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Abstract
Cancer cells can be conceived as “living organisms” interacting with cellular or non-cellular components in the host internal environment, not only the
local tumor microenvironment but also the distant organ niches, as well as the
immune, nervous and endocrine systems, to construct a self-sustainable tumor
ecosystem. With increasing evidence for the systemic tumor-host interplay, we
predict that a new era of cancer therapy targeting the ecosystemic vulnerability of
human malignancies has come. Revolving around the tumor ecosystem scoped
as different hierarchies of primary, regional, distal and systemic onco-spheres, we
comprehensively review the tumor-host interaction among cancer cells and their
local microenvironment, distant organ niches, immune, nervous and endocrine
systems, highlighting material and energy flow with tumor ecological homeostasis as an internal driving force. We also substantiate the knowledge of visualizing,
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modelling and subtyping this dynamically intertwined network with recent technological advances, and discuss ecologically rational strategies for more effective
cancer therapies.
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BACKGROUND

Cancer is a heterogeneous disease of clonal evolution,
as the tumor cells with genetic drift may acquire selective advantages that allow for rapid adaptation to external
stress and survive, termed as “survival of the fittest” [1].
This evolution-like process selects for more potent tumor
clones to expand in an alien habitat, which are also prone
to be therapy-resistant. Generally, the fitness of neoplastic
cells is shaped by their interactions with the surrounding niche and the host systemic environment respectively,
which, in essence, is analogous to the interplay between
living organisms and the ecosystem. Adopting an ecological viewpoint, most researchers believe that cancer is a
complex cellular ecosystem in which malignant cells coexist and collaborate with other host cells within their
microenvironment [2, 3]. Moreover, single-cell genomic
has been widely applied for direct mapping of these localized “tumor ecosystem” [4, 5]. With a more holistic view,
cancer ecosystem can also be perceived as a broad and
intercrossing host-tumor biosphere, in which the “living
organisms”, as tumor cells, and their local/distal “living
habitats”, as tumor microenvironment (TME) and distant organ niches, along with the internal/external stimuli
(e.g., cytokines, hormones, neural mediators, nutrition)
work in concert to promote malignant evolvement of cancer cells (Table 1) [6, 7]. Since this concept has extended
beyond the TME, we herein introduce the term oncosphere, which differs from “oncosphere” - a tapeworm
embyo. In this way, onco-spheres can be classified among
niches where tumor initiates, expands and spreads, namely
the primary, regional (lymph nodes), distal (pre/postmetastatic) as well as systemic onco-spheres accordingly
(Figure 1).
Employing the principles of ecology, cancer cells act
as the emerging species that employ different metabolic
and reproductive strategies to hijack resources and space
from the existing host cells, evade/defense predation by
the host immunity, and cooperate to disperse throughout
the circulation, followed by co-evolution with new oncospheres and end up colonizing as macroscopic outgrowths
[8]. Three essential factors are critical for the onco-sphere

formation: energy source, microenvironment, and interactive network. Energy is vital for cells to survive and
thrive, sourcing from biomolecules such as glucose, proteins and lipids, or elements like iron and phosphorus.
Of note, the material circulation and energy flow, largely
dependent on the metabolic interplay among cells, serves
as a driving force to maintain the tumor ecological homeostasis, resembling the biogeochemical cycle to the natural
ecosystem. In the onco-spheres, the extracellular space
can be invaded, colonized and remodeled by neoplastic
cells and their accomplices. In return, multifarious environmental selective pressures are reshaping the malignant
traits of tumor cells. The cellular interactions that either
benefit cancer growth (e.g., commensalism, mutualism)
or counteract cancer development (e.g., predation, parasitism and competition) largely determine their ecological
roles in different onco-spheres. Evolutionarily, neoplastic
cells cooperate by sharing diffusible factors which enable
individual cell to bypass the need to gather all the cancer hallmarks one by one [9]. The mutualistic relationship
between tumor cells and activated stromal cells also confers fitness advantages for both of them to co-evolve [10,
11]. Moreover, the model of tumor and antitumor immunity may resemble that of prey and predator. In nature,
predators grow and thrive by feeding on the prey population, while in the tumor ecosystem, cancer cells, the
prey, can develop a wide range of counter-adaptations to
evade from immune predation. Unlike predation with an
abrupt gain or loss, parasitism is characterized by propagation without causing immediate death to the host.
Similarly, cancer cells hijack nearby tissues for spatial
and metabolic benefits, as they can exploit growth factors, command neo-angiogenesis and break down the
extracellular matrix (ECM) for collective invasion. Competition exists not only within heterogeneous cancer populations but also among cancer cells and stromal cells,
while fighting for living resources like oxygen and energy.
Besides, miscellaneous selective pressures (e.g., nutrient
deprivation, hypoxia, oxidative stress, augmented stiffness, lifestyle deterioration and therapeutic interventions)
might trigger metabolic rewiring in cancerous and stromal cells to compensate for the hostile extracellular milieu,
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Tumor ecosystem paralleling to the Earth’s biosphere

Ecology

Natural ecosystem

Artificial ecosystem

Tumor ecosystem

Biosphere

Earth

Earth

Patient

Ecosystem

Aquatic and terrestrial
ecosystem

Urban ecosystem

Tissue and organ system

Metacommunities

Zoobenthos

Cities

Metastases

Species

Animals and plants

Humans

Cancer cells and host cells

Biotope

Water or land

Land

Extracellular matrix

Biogas

Swamp gas

Smoke and greenhouse gases

Cytokines, hormones and
neurotransmitters

Abiotic factors

Land or water

Technology, transportation
and infrastructure

Oxygen, acidity and
therapeutic intervention

Energy source

Solar energy

Natural ecosystems

Food

Nutrient cycling

Biogeochemical cycling

Material supply and waste
disposal

Intercellular signaling and
metabolic interplay

Ecosystem collapse

Mass extinction

Urban pollution or mass
migration

Organ failure and death

F I G U R E 1 The hierarchy of tumor ecosystem. Taking breast cancer as an example, the patient’s systemic environment can be perceived
as an integral ecosystem and scoped at three different levels: primary (cancerous breast), regional (metastatic lymph node) and distal
(metastatic brain, lung, liver or bone) onco-spheres. The material and energy flow throughout the systemic onco-sphere are largely ascribed
to its metabolic function within the host macroenvironment. Besides internal factors, food and nutrient, microorganisms (e.g., viruses and
bacteria) and therapeutic interventions (e.g., irradiation) serve as external stimuli that also shape the tumor ecosystem. Abbreviations: Tregs,
Regulatory T cells; MDSCs, myeloid-derived suppressor cells.
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further reprogramming the onco-sphere more hospitable
for malignant growth [12].
The concept of cancer ecosystem extends and deepens our understanding of cancer pathobiology beyond its
local interplay with the TME. Indeed, tumor cells interact with the host macroenvironment via systemic nervous
and endocrine signaling, manifesting as paraneoplastic
syndromes. Herein, we focus on systemic tumor-host interaction among cancer cells and their microenvironment,
distal organ niches, immune, nervous and endocrine system, scoping tumor ecosystem as different hierarchies of
onco-spheres. With successful visualizing, modelling and
subtyping of the tumor ecosystem, we also discuss ecologically rational strategies to develop novel targeted therapies
for cancer treatment.

