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ABSTRACT

The clinical efficacy of cancer immunotherapy is determined not merely by tumor-intrinsic genetics but by the
ecosystem in which malignant cells reside. This ecosystem, the tumor microenvironment (TME), behaves as
a dynamic organ composed of stromal networks, aberrant vasculature, extracellular matrix, and immune
infiltrates that co-evolve under therapeutic pressure. Although immune checkpoint inhibitors have transformed
the management of multiple solid tumors, primary and acquired resistance remain common and typically
reflect layered barriers rather than a single defect. These barriers include limited immune recognition from
disrupted antigen presentation or inflammatory signaling, physical and chemical exclusion driven by fibroblast
programs and vascular dysfunction, suppressive myeloid and regulatory circuits that constrain effector
function, and metabolic hostility created by hypoxia, acidosis, and nutrient competition. In this review, we
synthesize major immune escape mechanisms across tumor types and organize them into actionable domains
that can be matched to therapeutic “modules,” including priming approaches, stromal and vascular remodeling,
myeloid reprogramming, metabolic checkpoint targeting, and next-generation inhibitory receptor strategies.
We also discuss technology-enabled profiling—multiplex imaging, spatial and single-cell profiling, circulating
biomarkers, and quantitative digital pathology—that can map immune architecture and functional states with
spatial and temporal resolution. Linking mechanism-based models of immune escape with scalable
measurement tools may support biomarker-guided combinations and adaptive immunotherapy strategies
capable of reprogramming the tumor immune microenvironment to restore durable anti-tumor immunity.

Keywords: Tumor microenvironment, immune escape, immunotherapy resistance, spatial profiling, digital
pathology.
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Introduction

Modern oncology has moved from a tumor-
cell-only perspective to a systems view in
which the tumor microenvironment (TME) is a

of infiltrating leukocytes. It also reflects where
immune cells reside relative to malignant nests,
whether they are activated or dysfunctional, and
which stromal, vascular, and metabolic cues
shape their behavior [2]. In some tumors, the
TIME supports effective priming, trafficking,
and cytotoxic activity. In others, the same
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immune machinery is diverted into tolerance,
paralysis, or spatial exclusion [3].

Immune checkpoint inhibitors (ICIs) have
produced durable responses in melanoma, non-
small cell lung cancer, renal cell carcinoma, and
several additional malignancies [4]. Yet, for
most tumor types and most patients, checkpoint
blockade alone is insufficient. Primary non-
response is common, and acquired resistance
can develop after an initial response.
Translational work increasingly suggests that
resistance is rarely explained by a single
pathway. Instead, tumors assemble a layered
of

recognition coexist with barriers to immune

defense in which failures immune
access and with local suppression [5]. Physical

exclusion by fibroblast-rich stroma and
dysfunctional vasculature can prevent T-cell
contact; suppressive myeloid cells and
regulatory T cells dampen effector programs;
and hypoxia, acidosis, and nutrient competition
erode immune fitness even when infiltration is
present [6].

Clinical shorthand often classifies tumors as
desert.  This

classification is useful because it maps to

inflamed, excluded, or
recurring patterns of failure, but it also
compresses mechanistic heterogeneity [7]. An
inflamed tumor may be dominated by
compensatory inhibitory receptors, by myeloid-
derived suppression, or by adenosine-rich
hypoxic niches [8]. Exclusion can be driven
primarily by fibroblast activation and matrix
stiffness in one patient and by dysfunctional
vessels and high interstitial pressure in another
[9]. A practical review therefore needs to
connect phenotype to mechanism, because the
choice of “next therapy” depends on which
barrier is dominant.

We are now entering an era in which the
TME can be approached as something that can

be deliberately remodeled. “Engineering” in
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this refers to mechanism-based

interventions that change access, cell states, and

context

tissue constraints so that anti-tumor immunity
can operate [10]. In parallel, measurement
platforms with spatial and state resolution are
transforming the TIME from a descriptive
concept into a set of testable hypotheses [11].
This review organizes immune escape into
describes

actionable domains, therapeutic

strategies that target each domain, and
discusses profiling technologies that can map
immune architecture and functional states. The
overarching aim is to connect what is
measurable to what is actionable, and to outline
a logic for assembling combinations and
adapting therapy over time.

Overcoming Cellular Barriers: Exclusion
and Suppression

Immune escape is often enforced by the
cellular architecture of TIME. Across many
solid tumors, the balance between effector
populations (tumor-reactive CD8+ T cells,
helper T-cell subsets, and natural killer cells)
and suppressive populations (tumor-associated
macrophages, myeloid-derived suppressor
cells, and regulatory T cells) correlates with
prognosis and likelithood of response to
[12].

populations are not independent variables:

immunotherapy Importantly, these

stromal and metabolic cues shape their
recruitment and state, and therapeutic pressure
can shift the balance rapidly. A mechanistic
view therefore treats the cellular landscape as a
dynamic circuit rather than as a static list of cell
types [13].

