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Unraveling the immune evasion
mechanisms in the tumor
microenvironment of head and
neck squamous cell carcinoma
Xuri Zhao †, Yaping Zhu †, Youya He †, Weiyan Gu, Qi Zhou,
Bei Jin, Shenguo Chen* and Haisheng Lin*

Department of Stomatology, Taizhou Hospital of Zhejiang Province Affiliated to Wenzhou Medical
University, Taizhou, Zhejiang, China
Head and neck squamous cell carcinoma (HNSCC) is a highly aggressive

malignancy characterized by a complex tumor microenvironment (TME) that

plays a pivotal role in tumor initiation, progression, and immune evasion. Recent

advancements have highlighted the intricate interplay between immune cell

infiltration patterns, immune checkpoint dysregulation, and metabolic

reprogramming in driving HNSCC immune escape. Despite these insights,

significant challenges remain, including the incomplete understanding of

specific immune evasion pathways and the lack of personalized therapeutic

strategies. To address these gaps, this review introduces a novel “Trinity”

regulatory network of immune evasion in HNSCC, encompassing: (1)

metabolic reprogramming-mediated immune checkpoint modulation, (2)

stromal cell-driven immune dysfunction, and (3) epigenetic remodeling

fostering immune tolerance. This framework provides a theoretical foundation

for the development of multi-targeted combination therapies and offers

innovative strategies to overcome immune evasion. Additionally, this review

systematically synthesizes the current understanding of the relationship

between the HNSCC microenvironment and immune escape, with a focus on

emerging immunotherapeutic approaches such as PD-1/PD-L1 inhibitors and

CAR-T cell therapy. Leveraging cutting-edge single-cell sequencing and spatial

transcriptomics, we elucidate the spatiotemporal heterogeneity of the HNSCC

immune landscape and propose a new paradigm of “lineage plasticity-driven

immune adaptation.” These insights not only advance our understanding of

HNSCC biology but also pave the way for the development of precision

immunotherapies aimed at improving patient survival and quality of life. By

integrating multidisciplinary perspectives, this work underscores the

importance of targeting the TME to achieve durable clinical responses and

overcome immunotherapy resistance in HNSCC.
KEYWORDS
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1 Introduction

Head and neck squamous cell carcinoma (HNSCC) is a prevalent

malignant tumor with rising incidence and mortality rates globally

(1). The tumor microenvironment (TME)—comprising immune

cells, fibroblasts, vasculature, microbiota, and extracellular matrix—

plays a decisive role in tumor initiation, progression, and resistance to

therapy. Immune evasion within this complex ecosystem has

emerged as a key hallmark of HNSCC (2, 3). A central driver of

these processes is immune evasion, a critical strategy by which tumors

circumvent host immune surveillance. In HNSCC, diverse TME-

associated factors—including cytokines, immunosuppressive cells,

and intricate intercellular communication networks—are closely

linked to immune evasion.

Within the HNSCC TME, immune cell infiltration patterns

profoundly influence tumor progression and immune evasion.

Studies demonstrate that CD8+ T cells and regulatory T cells

(Tregs) play dual roles in immune surveillance and suppression.

High CD8+ T cell infiltration correlates with favorable prognosis,

whereas elevated Treg levels are associated with immunosuppression,

potentially enabling tumor cells to evade immune attack (4). Tumor-

associated macrophages (TAMs) further contribute to immune

escape in pan-cancer (5) not to mention HNSCC; their M2-

polarized phenotype promotes tumor growth, metastasis, and

suppression of antitumor immunity (6).

Metabolic reprogramming in HNSCC represents another crucial

axis of immune evasion. Tumor cells alter metabolic pathways to

exploit nutrients for proliferation while impairing immune cell

function. For instance, excessive lactate production by tumor cells

induces localized acidosis, thereby inhibiting T cell activation and

proliferation (7). Hypoxic conditions within the TME further

exacerbate immune escape by undermining immune surveillance (8).

Immune checkpoint dysregulation is a hallmark of HNSCC

immune evasion. Tumor cells upregulate PD-L1 and other

checkpoint molecules to suppress T cell activity and evade

immune detection (9), and it is even closely related to cell death

(Li, 10). Although immune checkpoint inhibitors (e.g., PD-1/PD-L1

blockers) have emerged as a cornerstone of HNSCC therapy, their

clinical efficacy remains limited to a subset of patients, reflecting the

complexity and heterogeneity of the TME in modulating treatment

responses (11).

Despite progress in dissecting individual mechanisms—such as

immune checkpoint overexpression, T cell exhaustion, and stromal

remodeling—the field lacks an integrated framework to explain how

these factors collectively drive immune escape. To address this, we

propose a “Trinity”model involving three interlinked pathways: (1)
Abbreviations: HNSCC, Head and neck squamous cell carcinoma; TME, Tumor

microenvironment; Tregs, Regulatory T cells; TAMs, Tumor-associated

macrophages; NK cell, Natural killer cell; PD-L1, Programmed death-ligand 1;

CSCs, Cancer stem-like cells; MDSCs, Myeloid derived suppressor cells; TMB,

Tumor mutational burden; CAF, Cancer associated fibroblasts; ICIs, Immune

checkpoint inhibitors; LDH, Lactate dehydrogenase; LCN2, Lipocalin-2; HDAC,

Histone deacetylase; PGE2, Prostaglandin E2; HLA, Human leukocyte antigen;

LncRNAs, Long non-coding RNAs.