2
ADAPTATIONS TO THE LOCAL
MILIEU
The TME is composed of a variety of non-tumoral cells
as well as ECM. Herein, we termed the organization of
tumor cells and their surrounding milieu as primary oncosphere. Among all the abnormal biological events that
constitute cancer hallmarks, dysregulated tumor-stroma
interplay stands out. Cytokine shuttling, exosome transmission, metabolite diffusion together with direct cell-cell
contact enable constant intercellular communications,
eliciting a wide array of malignant behaviors [13, 14].
Generally, information and energy flowing among various cell types in the onco-spheres is fulfilled by signal
transduction mediated by receptor ligation. Analogous to
the commensal behaviors among different species, cancerderived mediators can recruit, activate or educate stromal
cells, endowing them with tumor-promoting phenotypes
that favor angiogenesis, inflammation, and invasion. For
example, Rho-associated kinase (ROCK) released by breast
tumor epithelia can induce fibroblast reprogramming and
promote tumor progression through selective activation
of protein-kinase-R-like endoplasmic reticulum kinase
(PERK) signaling [15].

2.1

Cancer-stromal cell interaction

In many solid malignancies, cancer-associated fibroblasts
(CAFs) are the most abundant stromal cells that populate
the onco-sphere. With diverse cellular origins, these phenotypically heterogeneous fibroblasts evolve highly plastic
functions during multistep cancer development, which
we have comprehensively reviewed elsewhere [16]. For
instance, a pro-tumorigenic CAF subset (CD10+ GPR77+ )
provides a protecting niche for cancer stem cells (CSCs)

against chemotherapy in breast and lung cancers [17].
Besides interleukin-6 (IL-6) and IL-8, chemokines and
their cognate receptors stand at the crossroads of tumorCAF crosstalk, as CAFs activated by cancer-releasing
factors can secret a significant level of chemokines to act
reciprocally on the cancer cells, promoting their malignancy [18]. Notably, CAFs release C-X-C motif chemokine
ligand (CXCL)12 to exert a proliferation-promoting effect
on cancer cells expressing C-X-C motif chemokine receptor (CXCR)4 [19].
Tumor-associated macrophages (TAMs) orchestrate
tumor-promoting inflammation, as they preferentially
reside in the poorly vascularized tumor-host tissue
interface, in regions characteristic of hypoxia and where
invasive events emerge [20]. Tumor cells often interact
with macrophages by escaping phagocytosis and by polarizing them toward M2-like phenotype via chemokines
and cytokines such as C-C motif chemokine ligand
(CCL)2, transforming growth factor (TGF)β and IL-10.
Upon TAM activation, a vast diversity of growth factors,
proteolytic enzymes, and other inflammatory mediators strongly involved in the cancerous program are
released into the onco-sphere. Among them, vascular
endothelial growth factor (VEGF)-A stimulates blood
vessel formation for rapid tumor growth [21]. Reciprocal secretion of epidermal growth factor (EGF) by
perivascular TAMs and colony-stimulating factor (CSF)-1
by cancer cells enhances intravasation of tumor cells
[22]. Likewise, mesenchymal-like cancer cells secrete
granulocyte-macrophage
colony-stimulating
factor
(GM-CSF) to activate TAMs, which, in turn, induce
the epithelial-mesenchymal transition in cancer cells
through CCL18-mediated nuclear factor kappa-B (NF-κB)
signaling, in a positive-feedback loop [23, 24].
Additionally, neutrophils, mast cells and lymphocytes
are also listed on the roster of tumor-associated inflammatory cells, which coordinate with cancer cells to contribute
greatly to the inflammatory and immunosuppressive state
of the primary onco-sphere [25–27]. Inflammation has
been linked to tumorigenesis in a positive feed-forward
manner, as activated inflammatory cells produce reactive oxygen species and reactive nitrogen intermediates
to induce mutations in cancer cells, and the resultant
DNA damage reroutes the inflammatory response toward
a pro-tumor direction [28, 29].

2.2

Cancer-vasculature interaction

Tumor angiogenesis is a fine-tuned process that balances the pro- and anti-angiogenic factors, beginning
with the chemotaxis of endothelial cells and pericytes
[21]. While VEGF-A serves as a major angiogenic factor,
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thrombospondin-1 is a key angiogenesis inhibitor, whose
expression is tightly controlled either by overexpression
of ras oncogene in the epithelial cells or by inactivation
of tumor suppressors (e.g., tumor protein p53 and preproretinoblastoma-associated protein) in fibroblasts [30]. Of
note, commensalism occurs between tumor cells and other
cells in their vicinity, as neo-angiogenesis brings ample
nourishing factors (an abundant supply of blood, oxygen
and diffusible factors) to the shared onco-sphere. Being the
blood vessel-supporting cells on one hand, tumor vascular
mural cells also crosstalk with tumor cells via paracrine
secretion to modulate cancer growth, development and
drug resistance [31, 32].

2.3

5

to tumor progression. Furthermore, external stimuli like
therapeutic interventions may reprogram the evolvement
of primary onco-spheres. Strikingly, hypoxia generated by
hepatic surgery imposes an invasive CSC phenotype on the
residual tumor cells [44]. Besides, neoadjuvant chemotherapy for breast cancer plays as a double-edged sword, which
on one hand, enhances antitumor immunity by inducing
interferon (IFN) response, and on the other hand, polarizes macrophages towards a proinflammatory phenotype
conferring chemoresistance [6].
Taken together, both internal and external factors of
the primary onco-spheres harness tumor cells and their
accomplice in the local milieu with fitness advantage as
well as aggressive potency.