The myeloid shield: from suppression to
reprogramming

Myeloid cells frequently form the dominant
suppressive backbone of the TIME. Tumor-
associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs) can suppress

T-cell priming and effector function through
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multiple, partially redundant mechanisms [14].
These include secretion of inhibitory cytokines
such as IL-10 and TGF-beta, depletion of key
nutrients (for example arginine via arginase-1
2,3-
dioxygenase), production of reactive oxygen

and tryptophan via indoleamine
and nitrogen species that damage signaling
pathways, and expression of inhibitory ligands
that [15].

Myeloid cells also shape tissue structure by

reinforce dysfunctional states
promoting angiogenesis, matrix remodeling,
and local chemokine landscapes that favor
suppressive recruitment [16].

A key clinical implication is that a tumor can
appear immune-rich by bulk measures while
remaining resistant because the inflammatory
context is dominated by suppressive myeloid
programs [17]. Myeloid lineages are also highly
plastic. Hypoxia, lactate, colony-stimulating
factors, and therapy-induced stress can shift
myeloid states over time, contributing to both
primary and acquired resistance. This plasticity
creates therapeutic opportunity, but it also
means that simple depletion has often produced
limited  benefit
recruitment and repopulation. As a result,

due to compensatory

current strategies increasingly focus on
changing function rather than just reducing
numbers [18].

Therapeutic strategies have therefore shifted
toward functional reprogramming and selective
pathway modulation. Approaches targeting
colony stimulating factor-1 receptor (CSF-1R)
aim to reduce macrophage survival signals and
remodel myeloid composition. Agonists of
CD40 and related pathways can enhance
antigen  presentation and promote an
immunostimulatory innate compartment that
T-cell

Additional strategies aim to block myeloid

supports priming and expansion.

recruitment (for example by

inhibit

interrupting

chemokine pathways), suppressive
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enzymes, or engage innate phagocytosis
programs through macrophage checkpoint
modulation. In practice, myeloid-directed

interventions are often best positioned as

combination partners: they can lower
suppressive tone, improve antigen presentation,
and increase the probability that inhibitory
receptor blockade translates into effective
killing [19].

Regulatory T cells and suppressive
lymphoid circuits

Regulatory T cells (Tregs) are essential for
limiting autoimmunity, but within tumors they
often suppress effector immunity and support
immune escape. Tregs can inhibit dendritic cell
maturation, dampen co-stimulation, consume
local IL-2, and contribute to an inhibitory
cytokine milieu. They also intersect with
myeloid suppression and with metabolic

checkpoints such as adenosine, creating
reinforcing loops that can be difficult to break
with a single agent [20].

The clinical importance of Tregs depends on
context and spatial localization. Tregs enriched
within tumor nests or at key trafficking
bottlenecks

compared with Tregs in peripheral stroma [21].

may have outsized impact
Some tumors also form tertiary lymphoid
structures (TLS), which can support local
antigen presentation and clonal expansion;
however, TLS can also harbor regulatory
circuits depending on cellular composition and
cytokine balance. This spatial nuance helps
explain why broad Treg depletion is not an
attractive strategy in most settings, and why
that
intratumoral regulation are of greater interest
[22].

Contemporary approaches therefore aim for

interventions selectively  modulate

selective modulation of intratumoral Tregs or
disruption of Treg recruitment. Examples

include targeting receptors and pathways
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preferentially expressed on tumor-resident
Tregs, and interrupting chemokine axes that
enrich Tregs within tumors [23]. Clinically, the
goal is often to tilt the local balance toward
without

This
combination design and dosing critical: modest

effector dominance provoking

systemic autoimmunity. makes

shifts in the effector-to-regulatory ratio can be

sufficient when paired with checkpoint
blockade, whereas aggressive systemic
modulation can raise toxicity without

proportionate benefit [24].

The stromal fortress: breaking physical
exclusion

Immune exclusion is a recurring phenotype
in which cytotoxic lymphocytes accumulate at
the invasive margin but fail to penetrate
malignant nests. Cancer-associated fibroblasts
(CAFs) and the extracellular matrix (ECM)
they remodel are central contributors [25].
CAFs can deposit dense collagen networks that
increase tissue stiffness, generate chemokine
gradients that misdirect immune cells into non-
productive  compartments, and elevate
interstitial fluid pressure that impairs immune
cell motility and drug transport [26]. Beyond
physical obstruction, CAFs can shape the
immune milieu by secreting cytokines and
that

myeloid states and by establishing niches that

growth factors support suppressive
favor regulatory cells [27].

TGF-beta signaling frequently acts as a master
regulator of exclusionary stroma. It reinforces
fibroblast activation and ECM deposition and
can directly suppress cytotoxic programs in T
cells and natural killer cells [28]. Tumors with
stromal TGF-beta activity are repeatedly
associated with resistance to checkpoint
blockade, supporting the concept that access
barriers can dominate even when inhibitory
receptors are targetable. Importantly, exclusion

is often multifactorial: fibroblast programs
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intersect with abnormal vasculature, and both
can raise pressure and alter chemokine
gradients. Therefore, successful “breaching” of
exclusion often requires addressing more than
one stromal or transport feature [29].

