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Abstract

Immunotherapy has improved outcomes in selected cancers, but most patients either fail to respond or
eventually develop resistance, highlighting a persistent gap between clinical efficacy and biological
promise. Current evidence supports a role for the tumor immune microenvironment (TIME) in shaping
therapeutic response, although its relative contribution varies across tumor types and remains
incompletely resolved in clinical settings. This review integrates selected mechanistic and clinical
observations of TIME organization, emphasizing how immunosuppressive cell populations, stromal
remodeling, and cytokine-chemokine networks converge to establish immune “hot,” “cold,” and
immune-excluded tumor states. We further examine how these features constrain the efficacy of
immune checkpoint inhibitors (ICIs) and adoptive cell therapies (ACT), highlighting the roles of
intratumoral heterogeneity, immune exclusion, and therapy-induced dysfunction. Notably, many
proposed resistance mechanisms derive from preclinical or correlative studies, and their relative
contribution in clinical settings remains incompletely defined. We propose a simplified framework in
which immunotherapy resistance may arise from the interplay of three partially overlapping axes:
immune suppression, stromal exclusion, and metabolic constraint. This framework provides a basis for
rational combination strategies, including targeting immunosuppressive networks, remodeling tumor
stroma, and integrating multi-omics-guided patient stratification. However, this model does not capture
the full diversity of resistance mechanisms and may not be universally applicable across tumor contexts.
A more precise understanding of TIME heterogeneity will be essential to convert immunologically
refractory tumors into responsive states.
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1. Introduction

Cancer remains a significant global health challenge. Epidemiological estimates indicate that
approximately 18 million new cancer cases are diagnosed annually, with this number expected to
increase to 35 million by 2050 (1). This alarming rise not only emphasizes the widespread prevalence
of cancer but also highlights the urgent need to bolster healthcare systems and improve early prevention
and intervention strategies (2). Conventional cancer treatments have improved survival in several
settings. However, these therapies are often limited by tumor recurrence, drug resistance, and non-
specific cytotoxicity (3).

Immunotherapy has emerged as an important therapeutic modality (4). The core principle of cancer
immunotherapy is to activate and enhance the host immune system to recognize and destroy malignant
cells. With rapid progress in molecular biology and immunology, immunotherapeutic strategies have
advanced significantly and have yielded durable responses across various tumor types (5). Notably,
immune checkpoint inhibitors (ICIs) and adoptive cell therapies (ACTs) have achieved notable clinical
success. Nevertheless, their effectiveness varies greatly among patients, and both primary and acquired
resistance remain significant barriers to sustained benefit. For instance, about 80-85% of patients with
non-small cell lung cancer (NSCLC) show primary resistance to ICIs (6). The mechanisms underlying
immunotherapy resistance are complex and involve tumor-intrinsic changes, immune evasion
strategies, the immunosuppressive tumor microenvironment, and the host's overall immune health (7,
8). These observations suggest that immunotherapy outcomes are influenced by both tumor-intrinsic
features and tumor-host interactions. However, the relative contribution of these factors remains highly
context-dependent across tumor types and clinical settings.

However, disentangling these contributions remains challenging due to overlapping biological
pathways and limited longitudinal clinical data. Beyond tumor-local interactions, emerging evidence
suggests that the gut microbiota influences antitumor immunity through systemic metabolic and
immunoregulatory pathways, although these effects are highly context-dependent and not uniformly
observed across tumor types. These interactions are conceptually summarized in Figure 6, which links
microbiota-derived metabolites to immune cell function and tumor microenvironment dynamics. The
composition and functional diversity of the gut microbiome have been associated with variability in
immunotherapy response, but these associations are often cohort-specific and not consistently
reproducible across studies (9, 10).

In this context, the current review focuses on TIME as a key factor influencing responses to and
resistance to cancer immunotherapy. To build a conceptual foundation, two major immune phenotypes
are commonly described: “hot tumors," which are marked by dense CD8* T-cell infiltration, high levels
of pro-inflammatory cytokines, and generally positive responses to immunotherapy; and “cold tumors,"
which feature sparse T-cell presence, an abundance of immunosuppressive cells (such as regulatory T
cells and myeloid-derived suppressor cells), and are usually resistant to immune checkpoint blockade.
“Immune-excluded tumors” are a distinct category where T cells are present but confined to the stroma,
unable to penetrate the tumor tissue. We begin by describing the cellular and molecular makeup,
heterogeneity, and functional states of the TIME, with particular focus on immunosuppressive cell
populations, cytokine and chemokine networks, and barriers to effective T-cell infiltration. Next, we
review the significant advances and limitations of ICIs and ACT across various cancers, highlighting
how the features of the TIME influence clinical outcomes. Finally, we synthesize current understanding
of the mechanisms behind immune resistance from tumor-intrinsic, stromal, and microenvironmental
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perspectives, and explore how these insights can inform the development of personalized
immunotherapies and rational combination treatments, while also considering systemic factors such as
the gut microbiota.

Across the literature, variability in study design, patient selection, and analytical approaches contributes
to inconsistent findings, underscoring the need for standardized and prospective validation frameworks.
This gap contributes to inconsistencies between experimental findings and clinical outcomes,
underscoring the need for more integrative and translationally grounded approaches.

2. Tumor Immune Microenvironment: Composition and Functional States

A key reason immunotherapy benefits only a subset of patients lies in the tumor immune
microenvironment itself. Rather than a passive backdrop, the TIME functions as an active, evolving
system in which cellular composition, stromal structure, and signaling networks collectively determine
whether antitumor immunity is engaged or suppressed.

2.1 Overview of the Tumor Immune Microenvironment

TIME contributes to tumor initiation, progression, and therapeutic response. The TIME is characterized
by remarkable complexity and heterogeneity, comprising not only tumor cells but also a diverse array
of immune cells, non-immune stromal cells, cytokines, and intricate signaling networks. The
interactions among these components can establish a dynamic and often immunosuppressive milieu that
drives tumor immune evasion and contributes to therapeutic resistance. ICIs, among the most significant
breakthroughs in modern oncology, have markedly improved clinical outcomes across several
malignancies. Nevertheless, a considerable proportion of patients exhibit either primary or acquired
resistance to immunotherapy. Available evidence suggests that heterogeneity and immunosuppressive
mechanisms within the TIME are among the principal causes of therapeutic failure (11, 12). However,
most supporting evidence derives from preclinical or correlative studies, and direct causal relationships
in patients remain incompletely defined.

To integrate the complex mechanisms behind immunotherapy resistance, we propose a conceptual
framework where tumor-intrinsic changes, such as programmed death-ligand 1 (PD-L1) overexpression
and defects in antigen presentation, along with stromal remodeling, like cancer-associated fibroblasts
(CAFs)-driven fibrosis and immune-exclusion barriers, and metabolic reprogramming, including
hypoxia and lactate build-up, all come together to influence the TIME. These factors collectively
determine whether a tumor appears as “hot” (T-cell-inflamed), “cold” (immune-desert), or “immune-
excluded” (T-cells trapped in stroma), which affects the chance of responding to immunotherapy. To
operationalize these interactions, we outline a conceptual model integrating tumor-intrinsic, stromal,
and metabolic determinants of immune resistance (Figure 1). This framework is intended to organize
heterogeneous observations rather than imply a fixed hierarchy, as these processes frequently co-occur
and dynamically evolve during tumor progression and treatment.
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Figure 1. Integrated framework of tumor immune microenvironment-driven immunotherapy resistance.
Immunotherapy resistance arises from coordinated interactions among tumor-intrinsic, stromal, and metabolic programs
within the tumor immune microenvironment (TIME). Tumor-intrinsic alterations, including PD-L1 expression and impaired
antigen presentation, limit T-cell recognition. Stromal remodeling driven by cancer-associated fibroblasts (CAFs) and
extracellular matrix (ECM) deposition promotes immune exclusion by restricting T-cell infiltration. Metabolic constraints,
including hypoxia and lactate accumulation, further suppress effector immune cell function. These processes collectively
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define immune phenotypes, including “hot,” “cold,” and immune-excluded tumors, and are reinforced by immunosuppressive

cell populations such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and M2-polarized tumor-
associated macrophages (M2-TAMs), as well as by cytokine and chemokine networks. Abbreviations: CAF, cancer-associated
fibroblast; ECM, extracellular matrix; ICI, immune checkpoint inhibitor; IL-10, interleukin-10; MDSC, myeloid-derived
suppressor cell; M2-TAM, M2-polarized tumor-associated macrophage; TGF-f, transforming growth factor-fi; Treg,
regulatory T cell. Created with BioRender.com.

Head and neck squamous cell carcinoma (HNSCC) is often cited as an example of “cold tumor”, as its
immune microenvironment is marked by strong immunosuppression and immune escape, leading to
limited treatment response and poor overall survival. Importantly, Figure 1 should be interpreted as a
dynamic rather than static model: tumors may transition between ‘hot,” ‘cold,” and ‘excluded’ states
under therapeutic pressure, which may partially explain variable responses to immunotherapy over time.
Preclinical and translational studies suggest that tumor cells in HNSCC evade immune surveillance
through multiple mechanisms; however, the relative contribution of each pathway to clinical resistance
remains unclear (13). Additionally, tumor-derived extracellular vesicles (EVs) have been implicated in
reshaping the immune microenvironment by modulating the differentiation, proliferation, and
activation of both innate and adaptive immune cells, as well as myeloid cell populations, thereby
promoting immunosuppression and facilitating tumor escape from immune detection (13).
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Among the various cellular components of the TIME, immunosuppressive populations such as M2-
polarized tumor-associated macrophages (TAMs) are frequently implicated. M2-type TAMs not only
suppress antitumor immune responses directly but also promote angiogenesis and tissue remodeling,
making them attractive but clinically challenging therapeutic targets with limited success in clinical
trials to date. While preclinical studies indicate that modifying macrophage activation states may
enhance responses to [CIs, clinical translation has been inconsistent, highlighting unresolved challenges
in targeting TAM plasticity (14, 15). Other important immunosuppressive groups include regulatory T
cells (Tregs) and myeloid-derived suppressor cells (MDSCs), which produce various cytokines and
inhibitory mediators, forming complex immunoregulatory networks that limit effector T-cell infiltration
and activity, thereby contributing to immune resistance (16, 17).

Cytotoxic CD8" T cells are key effectors of antitumor immunity, and their infiltration levels and
functional state are associated with, but do not reliably predict, responses to immunotherapy. Persistent
antigen stimulation and ongoing exposure to immunosuppressive signals within the TIME lead to T-
cell exhaustion, characterized by loss of effector functions and increased expression of inhibitory
checkpoint molecules, a key mechanism of immune resistance. Experimental studies indicate that
metabolic reprogramming of CD8* T cells, blocking exhaustion-related pathways, or combined
targeting of checkpoint and metabolic signaling pathways can restore T-cell activity in preclinical
models, with uncertain translation into durable clinical benefit (18—20). Notably, most of these findings
are derived from controlled experimental systems, and their durability and safety in clinical settings
remain uncertain.

Interferon-y (IFN-y) is a pleiotropic cytokine with context-dependent roles in antitumor immunity and
immunosuppression. It enhances the cytotoxic activity of CD8* T cells and natural killer (NK) cells,
promotes antigen presentation, and stimulates the secretion of chemokines that help recruit T cells.
However, chronic IFN-y signaling can increase PD-L1 expression on tumor cells and lead to the
production of immunosuppressive mediators, such as indoleamine 2,3-dioxygenase (IDO), which
contribute to T-cell exhaustion and immune evasion. This dual nature of IFN-y highlights the
complexity of cytokine networks within the TIME and emphasizes the importance of careful therapeutic
modulation. Importantly, the context-dependent effects of IFN-y signaling are not uniformly observed
across tumor types, underscoring the need for tumor-specific therapeutic strategies. Notably, IFN-y-
driven immune activation and immune suppression may coexist within the same tumor, complicating
therapeutic targeting strategies.