Cancer-ECM interaction

As a principal non-cellular component, the ECM not
only provides cells with architectural and mechanical support within the onco-sphere but also serves as a diverse
reservoir of regulators involved in multiple cellular processes [33]. Malignant and stromal cells can deposit, break
down and remodel the ECM through production of multitudinous ECM proteins, including collagens, fibronectins,
laminins and proteolytic enzymes, which reciprocally
fine-tune the abnormal behaviors of these cells [34]. Specifically, biochemical changes within the ECM composition
such as hydroxylation and enzymatic crosslinking can
restructure the spatial compartments to release locally
sequestered factors (e.g., VEGF-A) into the primary oncosphere [35]. In addition, the biophysical properties of
ECM, including stiffness, density, rigidity and tension,
pose indispensable effects on the migratory phenotype and
collective invasion of cancer cells [36]. Matrix degradation and turnover can be orchestrated by matrix-degrading
proteinases, notably matrix metalloproteinases (MMPs),
allowing neo-angiogenesis and further tumor invasion
[37].
As such, tumor-associated stromal cells and extracellular cues interacting with cancer cells synergistically
construct a heterogeneous community that supports carcinogenesis. As the tumor grows, malignant cells compete
with the surrounding milieu for spaces and metabolic
benefits, creating a hypoxic, acidic, and nutrient-poor
onco-sphere that favors clonal selection of more aggressive cancer cells to spread outward. Notably, accumulated
extracellular lactate and concomitant acidification has profound impacts on the TME by hindering dendritic cell
(DC) activation, inhibiting cytotoxic T lymphocyte (CTL)
function [38, 39], promoting TAM polarization [40], stimulating endothelial cell-induced angiogenesis [41], as well
as facilitating fibroblast activation and MMP-governed
matrix remodeling [42, 43], which can ultimately lead

3
PRE-METASTATIC NICHES IN
ORGANOTROPIC METASTASIS
In nature, new species of organisms may invade into an
established ecosystem, closely resembling metastases of
tumor cells to distant organs. The stepwise malignant
events of cancer metastasis begin with cells invading the
basal membrane of blood vessels, followed by cell intravasation into blood circulation, ending with cell extravasation and dissemination in target organs (invasive species
survival in transport). The forerunners of metastatic cancer cells often lay dormant at the secondary site for a period
of time (lag period) prior to forming detectable tumor outgrowth (invasive spread). Using the ecological principle,
these newcomers start as a native population within a primary community, but somehow transport to certain new
organ niches, impacting upon the native host cells along
with the original ecosystem [45]. Accumulating studies
have demonstrated that the pre-metastatic niches (PMNs)
preconditioned in the distant organs usher organotropic
metastasis for the tumors cells that possess intrinsic
metastatic propensity [46]. Interplay between tumor cells
and pre/post-metastatic niches in distant organs conceives
the distal onco-spheres.

3.1

Organ-specific PMNs

Preceding the arrival of metastatic tumor cells, combined
systemic effects of tumor-derived factors, exosome cargos,
metabolic flux and the like act in concert to assist the formation of pre-metastatic onco-spheres at specific organ
sites. The sequential construction steps involve vascular
leakage, awakening of stromal residents, ECM remodeling,
recruitment of inflammatory and immune cells, etc [46].
The lung is one of the most frequent sites of cancer
metastasis, in which PMN formation has been well
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documented. Vessel barrier breakdown is the earliest
event of lung PMN, and enhanced pulmonary vascular
permeability is attributed to TGFβ-induced angiopoietinlike 4 (ANGPTL4) expression by the disseminated cancer
cells [47]. Factors secreted by primary tumors, including
epiregulin, angiopoietin 2, cyclooxygenase 2 and MMPs,
can cooperate to destabilize lung capillaries and empower
circulating tumor cell extravasation [48, 49]. Moreover,
tumor-shed exosomes expressing integrins α6β4 and α6β1
fuse preferentially with pulmonary fibroblasts and further
upregulate pro-inflammatory S100 proteins to facillitate
lung metastasis [50]. Stromal fibroblasts in the lung PMN
contribute to lung metastasis as well. The pulmonary
resident fibroblasts in the PMN can secrete fibronectin,
a integrin very late antigen 4 (VLA4; α4β1) ligand, and
recruit bone marrow-derived hematopoietic progenitor
cells that express VLA4, and thus foster a growthpermissive niche for the incoming metastatic cancer cells
[51]. Also, crosslinking of collagen due to hypoxia-induced
lysyl oxidases (LOX) not only provides a platform for
the recruitment and adhesion of bone marrow-derived
cells (BMDCs) [52] but also increases tissue stiffness
that enhances metastatic outgrowth [53]. Infiltration of
proinflammatory cells is also involved in PMN formation.
Exosomal RNAs released by primary cancer cells can stimulate pulmonary epithelia to produce chemokines for neutrophil recruitment that specifically supports metastatic
initiation [54, 55]. Furthermore, tumor-conditioned alveolar macrophages impose immunosuppression in the
lung PMN by dampening the antitumor T cell responses
orchestrated by antigen-presenting cells (APCs) and
tumoricidal T helper 1 (Th1) cells [56]. Additionally,
tumor-derived exosomes can activate NF-κB signaling
to polarize macrophages toward immunosuppressive
phenotype in the lung PMN by reducing mitochondrial
oxidative phosphorylation and enhancing glycolysis [57].
Regarding liver metastasis, colorectal cancer-derived
exosomes carrying miR-25-3p may upregulate vascular
endothelial growth factor receptor (VEGFR)2, zonula
occludens-1, occludin and Claudin5 expression in endothelial cells, conferring vascular permeability and angiogenesis for the establishment of hepatic PMN [58]. In contrast
to α6β4 and α6β1 that mediate lung metastasis, exosomes
expressing integrin αvβ5 can be taken up by Kupffer
cells, the tissue-resident macrophages in the liver, which
orchestrates organotropic metastasis to the liver [50]. Furthermore, Kupffer cells conditioned by pancreatic cancer
exosomes can induce TGFβ secretion and fibronectin production by stellate cells, the tissue-resisdent fibroblasts in
the liver, producing a fibrotic niche permissive for tumor
metastasis [59]. Another systemic response mouted by
primary pancreatice cancer cells is critical to their liver
metastasis, in which myeloid cell accumulation and hep-
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atic fibrosis in the liver facillitate metastatic colonization
by inducing IL-6-dependent production of serum amyloid
A1 and A2 [60].
The metastatic organotropism of tumor cells to the
bone and their tendency to induce a bone-forming
(osteoblastic) or bone-lysing (osteolytic) phenotype largely
depend on the interplay between neoplastic cells and
osteoblasts/osteoclasts, which differ in various cancer
types. Galactoside-binding soluble 3 (LGALS3) secreted
by hepatocellular carcinoma directly activates osteoclast
fusion to establish a bone PMN for osteolytic metastases [61]. Hypoxic breast cancer secretome also confers
focal pre-metastatic bone lesion formation by inducing
osteoclastogenesis via the ECM-shaping enzyme LOX [62].
Prostate cancer (PCa) is inclined to bone metastasis since
PCa-derived matrix protein mindinand exosomes can
stimulate osteoblast proliferation and differentiation to
induce bone remodeling for the colonization of metastatic
tumor cells [63, 64].
Brain metastases often arise from lung cancers, breast
cancers and melanoma [65]. Although several studies
have shown that cancer secretome (e.g., MMPs, exosomal microRNAs)-mediated ECM remodeling, blood-brain
barrier permeability as well as activation of M2 microglia
and astrocytes are involved in brain metastatic cascades,
the detailed mechanisms underlying brain PMN formation remain less informed [66–69]. Thus, whether putative
molecules directly prime the brain-tropism cancer metastasis requires further investigations.

