic targets (Fig. 3). Defining mechanisms of plasticity using
transcriptional and epigenetic approaches may enable manipulation of regenerative
pathways, for example, by blocking phenotypic transitions that provide MICs with
adaptability or by triggering conversion of MICs into immunosensitive states®3. Novel
phenotypes, such as neuroendocrine differentiation, that arise as a consequence of lineage
plasticity could be preempted using drugs that target the new cell states11:167-169 Targeting
chromatin remodeling using selective inhibitors of DNA methylation or histone-modifying
enzymes is likely to be a particularly beneficial therapeutic approach to limiting plasticity or
enforcing terminal differentiation of regenerative progenitor states/0.

Targeting metastatic dormancy.

Improved mouse models of metastasis and rapid autopsy programs in patients are enabling
novel insights into the maintenance and outgrowth of dormant MICs. The role of the
immune system in maintaining tumor dormancy is increasingly being appreciated. The
results of ongoing neoadjuvant ICI studies, anticipated in the next few years, will provide
valuable insight into the extent to which such therapy can eliminate micrometastasis,
identifying novel response biomarkers as well as molecules and cell types of interest for
mechanistic interrogation. In addition to immunotherapy approaches, knowledge gleaned
from mouse modeling of metastasis could be leveraged to inhibit the reawakening of
quiescent MICs or to accelerate their elimination. Defining whether MICs in patients, in
particular, non-cycling cells, have distinct immune evasion mechanisms will be crucial to
designing strategies to eliminate such cells.

While there is a dearth of specific therapy for dormant micrometastasis, it is also evident that
large numbers of patients are over-treated with drugs in the adjuvant setting that are
ineffective at, or unnecessary for, prevention of metastatic recurrence but cause lifelong
toxicity. Large randomized clinical trials in common cancers, including TAILORX in breast
cancer and IDEA in CRC, have demonstrated that adjuvant therapy can safely be de-
escalated in many patients172-173, Several planned and ongoing adjuvant studies are
exploring novel biomarkers, notably, circulating tumor DNA and immune correlates, to
enable appropriate stratification of patients’ probabilities of developing metastasis and
selection of the patients most likely to benefit from adjuvant therapyl74-178, There is a need
to develop clinically actionable, sensitive biomarkers that can distinguish between the two
regenerative stages of metastasis discussed above, as distinct treatments are likely to be
needed for cells in different phenotypic states.

The microbiome environment.

The microbiome, both mucosal and intratumoral, is emerging as a potentially important
determinant of metastasis progression and therapy response179:180_ A recent study
demonstrated that both epithelial cells and immune cells in many cancers not traditionally
associated with microbial contact, including those of the breast, ovary, bone and brain, have
a rich and distinctive intratumoral microbiomel81. Fusobacterium strains have been
demonstrated to reside in both primary and metastatic CRC and breast cancer and to drive
metastasis1®2-183 Antibiotic treatment to reduce the Fusobacterium load reduced metastatic
burden in mouse xenografts!82 (Fig. 3). The composition and diversity of the gut
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microbiome have been shown to correlate with ICI response in metastatic cancers84185,
The majority of metabolites, mechanisms and therapeutic targets in the human microbiome
remain to be uncovered. Microbes that target specific tissue types or bind to cancer cell-
specific receptors can also be used as drug delivery vehicles!86,

Patient-derived models.

Recent advances have underscored the importance of plasticity in metastatic cancers. Thus,
preclinical models that may be used to inform future therapeutic targeting should ideally
recapitulate dynamic plasticity between the two regenerative states that emerge during
metastasis and therapy. Patient-derived organoid systems, which can be generated with high
efficiency from the majority of patients and recapitulate developmental trajectories and
regenerative states, are well suited to meet this need and complement existing cell lines,
genetically engineered mouse models and patient-derived xenograft models87. Patient-
derived organoids have been demonstrated to faithfully reproduce the drug sensitivities
observed in patients, underscoring the validity of this approachl88:189, One limitation of
most organoid modeling to date has been the lack of the tumor microenvironment, but this is
increasingly being addressed using sophisticated co-culture systems, tumor fragment
cultures and bioengineering approaches!90:191, The advent of immunotherapy has
highlighted the need for syngeneic immunocompetent genetically engineered mouse models
that are immunogenic. Metastatic human cancers typically have a higher mutational burden
and are more aneuploid than genetically engineered mouse tumors. The extent to which even
the most complex mouse models recapitulate the neoantigen landscape and immune
microenvironment of advanced metastatic cancer in patients is unknown. The development
of humanized mice enables patient-specific tumor organoid and immune cell reconstitution
in an orthotopic in vivo environment!92. It remains to be seen whether such models, which
are currently only sparingly used owing to their complexity and expense, may prove to be
better mimics of cancer in humans.

Molecular profiling of patients.

Clinical trials for metastatic cancer are increasingly seeing more biomarker-based patient
selection and biospecimen collection and monitoring on trial to enable rapid discovery and
validation of resistance mechanisms and populations most likely to benefit from specific
interventions!93. Rapid bidirectional translation between the clinic and the laboratory is
becoming the norm rather than the exception, to the benefit of patients with cancer.
Interrogation of novel MIC biomarkers and targets, emerging from preclinical studies, in
clinical trials is likely to bear fruit. Deep genetic and immunological characterization of
‘exceptional responders’ to therapy is providing novel insights into mechanisms of
metastatic control194.195, Basket trials, which allow drugs targeting a specific mutant allele
to be tested in ‘baskets’ of patients from different cancer types, are an emerging trend and
have led to the pan-cancer approval of pembrolizumab for microsatellite-high/mismatch
repair-deficient cancers and tumor mutation burden-high metastatic cancers2® and
entrectinib for metastatic cancers harboring an N7/K fusion19. However, the tissue-
lineage-agnostic approach has its limitations: tissue-specific resistance mechanisms have
been described (for example, single-agent BRAFVS00E jnhibitors are effective in melanoma
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t not in the colon owing to adaptive resistance from feedback activation of EGFR in the

latter197), and results must be interpreted with caution.