Dendritic cells (DCs) are essential mediators between innate and adaptive immunity by cross-presenting
antigens and activating T cells; their dysfunction has been identified as another major factor in tumor
immune escape (21). Similarly, CAFs and other stromal components shape the immunosuppressive
environment by creating physical barriers and secreting immunomodulatory factors that limit immune-
cell infiltration and impair effector functions. Transcriptomic analyses have identified associations
between CAF-related gene signatures and immune evasion; however, these correlations do not
consistently translate into robust predictive biomarkers across independent clinical cohorts, but these
findings are largely correlative and often fail to demonstrate causal relationships in vivo (22).

Furthermore, tumor metabolic reprogramming, hypoxia, and abnormal glycosylation have been
proposed to contribute to the immunosuppressive features of the TIME and decrease the effectiveness
of immunotherapy (23-25). Collectively, these observations support a multifactorial model of immune
resistance; however, the relative contribution of each pathway remains incompletely defined.
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2.2 Cellular and Stromal Composition of the TIME

Building on this framework, it is important to examine the cellular and stromal components that make
up the TIME. These elements form the immediate environment in which immune responses are either
supported or actively restrained, ultimately influencing therapeutic outcomes.

2.2.1 Immunosuppressive Cells in the TIME

TIME contains a diverse range of immunosuppressive cell populations that work together through
various mechanisms to create an immunosuppressive environment, thus aiding tumor immune evasion
and progression. Among these, Tregs, M2-polarized tumor-associated macrophages (M2-TAMs), and
MDSC:s are the main cellular groups that contribute to immune resistance.

Regulatory T cells (Tregs)

Tregs are a critical immunosuppressive subset that helps maintain immune self-tolerance and regulate
immune homeostasis. In the tumor microenvironment, Tregs suppress antitumor immune responses
primarily by secreting inhibitory cytokines such as interleukin-10 (IL-10) and transforming growth
factor-p (TGF-B). IL-10 reduces the production of pro-inflammatory cytokines and diminishes the
cytotoxic activity of effector T cells and NK cells, while TGF-f suppresses cell proliferation and
promotes immune tolerance, aiding tumor immune escape. Additionally, low-dose recombinant IL-2
has been shown to encourage Treg expansion and survival, further boosting their immunosuppressive
function and offering a potential therapy for autoimmune diseases and tumor immune tolerance (26,
27). Importantly, in tumor tissues, Tregs not only increase in number but also undergo functional and
phenotypic reprogramming, thereby strengthening immune evasion and contributing to treatment
resistance.

M2-polarized tumor-associated macrophages (M2-TAMs)

TAMs are among the most abundant immune cells in the TIME and demonstrate significant phenotypic
and functional diversity. The M2 phenotype, which is predominant in most tumors, has protumor and
immunosuppressive effects. M2-TAMs promote tumor growth, angiogenesis, and metastasis by
secreting various immunosuppressive mediators, including 1L-10, TGF-B, and vascular endothelial
growth factor (VEGF). Additionally, they inhibit effector T-cell activity and recruit Tregs,
strengthening the immunosuppressive environment (28, 29). The interaction between M2-TAMs and
NK cells also plays a crucial role in controlling antitumor immunity by affecting NK-cell cytotoxicity
(30). The polarization and functions of M2-TAMs are heavily influenced by the tumor’s metabolic
environment; tumor-produced metabolites can direct macrophage polarization toward the M2
phenotype, thereby further facilitating immune escape (31).

Myeloid-derived suppressor cells (MDSCs)

MDSC:s are a heterogeneous population of immature myeloid cells originating from the bone marrow.
They accumulate in the TIME and are closely linked to tumor-induced immune tolerance. These cells
suppress effector T-cell responses through various mechanisms, including the production of reactive
oxygen species (ROS), induction of inducible nitric oxide synthase (iNOS), expression of PD-L1, and
secretion of inhibitory cytokines. MDSCs not only directly inhibit T-cell proliferation and cytotoxicity
but also promote Treg expansion and sustain their suppressive activity through metabolic
reprogramming (32—34). They are mainly classified into two subsets: monocytic MDSCs (M-MDSCs)
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and polymorphonuclear MDSCs (PMN-MDSCs). Although both subsets share immunosuppressive
functions, PMN-MDSCs are more common across most tumor types and primarily exert their effects
through ROS production, whereas M-MDSCs rely more on iNOS and arginase-1. Targeting MDSCs
represents a promising therapeutic strategy; however, clinical efficacy has thus far been limited,
reflecting the complexity and redundancy of myeloid suppressive networks.

Recent findings show that the deubiquitinase USP12 enhances the immunosuppressive function of
monocytic MDSCs (M-MDSCs) by stabilizing the NF-kB signaling molecule p65, identifying USP12
as a potential therapeutic target (33). In mouse models, the depletion of polymorphonuclear MDSCs
(PMN-MDSC:s) significantly restores CD8* T-cell function and boosts antitumor immunity, suggesting
that targeting MDSCs could improve the effectiveness of immune checkpoint blockade (35).
Additionally, metabolic reprogramming, including changes in glucose, lipid, and amino acid
metabolism, is a key mechanism underlying MDSC immunosuppressive function (34, 36), offering a
potential point of therapeutic intervention; however, the redundancy of these pathways may limit the
efficacy of single-target approaches. These interactions are summarized in Figure 2. Figure 2 highlights
that immunosuppression within the TIME arises from interdependent cellular and metabolic circuits
rather than isolated pathways. This interconnectedness may underlie the limited success of therapies
targeting single immune populations in clinical settings.
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Figure 2. Immunosuppressive crosstalk and metabolic rewiring in the tumor immune microenvironment.
Immunosuppressive networks within the tumor immune microenvironment (TIME) are sustained through coordinated
interactions between regulatory immune cells and tumor-driven metabolic reprogramming. Regulatory T cells (Tregs) and
M2-polarized tumor-associated macrophages (M2-TAMs) secrete interleukin-10 (IL-10) and transforming growth factor-f
(TGF-p), suppressing CDS" T-cell and natural killer (NK) cell activity and promoting expansion of myeloid-derived suppressor
cells (MDSCs). MDSCs further reinforce immune suppression, including reactive oxygen species (ROS)-mediated inhibition
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of CD8* T-cell proliferation. In parallel, tumor metabolic rewiring, characterized by increased glucose consumption and
lactate production, generates an acidic microenvironment that constrains effector immune cell function. Arrows indicate
activation; blunt-ended lines indicate inhibition. Abbreviations: MDSC, myeloid-derived suppressor cell; NK, natural killer
cell; ROS, reactive oxygen species; TAM, tumor-associated macrophage;, TIME, tumor immune microenvironment; Treg,
regulatory T cell. Created with BioRender.com.

2.2.2 Non-Immune Stromal Components

Within TIME, non-immune stromal components, mainly CAFs and the extracellular matrix (ECM),
play crucial roles in regulating immune cell infiltration, function, and overall tumor behavior. These
elements not only provide structural support but also actively influence the immunological and
biochemical environment that affects therapeutic response.

CAFs are the most common non-immune cells in the tumor stroma and show significant heterogeneity
and plasticity. They modify the tumor microenvironment by releasing cytokines, chemokines, and
enzymes, as well as by remodeling the ECM, thereby affecting immune cell recruitment and activity.
For example, CAF-derived CXCL12 binds to CXCR4, creating an immune-exclusion barrier that
restricts effector T-cell infiltration and reduces the effectiveness of immune checkpoint inhibitors.
Additionally, CAFs produce immunosuppressive cytokines such as TGF-B, which promote the
recruitment and polarization of Tregs and M2-TAMs, thereby further helping the tumor evade immune
responses (36—38). In tumor types such as pancreatic ductal adenocarcinoma (PDAC) and triple-
negative breast cancer (TNBC), CAF-mediated modulation of the stromal composition and immune
environment has been shown to directly influence therapeutic resistance and clinical outcomes (38, 39).
Emerging therapeutic strategies, such as nanoparticle-based co-targeting of CAFs, have demonstrated
potential to remodel the tumor stroma, increase CD8" T-cell infiltration, and enhance the effectiveness
of immunotherapy. Additionally, CAFs communicate with tumor and immune cells via extracellular
vesicles and long noncoding RNAs (IncRNAs), thereby creating complex signaling networks that
further modulate immune regulation and tumor progression (40, 41). As a result, CAFs serve not only
as structural “scaffolds” within the tumor but also as vital regulators of immune dynamics, making them
important targets in modern cancer immunotherapy research.

The ECM is the main non-cellular component of the tumor stroma, creating a physical and biochemical
barrier that prevents immune cells from entering the tumor core. Made mostly of collagen, fibronectin,
and proteoglycans, the ECM’s density and makeup significantly influence tumor mechanics and the
paths immune cells take (42, 43). In cancers like pancreatic carcinoma, a thick ECM limits blood vessel
growth and immune cell infiltration, resulting in an immunologically “cold” tumor microenvironment
that responds poorly to immunotherapy (39, 44). Some ECM components, including fibronectin and
collagen, can bind immunosuppressive cytokines, thereby amplifying inhibitory signals and
exacerbating immune dysfunction (42, 45). Recent spatial omics studies have shown that ECM changes
at the tumor-stroma boundary are closely linked to the efficacy of immune checkpoint blockade.
Changing the spatial arrangement and mechanical qualities of the ECM could thus reprogram the
immune environment and improve the effectiveness of immunotherapy (46).

Collectively, non-immune stromal components exert multilayered, multifactorial effects on the TIME.
CAFs actively shape an immunosuppressive niche through cytokine release, ECM remodeling, and
communication with tumor and immune cells, while the ECM functions both as a physical barrier and
as an enhancer of immunosuppression through molecular interactions with regulatory cytokines.
Therefore, targeting CAFs and ECM remodeling, especially when combined with immunotherapy,
shows promise for overcoming tumor immune resistance and improving clinical outcomes (46). Future
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research clarifying the heterogeneity and molecular mechanisms of these non-immune stromal
components across tumor types will be crucial for designing precise strategies to reprogram the TIME.
These stromal mechanisms converge to create both physical and biochemical barriers to immune
infiltration, as illustrated in Figure 3.
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Figure 3. Stromal-driven immune exclusion in the tumor microenvironment. Non-immune stromal components establish
a barrier to antitumor immunity through coordinated signaling and structural remodeling. Cancer-associated fibroblasts
(CAFs) secrete CXCL12, generating chemokine gradients that restrict T-cell infiltration and promote immune exclusion. CAF-
derived transforming growth factor-f (TGF-f) further reinforces this suppressive niche by driving M2-polarized tumor-
associated macrophage (M2-TAM) differentiation and regulatory T cell (Treg) expansion. Extracellular matrix (ECM)
deposition, composed primarily of collagen and fibronectin, forms a dense physical barrier that limits immune cell access to
tumor cells. Arrows indicate secretion or differentiation; blunt-ended lines indicate inhibition or exclusion. Abbreviations:
CAF, cancer-associated fibroblast; ECM, extracellular matrix; M2-TAM, M2-polarized tumor-associated macrophage; Treg,
regulatory T cell. Created with BioRender.com.

2.2.3 Cytokine and Chemokine Networks

Cytokines and chemokines create a complex regulatory signaling network within TIME, significantly
influencing its immune activity and thereby affecting tumor growth, metastasis, and immune evasion.
Based on recent research, this section emphasizes the roles and mechanisms of IL-10, TGF-f, CXCL12,
and the overall cytokine-chemokine network in shaping the TIME and regulating immune responses.
IL-10 and TGF- are major immunosuppressive mediators within the TIME, as described above. Their
elevated expression is associated with tumor progression and sustained immune evasion; for example,
persistent signaling in cervical cancer reinforces an immunosuppressive microenvironment (47). TGF-
B pathway activation is further linked to CAF-associated stromal remodeling, supporting tumor survival
and spread (47). Collectively, these cytokines coordinate immune suppression by limiting effector cell
function and promoting suppressive cellular and stromal programs.