3.2
Homing and colonization of
metastatic tumor cells
A successful metastasis necessitates tumor cells responding to chemotactic signals from PMNs hospitable for
their seeding and colonization [70]. In organ-specific
metastases, directional migration of metastatic tumor
cells towards chemokines occurs in a gradient-dependent
manner, while the chemokine gradient can be preestablished by distinct cell populations in target organs [71,
72]. Chemokine ligand-receptor interactions, such as
CXCL12/CXCR4, CCL21/C-C motif chemokine receptor
(CCR)7 and CCL25/CCR9, induce chemotactic and invasive responses in cancer cells and direct them towards
metastatic destinations including the lymph nodes, lungs,
liver or small intestine [73, 74]. Intriguingly, DNA of
neutrophil extracellular traps in the liver or lungs can
also act as a chemotactic factor to trap metastatic cancer
cells that express a transmembrane DNA sensor, coiledcoil domain containing 25 (CCDC25) [75]. Moreover,
E-selectin-enriched discrete foci induced by endothelial
cell-focal adhesion kinase within the hyperpermeable lung
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vasculature results in preferential homing of metastatic
tumor cells [76]. Different integrin expression patterns
on tumor exosomes may determine metastatic tumor cell
homing to either the lung or the liver PMNs, depending on
their affinities to pulmonary fibroblasts or hepatic Kupffer
cells, respectively [50].
As to the post-seeding process, metastatic colonization is initially inefficient, especially when lacking the
support of distant niches. However, upregulation of an
ECM component periostin in stromal fibroblasts at distant organs may help to maintain the stemness as well as
colonization of metastatic tumor cells [77]. Also, netrin4-mediated basement membrane stiffness may enhance
cancer metastasis in distant organs [78]. In addition, the
dormant cancer cells residing in distant organ sites contribute to metastasis upon reactivation by environmental
stimuli, which often leads to tumor relapse even following successful anticancer treatment for the primary tumor.
Although the mechanisms for cancer dormancy remains
obscure, it has been suggested that dormant tumor cells
evade immunosurveillance to ensure long-term latency
and become re-activated in response to vascular and ECM
remodeling in the specialized immuno-privileged niches,
followed by a manifest metastatic relapse [79, 80]. Interestingly, a recent study has demonstrated that dormant
breast cancer bone micrometastases could be remotivated
and nourished by the osteogenic microenvironment to
form macrometastases and even invigorate multi-organ
secondary metastases [81]. This finding underscored the
dual effect of cancer dormancy and pre-/post-metastatic
distal onco-spheres on cancer metastasis.
In summary, combined actions by the establishenment
of organ-specific metastatic niches and the successefful
homing/colonization of metastatic cancer cells precipitate
the most malignant process.

4
INTERPLAY BETWEEN TUMORS
AND IMMUNE SYSTEM
The concept of cancer immunoediting is an extension of
cancer immunosurveillance that highlights the interaction
between the tumor and host immune system throughout
tumor initiation and progression [82, 83]. There are three
phases in which the immune system shapes the tumor fate:
elimination, equilibrium, and escape [83].
In the first phase, the tumor-immune system interplay can be portrayed as a prey-predator mode, whereby
the malignant cells (preys) are largely eliminated under
immunological surveillance orchestrated by both innate
and adaptive immune systems (predators). Due to special
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anatomic location and immunologic characteristics, brain
tumors were considered immune-privileged. Nevertheless,
ectopic expression of VEGF-C enables lymphatic drainage
and primes CD8+ T cell function, leading to immunosurveillance of glioblastoma [84]. On the other hand,
antitumor γδ T cells function in an oxygen-dependent way,
while tumor hypoxia dampens γδ T cell-mediated immunity against brain tumors [85]. In terms of the immune
surveillance of cancer metastases, conventional natural
killer (NK) cells and tissue-resident type 1 innate lymphoid cells cooperate to constrain liver metastasis [86].
Interleukin-1 receptor 8 (IL-1R8) emerges as a new checkpoint for NK cell activation and antimetastatic defense in
the liver and lung [87]. Moreover, a recent study revealed
the mechanical dimension of immunosurveillance, in
which overexpression of myocardin-related transcription
factors could sensitize cancer cells to CTL-mediated killing
by rigidifying the filamentous actin cytoskeleton [88].
However, if the immune system fails to perform a successful surveillance, its interplay with the tumor enters the
second phase of dynamic equilibrium, in which the Darwinian selection of tumor variants endowed with immune
tolerance occurs. As a result, tumor cells become inert,
dormant or even evolve under the immunosurveillance
pressure, while T regulatory cell responses escalate at
this stage and create immune balance with the alleviated
effector responses.
Upon tumor progression comes the third phase immune evasion, whereby the tumor variant survivors
develop a variety of counter adaptations to escape the
immune predation and expand in a runaway manner,
resulting in macroscopic malignancy.

4.1

Loss of clonal neoantigen

Reduced neoantigen expression and impaired antigen
presentation conduce to T cell tolerance. Mechanistically, chromosomal instability, promoter hypermethylation and neoantigen mutations may cause copy number
loss or clonal neoantigen depletion at either DNA or
RNA level [89]. On the other hand, mutation or dysregulation of the genes encoding major histocompatibility
complex class (MHC)-I antigen and/or proteins related
to antigen-processing machinery can result in aberrant
MHC-I expression, which impairs tumor antigen presentation [90]. Also, loss of heterozygosity in the human
leukocyte antigen (HLA) complex, mutations weakening
MHC stability, and decreased neoantigen peptide production may lead to deficient antigen presentation [89,
91].
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4.2
Expression of NK cell inhibitory
receptors
Self-tolerance of NK cells is finely tuned by the expression of MHC-I-specific inhibitory receptors, such as killer
cell immunoglobulin-like receptors (KIRs) and natural
killer group 2A (NKG2A), which discriminate normal cells
expressing cognate MHC-I from virus-infected cells or
tumor cells with MHC-I downregulation [92]. Besides,
NK cells also express non-HLA-specific inhibitory receptors. Among them, the T cell immunoreceptor with
immunoglobulin and ITIM domains (TIGIT) could diminish IFN-γ production and thus blunt NK cell immune
control of the poliovirus receptor family ligand (e.g., CD155
and CD112)-expressing tumors [93].