Frontiers in Immunology 02
metabolic reprogramming, (2) stromal cell-driven immune

dysfunction, and (3) epigenetic remodeling.

This review is the first to systematically integrate and elucidate

the spatiotemporal heterogeneity of the HNSCC immune

microenvironment, proposing a novel paradigm of “lineage

plasticity-driven immune adaptation.” And we synthesize current

knowledge on HNSCC immune escape mechanisms and provide

new theoretical and practical insights based on the “Trinity”

network. By innovatively synthesizing the network regulation of

immune metabolism, checkpoint interactions, and cellular

crosstalk, this work provides fresh insights into the multifaceted

mechanisms of immune evasion in HNSCC. Furthermore, it

establishes a theoretical foundation for developing precision

combination therapies targeting TME-specific vulnerabilities.
2 Immune infiltration patterns in the
HNSCC microenvironment

2.1 Cellular heterogeneity of immune
infiltration landscapes

The HNSCC microenvironment exhibits highly heterogeneous

and complex immune cell infiltration patterns (12) (Figure 1). Key

infiltrating immune populations include CD8+ T cells, CD4+ T cell

subsets (Th1/Th2/Th17), natural killer (NK) cells, macrophages, and

dendritic cells, collectively forming a dynamic immune network that

governs tumor progression and therapeutic responses (13). CD8+ T

cells, as central antitumor effectors, demonstrate prognostic

significance linked to their infiltration density and spatial

organization (14). However, tumor-derived immunosuppressive

factors such as IL-10 and TGF-b drive CD8+ T cell dysfunction and

exhaustion, facilitating immune escape (15). TAMs further contribute

to this immunosuppressive milieu. While M1-polarized TAMs exhibit

antitumor activity, M2-polarized TAMs dominate the HNSCC

microenvironment, promoting tumor progression via ARG1-

mediated L-arginine depletion (impairing TCR signaling) and IL-10/

VEGF-driven immunosuppressive angiogenesis (16, 17).
2.2 Tumor-immune cell crosstalk

Bidirectional interactions between tumor and immune cells

critically shape HNSCC progression and therapeutic resistance.

Programmed death-ligand 1 (PD-L1), overexpressed in ~50% of

HNSCC cases, mediates immune evasion through dual mechanisms:

membrane-bound PD-L1 engages PD-1 on T cells to induce

exhaustion, while extracellular vesicle (EV)-encapsulated PD-L1

systemically suppresses T cell activity (18). Spatial proteomic analyses

reveal PD-L1 enrichment at invasive fronts, particularly on cancer

stem-like cells (CSCs), where PD-1/PD-L1 interactions impair immune

synapse formation (19). Spatial proteomic analyses reveal PD-L1

enrichment at invasive fronts, particularly on CSCs, where PD-1/PD-

L1 interactions impair immune synapse formation (20). Tumor-derived

IL-6 and TGF-b synergistically reinforce immunosuppression: IL-6
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activates STAT3 to upregulate B7-H3 expression, while TGF-b drives

Treg differentiation and confers CD8+ T cells with stem-like exhausted

epigenetic states (21). Myeloid-derived suppressor cells (MDSCs)

exacerbate immune evasion through peroxynitrite-mediated antigen

modification, impairing TCR recognition (22).
2.3 Multilayered regulation of
microenvironmental niches

Immune infiltration patterns are modulated by tumor-intrinsic

mutations, cytokine networks, and physicochemical stressors. High

tumor mutational burden (TMB) inversely correlates with immune

infiltration, suggesting genomic instability shapes immune evasion

(23). NOTCH1 mutations disrupt CD8+ T cell/Treg balance, while

PIK3CA-activating mutations recruit MDSCs via CXCL12/CXCR4

signaling (24). In addition, the hypoxic state in the tumor

microenvironment also suppresses the function of immune cells,

leading to immune escape (25). The study also found that tumor-

associated fibroblasts (CAFs) play an important role in the HNSCC

microenvironment (26–28). CAFs alter the infiltration pattern of

immune cells and promote tumor growth and metastasis by secreting

a variety of cytokines and growth factors (29). Hypoxia-driven

HIF-1a activation reprograms Treg metabolism to enhance
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adenosine production via CD39/CD73 upregulation, while

extracellular acidosis (pH 6.5–6.8) inhibits NFAT nuclear

translocation, blunting T cell activation (30). CAFs emerge as

central stromal orchestrators, secreting TGF-b superfamily ligands

to polarize M2 macrophages and LOXL2-mediated collagen

crosslinking to form T cell-excluding physical barriers (31).
2.4 Spatial heterogeneity and immune
desert/excluded phenotypes

In recent years, the breakthrough of single-cell spatial analysis

technology has enabled the detailed analysis of the spatial structure of

HNSCC immune microenvironment. Spatial transcriptomic studies

have shown that HNSCC has a characteristic “Immune Desert” and

“Immune Excluded” phenotype (32). The immune desert region

showed substantial loss of effector T cells and dendritic cells,

forming a “cold tumor” characteristic without immune monitoring.