The CXCL12-CXCR4 signaling axis regulates immune cell trafficking and tumor cell migration within
the TIME, contributing to invasion, metastasis, and immune exclusion (48, 49). CXCL12 produced by
tumor and stromal cells establishes chemotactic gradients that recruit immunosuppressive populations,
including MDSCs and regulatory T cells, thereby shaping an immune-evasive microenvironment (48).
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Elevated CXCL12 expression is associated with reduced lymphocyte infiltration and increased immune
resistance, while therapeutic blockade of this pathway can enhance antitumor immune responses (48,
49). The dynamic balance of cytokine and chemokine networks determines immune activity in the
TIME. Cytokine and chemokine networks collectively regulate immune activity within the TIME by
balancing pro- and anti-inflammatory signals (50, 51). Proinflammatory cytokines, including IFN-y,
IL-12, and IL-15, promote cytotoxic T-cell and NK-cell function, whereas immunosuppressive
cytokines, such as IL-10 and TGF-f, reinforce immune evasion (52—54). Chemokine signaling further
shapes immune cell recruitment and spatial organization, with the CXCL9/10/11-CXCR3 axis
supporting effector T-cell trafficking and CCL2 and CCL5 promoting infiltration of suppressive
immune populations (55-57). These signaling networks are dynamically regulated through tumor-
derived feedback mechanisms, and their disruption can shift the TIME toward immune-cold or immune-
excluded states, reducing immunotherapy efficacy (58-61).

2.3 T-Cell Infiltration and Exhaustion in the TIME

One of the most direct consequences of this immunosuppressive environment is its impact on effector
T cells. The extent to which T cells can enter the tumor and retain their function is a critical determinant
of response, making T-cell infiltration and exhaustion key features of TIME-driven resistance.

2.3.1 T-Cell Infiltration and Clinical Prognosis

CD8* T cells, the primary effector immune cells within TIME, show infiltration levels closely linked to
patient survival and response to therapy. Numerous clinical studies suggest that high CD8" T-cell
infiltration generally predicts better prognosis and increased immunotherapy success. For example, in
patients with HNSCC, dense infiltration of CD8" T cells in the tumor stroma is strongly associated with
improved survival, and the presence of CD8" T cells has been reported as an independent prognostic
factor in some cohorts (62). Nevertheless, this relationship is not universal, and exceptions across tumor
types highlight the limitations of CD8* T-cell density as a standalone biomarker. In NSCLC, while total
tumor-infiltrating lymphocyte (TIL) numbers alone do not correlate significantly with survival, high-
dimensional flow cytometry analyses reveal distinct immune subtypes. Among these, subtypes enriched
in highly functional CD8" T cells are associated with prolonged recurrence-free survival (63). Similarly,
in colorectal cancer (CRC), cytotoxic CD8" T-cell infiltration positively correlates with favorable
survival outcomes (64). Conversely, insufficient or dysfunctional T-cell infiltration promotes tumor
immune escape and therapeutic failure. For example, in osteosarcoma, high BMPR2 expression is
associated with reduced CD8* T-cell infiltration and a poor prognosis, highlighting a strong association
between low CD8* T-cell infiltration and malignant progression (65). In NSCLC, although CD36°CD8*
T-cell infiltration can be high, these cells often show signs of functional exhaustion, including decreased
cytotoxic molecules and increased inhibitory receptors such as PD-1 and TIGIT, which are associated
with poor prognosis and inadequate chemotherapy response (66). Immunosuppressive cells within the
TIME, including Tregs, further suppress CD8* T-cell antitumor activity, aiding immune escape (67).
The heterogeneity of CD8* T-cell infiltration across different tumor types and molecular subtypes
highlights the complexity of the TIME. For example, in medulloblastoma, patients with the WNT
subtype, which is characterized by high CD8" T-cell infiltration, tend to have a better prognosis. CD8*
T-cell chemotaxis in this context may be driven by the CXCL11-CXCR3 axis. In hepatocellular
carcinoma (HCC), higher LPARG6 expression is associated with increased CD8" T-cell activation and
infiltration, suggesting a potential role in boosting antitumor immunity and reducing T-cell exhaustion,
ultimately leading to improved patient outcomes (68). Spatial distribution of immune cells also impacts
prognosis. In CRC, intratumoral CD8" T-cell density is the most significant independent prognostic
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factor, whereas macrophage and Treg levels indirectly influence prognosis by modulating CD8* T-cell
antitumor activity (69). Additionally, the expression of immune checkpoint molecules, such as PD-L1,
is associated with CD8" T-cell infiltration levels, suggesting that immune escape mechanisms may
operate by modulating effector T-cell activity (70, 71).

In summary, high CD8" T-cell infiltration is often associated with improved outcomes, whereas
inadequate or dysfunctional infiltration leads to immune escape and treatment failure. The intricate
interactions among immune cells within the TIME influence T-cell function and clinical outcomes.
Future immunotherapy approaches should thoroughly evaluate the quantity, functional status, and
spatial arrangement of T cells to improve treatment success.

2.3.2 Mechanisms of T-Cell Exhaustion and Checkpoint Expression

T-cell exhaustion is a dysfunctional state commonly seen in chronic infections and the tumor
microenvironment, marked by a gradual loss of effector function due to ongoing antigen stimulation.
Exhausted T cells display a series of distinctive molecular markers, especially the high expression of
immune checkpoint molecules, which not only indicate the functional status of T cells but also serve as
key targets for immunotherapy.

Programmed cell death protein 1 (PD-1) is the most extensively studied immune checkpoint molecule
and is highly expressed on exhausted T cells, serving as a key marker of their impaired function.
Increased PD-1 expression is commonly associated with T-cell dysfunction; however, its predictive
value for therapeutic response varies with tumor context and the co-expression of additional inhibitory
receptors (72, 73). Additionally, T-cell immunoglobulin and mucin domain-containing protein 3 (TIM-
3), another inhibitory receptor often co-expressed with PD-1, indicates a more advanced stage of
exhaustion. High TIM-3 expression is associated with significantly reduced T-cell effector activity and
signals terminal exhaustion in various tumors and chronic infections (74). Beyond PD-1 and TIM-3,
other immune checkpoint molecules, including LAG-3, TIGIT, and CTLA-4, are upregulated in
exhausted T cells, contributing to an interconnected inhibitory signaling network that collectively
regulates T-cell function. For example, LAG-3 and TIGIT levels positively correlate with the extent of
CDS8* T-cell exhaustion, and these molecules are expressed across various tumor microenvironments,
suggesting a widely conserved role in exhaustion mechanisms (72, 75). The co-expression of these
checkpoints reflects both the diversity of exhausted T cells and the complexity of their molecular
regulation. Functionally, exhausted T cells show not only reduced proliferation but also impaired
effector activity, including lower secretion of cytotoxic molecules (perforin, granzymes) and key
cytokines (IFN-y, TNF-a) (73, 76). Their metabolic state is also altered, with defects in energy
metabolism that further limit antitumor capacity (77). Additionally, the transcriptional regulation of
exhausted T cells has become increasingly understood, with key transcription factors such as TOX and
Eomesodermin (EOMES) involved in establishing and maintaining the exhaustion phenotype. Notably,
high TOX expression is strongly linked to terminally exhausted T cells (78, 79).

In summary, the molecular markers of T-cell exhaustion mainly include the increased expression of
immune checkpoint molecules such as PD-1, TIM-3, LAG-3, and TIGIT. These markers not only
signify the exhausted state but also serve as targets for immunotherapy. Exhausted T cells show reduced
proliferative capacity and impaired effector functions, with underlying mechanisms involving immune
checkpoint signaling, metabolic reprogramming, and transcription factor regulation. A deeper
understanding of these molecular markers and their roles will help develop more effective
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immunomodulatory strategies to improve clinical outcomes in patients with tumors and chronic
infections.

2.3.3 CAF-mediated suppression of T-cell infiltration and function

CAFs can inhibit T-cell-mediated antitumor activity through coordinated immunosuppressive signaling
and ECM remodeling, thereby promoting tumor immune escape. By releasing immunoregulatory
factors and restructuring the tumor stroma, CAFs limit effector T-cell infiltration and reduce immune
surveillance. CAF-derived cytokines and chemokines suppress CD4* and CD8" T-cell function and
promote recruitment of immunosuppressive cell populations (80, 81). These effects are mediated by
activation of signaling pathways such as STAT3 and NF-xB, and by the induction of
immunosuppressive molecules, including PD-L1 and IDO, which impair T-cell proliferation and
activation (82, 83). Additional CAF-associated signaling mechanisms further disrupt dendritic cell
function and T-cell activity, reinforcing immunosuppressive conditions within the TIME (84, 85). CAF-
mediated ECM remodeling contributes to immune exclusion by limiting T-cell infiltration and
promoting tumor immune escape (86—88). This process is reinforced by CAF-driven signaling
interactions that further sustain immunosuppressive conditions within the TIME (89). Experimental
evidence indicates that disrupting CAF activity or ECM integrity can enhance T-cell infiltration and
restore antitumor immunity (86, 90, 91).

Collectively, CAFs promote tumor immune escape through integrated cytokine signaling and ECM
remodeling, providing a strong rationale for CAF-targeted strategies to restore immune infiltration and
improve immunotherapy efficacy. Tumor-intrinsic immune evasion mechanisms, including impaired
antigen presentation and checkpoint ligand expression, are conceptually summarized in Figure 4 and
interact with microenvironmental factors to shape immune resistance.
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Figure 4. Tumor cell-intrinsic mechanisms of immune evasion. Tumor cells evade immune surveillance through intrinsic
mechanisms that impair T-cell recognition and function. Programmed death-ligand 1 (PD-L1) expression engages
programmed cell death protein 1 (PD-1) on T cells, suppressing effector activity. Downregulation of major histocompatibility
complex (MHC) class I reduces antigen presentation and limits immune recognition. Oncogenic signaling pathways, including
phosphoinositide 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK), promote tumor survival while driving
production of immunosuppressive mediators. These mechanisms collectively establish a tumor-intrinsic immune-evasive state
that limits cytotoxic T-cell activity and contributes to resistance to immunotherapy. Blunt-ended lines indicate inhibition.
Abbreviations: MAPK, mitogen-activated protein kinase; MHC, major histocompatibility complex; PD-1, programmed cell
death protein 1; PD-LI1, programmed death-ligand 1; PI3K, phosphoinositide 3-kinase. Created with BioRender.com.

However, these intrinsic mechanisms rarely act in isolation and are often modulated by the surrounding
microenvironment, limiting the predictive value of tumor-intrinsic features alone.

2.4 Monocyte-macrophage axis in the TIME

T-cell dysfunction does not occur in isolation but is shaped by surrounding immune populations. In
particular, the monocyte-macrophage axis plays a central role in establishing and maintaining the
suppressive conditions that limit effective T-cell responses.