4.3
Upregulation of immune
checkpoints
Both cytotoxic T-lymphocyte-associated protein (CTLA)4
and programmed cell death (PD)-1 are major T cell
inhibitory receptors, referred to as checkpoint regulators,
that negatively modulate T cell receptor (TCR)-dependent
antitumor T cell responses. During the early stage of T
cell activation, the upregulated CTLA4 on T cell surface competes with CD28 that binds to costimulatory
molecules CD80 and CD86 expressed on APCs, thereby
blocking the sustained activation of T cells during primary immune response [94]. Contrary to CTLA4, PD-1
overexpression occurs in the late stage of T cell activation
and poses inhibitory effects on T cell response through
receptor ligation with programmed cell death-ligand 1
(PD-L1) [94]. It has been reported that oncogenic activation of the Janus kinase (JAK)/signal transducer and
activator of transcription 3 (STAT3) pathway confers high
PD-L1 expression and mediates immune escape in cancers
[95, 96]. It is noteworthy that in head and neck squamous cell carcinoma, CSCs upregulate another immune
checkpoint molecule CD276 to evade host immune surveillance [97]. Nowadays, attempts to target these checkpoint pathways have shown clinical benefits, rendering
immune checkpoints as promising targets for cancer
immunotherapy [98].

4.4
cells

Induction of immunosuppressive

Regulatory T cells (Tregs) are instrumental in conferring
T cell tolerance and alleviating anticancer immunity by
targeting both effector T cells and APCs [99]. Besides
being recruited from the periphery, locally differenti-

ated or expanded tumor-infiltrating Tregs (CD4+ CD25+ )
could also arise from naive CD4+ T cells (CD4+ CD25– )
in situ [27]. Of note, deregulated metabolism in tumor
cells leads to a metabolite-depleted and acidic milieu that
deprives effector T cells of nutrients. However, intratumoral Tregs can flexibly draw metabolic support from the
glycolytic by-product lactic acid to sustain their suppressive identity [100]. A recently uncovered cell-programed
nutrient partitioning mechanism also revealed the preferential uptake of glucose and glutamine by myeloid
cells and cancer cells, respectively [101]. In human hepatoma, innate monocyte inflammation could induce a
specific subset of IL-21-secreting T follicular helper-like
cells, which, in turn, prime M2b macrophage polarization and foster immune privilege [102]. Another notable
immunosuppressive cell type is myeloid-derived suppressor cells (MDSCs), which consist of the pathologically
activated monocytes and relatively immature neutrophils
with potent immune-inhibitory activity [103, 104].

4.5
Generation of immunosuppressive
cytokines
For adaptive immunity, excessive TGFβ represents a primary mechanism of immune evasion that hinders DC
maturation and T cell activation but promotes Treg expansion and T cell exclusion [105]. On the other hand,
for innate immunity, TGFβ controls the behaviors of
macrophages, neutrophils and NK cells, forming a network of negative immune regulatory inputs [106]. IL-10
similarly exerts immunosuppressive activities on APCinduced antigen presentation and production of proinflammatory cytokines (e.g., IL-12 and IL-23) and alleviates
effector T cell response as well as chronic inflammationmediated protumoral effects [107]. Additionally, cancer
cells express a panel of pro-apoptotic factors, especially
Fas ligand, triggering T cell apoptosis and less infiltration
into tumor [108]. NKILA, an NF-κB-interacting long noncoding RNA (lncRNA) [109], shows potency in sensitizing
tumor-infiltrating T cells to activation-induced cell death
through NF-κB inactivation [110]. As for T cell homing,
upregulation of regulator of G protein signaling (RGS)1,
rather than chemokines, in circulating CTLs and Th1 cells
reduces their trafficking to and survival in breast and lung
tumors [111]. Of note, STAT3 serves as a converging point
of multiple oncogenic pathways, whose constitutive activation bridges tumor cells and the host immunity via both
inhibition of immune mediators (e.g., IFN-γ, IL-12, CD80
and CD86) and promotion of immunosuppressive factors
(e.g., IL-6, IL-10, TGFβ and VEGF) [112, 113]. The latter,
in turn, prolong STAT3 signaling in a feed-forward loop
between cancer and immune cells [112, 113].
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F I G U R E 2 Intertwined interactions within the tumor ecosystem. The material and energy flow arising from tumor metabolism and
intercellular communication (central) runs through the host macroenvironment, linking tumor microenvironment (upper) to distant organ
niches (right), immune (bottom) as well as the nervous and the endocrine systems (left). Such tumor-specific metabolic and other
non-metabolic hallmarks are intertwined to form a dual cause-effect relationship that constitutes an evolving systemic onco-sphere.
Abbreviations: ATP, adenosine triphosphate; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C motif chemokine receptor4; IL-6,
interleukin-6; IL-8, interleukin-8; MDSCs, myeloid-derived suppressor cells; OXPHOS, oxidative phosphorylation; PPP, pentose phosphate
pathway; ROS, reactive oxygen species; SNS, sympathetic nervous system; TCA, tricarboxylic acid; Treg, Regulatory T cells.

As such, decreased T cell trafficking to the tumors,
increased apoptosis, or dysfunction of effector T cells,
together with increased tumor infiltration by immunosuppressive cells, synergistically contribute to the formation of a “cold” (non-T cell-inflamed) onco-sphere
featuring immunologic anergy, tolerance or indifference,
which favors cancer invasion and expansion (Figure 2).
Therefore, deciphering the mechanisms underlying tumor
immune evasion paves new paths for designing novel
immunotherapy to convert “cold” cancers into “hot” (T
cell-inflamed) ones.