CD8+ T cells and TAMs were abundant in the immune rejection

region, but these cells showed a state of functional inactivation, and

their spatial distribution was highly coexisting with the remodeled

ECM region (33). This spatial heterogeneity suggests that tumor cells

establish hierarchical immune escape mechanisms through physical

barrier construction and immunosuppressive signal diffusion.
FIGURE 1

Tumor immune infiltrating microenvironment of HNSCC. The tumor microenvironment (TME) in head and neck squamous cell carcinoma (HNSCC),
highlighting interactions between immune cells and cancer cells. Tumor cells secrete immunosuppressive cytokines (IL-10, TGF-b) that recruit myeloid-
derived suppressor cells (MDSCs; PMN and Mo subsets), regulatory T cells (Treg), M2-like macrophages, and eosinophils. These cells inhibit tumor-
infiltrating lymphocytes (TILs), including CD4+, CD8+ T cells, natural killer (NK) cells, and dendritic cells (DCs), suppressing antitumor immunity. ARG1
expression in MDSCs and M2-like macrophages further dampens T cell receptor (TCR) signaling. Additionally, VEGF secretion by tumor cells promotes
angiogenesis. This balance between immunosuppressive and immunostimulatory cells shapes the TME, influencing tumor progression.
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Pseudotemporal analysis reveals spatial dynamics of T cell

exhaustion, with CD8+ T cells transitioning from TCF1+ progenitor

states at tumor margins to TIM-3+ terminally exhausted populations

in cores—a process governed by TOX/OX40-driven epigenetic

reprogramming (34, 35).

Current research paradigms are shifting from targeting oncogenic

drivers toward remodeling the immunosuppressive niche.

Deciphering the stromal barriers in immune deserts and metabolic

suppression networks in excluded zones will enable spatiotemporally

precise combination strategies (e.g., ECM degradation coupled with

checkpoint blockade). This therapeutic evolution—from tumor

eradication to immune ecosystem reconstruction—holds promise

for overcoming the spatial limitations of current immunotherapies

and achieving durable clinical responses.
3 Dynamic expression and regulatory
networks of immune checkpoints

3.1 Spatiotemporal regulation of the PD-1/
PD-L1 axis

The PD-1/PD-L1 signaling axis, a central hub of immune evasion

in HNSCC, exhibits marked spatiotemporal heterogeneity in its

expression dynamics (Figure 2). Single-cell spatial analyses reveal

that PD-L1 is specifically overexpressed in CD44+EpCAM+ cancer

stem-like subpopulations at invasive tumor fronts, where it induces T
Frontiers in Immunology 04
cell inactivation through dual mechanisms: membrane-bound

signaling and exosome-mediated delivery (36). This expression

pattern correlates with HPV status (37), HPV+ tumors upregulate

PD-L1 transcription via NF-kB/p65 signaling driven by E6/E7

oncoproteins, whereas HPV− tumors primarily rely on EGFR/

MAPK pathways (15). PD-L1 is expressed in approximately 50% of

HNSCC tumors, with higher prevalence in HPV+ cases (18). IFN-g-
induced PD-L1 regulation exhibits biphasic dynamics: acute

stimulation rapidly upregulates expression via JAK/STAT signaling,

while chronic exposure leads to persistent hypermethylation-associated

expression (38). Despite the approval of PD-1/PD-L1 inhibitors for

recurrent/metastatic HNSCC, clinical response rates remain modest

(15–20%), attributed to spatial heterogeneity, the absence of tertiary

lymphoid structures, CXCL13+CD8+ T cell exhaustion, and tumor

mutational burden (39). These findings underscore the limitations of

monotherapy and emphasize the need for combinatorial strategies

targeting complementary immunosuppressive pathways.
3.2 Multidimensional regulation of
synergistic immune checkpoints

CTLA-4, a critical early immune checkpoint, sculpts

immunosuppressive niches via two mechanisms: (1) competitive B7

ligand binding in lymph nodes to inhibit naïve T cell priming, and (2)

IDO+ dendritic cell-mediated Treg expansion within tumors (40).