2.4.1 Chemokine-driven monocyte recruitment in the tumor microenvironment

Chemokines are crucial for recruiting monocytes within TIME, with CCL2 and VEGF being two key
chemotactic factors. CCL2, also known as monocyte chemoattractant protein-1 (MCP-1), binds to its
receptor, CCR2, to facilitate monocyte movement from the bone marrow into the bloodstream and guide
their migration toward tumor sites. Studies have shown that tumor cells and tumor-associated stromal
cells secrete CCL2, creating a concentration gradient that draws monocytes to the tumor
microenvironment, thereby aiding TAM formation and tumor progression (92, 93). Similarly, vascular
endothelial growth factor (VEGF), a major angiogenic factor, has chemotactic activity for monocytes,
encouraging their migration toward sites of new blood vessel formation in tumors and providing both
immune support and vascular nourishment (94). CCL2 is highly expressed in multiple tumor types, and
its expression level closely correlates with tumor invasiveness and patient prognosis. Through the CCR2
axis, CCL2 not only recruits monocytes but also activates them to release pro-inflammatory cytokines,
creating a positive feedback loop that further enhances inflammatory and immunoregulatory networks
(95). Other chemokine receptors, including CCR1, also contribute to monocyte recruitment, with CCR1
and CCR?2 playing distinct roles in guiding monocytes to metastatic sites, underscoring the complexity
of the chemokine network within the tumor microenvironment (96). For example, CCL16 mediates
chemotaxis of monocytes and M2-polarized macrophages via CCR1 and CCRS, thereby promoting the
progression of hepatocellular carcinoma (93).

Monocyte recruitment is regulated not only by chemokine expression but also by intercellular
interactions, activation of signaling pathways such as NF-kB, and other molecules present in the tumor
microenvironment. For example, osteopontin (OPN) promotes cholangiocytes to release CCL2, CCLS5,
and CXCL1, thereby promoting hepatic fibrosis and the accumulation of inflammatory monocytes (94).
Furthermore, monocyte chemotaxis can be affected by viral infections and immunotherapy; for instance,
antiviral monoclonal antibody treatment can trigger monocyte recruitment through FcyR-mediated
mechanisms (97). Within the tumor microenvironment, recruited monocytes further differentiate into
M2-polarized macrophages, a process regulated by chemokines and tumor-derived cytokines, including
IL-6 and IL-10. M2 macrophages display immunosuppressive and tumor-promoting phenotypes, and
their accumulation is a key mechanism of tumor immune escape (98). The differentiation of monocytes
into M2 macrophages is mediated not only by cytokine signaling but also by tumor-derived exosomes
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and metabolites (99, 100). These M2 macrophages then release additional chemokines and
immunosuppressive factors, further sustaining and amplifying the immunosuppressive state of the
TIME (101).

In summary, chemokines such as CCL2 and VEGF coordinate monocyte recruitment and functional
regulation through multiple receptor-mediated pathways, promoting their migration into the tumor
microenvironment and M2 polarization, thereby creating a pro-tumorigenic immune landscape. These
findings provide a theoretical basis for targeting chemokine axes to block monocyte recruitment and
macrophage polarization. Therapeutic approaches, including CCR2 or CCL2 neutralization, have been
shown to slow tumor growth and improve treatment outcomes (93, 95, 102). Future research should
further explore the interactions among chemokines and their receptors, as well as the specific
mechanisms behind tumor immune resistance, to develop more precise immunoregulatory therapies.

2.4.2 JAK/STAT, PI3K/Akt and NF-kB pathways driving M2 macrophage polarization

Within TIME, M2 macrophage polarization is a crucial process that promotes tumor growth, immune
evasion, and therapeutic resistance. The regulation of M2 polarization involves multiple signaling
pathways, with the JAK/STAT, PI3K/Akt, and NF-xB pathways being among the most significant. This
section focuses on the mechanisms and regulatory features of these pathways in M2 macrophage
polarization.

JAK/STAT Signaling Pathway

The JAK/STAT pathway is a key regulator of M2 polarization, with the activation of STAT3 and
STATG6 widely recognized as hallmark signaling events in M2 macrophages. Tumor-derived cytokines,
including IL-4, IL-10, and TGF-f, induce M2 polarization by activating the JAK/STAT pathway. For
example, in breast cancer, the YAP/STAT3 signaling axis promotes tumor-associated macrophage
(TAM) M2 polarization, suppresses CD8+ T cell activity, and facilitates tumor progression (103). In
pancreatic cancer, sphingomyelin synthase 2 enhances M2 polarization by modulating the CSF1R-
STATS3 pathway (104). Additionally, tumor-secreted CXCL1 activates the Cxcr2-JAK-STAT3 pathway
in macrophages, inducing M2 polarization and establishing an immunosuppressive microenvironment
(105). Therapeutically, targeting STAT6 with antisense oligonucleotides combined with radiotherapy
in solid tumors such as lung cancer significantly suppresses M2 polarization and enhances antitumor
immunity (106). Recent studies also indicate that miR-373 inhibits TAM M2 polarization in CRC by
modulating the JAK2/STAT6 pathway, thereby suppressing tumor growth and metastasis (107). Overall,
the JAK/STAT pathway is a major driver of cytokine-driven M2 polarization and a critical target in
tumor immunotherapy.

PI3K/Akt Signaling Pathway

The PI3K/Akt pathway controls macrophage metabolic reprogramming and survival, acting as a crucial
regulator of M2 functional polarization. Various signals in the tumor microenvironment activate
PI3K/Akt to promote M2 differentiation in macrophages. For example, TAM M2 polarization in
pancreatic cancer is closely linked to PI3K/Akt signaling (108). In chronic hepatitis B-related
hepatocellular carcinoma, SIRT1 inhibitors delivered via nanoparticles partially suppress M2
polarization through the PI3K/Akt pathway (109). Tumor-secreted lactate also influences PI3K/Akt
signaling through mitochondrial metabolism to encourage M2 polarization (110). In lung cancer therapy,
dipeptidyl peptidase 4 inhibitors enhance immune responses, partly by inhibiting the PI3K/Akt pathway
and preventing M2 polarization (111). Therefore, activation of the PI3K/Akt pathway supports
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immunosuppressive M2 macrophage polarization, contributing to immune evasion mediated by the
tumor microenvironment, and interacts with multiple metabolic pathways to sustain M2 survival and
function, establishing it as a key regulatory center in tumor-associated M2 polarization.

NF-xB Signaling Pathway

As a key pathway in inflammation, NF-xB plays complex roles in macrophage polarization. While
traditional views link NF-«xB activation to M1 polarization, it also promotes M2 polarization within the
tumor microenvironment. Inhibiting autophagy in TAMs increases ubiquitination-mediated degradation
of TAB3, reducing NF-kB activity and encouraging M2 polarization (112). In bladder cancer,
Pedunculoside blocks M2 polarization and reduces malignant tumor traits by targeting the TRAF6/NF-
kB pathway (113). Some tumor-secreted factors or pathogens can also affect NF-kB signaling to control
macrophage polarization; for example, Treponema pallidum TpF1 encourages M2 polarization through
METTL14-mediated NF-kB activation (114). NF-xB regulation interacts with JAK/STAT and
PI3K/Akt pathways, creating a complex network that influences macrophage polarization and function.
Targeting NF-xB and its downstream partners offers significant potential in tumor immunotherapy
(115). However, systemic inhibition of these pathways raises concerns regarding toxicity and off-target
immune effects, limiting clinical applicability.

In summary, the JAK/STAT, PI3K/Akt, and NF-kB pathways are vital in controlling TAM M2
polarization. The JAK/STAT pathway drives cytokine-induced expression of M2 phenotype genes; the
PI3K/Akt pathway promotes M2 functions by regulating macrophage metabolism and survival; and
NF-«xB acts as an inflammatory and immunoregulatory center that affects polarization under various
conditions. These signaling pathways form a partially redundant regulatory network governing M2
polarization, as summarized in Figure 5, which may explain the limited efficacy of targeting individual
pathways.
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Figure 5. Signaling networks driving M2 macrophage polarization and immunosuppressive function. Tumor-derived
cytokines, including interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth factor-f (TGF-p), activate
interconnected signaling pathways that promote M2 macrophage polarization. The Janus kinase/signal transducer and
activator of transcription (JAK/STAT) and phosphoinositide 3-kinase (PI3K)/Akt pathways regulate macrophage
differentiation and survival and interact with nuclear factor-xB (NF-kB) signaling. Activated NF-xB translocates to the
nucleus and drives transcriptional programs associated with the M2 phenotype. These pathways collectively sustain
macrophage-mediated immunosuppression within the tumor microenvironment and contribute to resistance to immunotherapy.
Arrows indicate activation or transcriptional regulation. Abbreviations: JAK, Janus kinase; NF-xB, nuclear factor-xB; PI3K,
phosphoinositide 3-kinase; STAT, signal transducer and activator of transcription. Created with BioRender.com.

Figure 5 also illustrates the convergence of inflammatory and immunosuppressive signaling,
underscoring the challenge of selectively modulating macrophage polarization without disrupting
broader immune homeostasis.

2.4.3 Pro-tumor and immunosuppressive functions of M2 tumor-associated macrophages

TAMs, especially the M2 subtype, have well-described dual biological roles: they mediate
immunosuppression while also encouraging tumor angiogenesis, supporting tumor growth and
metastasis. These functions make M2-TAMs key regulators within the TIME and major contributors to
tumor immune resistance.

First, M2-TAMs suppress the antitumor activity of effector immune cells by secreting
immunosuppressive cytokines, including IL-10 and TGF-B. IL-10 and TGF-B inhibit cytotoxic T
lymphocytes (CTLs) and NK cells while promoting Treg growth, thereby collectively reducing
antitumor immune responses and creating an immunosuppressive microenvironment (116, 117).
Additionally, M2-TAMs express immune checkpoint molecules, including PD-L1 and arginase-1,
which further block the recognition and destruction of tumor cells by the immune system (116, 118).
These mechanisms work together to enable tumor immune escape and resistance to immunotherapy,
posing a major challenge in current cancer treatment (119, 120).

Second, M2-TAMs actively promote tumor angiogenesis by secreting vascular endothelial growth
factor (VEGF), matrix metalloproteinases (MMPs), and other pro-angiogenic factors, thereby
supporting rapid tumor growth by providing oxygen and nutrients and creating routes for tumor cell
dissemination. This pro-angiogenic activity facilitates both local tumor expansion and distal metastasis,
negatively impacting patient prognosis (121, 122). Moreover, M2-TAMs contribute to tumor matrix
remodeling and enhance epithelial-mesenchymal transition (EMT), further increasing tumor cell
migration and invasiveness (123, 124).

Collectively, the dual biological functions of M2-TAMs position them as key contributors in the TIME,
both blocking antitumor immunity and promoting tumor progression through angiogenesis and matrix
remodeling. Recently, various therapeutic strategies targeting M2-TAMs have been developed,
including nanomaterial-mediated reprogramming of M2-TAMs to M1 macrophages, inhibition of M2-
polarizing signaling pathways, and blockade of pro-angiogenic factor secretion, all aimed at remodeling
the TIME and improving the effectiveness of immunotherapy (125-127). For example, blocking the
CSF-1R signaling pathway to decrease M2-TAM numbers or delivering drugs via targeted nanocarriers
to reprogram M2-TAMs has shown promise in boosting antitumor immune responses. Furthermore,
M2-TAMs secrete exosomes containing non-coding RNAs and other molecules that influence tumor
cell stemness and immune evasion, worsening malignant progression (128, 129). A deeper
understanding of the immunosuppressive mechanisms and pro-angiogenic pathways of M2-TAMs will
help identify new therapeutic targets and advance tumor immunotherapy in the clinic. Future research
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should explore the link between M2-TAM metabolic reprogramming and functional polarization,
combining nanotechnology and molecular-targeted strategies to precisely control M2-TAMs, overcome
immune resistance, and sustain tumor suppression (130, 131).

2.5 TIME heterogeneity and immune checkpoint resistance

These interconnected stromal and immune interactions are not uniform across tumors. Instead, they
vary widely between patients and tumor types, providing a biological basis for the marked heterogeneity
observed in immunotherapy response and resistance.