Conclusions

Effective therapeutic targeting of metastatic cancer must address not only the dynamic
plasticity of the cancer cells themselves as they progress through the metastatic cascade but
also the mechanisms used by dormant and growing metastases to corrupt and co-opt their
niches and evade immune surveillance. Converging lines of evidence from close observation

of

patient phenotypes, analysis of clinical samples and experimental studies in improved

preclinical models are illuminating the properties of metastatic cancers as regenerative states
distinct from primary tumors. It has long been appreciated that cancer is akin to a wound
that never heals!®8, and now we know more about why this is so.
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Fig. 1|. Steps, biological functionsand cancer cell vulnerabilitiesin the metastasis cascade.
Local surgery or radiation and systemic approaches including chemotherapy, targeted

therapy and immunotherapy are currently the mainstay of metastasis prevention and
treatment and are frequently effective at reducing metastatic tumor mass. However, these
treatments do not specifically target the cryptic phase of metastasis or regenerative
progenitors that persist following therapeutic debulking of macrometastatic disease. Cancer
cells disseminating from a primary tumor via the blood or lymphatic system require specific
functions (as listed under each boldface step) to adapt to a number of stresses in order to
invade vessels, survive the loss of niche factors from the originating organ and survive in the
circulation. On reaching distant organs (gray area), cancer cells enter and exit proliferative
dormancy, evade immunity and acquire mitogenic signals by co-opting the stroma of the
distant organs. The majority of cancer cells leaving a primary tumor are unable to survive
these stresses and are cleared. Cancer cells that survive and retain the ability to regenerate
the tumor during the cryptic phase of metastasis are called metastasis-initiating cells (MICs).
MICs launch overt metastatic growth in distant organs, develop along tissue-regenerative
trajectories and deploy organ-specific stromal co-option functions. Clinically overt
macrometastases may be effectively debulked by classic therapies, but resistance and relapse
are driven by the plasticity and persistence of MIC states within macrometastases. ECM,
extracellular matrix; EMT, epithelial-mesenchymal transition; MET, mesenchymal-
epithelial transition.
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Fig. 2|. Model of metastasis subverting normal regener ative processes.
In normal epithelia, stem cells continuously generate differentiated progeny and maintain

tissue homeostasis. Upon injury, quiescent progenitors emerge and give rise to proliferative
daughter cells, which restore the epithelial barrier and lead to the regeneration of a
homeostatic epithelium. Metastasis co-opts these regenerative processes. Oncogenic
mutations in homeostatic stem cells generate primary tumor-initiating cells (CSCs). During
tumor progression, cancer cells emerge that have a distinct regenerative progenitor
phenotype. These cells can invade, disseminate and enter reversible quiescence to seed
distant organs and eventually regrow a tumor, thus acting as MICs. Under appropriate
environmental cues, these cells can regenerate heterogeneous tumors that recapitulate the
developmental trajectories of the originating organ. Phenotypic plasticity (two-headed
arrows) is prominent throughout these normal and tumorigenic regenerative processes.

Nat Med. Author manuscript; available in PMC 2021 July 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ganesh and Massagué

T

Page 25

Target tumor-derived Immunosuppressants — reg "\ Target microbiome-derived
immunosuppressive factors (e.q., TGF-p) X/ modulators of antitumor immunity
Target activated CAF \/\/ Target immune checkpoint
signals and fibrogenic factors CAFs T cells receptors and ligands

Target immunoevasive
pathways in dormant MICs

Target mediators and modulators
of metastatic plasticity

Target cancer cells and stromal
mediators of metastatic outbreak

NK cells

Cytokines, chemokines,
\ extracellular matrix \
‘@ -
|

)

Target cancer cells with
chemotherapy, targeted therapy

Target organ-specific stromal cells

/ co-opted in metastasis

I

Target endothelial cells and
pro-angiogenic signals

Target metastasis niche cells

(e.g., macrophages, endothelial cells) Monocytes Neutrophils Microglia Osteoclasts
Macrophages
I Endothelial cells | | Astrocytes | | Osteoblasts |
Multiple organs Brain Bone

Fig. 3|. Classic and new opportunities for the treatment of metastatic cancer.
Targeting cancer cells with chemotherapy and targeted therapies is a mainstay of metastasis

prevention and treatment. However, the recent success of ICI therapy demonstrates the value
of targeting specific components of the tumor stroma (T cells) to treat metastasis.
Leveraging recent insights into the regenerative origins, phenotypic plasticity, immune
evasion and organ-specific colonization strategies of MICs could yield more potent
approaches to prevent metastasis by targeting its cryptic phase during dormancy and
micrometastasis and to augment the efficacy of ICI and other therapies by more effective
elimination of drug-resistant macrometastatic disease. CAFs, cancer-associated fibroblasts;
Treg, regulatory T cells; NK, natural killer cells; TGF-, transforming growth factor-f.
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