Preclinical evidence suggests that dual CTLA-4/PD-1 blockade
FIGURE 2

Dynamic expression and interaction patterns of different HNSCC immune checkpoints. The PD-1/PD-L1 axis as a central immune evasion
mechanism in HNSCC, regulated by HPV status: HPV+ tumors upregulate PD-L1 via NF-kB/p65 signaling, while HPV− tumors rely on EGFR/MAPK
pathways. PD-L1 binds to PD-1 on T cells, inducing T cell inhibition and promoting tumor escape. Other checkpoints, including CTLA-4, LAG-3, and
TIM-3, further suppress T cell function by blocking co-stimulatory signals (e.g., CD28-B7) and enhancing Treg proliferation. This synergistic
suppression creates a pro-tumorigenic microenvironment. The figure emphasizes the need for combination therapies targeting multiple checkpoints
to overcome limitations of PD-1/PD-L1 monotherapy, which often face modest responses due to spatial heterogeneity and T cell exhaustion.
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enhances antitumor immunity. However, TIM-3 overexpression

exacerbates PD-1-driven T cell exhaustion by suppressing IL-2

secretion in CD4+ T cells, while LAG-3 amplifies CTLA-4

suppression via MHC class II-dependent pathways (41). TIM-3 and

LAG-3 further promote immune escape by impairing T cell function

through distinct mechanisms (42). Despite these advances, clinical

efficacy remains constrained by the redundancy of immune evasion

mechanisms, necessitating rational combinations of checkpoint

inhibitors and microenvironmental modulators.
3.3 Precision targeting strategies for
immune checkpoints

Immune checkpoint inhibitors (ICIs), including anti-PD-1

antibodies such as pembrolizumab and nivolumab, are approved

therapies for HNSCC, but anti-CTLA-4 antibodies are still under

investigation and not yet considered standard of care (40, 43–47).

Additionally, the metabolic reprogramming observed in HNSCC,

including upregulation of glycolytic pathways and lactate production,

contributes to an acidic microenvironment that suppresses T cell

function and reduces the efficacy of ICIs (48). Macrophage

reprogramming, such as depleting M2-polarized TAMs or blocking

CSF-1/IL-10 signaling, reverses immunosuppression and synergizes

with PD-1 blockade (49). Furthermore, epigenetic changes in tumor

cells and immune cells can lead to a loss of PD-L1 expression or

promote immune exhaustion, rendering T cells unresponsive to

checkpoint blocked. Emerging therapeutic strategies targeting these

resistance mechanisms aim to restore T cell function, such as by

reprogramming TAMs or targeting key metabolic enzymes like

lactate dehydrogenase (LDH), which has shown promise in

enhancing the antitumor efficacy of ICIs. Moreover, combination

therapies that incorporate epigenetic modulators to reverse immune

evasion mechanisms are being actively explored as a way to overcome

resistance to current therapies. These combined approaches hold

potential for improving the overall success rates of immunotherapies

in HNSCC and other solid tumors.

The PD-1/PD-L1 axis and synergistic checkpoints play pivotal

roles in HNSCC immune evasion. Understanding their spatiotemporal

regulation, compensatory networks, and microenvironmental

interactions is key to developing next-generation immunotherapies.

Rational combinations of checkpoint inhibitors with metabolic

modulators, stromal disruptors, or epigenetic therapies hold promise

for transforming immune “cold” HNSCC into responsive ecosystems,

ultimately improving clinical outcomes.
4 Metabolic reprogramming and its
impact on immune evasion

4.1 Hallmarks of tumor metabolic
reprogramming

HNSCC exhibits spatially heterogeneous metabolic

reprogramming that supports tumor survival and immune evasion.
Frontiers in Immunology 05
The classical “Warburg effect” (aerobic glycolysis) not only fuels ATP

production but also generates an acidic microenvironment via lactate

accumulation, especially in hypoxia in multiple cancers (50–52),

directly suppressing CD8+ T cell cytotoxicity (53). Single-cell

metabolomics reveals compartmentalized metabolic in HNSCC:

glucose-dependent metabolism dominates at invasive margins,

while core regions favor glutamine metabolism, creating dynamic

gradients of metabolites (54). Lipid metabolism also facilitates

immune escape, tumor cells utilize FABP4-mediated lipid droplet

storage for energy reserves and secrete lipocalin-2 (LCN2) to polarize

macrophages toward an M2 immunosuppressive phenotype (55).

These reprogrammed pathways reshape the TME, depleting nutrients

and altering metabolite profiles to suppress immune cell activity (10).
4.2 Immunosuppressive roles of metabolic
by-products

Tumor-derived metabolites reinforce immune evasion through

signaling and epigenetic remodeling. Lactate acts beyond metabolism

—via GPR81 signaling, it induces dendritic cell tolerization and

inhibits CD8+ T cell effector function by hyperacetylating the IFN-g
promoter through HDAC inhibition (38). Acidosis (pH 6.5–6.8)

further impairs T cell proliferation and cytotoxicity (15).