Strategies to overcome exclusion aim to
change the physical and chemical rules of the

tissue. Approaches include targeting TGF-beta

pathway activity, disrupting fibroblast-
mediated matrix remodeling, and reducing
stiffness or pressure that restricts cell

movement. Because stromal barriers often sit
upstream of inhibitory signaling, sequencing
matters: enabling immune access may be a
prerequisite for checkpoint blockade to act on a
relevant population within tumor nests. Tissue-
based spatial measurement is particularly
valuable here, because it can quantify whether
an intervention truly increases penetration into
nests rather than simply increasing stromal
accumulation at the border [30].

The priming bottleneck: reigniting antigen
recognition

Tumors that appear as immune deserts often
fail upstream at the level of antigen presentation
and priming. Even if tumors harbor potential
neo-antigens, 1inadequate recruitment and
maturation of dendritic cells can limit cross-
presentation and prevent expansion of tumor-
reactive clones. Defects in innate sensing—
tumor-intrinsic or
further  blunt

priming, leaving checkpoint blockade without a

whether
microenvironmental—can

meaningful substrate. In addition, some tumors
present antigens but do so in a context
dominated by suppressive cytokines or
regulatory cells, leading to ineffective or
tolerogenic priming rather than productive
immunity [31, 32].

Priming strategies aim to generate
productive inflammation and broaden antigen-

specific repertoires. Radiotherapy can induce
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immunogenic cell stress and antigen release
[33]. Selected cytotoxic regimens can provide
similar effects, though the balance between
immunogenicity and lymphodepletion varies
by drug and schedule [34]. Oncolytic platforms
can provide infection-like cues that stimulate
innate sensing and antigen presentation.
Intratumoral delivery of innate agonists can
activate antigen-presenting cells and promote
The

objective is to couple antigen release with

chemokines that recruit effector cells.

dendritic cell activation and trafficking to
lymphoid sites so that primed T cells can
expand and then access tumor tissue [35].

A practical challenge is that priming must be
followed by effective trafficking and sustained
effector function. When priming succeeds,
inhibitory ligands and regulatory programs
often rise as an adaptive response. This creates
a predictable therapeutic sequence: initiate or
amplify priming, then apply inhibitory pathway
blockade and, when needed, suppression-relief
modules. Without this stepwise logic, priming
interventions can generate inflammation that
fails to translate into tumor killing or that leads
to transient responses followed by rapid
adaptive escape [36].

Tumor-Intrinsic Immune Escape
Programs

Cell-extrinsic suppression is only part of
immune escape. Many tumors deploy intrinsic
programs that reduce antigen visibility, blunt
inflammatory signaling, or shape chemokine
output in ways that favor exclusion and
suppression. These mechanisms are clinically
important because they can drive resistance
even in the presence of immune infiltration and
because they can emerge under therapy as a
form of immune editing. Tumor-intrinsic
escape is also a major reason why biomarkers
based on a single biopsy can fail: the tumor
compartment itself can evolve, and different
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regions can harbor distinct visibility and
signaling states [37, 38].

Antigen presentation and immune
visibility

Effective T-cell recognition requires intact
antigen processing and presentation through
major histocompatibility complex (MHC) class
I. Tumors may downregulate this machinery
through  genetic  alterations,  epigenetic
repression, or transcriptional adaptation. The
result can be partial invisibility in which some
clones remain visible while others become
selectively advantaged under immune pressure.
Such heterogeneity is common and can be
missed by limited sampling, especially when
immune-edited subclones occupy only a
fraction of the tumor volume [39].

Loss or reduction of antigen presentation has
practical implications for therapy selection and
for expectations of checkpoint responsiveness.
It can also inform combination logic. Strategies
that enhance antigen presentation, promote re-
expression of silenced components, or improve
dendritic cell cross-presentation may increase
the probability of sustained control. In some
contexts, engaging immune effectors that are
less dependent on MHC class 1 recognition,
such as natural killer cells, may provide a
complementary route. The broader lesson is
that restoring immune recognition may require
interventions directed at both the tumor and the
microenvironment [40].

Interferon signaling and inflammatory
competence

Interferon signaling can amplify anti-tumor
immunity by enhancing antigen presentation,
promoting chemokine gradients that recruit
effector cells, and supporting cytotoxic effector
[41]. with
interferon responsiveness may be less capable

programs Tumors impaired
of sustaining inflammatory amplification and

less vulnerable to immune-mediated killing. At
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the same time, chronic interferon exposure can
contribute to adaptive resistance by inducing
inhibitory ligands and shaping selection
pressures that favor immune-evasive clones.
This dual role underscores why timing matters:
early interferon competence may predict

response, while chronic interferon-driven
adaptation may contribute to relapse [42].
From a translational perspective, interferon
competence can influence whether priming
strategies translate into durable infiltration and
whether checkpoint reinvigoration leads to
sustained control. When interferon pathway
disruption is suspected, on-treatment sampling
and integrated pathway readouts can help
distinguish failure of priming from failure of
effector function. This distinction matters
because the first scenario calls for improved
antigen presentation and innate activation,
while the second scenario calls for suppression
relief and tissue conditioning to restore function

[43].