5
INTERTWINING WITH THE
NEUROENDOCRINE SYSTEM
Benign or malignant tumors derived from the endocrine
system are usually associated with hyper- or hypohormonal activities, due to excessive or degenerative
hormone secretion. A typical example among them is the
pituitary neuroendocrine tumor (PitNET), as the name
implies, manifesting hormone hypersecretion as well as
various endocrine syndromes, in addition to headaches
and visual deficits [114]. Among these syndromes, Cushing
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disease triggered by excessive pituitary adenomas-derived
adrenocorticotropin (ACTH) leads to a myriad of disabling
and even lethal symptoms, such as diabetes, hypertension, central obesity, osteoporosis, muscle weakness,
and psychological disturbances [115]. Moreover, PitNETs
are associated with abnormal production of growth
hormone, thyroid-stimulating hormone, prolactin and
follicle-stimulating hormone and/or luteinizing hormone,
resulting in hormonal-excess disorders: acromegaly,
thyrotoxicosis, reproductive and gonadal dysfunction,
respectively [114].
Unlike PitNETs characterized with multiple neuroendocrine disorders, many solid tumors may also possess a neuroendocrine program (integrating neural and
endocrine properties) and could even present paraneoplastic syndromes as the first clinical manifestation of
the malignancy. Paraneoplastic syndromes are referred
as anatomic and functional abnormalities caused by the
remote or systemic biological effects of a tumor, which are
irrelevant to the spreading or metastasis of cancer cells.
A variety of tumor-secreted factors may help to orchestrate the pathological process of paraneoplastic syndromes,
which could be classified into two basic subtypes: the neurological symptoms largely due to tumor-derived neural
peptides or antineuronal antibodies, and the endocrine
symptoms related to ectopic hormonal secretion by cancer cells with neuroendocrine features [116]. Among these
tumors, small-cell lung cancer (SCLC) is the most frequent
malignancy associated with paraneoplastic syndromes
[116], in which Lambert-Eaton myasthenic syndrome featuring muscle weakness occurs more often than any other
immune-mediated neurological syndrome. In addition,
pathogenic autoantibodies, raised against the voltagegated calcium channels (VGCCs) expressed by SCLC, may
crossreact with VGCCs on the presynaptic nerve terminal
of the neuromuscular junction, leading to neuromuscular
disorders [117]. Furthermore, ACTH-associated Cushing
syndrome and inappropriate antidiuretic hormone secretion are other common endocrine manifestations of SCLC
[116].
As an abnormal state of health in response to chronic
wasting diseases, cachexia is commonly seen at late-stage
cancers and characterized by the gradual loss of muscles and fat tissues. Although cachectic patients are often
anorexic due to the involuntary loss of appetite, anorexia is
not the culprit for their weight loss [118]. Instead, tumorstimulated upregulation of gene expression and protein
production raises the biochemical workload of the Cori
cycle, accelerating the thermogenesis and basal metabolic
rate. For instance, lipolysis which provides energy for both
tumor cells and host cells often accounts for the loss
of adipose tissue, while ubiquitin-proteasome pathways
and lysosomes are excessively activated to cause increased
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protein breakdown. Moreover, tumor-secreted proteolysisinducing factors trigger the systemic production of tumor
necrosis factor (TNF)-α and glucocorticoids, resulting in
severe muscle wasting in cancer patients [119].
On the other hand, deregulated neural or endocrine signaling within the host macroenvironment may also play
a role in cancer initiation and development. Similar to an
integrated organ, a solid tumor can be directly innervated
by sympathetic nerve fibers, from which neurotransmitter norepinephrine is released and diffused to reach
tumor cells [120]. Alternatively, adrenal gland-releasing
epinephrine is responsible for the hormonal regulation
of tumor biology governed by the sympathetic nervous
system [121, 122]. Contrary to the pro-tumor roles of sympathetic (β-adrenergic) nerves in PCa [122], the parasympathetic (cholinergic) division of the peripheral autonomic
nervous system might eventually inhibit tumorigenesis
and progression, as exemplified in pancreatic carcinomas
[123].
All in all, a better understanding of the communication between tumor and neuroendocrine system through
chemical messengers derived from neural cells, endocrine
organs, the immune system and tumor cells within the systemic onco-sphere is urgently needed for developing novel
strategies toward effective cancer control.