2.5.1 Tumor immune microenvironment heterogeneity and therapy response

Heterogeneity of TIME is a key factor affecting the effectiveness of immunotherapy. There is
significant variation in TIME composition across different tumor types and patients, which directly
impacts treatment responses. Despite this recognition, current clinical strategies remain ill-equipped to
stratify patients by TIME composition, limiting the translation of these insights into precision therapy.

The biological features of the tumor type influence the composition and proportion of infiltrating
immune cells. For instance, in breast cancer, especially HER2-positive and basal-like subtypes, higher
levels of tumor-infiltrating lymphocytes (TILs) are usually seen, which are associated with a better
prognosis and treatment response (132, 133). However, breast cancer is generally considered an
“immune-cold” tumor, with low T cell infiltration and tumor mutation burden, which limits the
effectiveness of immunotherapy (133). In contrast, tumors such as melanoma and NSCLC typically
exhibit greater immune infiltration and higher response rates to immunotherapy (134, 135).
Additionally, the proportion and functional state of immunosuppressive cells within the TIME are
crucial factors. Immunosuppressive populations, including Tregs, MDSCs, and TAMs, foster an
immune-evasive microenvironment by secreting inhibitory factors and altering immune cell function,
thereby decreasing the effectiveness of immunotherapy (136, 137). For example, the heterogeneity of
TAMs and their dynamic changes across various tumor microenvironments have been shown to
significantly affect tumor progression and immunotherapy resistance (137). In gliomas, the infiltration
of immunosuppressive cells correlates with poor immunotherapy outcomes (138, 139). Tumor stromal
components, such as CAFs and collagen, further worsen immunosuppression by forming physical
barriers and modulating immune cell activity, which limits effector T cell infiltration and function (140).

Spatial and temporal heterogeneity of the TIME also influences treatment responses. Single-cell RNA
sequencing and spatial transcriptomics uncover significant regional differences in immune cell
composition and function, with region-specific interactions among immune, tumor, and stromal cells
(141, 142). This spatial heterogeneity leads to uneven immunotherapy effectiveness across tumor
regions, with some regions being immune “hot” zones and others immune “cold,” thereby affecting
overall treatment outcomes (143, 144). Additionally, dynamic changes in TIME, such as redistribution
of immune cells and changes in functional states before and after treatment, determine the success or
failure of immunotherapy (145, 146). Patient-specific factors, including genetic background and tumor
cell genomic heterogeneity, also influence TIME composition and function, impacting immunotherapy
response. Certain genetic variants affect immune cell infiltration and activity, thereby regulating tumor
sensitivity to immunotherapy (136, 147). Differences in tumor driver mutations can lead to distinct
immune microenvironments that show either pro- or anti-tumor immune activity. For example, in lung
cancer, KRAS mutations are associated with an inflammatory immune response, whereas non-KRAS-
mutant models display distinct immune characteristics (135).
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In summary, TIME heterogeneity is a key factor influencing variability in tumor immunotherapy
responses. Differences in TIME composition among tumor types and patients, particularly the
proportions and functional states of immunosuppressive cells, affect immune cell infiltration and
effector functions, ultimately shaping therapeutic outcomes. Future strategies that utilize multimodal
approaches, including single-cell sequencing, spatial omics, and molecular imaging, to precisely
characterize TIME heterogeneity and guide personalized immunotherapy will be vital for enhancing
treatment effectiveness (148).

2.5.2 Tumor and immune-intrinsic mechanisms shaping resistance to immune checkpoint
inhibitors

Immune checkpoint inhibitors (ICIs) have significantly improved outcomes across multiple cancer
types; however, primary and acquired resistance remain major clinical challenges. These resistance
mechanisms arise from interconnected tumor-intrinsic and immune-intrinsic processes within the
TIME, which collectively constrain effective antitumor immunity.

A central immune-intrinsic driver of resistance is T-cell exhaustion, characterized by reduced effector
function, impaired proliferative capacity, and sustained expression of inhibitory receptors, including
PD-1, LAG-3, and TIM-3, ultimately limiting ICI efficacy (149, 150). This dysfunctional state is
reinforced by persistent immunosuppressive signaling within the TIME, including cytokine-mediated
effects such as IL-10 and TGF-pB, as well as increased expression of immune checkpoint ligands,
including PD-L 1, which together stabilize inhibitory signaling circuits and maintain T-cell dysfunction
(151, 152).

Beyond receptor-mediated inhibition, epigenetic regulation contributes to the persistence of exhausted
T-cell states and tumor-associated immune evasion. Epigenetic remodeling alters both tumor and
immune cell phenotypes and sustains exhaustion-associated transcriptional programs, thereby limiting
the reversibility of dysfunctional immune states even under checkpoint blockade (153, 154). Tumor-
intrinsic mechanisms further reinforce resistance by impairing immune recognition. Defects in antigen
presentation, including reduced expression of major histocompatibility complex class [ molecules and
disruptions in antigen-processing machinery such as B2-microglobulin, limit T-cell recognition and
diminish therapeutic efficacy (155, 156). In parallel, tumor and stromal compartments produce
immunosuppressive factors and metabolic signals that inhibit effector lymphocytes while promoting
the expansion of suppressive immune populations, thereby reinforcing a non-permissive immune
contexture (152, 157). Additional innate immune evasion pathways, including CD47- and CD24-
mediated “don’t eat me” signaling, further attenuate antitumor responses by impairing phagocytic
clearance (158). Importantly, tumor heterogeneity and oncogenic signaling pathways introduce an
additional layer of complexity. Alterations such as EGFR and KRAS mutations modulate tumor
immunogenicity, antigenicity, and immune cell infiltration, thereby shaping the overall responsiveness
to immunotherapy (159, 160). These tumor-intrinsic features operate in concert with the coordinated
activity of immunosuppressive cell populations within the TIME, which collectively sustain immune
resistance (161).

Taken together, resistance to ICIs reflects the convergence of stable tumor-intrinsic alterations and
reinforced immune dysfunction programs within the TIME. These mechanisms define the biological
constraints on therapeutic response and provide a mechanistic framework for understanding variability
in ICI efficacy across tumor types and patients (150, 152, 162). Importantly, most proposed resistance
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mechanisms are derived from static or retrospective analyses, limiting insight into their temporal
evolution during therapy.

2.5.3 Cytokine and chemokine networks driving immunotherapy resistance

Cytokine networks play a key role in TIME, especially in controlling immune resistance mechanisms.
Immunosuppressive cytokines such as IL-10 and TGF-p help tumors evade the immune system and
resist therapy through various signaling pathways. These cytokines inhibit antitumor immune
responses, reduce the cytotoxic activity of effector immune cells, and promote the recruitment and
activation of immunosuppressive cells, thereby creating an immunosuppressive microenvironment that
supports tumor survival. For example, in chronic cytokine dysregulation in cervical cancer, sustained
expression of IL-10 and TGF-p effectively suppresses antitumor immune responses, promoting immune
evasion and disease progression (47). Furthermore, IL-10 and TGF-f3 regulate downstream pathways,
including Smad and STAT3, modulating the function of TAMs and Tregs and further increasing
immune resistance (161). Excessive IL-10 secretion not only directly inhibits effector T cell function
but also encourages the expansion of immunosuppressive cells, creating a vicious cycle that strengthens
immune resistance (163).

Chemokines, as essential parts of the cytokine network, critically shape immune activity within the
tumor microenvironment by controlling immune cell infiltration and spatial distribution, ultimately
influencing treatment outcomes. Chemokines such as CCL1, CCL8, CXCR1, and CXCR2, along with
their receptors, are extensively involved in attracting and directing immune cells within the tumor
environment. For example, research on gastrointestinal helminth infections has shown that CXCR1 and
CXCR2 family members are key in guiding immune cell movement, offering insights into how
chemokines regulate immune cell infiltration in tumors (164). In HER2-positive breast cancer patients,
chemokine levels closely correlate with macrophage infiltration, and impaired macrophage chemotaxis
is a key factor contributing to trastuzumab resistance (165). Moreover, chemokines affect the
recruitment of TAMs and MDSCs, thereby creating an immunosuppressive microenvironment that
diminishes the effectiveness of therapies, including immune checkpoint inhibitors (166).

In summary, immunosuppressive cytokines such as IL-10 and TGF-f promote immune resistance
through multiple signaling pathways, creating an inhibitory microenvironment, while chemokines
regulate immune cell infiltration and function, thereby influencing tumor responses to immunotherapy
and chemotherapy. Targeting these cytokines and their signaling pathways has become a key strategy
for overcoming tumor immune resistance and improving therapeutic outcomes. Current research aims
to block immunosuppressive cytokine signaling and modify chemokine-driven immune cell infiltration
to reverse immune resistance and achieve more effective cancer immunotherapy. Collectively, Figures
1-5 illustrate that immunotherapy resistance arises from multilayered interactions among tumor-
intrinsic programs, immune cell dysfunction, stromal exclusion, and metabolic constraints. Additional
systemic regulators, including the gut microbiota, further modulate these processes through metabolic
and immunological pathways.

2.6 Precision strategies targeting the TIME

Recognizing that immunotherapy resistance arises from distinct and dynamically evolving TIME states
raises a central therapeutic challenge: how can these context-specific mechanisms be effectively
targeted? Addressing this requires strategies that are not only mechanistically grounded but also
adaptable to the dominant resistance programs within individual tumors. Rather than relying on uniform
intensification of treatment, emerging approaches emphasize rational combination therapies that
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simultaneously target tumor-intrinsic defects, stromal barriers, and immune dysfunction. In this context,
the microbiota-TIME axis introduces an additional systemic layer of regulation, suggesting that
interventions such as microbiome modulation or metabolite-directed therapies may complement tumor-
directed strategies. However, the clinical translation of these approaches remains limited, underscoring
the need for integrative frameworks that align mechanistic insight with patient-specific therapeutic
design.

2.6.1 Therapeutic targeting of immunosuppressive cell populations

A major challenge in current antitumor immunotherapy is the presence of immunosuppressive cells
within the TIME, including Tregs, MDSCs, and M2-TAMs. These cells suppress effector immune cell
activity through multiple mechanisms, promoting tumor immune evasion and resistance to
immunotherapy. Therefore, developing strategies to specifically target these immunosuppressive cells
remains an important goal for enhancing the effectiveness of cancer immunotherapy. Clinical strategies
aimed at Tregs focus on inhibiting their recruitment, proliferation, or function, or selectively depleting
them via surface markers. For instance, high expression of TUBA1C promotes infiltration of Tregs and
MDSCs into tumors, establishing an immunosuppressive microenvironment and conferring resistance
to immune checkpoint inhibitors (ICIs). Targeting TUBA1C and its downstream PI3K/AKT signaling
pathway has been reported to partially reverse this immunosuppressive state, improving responses to
immunotherapy (167). Additionally, the STAT3 signaling pathway is a key regulator of
immunosuppressive cell function; STAT3 activation enhances the immunosuppressive activity of
MDSCs and TAMs, whereas STAT3 inhibition reduces their suppressive effects and boosts antitumor
immunity (168, 169).

MDSCs, a diverse group of immunosuppressive cells, greatly inhibit T-cell activity and promote tumor
growth within the TIME. Tumor cells release cytokines and chemokines, such as IL-6, IL-10, and TGF-
B, to attract and activate MDSCs, thereby strengthening the immunosuppressive environment (170,
171). Therapeutic approaches targeting MDSCs include preventing their formation, recruitment, or
function, or encouraging their differentiation into mature immune cells that attack tumors. Strategies
targeting immune checkpoint molecules or signaling pathways in MDSCs show promise for reducing
their suppressive effects.