Oncogenic signaling, chemokines, and
immune architecture

Oncogenic programs influence immune
escape by modulating chemokines, antigen
presentation, and stromal interactions [44].
Some tumor states reduce recruitment of
dendritic cells and effector lymphocytes while
favoring suppressive myeloid infiltration.
Others promote fibroblast activation, vascular
dysfunction, or matrix remodeling, indirectly
driving exclusion. These programs help explain
why two tumors with similar checkpoint ligand
expression can have very different immune
architectures and different probabilities of
responding to the same therapy [45].

Mechanistically, tumor-intrinsic signaling
can alter the entry points for immunity by
shaping which myeloid and lymphoid cells are

recruited and where they localize. Reduced
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dendritic cell recruitment can blunt priming
even in the presence of antigen, while altered
chemokine output can trap T cells in stroma
rather than in nests. Clinically, this supports the
view that immune phenotypes can be driven
from within the malignant compartment, and
that
addressing tumor-intrinsic signaling together

successful remodeling may require

with microenvironmental barriers [46].

Plasticity and state transitions under
therapeutic pressure

Tumor cell plasticity provides an additional
route to immune escape without requiring new
mutations.  Stress-induced transitions can
change antigen expression, increase resistance
to cytotoxic killing, and intensify paracrine
with

compartments.

signaling stromal and myeloid
These transitions are often
enriched at invasive fronts and in hypoxic
niches where selection pressures are high.
Plasticity can therefore couple with metabolic
and stromal barriers: hypoxic regions select for
resistant states, and resistant states can in turn
reinforce exclusion and suppression through
altered cytokine and chemokine output [47, 48].
Recognizing plasticity as an escape route
reinforces the need for longitudinal assessment.
Static baseline sampling may underestimate the
capacity for state change under therapy. In
this
strategies that combine

practical terms, supports treatment
reinvigoration of
immunity with interventions that limit the
emergence of resistant states, and it highlights
the value of early on-treatment measurements
that can detect whether the tumor ecosystem is
moving toward immune control or toward
adaptive escape [49]. An integrative framework
linking immune escape patterns with dominant
barriers and therapeutic modules is summarized
in Figure 1, with key features and suggested

outlined in Table 1.
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Table 1. Mechanism-based immune escape patterns and corresponding therapeutic modules.
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Stromal barrier . . .
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Inflamed but|[Functional PD-1/LAG-3 high, myeloid||Dual checkpoint blockade, . .
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Suppressed exhaustion suppression myeloid targeting
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Engineering the Metabolic and Physical acidosis, linking vascular dysfunction to

Landscape

Even when effector cells breach stromal
barriers, the metabolic and physical conditions
of the TME can paralyze function. Uneven
perfusion, hypoxia, acidosis, and nutrient
competition erode immune cell fitness and can
create localized suppressive niches. These
constraints often act as invisible checkpoints
that limit cytotoxicity even when inhibitory
receptors are blocked. Because metabolic and
physical barriers are frequently coupled to
vascular and stromal architecture, they are
attractive targets for tissue-conditioning
strategies that can enable other immune-
directed therapies [50].

Hypoxia and angiogenesis: normalizing
supply lines

Tumor vasculature is typically disorganized
and leaky, producing high interstitial pressure

and uneven perfusion that oppose immune

trafficking and drug delivery [17]. Poor
perfusion generates hypoxic niches that
stabilize hypoxia-responsive programs,

promote suppressive myeloid states, and impair
cytotoxic lymphocyte function. Hypoxia can
also increase expression of inhibitory ligands,
foster adenosine production, and exacerbate
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metabolic suppression [51].

Vascular normalization aims to remodel
vessels so that perfusion improves and hypoxia
than
destroying vessels [52]. In principle, improved

decreases, rather indiscriminately
perfusion can increase immune cell entry,
improve delivery of antibodies and cellular
therapies, and shift the tissue toward a less
suppressive state. Clinically, the benefit of
vascular modulation likely depends on dose,
timing, and the balance between improving
access and avoiding excessive pruning that
worsens hypoxia. When successful, vascular
normalization can convert the vasculature from
a barrier into a conduit for immune cells and
therapeutics [53].

An important practical implication is that
vascular interventions are enabling rather than
purely cytotoxic. Their impact may be best
captured by intermediate biological readouts
such as improved perfusion, reduced hypoxia-
associated programs, and increased
intratumoral immune entry, rather than by
direct tumor shrinkage alone. This aligns
naturally with adaptive immunotherapy, in
which early changes in tissue conditions inform
modules should be

whether  additional
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Figure 1. Mechanism-based classification of immune escape and therapeutic modules.
Four major immune escape phenotypes are summarized: immune desert (priming failure), immune
excluded (stromal/physical barriers), inflamed but dysfunctional (checkpoint-driven exhaustion and
suppressive conditioning), and adaptive escape (tumor-intrinsic evolution such as antigen/MHC loss).
Representative mechanism-aligned therapeutic modules are listed for each phenotype.
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added or whether an alternative strategy is

needed [54].
Metabolic

lactate, and pH

checkpoints: adenosine,

Aerobic glycolysis and impaired clearance
of metabolites lead to lactate accumulation and
Low pH
suppress T-cell cytokine production, impair

extracellular acidification. can
lytic granule release, and favor suppressive
polarization of innate cells [55]. In parallel,
tissue stress and hypoxia can drive conversion
of extracellular nucleotides into adenosine,
which inhibits T-cell and natural killer cell
activity through adenosine receptor signaling.
Because ATP

inflammatory danger signal, its conversion into

release can serve as an
adenosine is a particularly effective way for
tissues to neutralize immune activation [56].