6
FROM TUMOR ECOSYSTEM TO
ANTITUMOR ECOLOGICAL THERAPY
As the tumor ecosystem is dynamically changing with
cancer development, external stimuli such as therapeutic
interventions also play a role in reshaping the local and
systemic onco-spheres. Allee effect is an ecological concept that manifests the association between population
density or size and individual fitness in species, as individual fitness declines at low population density or size
[124, 125]. Likewise, surgical removal of the tumor is supposed to reduce the cancer burden to a level below the
Allee threshold, leaving the residual ones vulnerable to
local or systemic adjuvant therapies such as radiotherapy
and chemotherapy. Crucially, organ-preserving surgery
followed by adjuvant therapies might render the primary
onco-sphere susceptible to a new wave of therapeutic
attack. For early-stage breast cancer, equivalent clinical
outcomes between breast-conserving surgery (BCS) and
mastectomy have been evidenced in a series of randomized controlled trials over the last three decades [126–128],
while real-world studies in recent years demonstrated
improved 10-year survival after BCS plus radiotherapy relative to mastectomy [129]. Similarly, bladder-preserving trimodality therapy (transurethral resection of bladder tumor
followed by concurrent chemoradiotherapy) has become
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a recognized alternative to radical cystectomy for patients
with muscle-invasive bladder cancer, due to comparable
long-term survival and high successful rate of bladder
preservation [130]. Radiotherapy can induce DNA damage,
not only causing direct tumor cell death but also triggering
systemic antitumor immune responses as abscopal effect,
featured by the release of inflammatory mediators, the
increase of tumor-infiltrating immune cells, and the upregulation of neoantigens. Mechanistically, radiation-induced
micronuclei in tumour cells activate cytosolic nucleic
acid sensor pathways, notably cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING), leading to
type I IFN production in response to cytoplasmic DNA
[131]. Further propagation of inflammatory signals potentially remodels the immune contexture of the onco-spheres
by stimulating DC maturation, effector T cell infiltrantion, as well as the recruitment of immunosuppressive
populations such as Tregs, macrophages and MDSCs,
depending on the cytokine milieu [132–134]. Despite that,
the counterbalance of radiation-mediated immunogenic
and tolerogenic signalings could be broken by strategically
combining radiotherapy with immunotherapy [135]. On
the other hand, neoadjuvant therapies are initially devised
to minize tumor burden and facilitate surgical eradication,
but then, they might trigger systemic effects within the
onco-spheres. In patients with low-risk distal rectal cancer,
neoadjuvant chemoradiotherapy enables organ-sparing
transanal endoscopic microsurgery, resulting in a promising long-term oncological and functional outcome [136].
Importantly, altered local and peripheral tumor immunity
after neoadjuvant chemotherapy (NAC) could reshape the
clinical outcomes in cancer patients with opposite ways:
locally increased immune genes/sets associates with better
long-term outcome while high cytolytic T cell signatures
in the peripheral blood tend to indicate persistent disease and recurrence [137]. As a coin has two sides, NAC
might enhance IFN-mediated antitumor immunity and
simutaneously elicit protumoral inflammation by virtue
of TAM polarization [6]. Additionally, neoadjuvant antibody (e.g., trastuzumab) treatment could induce antibodydependent cellular phagocytosis and lead to immunosuppression via upregulation of PD-L1 and indoleamine
2,3-dioxygenase in macrophages [138]. In this way, neoadjuvant therapies might reprogram the local or systemic
onco-spheres to call for combined immunotherapies or
other targeted therapies. It is noteworthy that combined
treatment with chemoradiotherapy plus immunomodulatory therapy favorably boosts the innate and adaptive
immunity while reduces MDSCs and Tregs in the immune
microenvironment [139]. As for immunotherapy, it has
been reported that immune checkpoint blockade (ICB)
leads to tumor and immune remodeling in metastaitic
renal cell carcinoma, notably characteristic of upregu-
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lation of immunosuppressive programs [140]. Moreover,
targeted inhibition of mitogen-activated protein kinase
kinase (MEK) can reprogram CD8+ T cells into regenerative stem cell-like memory phenotypes that act as a
reservoir for effector T cells with enhanced metabolic
fitness and superior antitumor effects, without affecting
TCR-mediated cell priming [141].
As anticancer treatment may remodel the onco-spheres
into either tumor-promoting or tumor-suppressive,
ecosystemic alterations during these processes also feed
back to the therapeutic responses, in particular, rendering
therapeutic resistance. For example, radiotherapyinduced accumulation of immunosuppressive cells
causes radiation resistance in tumors. Owing to the
over-production of CCL2 chemokine in irradiated tumor
cells, a CCR2-dependent recruitment of monocytes and
Tregs contributes to TNFα-mediated resistance [133].
Besides, MDSC mobilization and infiltration via activation of the STING/type I IFN/CCR2 pathway drives
extrinsic radiation resistance in tumor, while anti-CCR2
antibody treatment can alleviate suppressive inflammation and thus enhance the antitumor effects of STING
agonists and radiotherapy [134]. Moreover, NAC-induced
IFN response upregulates a lncRNA in macrophages,
endowing them with a proinflammatory phenotype
that confers chemoresistance [6]. Concerning about the
autonomous tumoral or microenvironmental changes,
not only chromosomal alterations but also CD8+ T cell
infiltration associate with response or resistance to PD-1
blockade in advanced clear cell renal cell carcinoma
[142]. Recently, the PD-1/PD-L1-dependent expansion
of a highly proliferative, overactivated, and apoptotic
dysfunctional CD8+ tumor-infiltrating lymphocyte (TIL)
subset in the TME has been found to curb immunotherapy
in advanced non-small cell lung cancer (NSCLC) [143].
In addition, hepatic metastases co-opt host peripheral
tolerance mechanisms to create a systemic immune
desert through macrophage-mediated CD8+ T cell
depletion, thereby dampening immunotherapy efficacy
[144].
As such, both autonomous and non-autonomous
ecosystemic alterations impact the response to anticancer
therapeutics. With the urgent need to overcome therapeutic resistance, more druggable targets have emerged.
Recognizing tumor ecosystem as a network of dependencies facilitates the identification of therapeutically
valuable elements created by the tumor-host interplay. As
tumor cells may mutate and evolve resistance in response
to current cancer-centric treatment paradigms, the host
cells such as vascular cells, fibroblasts, macrophages and
lymphocytes from local or systemic onco-spheres might
provide more stable targets for multitargeted cancer
therapy.
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For the whole tumor ecosystem, surgery, irradiation
and chemotherapeutic agents represent three classic ecological ways of demographic perturbations of the cancer
population, which can be the first strike to minimize
the tumor burden below the Allee threshold as well. For
more aggressive or resistant tumors with higher heterogeneity and capability of adaptation, a strategic second
strike is indispensable to warrant further tumor control.
As in the natural ecosystem, the most efficient way to kill
a species is to alter its biosphere. Ecologically inspired
second-strike strategies could empirically involve intervention of its habitat (anti-angiogenic therapy), disruption
of the material/energy flow (metabolism modulators) and
introduction of a predator (immunotherapy). Representative targets for above-mentioned ecological therapies
are summarized in Table 2. Specifically, targeting VEGF
or its cognate receptor VEGFR by neutralizing monoclonal antibody (mAb) or tyrosine kinase inhibitors (TKIs),
respectively, holds potential to inhibit tumor angiogenesis and has shown clinical benefits when combined with
chemotherapy (or not) in treating advanced cancers [145].
The feedback loop between GM-CSF and CCL18 can
also be an appealing target to alleviate TAM-mediated
tumor-promoting inflammation within the TME [23, 24].
Moreover, blocking chemokine ligand-receptor interactions, notably CCL2/CCR2 and CXCL12/CXCR4, tends to
hold back the recruitment of cancer-associated stromal
cells and thus prevent de novo niche formation. Due to
the importance of hypoxia inducible factor (HIF)-1α in
metabolic adjustment, HIF-1α inhibition becomes another
attractive approach to disturb material and energy flow
throughout the tumor ecosystem. The rapid development
of cancer immunotherapy has recently led to new attempts
to turn immunologically “cold” tumor “hot”. Building on
the successes of checkpoint blockade antibodies against
CTLA4 and PD-1, multiple innovative immunotherapies
are currently undergoing trial evaluation for cancer treatment, including ICB with novel targets (e.g., CD276),
co-stimulatory pathway (e.g., 4-1BB, OX40 and CD40)
agonists, cellular therapies typified by chimeric antigen
receptor (CAR)-T cell therapies, as well as therapeutic
vaccination. Particularly, breast cancer patients may benefit from the human epidermal growth factor receptor 2
(HER2)/neu peptide (E75) vaccine alongside GM-CSF (to
improve T-cell responses) treatment, while neoantigenbased dendritic cell vaccines can potentially elicit specific T cell immunity and clinical therapeutic efficacy in
advanced NSCLC [146]. Given the role of RGS1 in T cell
exclusion, targeting RGS1 might also be promising to heat
up the TME by increasing T cell trafficking and infiltration,
further sensitizing originally “cold” tumors to concurrent
or subsequent immunotherapies [111].
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In the long run, rational combination of these novel
approaches with clinically approved cancer therapies will
be valuable moving forward.