Additionally, lipid-derived mediators such as prostaglandin E2

(PGE2) promote M2 macrophage polarization and Treg expansion,

consolidating the immunosuppressive niche (56).
4.3 Metabolic targeting strategies

Targeting tumormetabolism has emerged as a promising approach

to enhance immunotherapy. Inhibiting glycolysis or lipid metabolism

can restore T-cell function; for instance, targeting HK2 can reverse

impaired glucose uptake in PD-1+ CD8+ T cells (53). Combination

strategies are also under investigation: the adenosine receptor

antagonist AB928, when paired with anti-PD-1 therapy, significantly

improved responses in HPV-negative HNSCC by promoting TLS

formation and increasing CXCR3+ T cell infiltration (57). Thus,

metabolic interventions may overcome immune resistance and

broaden treatment options. Continued research into how metabolic

rewiring facilitates immune escape could yield novel therapeutic targets

and optimize existing immunotherapies (58).
5 Current advances in immunotherapy

5.1 Clinical use of PD-1/PD-L1 inhibitors

PD-1/PD-L1 inhibitors have made significant progress in the

treatment of HNSCC. In recent years, anti-PD-1 monoclonal

antibodies such as pembrolizumab and nivolumab have been

approved by the FDA and EMA for the treatment of patients

with recurrent or metastatic HNSCC. By blocking the interaction

between PD-1 and its ligand PD-L1, these drugs restore the anti-
frontiersin.org
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tumor activity of T cells, thereby enhancing the immune system ‘s

attack on tumor cells. However, their overall clinical efficacy

remains limited—approximately 60% of patients do not respond,

and only 20–30% achieve durable progression-free survival (47).

Emerging evidence suggests that this limited efficacy is largely

attributable to TME factors, including immune exclusion,

upregulation of immunosuppressive cytokines, and downregulation

of human leukocyte antigen (HLA) expression (40). For example,

increased infiltration of MDSCs and regulatory T cells has been

associated with resistance to anti-PD-1 therapy. To address these

challenges, combination therapies are being actively explored.

Clinical trials have demonstrated that combining PD-1/PD-L1

inhibitors with chemotherapy or radiotherapy can synergistically

enhance antigen release and immune priming. In KEYNOTE-048,

for instance, pembrolizumab plus chemotherapy significantly

improved overall survival compared to chemotherapy alone in PD-

L1–positive HNSCC. Preclinical models also support combinations

with anti-angiogenic agents, epigenetic modulators (e.g., DNMT or

HDAC inhibitors), or metabolic modulators targeting lactate

dehydrogenase (LDH) and adenosine pathways.

Future directions include rational selection of patients based on

biomarkers (TMB, PD-L1 expression, and TLS formation) and

spatiotemporal profiling of immune infiltration to guide

individualized therapy.
5.2 Current status and challenges of CAR-T
cell therapy

CAR-T cell therapy is an emerging immunotherapeutic approach

that has achieved significant success in hematological tumors, but its

use in solid tumors such as HNSCC remains challenging. CAR-T cells

are genetically engineered to express specific antigen receptors,

thereby enhancing the recognition and killing ability of tumor cells.

However, the tumor microenvironment of HNSCC is often highly

immunosuppressive, which can limit the effectiveness of CAR-T cell

therapy (59–61).

In HNSCC, CAFs secrete IL-6, TGF-b, and ECM-modifying

proteins such as LOXL2, which restrict T cell trafficking and

promote Treg polarization. Additionally, tumor antigen

heterogeneity and antigen loss variants further compromise CAR-

T targeting. CAFs showed inhibitory effects on CD8 + T cells,

further limiting the antitumor activity of CAR-T cells (Qin, 9).

To overcome these obstacles, researchers are exploring multiple

strategies, including optimizing the manufacturing process of CAR-

T cells, combining other immunotherapies or targeted therapies,

and developing novel CAR-T cell designs to improve their efficacy

in solid tumors (62). These improvements are expected to overcome

the limitations of existing treatments and enhance the clinical

application of CAR-T therapy in HNSCC.
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5.3 Exploration of other immunotherapy
strategies

Beyond PD-1/PD-L1 inhibitors and CAR-T cell therapy, several

alternative and adjunctive immune-therapeutic strategies are under

rapid development in HNSCC. For example, interventions directed at

the tumor microenvironment, such as by modulating the function of

TAMs or CAFs, may effectively enhance antitumor immune responses

(63, 64). In addition, cancer vaccines and immunomodulators are being

developed to improve the immune response to tumors by activating the

patient ‘s immune system (65). Combination regimens involving

radiotherapy have shown synergistic effects, where ionizing radiation

increases tumor antigen release and upregulates immune checkpoint

molecules, thereby sensitizing tumors to PD-1 blockade (Chen, 66).

However, these strategies face several challenges: Lack of

validated biomarkers to guide patient selection; Heterogeneity in

immune phenotypes among HPV+ vs. HPV− tumors; Incomplete

understanding of immune escape mechanisms in immune-desert

tumors; Need for robust clinical data to confirm long-term efficacy

and safety (67).
6 Future directions

6.1 Rational combination therapies

In the treatment of HNSCC, monotherapies often yield

suboptimal outcomes, underscoring the need for rational

combination strategies. Studies demonstrate that multimodal

approaches can overcome immune evasion mechanisms in the

TME, thereby enhancing therapeutic efficacy (47). Combining

immune checkpoint inhibitors with chemotherapy, radiotherapy,

or targeted therapies can amplify antitumor immune responses.