Targeting metabolic checkpoints is attractive
but complicated by spatial heterogeneity.
Metabolic suppression is rarely uniform; it
often concentrates in micro-niches defined by
perfusion, hypoxia, and stromal boundaries.
This is one reason why spatially resolved

measurements can matter: bulk signatures may

miss dominant suppressive zones [57].
Therapeutically, interventions that block
adenosine pathways or modulate lactate

transport may be most effective when paired
with strategies that increase effector presence,
because relieving metabolic suppression has the
most impact when functional immune cells are
present to exploit improved conditions [58].
Metabolic
multiple cell types beyond T cells. By shifting
the that
macrophage states or that impair dendritic cell

interventions can influence

constraints favor  suppressive
function, they may indirectly improve antigen
presentation and reduce myeloid dominance.
This broader impact supports combination
in  which metabolic

designs checkpoint

targeting 1s used as a tissue-conditioning
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module rather than as a stand-alone therapy
[59].

Mechanical forces, ECM stiffness, and
interstitial pressure

Beyond chemistry, the physical properties of
tumors can constrain immunity [60]. Dense
ECM networks, stiffness,
elevated interstitial pressure restrict immune

increased and
cell movement and compartmentalize immune-
tumor interactions. Mechanical cues also shape
fibroblast and endothelial behavior, reinforcing
exclusionary architectures and limiting
efficient trafficking through vessels and stroma.
The result can be an environment where
immune cells are present but confined to areas
in which they cannot exert cytotoxic effects
[61].

Interventions that reduce matrix density or
pressure may therefore serve as enabling steps
that the

effectiveness of checkpoint blockade or other

improve access and enhance
immune-directed therapies. From a practical
standpoint, these approaches highlight that
immune escape can be as much about tissue
mechanics and transport as about receptor-
ligand biology. They also emphasize the
importance of integrating imaging and spatial
pathology readouts into biomarker strategies,
because mechanical barriers often manifest as
structural patterns that can be quantified [62].
Checkpoint and T-Cell

Resilience

Ecosystems

In inflamed tumors, immunity is often
present but functionally constrained. This
dysfunction is maintained by a coordinated
network of inhibitory receptors, suppressive
ligands, and tissue signals that promote

exhaustion-like  programs.  Understanding
checkpoint biology therefore requires moving
beyond a single marker and toward a view of
inhibitory ecosystems and cellular states,

including the surrounding metabolic and
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myeloid context that determines whether
reinvigoration is possible [63].
The exhaustion spectrum and

reinvigoration potential

Chronic antigen exposure can push T cells
into dysfunctional states characterized by
reduced proliferation, diminished cytokine
output, and impaired cytotoxicity. However,
dysfunctional T cells are heterogeneous.
Subsets with progenitor-like features can
expand and regain function after inhibitory
pathway blockade, whereas more terminally
dysfunctional states may be less reversible. The
distribution of these states can influence depth
and durability of response, and it is shaped by
antigen load, cytokine context, and tissue
conditions such as hypoxia and nutrient
availability [64].

Spatial localization is particularly important.
Progenitor-like subsets often reside in specific
niches, including regions near antigen-
presenting cells or within TLS-like structures,
and they may supply more differentiated
If these

supportive niches are absent or dominated by

effectors that enter tumor nests.

suppression, checkpoint blockade may have
limited reinvigoration capacity even when PD-
1 1s expressed. This helps explain why PD-L1
staining alone is an incomplete predictor and
why measuring both state and structure can
improve mechanistic classification [65].
Compensatory inhibitory networks
Blocking one inhibitory pathway can
unmask or induce others. Co-inhibitory
receptors such as LAG-3, TIM-3, and TIGIT
are often co-expressed with PD-1 on
dysfunctional T cells and may contribute to
These

pathways are not interchangeable; they can

incomplete or transient responses.

operate through distinct ligands, cellular

contexts, and downstream programs. A

practical implication is that effective
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combinations should be selected based on the
dominant inhibitory circuit within the relevant
micro-niches, rather than applied as a generic
escalation [66].

Compensatory inhibition also occurs at the
level of ligands and accessory cells. Myeloid
and stromal populations can upregulate
inhibitory ligands under inflammatory pressure,
and tumor cells can adaptively change their
surface expression in response to therapy.
Therefore, resistance after initial response may
reflect a shift in the inhibitory ecosystem rather
than the appearance of an entirely new escape
mechanism. Early on-treatment measurement
can guide rational escalation: if a compensatory
pathway becomes dominant, targeting that
pathway is more rational than adding agents
unrelated to the evolving bottleneck [67].