M2-TAMs promote tumor progression by secreting immunosuppressive factors and supporting tumor
growth and metastasis. Their regulation involves signaling pathways such as Notch and molecules like
IL-34. Targeting these pathways can reprogram TAM:s into a pro-inflammatory M1 phenotype, thereby
restoring antitumor immunity (172, 173). Strategies for modulating TAMs include pharmacological
polarization, combination therapy with ICIs, and advanced nanotechnology-based drug-delivery
systems (174, 175).

In recent years, nanotechnology and smart drug delivery systems have provided novel approaches for
targeting immunosuppressive cells. Nanoparticles can precisely deliver therapeutic agents to tumors,
regulate MDSC and TAM activity, improve the immunosuppressive microenvironment, and boost the
effectiveness of immunotherapy (176, 177). For example, nanomedicines that promote TAM
polarization and inhibit IDO-1 activity have successfully converted immunologically “cold” tumors
into “hot” tumors, with potential to enhance therapeutic outcomes (177). Combining ICIs with strategies
targeting immunosuppressive cells is a rational approach to overcome immune resistance. ICIs enhance
effector T cell function, while targeting immunosuppressive cells removes inhibitory signals from the
microenvironment, working together to boost antitumor immunity. For example, combining STAT3
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inhibitors with anti-PD-1 antibodies effectively reduces MDSC and TAM-mediated
immunosuppression, promotes CD8" T cell infiltration, and slows BRAF inhibitor-resistant melanoma
progression (178). Similarly, blocking tumor-expressed CD47 “don’t eat me” signals along with M2-
to-M1 macrophage polarization improves the immunosuppressive environment and increases
macrophage-mediated tumor phagocytosis (179).

In summary, targeting strategies for Tregs, MDSCs, and M2-TAMs, including the development of
specific inhibitors and their combination with ICIs, are a key focus of cancer immunotherapy research.
By precisely controlling the function and number of immunosuppressive cells while simultaneously
activating effector immune cells, these methods have the potential to greatly enhance the effectiveness
of immunotherapy and overcome tumor immune resistance.

2.6.2 Modulating cytokine and chemokine networks in the tumor immune microenvironment

The regulation of cytokine and chemokine networks within the TIME plays a crucial role in the
development of immune resistance. Tumors release various immunoregulatory cytokines, such as IL-
10 and TGF-B, as well as chemokines like CXCL12, which remodel the immune microenvironment,
promote immunosuppressive states, and thus facilitate immune evasion and resistance to therapy.
Targeting key signaling pathways, especially IL-10, TGF-B, and CXCL12, offers the potential to
reverse immunosuppression and restore antitumor immune functions.

IL-10 and TGF-B are classic immunosuppressive cytokines commonly found in the tumor
microenvironment. They regulate immune cell activation and effector function, promote the recruitment
and activity of Tregs and MDSCs, and thus inhibit the antitumor activity of effector T cells. For
example, in gastric cancer, mesenchymal stem cells secrete IL-6, TGF-B, and IL-10, creating an
immunosuppressive environment that supports tumor growth and enables immune escape (163). High
IL-10 expression often correlates with suppressed antitumor immunity and is a key factor in
immunotherapy resistance (180). The chemokine CXCL12 and its receptor CXCR4 play crucial roles
in the TIME, affecting immune cell migration and localization while directly supporting tumor cell
growth, invasion, and metastasis. Abnormal CXCL12 expression recruits immunosuppressive cells and
activates tumor-associated fibroblasts, creating a microenvironment conducive to tumor progression. In
colorectal cancer, the CXCL12-CXCR4 axis is seen as a key pathway driving tumor growth, metastasis,
and immune escape. Small-molecule inhibitors and antibodies targeting this axis are emerging as
promising treatment options (181, 182).

Several pharmacologic interventions have been developed to target these cytokine and chemokine
pathways. TGF-f inhibitors can block their immunosuppressive effects, enhance the infiltration of
tumor-infiltrating lymphocytes, and improve the efficacy of immune checkpoint inhibitors (54).
Similarly, antibody-based blockade of IL-10 or its receptor can relieve immunosuppression and restore
effector T cell function (177). CXCL12-CXCR4 inhibitors, such as Plerixafor, have entered clinical
trials, demonstrating the potential to prevent the establishment of an immunosuppressive tumor
microenvironment (181, 183). It is important to recognize that cytokine and chemokine networks in
tumors are highly complex and can have bidirectional effects. For example, IL-15 can promote
cytotoxic T cell expansion and infiltration, contributing to antitumor immunity (52, 53). Therefore,
precise modulation of these signaling pathways requires careful consideration of the tumor’s immune
context and microenvironment to prevent adverse effects or immune dysregulation (51, 59).

In summary, targeting key cytokine and chemokine signaling pathways, including IL-10, TGF-f, and
CXCL12, with small-molecule or antibody-based interventions offers a promising strategy for
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remodeling the TIME and overcoming immune resistance. This approach not only opens new avenues
for cancer immunotherapy but also lays the foundation for personalized treatment strategies. Future
research should further clarify the specific functions and therapeutic potential of these factors across
various tumor types and immune settings.

2.6.3 Restoring T-cell function and promoting tumor infiltration

Restoring T cell functionality and enhancing their infiltration into tumors are essential for effective
antitumor immune responses. During tumor progression, T cells often become exhausted, characterized
by reduced effector function, decreased proliferation, and reduced cytokine secretion, which can lead
to immune evasion and resistance to therapy. Therefore, strategies that reverse T cell exhaustion, restore
their effector functions, and improve tumor tissue architecture to support T cell infiltration have become
a key focus in current cancer immunotherapy research.

Firstly, reversing T cell exhaustion remains an important goal for restoring antitumor immune
responses. Tregs infiltrate damaged tissues and exert immunomodulatory effects by secreting inhibitory
factors that reduce local inflammation and support T cell recovery. For example, in a model of cerebral
ischemia, Tregs infiltrate brain tissue and secrete osteopontin, which interacts with integrin receptors
on microglia to promote microglial repair activity, ultimately aiding white matter recovery and
functional restoration (182). Likewise, after spinal cord injury, Tregs reduce microglial inflammation
by inhibiting the STAT3 signaling pathway, promoting neural functional recovery (184). These findings
demonstrate that Tregs not only provide immediate immune protection but also modulate the immune
environment to reverse exhaustion and support long-term functional recovery. Secondly, promoting T
cell infiltration is another essential aspect of boosting immune responses. Physical and biological
barriers in the tumor microenvironment, such as fibrosis, abnormal blood vessels, and clusters of
immunosuppressive cells, hinder effector T cell infiltration and function. Studies have shown that
tumor-intrinsic pathways, such as the ZEBI transcription factor, suppress CXCL10 secretion, thereby
reducing CD8" T cell infiltration and facilitating immune evasion (185). CAFs can also further restrict
T-cell infiltration through Endo180-mediated fibrosis and immune exclusion (186). Targeting these
molecules can reshape tumor structure, break down physical barriers, and promote T cell entry.

Additionally, modulation of tumor immune metabolism greatly influences T cell function. For instance,
tumor-expressed deubiquitinase USP14 regulates immune cell infiltration and activation; USP14
deficiency increases intratumoral immune cell infiltration and cytotoxicity, thereby enhancing
antitumor responses (187). Tumor cells can also compete for resources by stabilizing GLUT1 via
USP14, thereby sequestering glucose and limiting CD8* T cell activity, thereby impairing immune
surveillance (188). These findings suggest that metabolic modulation can help restore T cell effector
activity. ICIs, such as PD-1/PD-L1 antibodies, restore T-cell cytotoxicity but are associated with
resistance. Emerging targets like CD38 and TIM-3 can reverse T cell exhaustion and improve
therapeutic outcomes (189, 190). IL-2-based strategies, especially CD8-targeted IL-2 fusion proteins,
effectively increase the number and function of intratumoral T cells (191). Combining these methods
with intratumoral viral therapies can further activate and expand T cells, offering additional ways to
restore T cell effector function (192).

In summary, strategies that modulate Treg-mediated immune environments, target immunosuppressive
factors and cells in the tumor microenvironment, and correct metabolic competition can effectively
reverse T cell exhaustion and restore antitumor effector function. Enhancing tumor tissue structure to
alleviate physical and biological barriers further improves T cell infiltration. Comprehensive research
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and application of these mechanisms provide a strong theoretical foundation and clinical potential for
advancing cancer immunotherapy.

2.6.4 Multi-omics Analysis of TIME Heterogeneity to Guide Immunotherapy

Heterogeneity of the TIME is a key factor influencing tumor initiation, progression, and differential
treatment responses. Traditional bulk tissue-based omics analyses are limited in their ability to resolve
the spatial distribution and functional diversity of distinct cellular populations within tumors. In recent
years, the emergence of single-cell sequencing and spatial omics technologies has provided powerful
tools to dynamically explore the complexity of the TIME.

Firstly, single-cell sequencing, such as single-cell RNA sequencing (scRNA-seq), enables
transcriptomic profiling at the individual cell level, revealing cellular identities, states, and regulatory
networks. For example, in pancreatic ductal adenocarcinoma (PDAC), single-cell and multi-omics
approaches have identified system-level interactions among tumor, immune, and stromal cells,
elucidating biomarkers associated with immune resistance and therapeutic response (193). Similarly, in
breast cancer, single-cell multi-omics has allowed detailed characterization of T cells, B cells,
macrophages, and stromal cells, including their spatial localization, providing insights for clinical
classification, diagnosis, and therapy (194). Moreover, multi-omics analyses have revealed differential
expression and epigenetic regulation of neuro-related genes between immunologically “hot” and “cold”
tumors, thereby enhancing understanding of immune exclusion (195).

Concrete examples of how multi-omics approaches have advanced our understanding of TIME
heterogeneity include: (i) spatial transcriptomics studies in CRC revealing that the tumor-stroma
boundary organization predicts ICI response (196); (ii) single-cell proteogenomic analyses in NSCLC
identifying distinct macrophage and fibroblast subsets associated with resistance to anti-PD-1 therapy
(197); and (iii) integrated metabolomics and transcriptomics in melanoma demonstrating that metabolic
reprogramming of tumor-associated myeloid cells drives immune evasion (198). These studies
exemplify how multi-omics can uncover actionable targets and guide the design of rational combination
therapy.

Spatial omics complements single-cell techniques by capturing gene expression while preserving spatial
context within tissue sections. In lung cancer, spatial multi-omics has revealed the organization of tumor
and immune cells, their interactions with histological features, and helped identify predictive
biomarkers (199). Advances in spatial transcriptomics enable analysis at single-cell or even subcellular
levels, combining morphological and metabolic data to deepen understanding of tumor heterogeneity
and mechanisms of therapeutic resistance (200, 201). By combining single-cell and spatial multi-omics,
researchers can dynamically monitor cellular composition, functional states, and the spatiotemporal
evolution of TIME. For example, studies of malignant gliomas have uncovered transcriptional and
epigenetic diversity among tumor cells and their complex interactions with immune cells, using
combined single-cell and spatial techniques (202). Multi-omics subclone analyses in multiple myeloma
have identified mechanisms of treatment resistance, including genetic subclones, epigenetic signatures,
and tumor-microenvironment cell interactions (203). Deep learning models that integrate multi-omics
data in CRC have successfully created predictive frameworks based on spatial immune cell interactions,
providing new strategies for predicting individual therapy responses (204).

Multi-omics technologies also enable accurate identification of immune resistance mechanisms. They
uncover genetic, transcriptomic, and metabolic changes in tumor cells, as well as immune cell activity,
exhaustion states, and immunosuppressive pathways. For example, in triple-negative breast cancer,
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specific dendritic cell subsets have been linked to improved anti-PD-1 responses, aiding in patient
stratification (205). The diversity of tumor-associated fibroblasts and macrophages, key contributors to
immunosuppression and therapy resistance, has also been clarified by multi-omics analyses (206).
Integrative analysis of tumor and immune cells helps discover new therapeutic targets and immune
regulatory pathways, supporting personalized treatment strategies (207, 208).