Additionally, cancer stem cells significantly contribute to metastasis

and immune evasion, making CSC-targeting approaches a critical

component of combination regimens (19).

Specific combinations, such as PD-1/PD-L1 inhibitors

co-administered with other immunomodulators (TGF-b blockers or

CSF-1R inhibitors), show promise in reshaping the immunosuppressive

TME. For instance, dual PD-1/CTLA-4 blockade has yielded improved

response rates and survival outcomes in HNSCC patients (15).

Future clinical trials could explore that sequential or adaptive

regimens that tailor dosing intervals and drug sequencing to dynamic

TME changes, and combinations with epigenetic therapies or

metabolic modulators to restore tumor immunogenicity and T cell

function. This comprehensive approach may bolster the durability of

immunotherapy responses and overcome primary or acquired

resistance (68, 69). These strategies aim to comprehensively reshape

the immunosuppressive TME, offering new avenues for improving

immunotherapy outcomes.
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6.2 Development of personalized
treatment strategies

Personalized therapy has become essential for optimizing HNSCC

treatment outcomes. With the advent of omics technologies, clinicians

can now profile tumor genetics, proteomics, and immunophenotypes

to tailor individualized regimens. For instance, TMB and TME

characteristics have been identified as predictive biomarkers for

immunotherapy response (70). Integrating genomic profiling of

tumor samples allows for precision immunotherapy selection,

targeting specific mutations and expression patterns (71).

In addition to genetic and molecular data, clinical features

such as HPV status and comorbidities also inform personalized

treatment. PD-L1 expression levels can guide therapeutic decisions

regarding PD-1/PD-L1 inhibitors (72) (18). Moving forward,

prospective clinical trials should incorporate longitudinal

biomarker analysis—such as monitoring circulating tumor DNA

(ctDNA) or single-cell transcriptomic changes—to refine therapy

choices in real time.
6.3 Discovery and application of
biomarkers

Biomarker development is central to early diagnosis,

prognostication, and treatment monitoring in HNSCC. Recent high-

throughput methods, including single-cell RNA sequencing and

bioinformatics-driven integrative analyses, have revealed numerous

biomarkers correlated with tumor progression and immune evasion

(73). For instance, dysregulated long non-coding RNAs (lncRNAs)

may predict immunotherapy responses and disease trajectory (74).

Future research should focus on multiparametric biomarker

panels, integrating immune cell composition, cytokine profiles, and

metabolic signatures to stratify patients more accurately. In addition to

that, TAM and CAF phenotypes, as their polarization states strongly

impact patient prognosis and therapy responsiveness (75, 76). By

combining multi-biomarker analyses with functional TME

characterization, we can drive the evolution of precision medicine.

Large-scale clinical trials, employing adaptive designs and real-time

biomarker assessment, will accelerate the translation of these findings

into standard-of-care practices.
7 Conclusion

The immune escape mechanisms in HNSCC represent a pivotal

focus in tumor biology and immunotherapy research. As our

understanding of the TME expands, it has become clear that tumor

cells do not exist in isolation but engage in dynamic interactions with

immune cells, stromal components, and the extracellular matrix. These

interactions play a profound role in influencing tumor growth,

metastasis, and therapeutic responses.
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This review emphasizes the critical role of immune cell infiltration

patterns and checkpoint dysregulation in the progression of HNSCC.

While high infiltration of CD8+ T cells is generally correlated with

favorable clinical outcomes, TAMs and Tregs are frequently associated

with tumor progression and poor prognosis. However, inconsistencies

in study outcomes, influenced by variations in sample selection,

methodologies, and analytical approaches, pose significant challenges

to integrating findings. Addressing these discrepancies is crucial for

advancing HNSCC immunotherapy.

Recent advances in immunotherapy, particularly immune

checkpoint inhibitors, have demonstrated considerable clinical benefits.

By restoring immune activity through PD-1/PD-L1 or CTLA-4

blockade, these therapies have shown promise in improving patient

survival and quality of life. Nevertheless, their efficacy remains variable,

highlighting the urgent need for strategies to identify the appropriate

patient populations and develop personalized treatment regimens.

Looking ahead, the complexity of the TME offers

numerous opportunities for future research. Investigating the

intricate interactions between tumor cells and immune cells, and

exploring methods to modulate the TME, such as targeting

immunosuppressive cytokines or employing genetic editing to alter

tumor cell immunophenotypes, holds great potential for enhancing the

efficacy of immunotherapy. Additionally, a deeper understanding of

these mechanisms could inform the development of combination

therapies, further improving patient outcomes.

In conclusion, the immune escape mechanisms in HNSCC reflect

the intricate interplay between tumors and their microenvironment.