Primary versus acquired resistance as a
TIME problem

Primary resistance often reflects upstream
barriers such as lack of priming, exclusionary
stroma, myeloid dominance,

or Severe

metabolic  hostility. In these settings,
checkpoint blockade is downstream of the
limiting step and may have minimal effect.
Acquired resistance more commonly reflects
immune editing and adaptive remodeling under
treatment pressure, including altered antigen
presentation, disrupted inflammatory signaling,
compensatory inhibitory receptor upregulation,
and expansion of suppressive populations. This
distinction matters because it frames the
therapeutic task: initiating immunity, enabling
access,

restoring function, or countering

adaptive escape [68].

Technology-Enabled Precision: Seeing
the Invisible
Mechanistic insight becomes clinically

useful only when it can be measured in a
feasible and reproducible manner. Traditional
single-marker assays and bulk averages often
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miss spatial architecture, state heterogeneity,
and dynamic change. Technology-enabled
profiling is reshaping how the TIME is
classified and how therapeutic strategies are
selected. The most valuable approaches are
those that preserve tissue context, allow
standardization, and can be linked to decision
frameworks that clinicians can apply without
requiring high-dimensional data interpretation
at the bedside [69].

Multiplex imaging and spatial contexture
and

Multiplex  immunohistochemistry

immunofluorescence, as well as related

imaging platforms, allow simultaneous

evaluation of multiple markers while
preserving tissue architecture. These methods
can quantify not only cell densities but also
critical spatial relationships, such as whether
CD8+ T cells enter tumor nests or remain
stromal, whether suppressive myeloid cells
cluster around vessels, and whether fibroblast-
rich borders form exclusionary fences. Spatial
faithful

phenotyping because they describe the physical

metrics support more immune
reality that determines whether immune cells
can contact tumor cells [70]. A practical
advantage is that multiplex imaging can often
be

paraffin-embedded

standard formalin-fixed
The
limitations relate to panel selection, analytic

deployed on
material. main
standardization, and sampling: a single biopsy
may miss key niches, and different regions of
the same tumor can show distinct architectures.
These limitations argue for thoughtful sampling
strategies and for reporting spatial outputs in
ways that are interpretable and reproducible,
such as quantifying border penetration, tumor-
nest localization, and distances between
effector and suppressive populations [71].

Spatial transcriptomics and proteomic
mapping
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Spatially resolved molecular profiling links
gene or protein programs to micro-niches such
as hypoxic cores, invasive margins, or tertiary
lymphoid structures. These approaches can
uncover compartment-specific suppression—
such as stromal TGF-beta activity, hypoxia-
adenosine programs, or localized myeloid
polarization—that may be diluted in bulk
assays. Their value increases when interpreted
together with histology, connecting molecular
signals to recognizable structures and enabling
more precise hypotheses about dominant
barriers [72].

As  these their
translational promise will depend on clarity of

platforms  mature,

outputs. Clinicians need summaries that map to
than  high-
dimensional displays. One practical approach is

actionable  choices rather
to use spatial profiling to identify which barrier
dominates which compartment, then link that to
module selection: a tumor with a stromal TGF-
beta border and poor intratumoral CD8
penetration suggests access modules, whereas a
CDS8

and hypoxia

tumor with intratumoral cells co-

localizing with adenosine

programs suggests metabolic conditioning

alongside checkpoint blockade [73].
Single-cell profiling to resolve functional

states

the

understanding of immune and stromal states,

Single-cell profiling refines
including gradients of T-cell dysfunction,

dendritic cell maturation programs, and
myeloid polarization states [74]. Although less
scalable for routine practice, these approaches
inform biomarker development by identifying
cell states most strongly associated with
response and resistance and by clarifying which
pathways are plausibly causal rather than
merely correlative. They also help define which

cell populations express candidate targets,
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which matters for anticipating on-target effects
and for interpreting trial outcomes [75].

A recurring translational value of single-cell
data is the identification of state markers that
can be measured with simpler assays. If a
progenitor-like exhausted T-cell subset is
strongly linked to durable response, this can
motivate  focused  immunohistochemistry
panels or targeted gene expression readouts that
approximate that state without requiring single-
cell sequencing in every patient. Similarly,
defining macrophage state programs can inform
practical multiplex panels that distinguish
suppressive from antigen-presenting
compartments [76].

Digital pathology and quantitative image
analysis

Quantitative analysis of routine pathology
slides can provide scalable estimates of immune
architecture, including tumor-stroma interfaces,
immune clustering, and exclusion patterns.
When validated

approaches

across  cohorts, these

can deliver low-friction
phenotyping that complements more complex
omics platforms. The most clinically useful
outputs are those that remain interpretable,
reproducible, and linked to a clear therapeutic
logic, such as identifying exclusionary borders,
myeloid-rich vascular niches, or patterns
consistent with poor priming [77]. Quantitative
image analysis should be viewed as a tool for
standardization rather than as a substitute for
mechanistic reasoning. Its value increases when
it measures clinicians

concepts already

recognize—density,  localization,  border
penetration, and structure—and when it is
paired with biomarkers that capture functional
state. This combination can move decision-
making beyond subjective impressions and
toward reproducible metrics suitable for trial
for clinical

stratification and, eventually,

guidance [78].
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Circulating biomarkers for longitudinal

monitoring

Blood-based assays provide a
complementary view that is well suited to
longitudinal  assessment.  Dynamics  of

circulating tumor DNA can offer early
indications of response or emerging resistance,
while circulating immune analytes and cell
populations may reflect systemic activation or
suppression. Because circulating measures
generally lack spatial information, they are best
interpreted alongside tissue-based phenotyping:
tissue defines the dominant local barrier, while
serial blood measures track whether the tumor
burden and systemic immune signals are
moving in the expected direction after a given
module is applied [79].