In summary, combining single-cell sequencing with spatial omics offers unparalleled advantages for
dissecting heterogeneity in TIME. These methods deliver high-resolution insights into cellular
diversity, dynamic changes, and spatial organization, enabling a deeper understanding of immune
resistance and tumor immune evasion. Future integration with artificial intelligence and advanced
computational techniques will further enable comprehensive analysis of TIME heterogeneity, providing
a solid foundation for precision immunotherapy and personalized clinical management (209-211).

2.6.5 Immunotherapy modalities and combination strategies targeting the TIME

Given the complexity of immune resistance, combination strategies that target multiple components of
the TIME simultaneously are increasingly being developed. This section emphasizes emerging
therapeutic modalities and their rational integration to overcome resistance. In recent years, cancer
immunotherapy has seen the rise of innovative treatment strategies aimed at achieving multi-
dimensional, multi-target interventions to reshape TIME, overcome resistance and immune evasion,
and improve overall therapeutic effectiveness.

First, immune cell therapies have rapidly advanced as innovative cancer treatments. By expanding and
modifying patient-derived or donor immune cells outside the body, these therapies enhance tumor
recognition and cytotoxicity. Commonly studied methods include chimeric antigen receptor T cells
(CAR-T), tumor-infiltrating lymphocytes (TILs), and adoptive cell transfer therapies. CAR-T therapy
has achieved significant success in blood cancers; however, challenges persist in solid tumors due to
the immunosuppressive microenvironment and tumor heterogeneity (212). Beyond CAR-T cells, new
cell-based platforms like chimeric antigen receptor macrophages (CAR-M) and chimeric antigen
receptor dendritic cells (CAR-DC) are being developed to overcome the limitations of T-cell therapies
in solid tumors. CAR-M can directly engulf tumor cells and modulate the tumor immune
microenvironment, whereas CAR-DCs are designed to enhance antigen presentation and T-cell
activation. Additionally, growing evidence suggests that B cells play a role in immunotherapy
responses, with tertiary lymphoid structures and B-cell signatures associated with better outcomes
across various tumor types. To address these challenges, researchers are combining immune cell
therapies with nanotechnology, using nanocarriers to deliver immune activators or gene-editing tools
with precision, thereby optimizing cell function and improving survival and effectiveness within the
tumor microenvironment (213).

Secondly, tumor vaccines aim to activate the host immune system to specifically recognize and destroy
tumor cells. Personalized vaccines based on patient-specific neoantigens, combined with precise
immunoadjuvants and delivery systems, have the potential to overcome barriers to immune evasion and
induce strong, lasting anti-tumor immunity (214). Additionally, combining vaccines with ICIs can
synergistically stimulate the immune system, transform immunologically “cold” tumors into inflamed
“hot” tumors, and thus enhance response rates (215). Nanotechnology has been widely used in cancer
immunotherapy due to its excellent biocompatibility and tunable physicochemical properties.
Nanomaterials enable targeted delivery of immunomodulatory agents, enhance immune cell infiltration,
and restore effector functions. For instance, nanoparticles can co-deliver photosensitizers and immune

142



Mao and Huang. Cancer Biome and Targeted Therapy 2026; 1(2):119-170

activators, combining photodynamic therapy (PDT) with immunotherapy to boost immune cell activity
and overcome immunosuppressive conditions (216). Smart drug delivery systems (SDDSs) facilitate
the co-delivery of multiple immunomodulatory agents, creating synergistic effects and overcoming the
limitations of single-drug therapies and resistance (217).

Multi-target combination strategies are crucial for overcoming immune resistance. The complexity and
heterogeneity of the tumor microenvironment often limit the effectiveness of single-target therapies. By
combining ICIs, tumor vaccines, immune cell therapies, and nanotechnology, these strategies can
simultaneously target tumor cells, immunosuppressive cells (such as tumor-associated macrophages
and myeloid-derived suppressor cells), and immune regulatory pathways. This comprehensive approach
effectively reshapes the immune microenvironment and boosts anti-tumor immunity synergistically
(218, 219). For example, nanoenzyme composite materials can alter the redox state of the tumor
microenvironment and, when used with ICls, trigger anti-tumor immune responses to overcome
immune suppression (220). Moreover, precisely regulating tumor metabolic pathways to reprogram the
immunosuppressive microenvironment is another important strategy in combination therapies (221).

Several combination strategies are currently being tested in clinical trials. For instance, the combination
of anti-PD-1 antibodies with anti-TGF- bispecific antibodies (called BiTP) has shown activity in
patients with checkpoint-refractory tumors (222). The addition of CXCR4 antagonists to ICls is being
explored in pancreatic cancer to overcome immune exclusion (223). Additionally, the combination of
ICIs with oncolytic viruses or metabolic modulators (such as IDO inhibitors) is under active
investigation (224, 225). These examples highlight the growing momentum toward rationally designed
combination regimens that address the complexity of TIME-mediated resistance. In terms of clinical
translation, systemic immune activation strategies, such as intravenous BCG vaccination, have been
shown to more effectively shape the anti-tumor immune microenvironment than local administration,
suggesting that combined and systemic immunomodulation holds promise for treating immunotherapy-
resistant tumors (226). At the same time, screening multi-gene immune-related biomarkers and
establishing risk-scoring models enable the design of personalized immunotherapeutic regimens,
thereby guiding the precise implementation of multi-targeted combination therapies (227, 228).

Collectively, the integration of immune cell therapies, tumor vaccines, and nanotechnology, along with
multi-targeted combination strategies, offers emerging strategies with potential to overcome tumor
immune resistance. With a deeper understanding of TIME complexity and resistance mechanisms, and
advances in nanomaterials and immunological technologies, these new immunotherapeutic methods
may expand their clinical applicability, although substantial validation in controlled trials is still
required (229, 230). The complexity and heterogeneity of TIME have repeatedly been identified as key
factors influencing immunotherapy outcomes. As illustrated in Figures 1-5, the complexity of the TIME
reflects overlapping, context-dependent resistance mechanisms, indicating that future progress will
depend on integrating mechanistic insights with clinically validated, multidimensional therapeutic
strategies.

TIME is composed of a highly intricate network in which immunosuppressive cells, such as Tregs,
MDSCs, and M2-polarized macrophages, interact with non-immune stromal components and cytokine
networks to create a highly immunosuppressive environment. This setting not only hampers effector
immune cell function but also encourages tumor growth and metastasis through various signaling
pathways. In particular, M2-polarized macrophages secrete immunosuppressive factors and promote
angiogenesis, facilitating immune evasion. These observations argue against single-target approaches
and support the need for multi-dimensional therapeutic strategies; however, the optimal combination
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and sequencing of such interventions remain unresolved in clinical practice. Effector T cell infiltration
and functionality are widely recognized as important predictors of patient prognosis and response to
immunotherapy. While high levels of effector T-cell infiltration are usually associated with better
outcomes, T cells often become functionally exhausted in immunosuppressive environments, which
limits their ability to kill tumors. Therefore, restoring and maintaining T cell activity remains a major
focus of current research.

Given the complex regulation of immune resistance, combination therapy strategies are increasingly
emphasized. Although single-agent immune checkpoint inhibitors have achieved breakthroughs in
some patients, the intricate regulation of TIME leads to primary or acquired resistance in others. Multi-
targeted approaches that balance immune activation with suppression are expected to produce more
durable and widespread therapeutic effects. For example, combination strategies that simultaneously
inhibit immunosuppressive cell signaling and boost effector T cell function are becoming a key focus
of clinical research. Looking ahead, dynamic modulation and precise intervention with TIME will be
pivotal to improving outcomes in cancer immunotherapy. The tumor microenvironment is not static; its
composition and function evolve with treatment and disease progression. Dynamic monitoring of
TIME, coupled with advanced technologies such as single-cell sequencing and spatial omics, allows
high-resolution characterization of the spatiotemporal features of the immune microenvironment,
providing a scientific basis for individualized therapy. Furthermore, the development of intelligent
therapeutic strategies capable of concurrently modulating multiple immunosuppressive mechanisms
will greatly facilitate clinical translation.

In summary, the complexity of TIME underpins both the challenges and opportunities of cancer
immunotherapy. By integrating multidisciplinary research findings and balancing diverse perspectives,
future studies should focus on multi-dimensional modulation of TIME and developing combination
therapy strategies. These approaches will not only clarify the mechanisms behind immune resistance
but also establish a strong foundation for precise and personalized cancer immunotherapy, ultimately
helping patients achieve greater and more durable clinical benefits. Immune cells within the tumor
microenvironment play vital roles, with different cell types showing either anti-tumor or pro-tumor
activities. For example, TAMs can polarize into M1 or M2 phenotypes in response to
microenvironmental cues, with M1 generally displaying anti-tumor activity and M2 promoting tumor
progression and immunosuppression (231). Additionally, intratumoral Tregs and MDSCs help maintain
an immunosuppressive environment (232).

The characteristics of TIME extend beyond cellular composition to include intercellular interactions
and metabolic status. Tumor cells can release various cytokines and chemokines to shape the
microenvironment, recruiting immunosuppressive cells and further suppressing anti-tumor immune
responses (233). Hypoxia and nutrient deprivation in the tumor microenvironment can lead to the
accumulation of metabolic byproducts, such as adenosine and kynurenine, which impair immune cell
function and promote tumor immune evasion (234). Interactions between tumor cells and immune cells
are a key part of TIME. Tumor cells influence immune cell activity by secreting cytokines and
expressing immune checkpoint molecules such as PD-L 1, which help them evade immune attack (235).
For example, PD-L1 reduces T cell activity, allowing tumor cells to survive despite the immune
system's efforts. The composition of immune cells also changes: TILs, DCs, TAMs, and Tregs each
play distinct roles, either stimulating or suppressing immune responses within TIME (236). Usually, a
high TIL density is associated with a better prognosis; however, as tumors progress, TILs may become
less effective, potentially leading to increased immune escape (237). Furthermore, immune cell function
is affected by tumor-derived metabolites and hypoxic microenvironments, thereby reducing effector
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activity. Tumor cells can alter local metabolic conditions to suppress immune cell function, creating an
immunosuppressive niche that promotes both immune escape and tumor progression (235).

In conclusion, TIME displays multidimensional features involving cellular composition, functional
states, and intercellular interactions. Understanding these traits is essential for developing new cancer
treatments and improving the effectiveness of immunotherapy (238).

3. Clinical Advances in Cancer Immunotherapy
3.1 Immune Checkpoint Inhibitors (ICIs): Mechanisms and Clinical Applications

IClIs boost the immune system’s ability to attack tumor cells by blocking inhibitory signaling pathways.
The primary targets of ICIs are the PD-1/PD-L1 and CTLA-4 pathways. PD-1 is an inhibitory receptor
expressed on activated T cells, while its ligand, PD-L1, is expressed on various tumor cells. The
interaction between PD-1 and PD-L1 suppresses T cell activation, helping tumor cells evade immune
responses (239). Similarly, CTLA-4 serves as an inhibitory receptor, mainly by limiting the initial
activation of T cells. By blocking these signals, ICIs can restore or enhance T cell-mediated antitumor
effects.

Clinically, monoclonal antibodies targeting PD-1 and PD-L1, such as nivolumab and pembrolizumab,
have demonstrated durable responses in subsets of patients across multiple cancers, including
melanoma and non-small cell lung cancer, especially in patients who do not respond to standard
treatments (240). However, despite their transformative impact in some patients, a large number still
exhibit primary resistance to ICIs. This resistance is closely linked to factors such as the patient’s
immune status, tumor mutational burden, and PD-L1 expression levels (241). Recent clinical trials
indicate that combination ICI strategies, particularly those that include additional immunotherapies or
chemotherapy, may improve response rates in selected settings, although durability and generalizability
remain under investigation (242).