Future research should focus on clarifying these complex interactions

and identifying biomarkers for personalized treatment strategies.

Multidisciplinary collaboration, integrating basic research with

clinical trials, will be essential in driving the development of more

effective therapies. These advances not only offer hope for improved

HNSCC outcomes but also provide valuable insights for

immunotherapy across a range of other malignancies, setting the

stage for broader clinical applications.
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Warburg effect’ controls tumor growth, bacterial, viral infections and immunity -
Genetic deconstruction and therapeutic perspectives. Semin Cancer Biol. (2022)
86:334–46. doi: 10.1016/j.semcancer.2022.07.004

51. Qiu C, WangW, Xu S, Li Y, Zhu J, Zhang Y, et al. Construction and validation of
a hypoxia-related gene signature to predict the prognosis of breast cancer. BMC Cancer.
(2024) 24:402. doi: 10.1186/s12885-024-12182-0

52. Zhang J, Ouyang F, Gao A, Zeng T, Li M, Li H, et al. ESM1 enhances fatty acid
synthesis and vascular mimicry in ovarian cancer by utilizing the PKM2-dependent
warburg effect within the hypoxic tumor microenvironment.Mol Cancer. (2024) 23:94.
doi: 10.1186/s12943-024-02009-8

53. Tan S, Yang Y, Yang W, Han Y, Huang L, Yang R, et al. Exosomal cargos-
mediated metabolic reprogramming in tumor microenvironment. J Exp Clin Cancer
Res. (2023) 42:59. doi: 10.1186/s13046-023-02634-z

54. Ju SH, Lee SE, Kang YE, Shong M. Development of metabolic synthetic lethality
and its implications for thyroid cancer. Endocrinol Metab (Seoul). (2022) 37:53–61.
doi: 10.3803/enm.2022.1402

55. Mobet Y, Liu X, Liu T, Yu J, Yi P. Interplay between m(6)A RNA methylation
and regulation of metabolism in cancer. Front Cell Dev Biol. (2022) 10:813581.
doi: 10.3389/fcell.2022.813581
Frontiers in Immunology 09
56. Wiggs A, Molina S, Sumner SJ, Rushing BR. A review of metabolic targets of
anticancer nutrients and nutraceuticals in pre-clinical models of triple-negative breast
cancer. Nutrients. (2022) 14(10):1990. doi: 10.3390/nu14101990

57. Mao Y, Xia Z, Xia W, Jiang P. Metabolic reprogramming, sensing, and cancer
therapy. Cell Rep. (2024) 43:115064. doi: 10.1016/j.celrep.2024.115064

58. Huang K, Han Y, Chen Y, Shen H, Zeng S, Cai C. Tumor metabolic regulators:
key drivers of metabolic reprogramming and the promising targets in cancer therapy.
Mol Cancer. (2025) 24:7. doi: 10.1186/s12943-024-02205-6

59. Hu C, Liu M, Li Y, Zhao Y, Sharma A, Liu H, et al. Recent advances and future
perspectives of CAR-T cell therapy in head and neck cancer. Front Immunol. (2023)
14:1213716. doi: 10.3389/fimmu.2023.1213716

60. Summers SE, Salih V, Foey AD. ErbB- and MUC1-targeted CAR-T cell
immunotherapy of oral squamous cell carcinoma. Front Dent Med. (2023)
4:1116402. doi: 10.3389/fdmed.2023.1116402

61. Wang HQ, Fu R, Man QW, Yang G, Liu B, Bu LL. Advances in CAR-T cell
therapy in head and neck squamous cell carcinoma. J Clin Med. (2023) 12(6):2173.
doi: 10.3390/jcm12062173

62. Wondergem NE, Nijenhuis D, Poell JB, Leemans CR, Brakenhoff RH, van de
Ven R. At the crossroads of molecular biology and immunology: molecular pathways
for immunological targeting of head and neck squamous cell carcinoma. Front Health.
(2021) 2:647980. doi: 10.3389/froh.2021.647980

63. Chen S, Yang Y, He S, Lian M, Wang R, Fang J. Review of biomarkers for
response to immunotherapy in HNSCC microenvironment. Front Oncol. (2023)
13:1037884. doi: 10.3389/fonc.2023.1037884

64. Liao T, Chen X, Qiu F, Zhang X, Wu F, Zhao Z, et al. Regulation of cancer-
associated fibroblasts for enhanced cancer immunotherapy using advanced functional
nanomedicines: an updated review. J Nanobiotechnol. (2025) 23:166. doi: 10.1186/
s12951-025-03217-0

65. Wu SY, Lin KC, Lawal B, Wu ATH, Wu CZ. MXD3 as an onco-immunological
biomarker encompassing the tumor microenvironment, disease staging, prognoses, and
therapeutic responses in multiple cancer types. Comput Struct Biotechnol J. (2021)
19:4970–83. doi: 10.1016/j.csbj.2021.08.047