Longitudinal monitoring is particularly
valuable for adaptive strategies. If a priming
module is expected to increase immune
engagement, one may look for early molecular
signs of tumor stress and immune activation,
followed by tissue confirmation when feasible.
Similarly, rising circulating tumor DNA after
an initial decline may signal emerging escape
before radiographic progression, creating a
window for rational escalation based on likely
mechanisms rather than delayed clinical
deterioration [80].

Integrating modalities into actionable
phenotypes

The central translational challenge is to
convert complex data into categories that guide
decisions. A practical approach is to classify
tumors into desert, excluded, or inflamed
phenotypes using spatially informed tissue
profiling, then refine that classification with
pathway readouts that identify the dominant
barrier (for example myeloid dominance,
TGF-beta activity,

niches, or compensatory inhibitory receptor

stromal adenosine-rich

networks). Early on-treatment reassessment can



Mustafa Ersoy / J Bionic Mem / 2026, 6(1):31-51

further distinguish whether a therapy is shifting
the
peripheral

intended barrier or merely changing

markers without altering
intratumoral biology [81].

Implementation considerations for
clinical translation

For technology-enabled profiling to
influence care, it must fit within real-world
constraints: limited tissue, variable sampling
sites, and the need for standardized reporting.
Practical implementation therefore depends on
selecting assays that are robust to pre-analytic
variation, defining quality control steps, and
reporting outputs that map to decisions. For
example, reporting “CD8 density” alone is less
informative than reporting CD8 localization in
nests versus stroma, proximity to suppressive
myeloid cells, and evidence of exclusionary
borders. Similarly, pathway readouts should be
presented as interpretable scores or categories
(for example “high stromal TGF-beta activity”

or “adenosine-enriched hypoxic niche pattern”)

that correspond to access or conditioning
modules [82].

Another recurrent issue is heterogeneity
across lesions and overtime. A primary tumor
and metastasis can have different TIME
architectures, and a tumor can transition from
excluded to inflamed under therapy without
This
longitudinal approaches when feasible, and for

becoming  sensitive. argues  for

integrating  tissue-based information with
circulating monitoring. It also suggests that
biomarker strategies should be explicit about
which lesion is sampled and should avoid over-
generalization from a single small biopsy. In
clinical trials, adaptive designs and embedded
translational endpoints can help establish which
measurements best predict benefit and which
modules actually shift the intended biology
[83]. The main technology platforms used to
map the tumor immune microenvironment and
their potential for clinical translation are

presented in Table 2.

Table 2. Technology-enabled platforms for tumor immune profiling and clinical integration.

Platform Resolution What It Measures Clinical Value Limitations
CDS8 localization,||Phenotype ..
Multiplex IHC/IF Spatial protein _ z ) P i Limited gene depth
myeloid clusters classification
Spatial . . . . .
) ) Spatial RNA | TGF-B niche, hypoxia ||[Mechanism mapping ||Cost
Transcriptomics

Single-cell RNA-seq ||Cellular state

Exhaustion spectrum

State-specific targeting||No spatial context

Quantitative

Digital Pathology Exclusion metrics Standardization Algorithm variability
morphology
Circulating Svstemi ctDNA, immune D i tori L Ficit
_ stemic . namic monitorin, ow specifici
Biomarkers y activation Y 8 P Y
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Mechanism-Guided Therapeutic Modules
and Sequencing

Many tumors require multiple enabling steps
before checkpoint blockade can produce
durable control. A mechanism-guided strategy
therefore assembles therapeutic modules that
address the dominant barrier in each tumor and
considers sequencing based on biology and
feasibility. This approach aligns with the
observation that different tumors fail for
different reasons: some fail to generate tumor-
reactive T cells, some prevent those cells from
entering tumor nests, and some allow entry but
maintain dysfunction through inhibitory and
metabolic constraints. The objective is to match
the intervention to the rate-limiting step, then
reassess to determine what becomes limiting
next.

Priming modules for immune-desert
tumors

In desert tumors, the initial objective is to
generate productive priming and recruitment.
Modules include localized antigen release
paired with inflammatory cues, intratumoral
innate activation, and strategies that enhance
dendritic cell recruitment and function. The
goal is to expand the repertoire of tumor-
reactive T cells and to create chemokine
gradients that support trafficking into the
tumor. Successful priming often leads to
induction of inhibitory ligands and regulatory
programs, creating a rationale for adding
inhibitory pathway blockade once infiltration
and antigen-specific responses are established
[84].

A pragmatic concern is that priming can be
ineffective if access barriers and metabolic
constraints are not simultaneously addressed.
Priming may increase circulating tumor-
reactive T cells without changing intratumoral
entry if vessels and stroma remain restrictive.
Therefore, priming modules are often paired
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with access conditioning or scheduled in a
sequence that first improves entry points and
then applies strong priming. This logic is rarely
captured by simplistic “add-on” combinations;
it requires an explicit model of what is expected
to change and when [85].