7
CHALLENGES AND PERSPECTIVES
FOR TUMOR ECOSYSTEM RESEARCH
In brief, we propose that cancer cells (living organisms)
dynamically interact with non-tumoral cellular (other living organisms) and non-cellular components (non-living
environmental factors) in the “host” internal environment
(habitat) to construct a self-sustainable cancer ecosystem
as well as systemic onco-sphere, which can be scoped
at three different levels: primary, regional, and distal
onco-spheres. With the surge of big data (e.g., genomic
data, radiomic data, environmental omic data), more features of tumor ecosystem in different dimensions are
disclosed. The intertwined network constituted by these
data remains difficult, due to the ecosystemic complexity,
but more possible than ever, to be deciphered. For example, the burgeoning single-cell RNA sequencing technique
enables direct mapping of diverse immune phenotypes in
the TME [147].
Recent advances in data management techniques, such
as machine learning, parallel computing and artificial
intelligence, also provide opportunities for visualizing the
spatial-temporal dynamics of different tumor ecosystems.
Specifically, a convoluting neural network was exploited
to reveal four structural patterns of the TIL map, which
are associated with tumor subtypes and patient outcome
[148]. Another deep-learning technique MesoNet was further developed and could identify stromal regions linked
to inflammation, cellular diversity and vacuolization, so
as to predict the overall survival of mesothelioma patients
[149]. On the other hand, the emergent mass cytometry
imaging technologies enable synchronous analysis of multiple parameters at subcellular resolution using a single
tissue slice, resulting in a high dimensional pathological image for direct visualization of the topography of
tumor community. With Imaging Mass Cytometry, the
single-cell phenotypes and the spatial context of breast
cancer have been revealed [150], while Multiplexed Ion
Beam imaging employed in breast cancer could delineate
three archetypical subtypes of tumor-immune interactions: cold, mixed and compartmentalized, with distinct
prognostic indications [151]. These technological advances
for tumor pathology helps extracting hidden information from the spatial interactions within onco-sphere
networks, providing a new tool for diagnosis and precision oncology [152]. Other multi-modal image modalities,
such as intra-vital two-photon microscopy and positron
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emission tomography-computed tomography, can also aid
in monitoring the temporal dynamics of tumor ecosystem.
For modeling the tumor ecosystem, mathematical
oncology, which combines mathematics, molecular modeling and simulation to study the uncontrolled proliferation and dissemination of cancer cells, has been used to
parameterize the complexity of tumor ecosystem. Mathematical models provide a useful abstraction of clinical
intuition to monitor tumor therapeutic response when
combined with serial measurements of putative tumor
burden biomarkers, such as prostate-specific antigen for
PCa, or L-lactate dehydrogenase for melanoma [153].
More importanatly, these cell-based models can simulate
tumor behaviors and the intercellular interactions within
the TME, predicting potential treatment strategies/targets
[154]. By ecologically modeling the tumor growth dynamics with a matrix game model and considering the tradeoff between tumor burden and metastatic risk, West
et al. [155] suggested that optimal tumor regression in
postmenopausal estrogen receptor-positive breast cancer
patients might result from a 1-month delay of aromatase
inhibitor treatment combined with continuous immune
checkpoint inhibitors (ICIs) against PD-L1. Albeit optimizing combination therapy is an arduous task, the use of
mathematical models helps expedite the generation of new
treatment schedules superior to the traditional standard of
care. Alternatively, the establishment of preclinical model
systems, including patient-derived xenografts (PDXs) and
organoid cultures, allows in vivo and in vitro modeling of
the onco-spheres, accelerating the development of highthroughput drug screening as well as treatment response
monitoring for personalized medicine [156, 157]. As with
other preclinical tools, PDXs and organoids also have
limitations and several challenges need to be addressed.
Specifically, PDX models based on immunocompromised
mice cannot be used to study tumor-associated immune
cell function and assess immunotherapeutics. With gradual substitution of human stroma by murine components
during serial passaging of tumors, the changing tumor
ecological environment restrains drug response detection
in PDXs [156]. Although organoid models of diverse cancer types have been reported, a set of unified standards
and processes is still required in organoid generation. It is
worth noting that patient-derived organoids hold promise
as a prospective clinical test for cancer patients, albeit
costly and time-consuming [157].
With a full-scale understanding of the characteristics
of tumor ecosystem based on aforementioned efforts, the
next step is to subtype it, rendering it more clinically relevant. Current attempts in subtyping the tumor ecosystems
generally involve two approaches: either in an unsupervised manner, e.g., using machine-learning techniques, or
exploiting our knowledge and understanding of its under-
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lying mechanisms [148]. According to the presence or
absence of PD-L1 and TILs, immune microenvironment
could be categorized into four types, which confer clinical implications [158]. For Type I (PD-L1-positive, with
TILs), ICIs are recommended as the mitigation of immunosuppression, which could be translated to TIL-induced
antitumor response. For Types II and III (without TILs),
ICIs can hardly be effective unless tumor-reactive T cells
are recruited into the tumors by additional approaches. For
Type IV (PD-L1-negative, with TILs), immunosuppression
might be ascribed to an alternative mechanism instead
of PD-L1/PD-1 interaction, which results in insensitivity
to ICIs. It is noteworthy that a consensus statement classifies tumor ecosystem based on the evo-index and the
eco-index of each patient [159]. Determined by the spatial and temporal tumor heterogeneity, the evo-index is
an indicator of potential fitness of tumor in a given environment. Tumors with higher heterogeneity and mutation
rate increase the likelihood to evolve resistant clones.
The eco-index, composed of both hazards and resources
within the onco-sphere, is a reflection of habitat hospitality
towards cancer cells. Although novel and clinically relevant, this proposal is far from bedside due to the ambiguity
and uncertainty in estimating the evo- or eco-index. For
example, which parameters are applicable to characterize
the heterogeneity? What is the objective measurement of
the environmental hazards or resources? Further studies
are needed to addressed these questions.
Successful visualizing, modeling and subtyping of this
ecosystem could lay the foundation for developing ecologically rational therapeutic strategies to improve cancer screening/detection, diagnosis/risk-stratification, and
treatment guidance. As tumors evolve, it remains challenging to steer tumor evolution towards a desired direction.
However, a timely strategic blockade to tumor progression holds promise to achieve effective tumor control. For
early-stage cancers, it is important to tip the balance of
tumor-host competition by increasing the competitiveness
of normal somatic cells as well as lowering the tissue support for malignant cells. As for metastatic cancers, malign
stromal cells should be re-educated or reprogrammed to
prevent de novo niche formation. Strategies to block the
tumor-host interactions such as disturbance of energy
flow and disruption of tumor vasculature could also pose
negative effects on the neoplastic processes. Additionally,
modulating the immunologically “cold” microenvironment towards an antitumor context would be a rational
option, as the predator and the prey tend to vary in an
opposite way according to the theory of ecology and Darwinian evolution. Last but not least, either psychological
adjustment or pharmacological intervention to maintain
mental health is of great significance in the clinical management of this systemic disease. Within the context of
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cancer ecosystem, it is tempting to expect that a new era of
cancer ecotherapy targeting the ecosystemic vulnerability
of human malignancies has come.
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