3.2 Adoptive Cell Therapy (ACT): Principles and Clinical Applications

Adoptive cell therapy (ACT) involves infusing immune cells, such as T cells, that have been expanded
outside the body or genetically modified back into patients to boost antitumor responses. The main
types of ACT include chimeric antigen receptor T cells (CAR-T cells), tumor-infiltrating lymphocytes
(TILs), and T cell receptor-engineered (TCR) T cells. CAR-T cell therapy has demonstrated significant
efficacy in hematologic malignancies such as acute lymphoblastic leukemia (ALL), and its use in solid
tumors is actively being explored (243). For example, TIL therapy targeting melanoma has shown
positive clinical results; however, its effectiveness in other solid tumors is limited by challenges such
as the absence of specific tumor-associated targets and the immunosuppressive tumor
microenvironment.

The ACT manufacturing process generally involves collecting patient-derived T cells, expanding and
activating them outside the body, then reinfusing the activated cells. Major technical challenges include
efficiently expanding tumor-specific T cells and overcoming the inhibitory effects of the tumor
microenvironment (244). Recently, combined strategies integrating immune checkpoint inhibitors with
ACT are being explored to overcome the current limitations of ACT in solid tumors (242).

3.3 Limitations and Challenges of ICIs and ACT
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Despite the significant potential of ICIs and adoptive cell therapy (ACT) in cancer treatment, their
clinical use faces several challenges. First, the overall response rate to ICIs remains relatively low, and
many patients do not benefit, underscoring the urgent need for improved patient selection strategies
(242), which are currently insufficiently defined for routine clinical use. Second, immune-related side
effects, such as rash and diarrhea, may require stopping treatment, making the management of these
toxicities a vital issue in clinical practice (245).

Furthermore, the high costs and complex procedures associated with ICIs and ACT limit their
availability, especially in resource-limited settings, contributing to disparities in access to
immunotherapy across healthcare systems. Additionally, immunotherapy for solid tumors faces further
barriers posed by the tumor microenvironment, including immunosuppressive factors and mechanisms
of tumor immune evasion, which can greatly reduce therapeutic effectiveness (246). Addressing these
issues requires ongoing basic research and clinical trials to refine treatment strategies and improve
patient response rates and overall survival (242). While Figure 1 focuses on tumor-local determinants
of immune resistance, systemic factors, particularly microbiota-derived metabolites, can modulate these
same axes, influencing immune suppression, metabolic constraints, and T-cell function (Figure 6).
Figure 6 illustrates that microbiota-derived metabolites, including short-chain fatty acids, bile acid
derivatives, and tryptophan metabolites, may influence immune cell differentiation, cytokine
production, and checkpoint signaling within the TIME. However, these pathways are supported
primarily by preclinical and associative human studies, and their causal contribution to immunotherapy
response remains incompletely defined. Notably, microbiome signatures associated with
immunotherapy response are often not reproducible across cohorts, likely reflecting variability in diet,
host genetics, tumor type, and analytical methods. This variability limits the immediate clinical
applicability of microbiome-based stratification strategies.

GUT LUMEN BLOODSTREAM TUMOR MICROENVIRONMENT
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Figure 6. Gut microbiota-tumor microenvironment crosstalk linking metabolism to immune regulation. The gut
microbiota modulates tumor immunity through metabolite-driven communication with the tumor immune microenvironment
(TIME). Commensal bacteria, including Akkermansia, Bifidobacterium, and Fusobacterium, produce metabolites such as
short-chain fatty acids (SCFAs) and bile acids, which enter the circulation and influence immune cell function at distant
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tumor sites. These metabolites act through receptors (e.g., GPR43) and signaling pathways, including nuclear factor-xB
(NF-kB) and signal transducer and activator of transcription 3 (STAT3), to reshape immune responses. In this context,
microbiota-derived signals can promote expansion of regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) while limiting CD8" T-cell activity. Together, these pathways define a microbiota-immune axis that modulates the
immune response and may influence responses to immunotherapy. However, these effects are highly context-dependent and
vary across tumor types and host environments, reflecting the complexity of microbiome-host interactions. Solid arrows
indicate promotion, red T-shaped arrows indicate inhibition. Created with BioRender.com.

4. Cancer Immunotherapy Resistance and Precision Strategies
4.1 Tumor-Intrinsic Mechanisms of Resistance

Tumor cells can evade host immune surveillance through multiple mechanisms, including PD-1 and
CTLA-4, which typically help regulate immune responses in healthy cells, but their expression is often
increased in tumor cells, boosting immunosuppressive effects. For example, tumor cells may
overexpress PD-L1 to suppress T-cell activity, aiding immune evasion (247). Additionally, in the tumor
microenvironment, the regulation of immune checkpoint molecules is affected by various cytokines and
metabolic products, which can further influence immune escape by activating or blocking related
signaling pathways (248).

Defects in antigen presentation further weaken immune recognition and targeting of tumor cells. Tumor
cells may lack essential major histocompatibility complex (MHC) molecules, leading to impaired
antigen presentation. Additionally, the heterogeneity of tumor antigens results in diverse antigenic
profiles among different tumor cells within the same lesion, challenging the immune system’s ability
to develop effective memory responses against specific antigens (249). This heterogeneity not only
increases the tumor’s ability to escape but also contributes to highly variable therapeutic responses.

Tumor cells also promote immune evasion by altering intracellular signaling pathways. For example,
certain tumor cells activate PI3K/Akt or MAPK pathways to boost survival and proliferation, which not
only drives tumor growth but may also suppress T cell function (250), although these effects are context-
dependent and vary across tumor models. These pathway changes can also modify the tumor
microenvironment, leading to the buildup of immunosuppressive cells and further strengthening the
immune-evasive abilities of tumor cells.

4.2 Microenvironmental and Stromal Mechanisms of Resistance

CAFs play a crucial role within TIME. They hinder immune cell infiltration and function by releasing
immunosuppressive factors and remodeling the ECM (251). For example, CAFs can promote tumor
cell growth while suppressing T cell activity by secreting factors like TGF-f, thereby supporting tumor
initiation and progression (252). The physical barrier created by the ECM further restricts immune cell
migration, affecting immune surveillance and the success of immunotherapy. The composition and
structure of the ECM directly shape immune cell behavior within the tumor microenvironment. Tumors
often show high levels of fibronectin and other ECM components, which not only provide structural
support for tumor growth but also help sustain the immunosuppressive environment of tumor-associated
immune cells (253). Signaling interactions between stromal and immune cells control the immune status
of TIME, influencing the tumor's immune response. Therefore, targeting CAFs or their secreted factors
is a promising approach to improve immunotherapy results (254).

4.3 Systemic Factors and Precision Strategies
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Immunosuppressive cells within the tumor microenvironment, such as Tregs and MDSCs, play a crucial
role in tumor immune evasion. These cells inhibit effector T-cell activity by releasing
immunosuppressive cytokines, including IL-10 and TGF-p, thereby weakening the immune system’s
ability to attack tumor cells (255). Additionally, the accumulation of Tregs and MDSC:s is closely linked
to tumor progression, underscoring how the microenvironmental composition of immune cells
influences tumor immune escape. Immunosuppressive cytokines and metabolic products in the tumor
microenvironment further influence immune responses. Tumor cells produce metabolic byproducts
such as lactate, which lower the local pH and suppress T cell activity. Furthermore, immunosuppressive
cytokines produced by tumor cells can impair immune cell function through various mechanisms,
creating conditions that favor tumor survival and growth (256). Abnormal blood vessels and hypoxic
conditions in the tumor microenvironment significantly affect immune cell infiltration and function.
The irregular structure of tumor blood vessels hampers effective immune cell trafficking to tumor sites,
while hypoxia can reduce immune cell activity and proliferation, impairing the overall immune response
(247). Additionally, hypoxia can stimulate tumor cells to release pro-tumorigenic factors, further
promoting immune evasion.

5. Discussion

The TIME is not a static entity but a dynamically evolving system in which tumor-intrinsic programs,
stromal architecture, immune composition, and metabolic constraints interact to determine therapeutic
response. Rather than functioning as independent layers, these components form interconnected
regulatory circuits that collectively govern immune activation, suppression, or exclusion. This systems-
level organization helps explain why tumors with superficially similar histology can exhibit markedly
different responses to immunotherapy.

A key insight emerging from recent studies is that immune resistance is rarely driven by a single
dominant mechanism. Instead, resistance reflects the convergence of multiple processes, including
impaired antigen presentation, sustained T-cell dysfunction, stromal-mediated immune exclusion, and
the accumulation of immunosuppressive cytokine and metabolic networks. These features do not act in
isolation; for example, tumor-intrinsic alterations that reduce antigenicity can synergize with CAF-
driven extracellular matrix remodeling and myeloid cell recruitment to establish immune-excluded
states that are refractory to checkpoint blockade. Similarly, chronic inflammatory signaling can
simultaneously promote T-cell exhaustion and reinforce suppressive cellular circuits, creating self-
sustaining feedback loops within the TIME. This integrated view has important therapeutic
implications. It suggests that simply augmenting existing immunotherapies, such as increasing the
intensity of checkpoint blockade, is unlikely to overcome resistance in most patients. Instead, effective
intervention will require coordinated strategies that reprogram multiple dimensions of the TIME. These
may include restoring antigen presentation, disrupting stromal barriers, targeting immunosuppressive
cell populations, and modulating metabolic and cytokine networks that constrain immune function.
Notably, the success of such approaches will depend on aligning therapeutic strategies with the
dominant resistance mechanisms present in each tumor.

The increasing availability of multi-omics technologies, including single-cell transcriptomics, spatial
profiling, and integrative genomic analyses, provides an opportunity to redefine TIME classification
beyond the traditional “hot” and “cold” dichotomy. Emerging evidence supports the existence of
distinct, clinically relevant TIME states, such as immune-inflamed, immune-excluded, and immune-
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desert phenotypes, each associated with specific mechanistic vulnerabilities. Incorporating these
classifications into clinical decision-making could enable more precise patient stratification and guide
the rational design of combination therapies.

Future progress will depend on translating mechanistic insights into clinically actionable strategies. This
will require carefully designed clinical trials that incorporate biomarker-driven patient selection,
longitudinal monitoring of TIME dynamics, and adaptive therapeutic approaches. In particular,
combination regimens targeting complementary pathways, such as checkpoint inhibition with stromal
modulation, metabolic reprogramming, or microbiome-based interventions, represent a promising
avenue for overcoming resistance.

In summary, resistance to immunotherapy reflects the coordinated behavior of tumor, immune, and
stromal components within a dynamically regulated microenvironment. A deeper mechanistic
understanding of these interactions, coupled with advances in molecular profiling and therapeutic
targeting, may enable more precise immunotherapy strategies; however, their ability to deliver durable
clinical benefit will depend on context-specific patient selection and remains to be fully established.
Immunotherapy resistance reflects the coordinated interplay of tumor-intrinsic alterations, stromal
barriers, and immune dysfunction within a dynamically evolving TIME. Rather than acting
independently, these processes form interconnected networks that constrain effective antitumor
immunity and limit the efficacy of single-agent strategies. While current classifications, such as “hot,”
“cold,” and immune-excluded tumors, provide a useful framework, they fail to capture the temporal
plasticity of the TIME under therapeutic pressure. Emerging insights, including contributions from
systemic factors such as the gut microbiota, further highlight the need to consider tumor-extrinsic
regulation of immune responses. Moving forward, integrating multi-omics profiling with mechanism-
based combination therapies will be essential for identifying dominant resistance pathways and guiding
precision immunotherapy. A systems-level, dynamically informed approach will be critical to convert
immunologically refractory tumors into durable responders.
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