Access modules for immune-excluded
tumors

In excluding tumors, access 1is the
bottleneck. Modules include stromal
remodeling strategies, TGF-beta pathway
modulation, and vascular normalization

approaches that improve trafficking and reduce
hypoxia. Once access improves, inhibitory
signaling and myeloid suppression often
become the next limiting steps, supporting
stepwise combinations that preserve effector
function within tumor nests. Access modules
are also relevant for cellular therapies and
antibody-based platforms that require physical
delivery into tumor tissue [36].

Access can be monitored using spatial
metrics: increases in intratumoral CDS8 density,
trapping,
proximity between effectors and tumor cells.

reduced stromal and improved
When access improves without tumor control,
this suggests that dysfunction and suppression,
rather than exclusion, are now dominant. This
provides a concrete rationale for escalation
toward checkpoint

ecosystem targeting,

myeloid reprogramming, or metabolic
conditioning rather than for repeated attempts
at further stromal disruption [1].

Function modules for inflamed but
ineffective tumors
Inflamed tumors may fail because inhibitory
circuits and suppressive networks keep effector
cells below a functional threshold [86].
Modules

checkpoint networks, myeloid reprogramming,

include blockades of dominant

and relief of metabolic suppression. The
guiding principle is to match the intervention to
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the most active suppressive circuit rather than

applying
indiscriminately, which can increase toxicity

maximal combinations

without addressing the true bottleneck. In
this
compensatory inhibitory receptors, assessing

practice, may involve identifying
myeloid dominance, and evaluating whether
hypoxia-adenosine niches or low pH are likely
to be paralyzing effector function [87].

Because inflamed tumors can still be
heterogeneous, local micro-niches matter. A
tumor can contain areas where T cells are active
and areas where they are paralyzed by hypoxia
or adenosine, leading to incomplete control and
eventual escape. Function modules may
therefore need to address both inhibitory
receptors and tissue conditioning, especially in
tumors with strong metabolic gradients. This is
a setting where integrating spatial profiling with
systemic monitoring can help distinguish true
reinvigoration from superficial inflammatory
changes [88].

Practical readouts for  adaptive
immunotherapy

A key opportunity is to couple module
selection to early biological readouts. Examples
CDS8

infiltration after access modules, shifts in

include increases in intratumoral

myeloid state markers after reprogramming

strategies, reduction of hypoxia-associated
programs after vascular interventions, or
emergence of compensatory inhibitory

receptors after PD-1 blockade. Integrating such
readouts with clinical endpoints can support
adaptive strategies that escalate, sequence, or
redirect therapy before overt progression.
Importantly, the readout should match the
intended mechanism: a priming module should
be judged by evidence of new antigen-specific
responses and recruitment, whereas an access
module should be judged by spatial penetration
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rather than by peripheral cytokine changes [87,
89].

A pragmatic decision framework

A pragmatic framework is to start with
phenotype-level classification and then confirm
the with
measurements. tumors

barrier
Desert
priming; excluded tumors prioritize access;

dominant targeted

prioritize
inflamed tumors prioritize restoration of
function and suppression relief. In mixed
phenotypes, the dominant barrier may be the
one that prevents immune cells from reaching
tumor nests or the one that suppresses the
largest fraction of infiltrating effectors. This
approach does not eliminate uncertainty, but it
makes trial design and clinical decision-making
more explicit: each intervention is paired with
an expectation and a measurement plan, and
failure becomes informative rather than
ambiguous [7, 90, 91].

Conclusion and Future Perspectives

Immune escape is a system-level outcome of
tumor-intrinsic programs, suppressive cellular
metabolic  and
This
explains why the same immunotherapy can be

networks, and hostile

biophysical constraints. complexity
transformative in one patient and ineffective in

another. Progress therefore depends on
identifying the dominant barrier in each tumor
and applying mechanism-aligned interventions
that remodel the TIME.

Technology-enabled profiling is central to
this shift because spatial organization and
cellular state often determine whether
infiltration translates into killing. Multiplex
imaging, spatial profiling, single-cell discovery
platforms, quantitative digital pathology, and
longitudinal blood-based monitoring together
provide a toolkit to classify tumors into
actionable phenotypes and to track whether

intended biological shifts occur under therapy.
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Looking forward, the most informative clinical
studies will be those that connect interventions
to measurable biological changes. Adaptive
trial designs that incorporate early on-treatment
tissue or circulating assessments can test
whether a proposed module truly shifts the
that shift
correlates with clinical benefit. In parallel,

expected barrier and whether
efforts to standardize spatial and state readouts
will be essential so that results are comparable
across centers and tumor types.

Ultimately, restoring durable anti-tumor
immunity will likely require treating the TIME
as a reprogrammable system: diagnose
dominant barriers, apply targeted modules, and
the As

measurement becomes more scalable and

adapt as ecosystem evolves.

combination  strategies = become  more
mechanism-driven, TME engineering can move
from an aspirational concept to a practical route
for improving the depth and durability of

immunotherapy responses across cancers.
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