66. Chen X, Chen L, Kürten CHL, Jabbari F, Vujanovic L, Ding Y, et al. An
individualized causal framework for learning intercellular communication networks
that define microenvironments of individual tumors. PloS Comput Biol. (2022) 18:
e1010761. doi: 10.1371/journal.pcbi.1010761

67. Stouten I, van Montfoort N, Hawinkels L. The tango between cancer-associated
fibroblasts (CAFs) and immune cells in affecting immunotherapy efficacy in pancreatic
cancer. Int J Mol Sci. (2023) 24(10):8707. doi: 10.3390/ijms24108707

68. Charap AJ, Enokida T, Brody R, Sfakianos J, Miles B, Bhardwaj N, et al.
Landscape of natural killer cell activity in head and neck squamous cell carcinoma. J
Immunother Cancer. (2020) 8(2):e001523. doi: 10.1136/jitc-2020-001523

69. Liu Z, Zuo L, Zhou Z, Liu S, Ba Y, Zuo A, et al. Targeting immunosenescence for
improved tumor immunotherapy.MedComm (2020). (2024) 5:e777. doi: 10.1002/mco2.777

70. Li Y, Ji L, Zhang Y, Zhang J, Reuben A, Zeng H, et al. The combination of tumor
mutational burden and T-cell receptor repertoire predicts the response to
immunotherapy in patients with advanced non-small cell lung cancer. MedComm
(2020). (2024) 5:e604. doi: 10.1002/mco2.604

71. de Klerk LK, Goedegebuure RSA, van Grieken NCT, van Sandick JW, Cats A,
Stiekema J, et al. Molecular profiles of response to neoadjuvant chemoradiotherapy in
oesophageal cancers to develop personalized treatment strategies. Mol Oncol. (2021)
15:901–14. doi: 10.1002/1878-0261.12907

72. Dang K, Zhang W, Jiang S, Lin X, Qian A. Application of lectin microarrays for
biomarker discovery. ChemistryOpen. (2020) 9:285–300. doi: 10.1002/open.201900326

73. Li Y, TamWW, Yu Y, Zhuo Z, Xue Z, Tsang C, et al. The application of Aptamer
in biomarker discovery. Biomark Res. (2023) 11:70. doi: 10.1186/s40364-023-00510-8

74. Pan X, Li C, Feng J. The role of LncRNAs in tumor immunotherapy. Cancer Cell
Int. (2023) 23:30. doi: 10.1186/s12935-023-02872-3

75. Kondoh N, Mizuno-Kamiya M, Umemura N, Takayama E, Kawaki H, Mitsudo
K, et al. Immunomodulatory aspects in the progression and treatment of oral
Malignancy. Jpn Dent Sci Rev. (2019) 55:113–20. doi: 10.1016/j.jdsr.2019.09.001

76. Li Z, Wang Q, Huang X, Fu R, Wen X, Zhang L. Multi-omics analysis reveals
that ferroptosis-related gene CISD2 is a prognostic biomarker of head and neck
squamous cell carcinoma. J Gene Med. (2024) 26:e3580. doi: 10.1002/jgm.3580
frontiersin.org

https://doi.org/10.1002/cac2.12605
https://doi.org/10.1016/j.hoc.2018.12.006
https://doi.org/10.1002/imt2.130
https://doi.org/10.1007/s00292-022-01159-0
https://doi.org/10.1038/s41392-025-02184-0
https://doi.org/10.1002/lary.30761
https://doi.org/10.1080/14712598.2021.1921140
https://doi.org/10.1080/14712598.2021.1921140
https://doi.org/10.1007/978-981-15-3266-5_3
https://doi.org/10.1001/jamaoto.2021.2191
https://doi.org/10.1158/1535-7163.mct-21-0234
https://doi.org/10.1186/s13046-023-02691-4
https://doi.org/10.1016/j.oraloncology.2023.106331
https://doi.org/10.3390/cancers16040703
https://doi.org/10.1016/j.phrs.2024.107271
https://doi.org/10.1016/j.phrs.2024.107271
https://doi.org/10.1016/j.vetimm.2023.110609
https://doi.org/10.1016/j.semcancer.2022.07.004
https://doi.org/10.1186/s12885-024-12182-0
https://doi.org/10.1186/s12943-024-02009-8
https://doi.org/10.1186/s13046-023-02634-z
https://doi.org/10.3803/enm.2022.1402
https://doi.org/10.3389/fcell.2022.813581
https://doi.org/10.3390/nu14101990
https://doi.org/10.1016/j.celrep.2024.115064
https://doi.org/10.1186/s12943-024-02205-6
https://doi.org/10.3389/fimmu.2023.1213716
https://doi.org/10.3389/fdmed.2023.1116402
https://doi.org/10.3390/jcm12062173
https://doi.org/10.3389/froh.2021.647980
https://doi.org/10.3389/fonc.2023.1037884
https://doi.org/10.1186/s12951-025-03217-0
https://doi.org/10.1186/s12951-025-03217-0
https://doi.org/10.1016/j.csbj.2021.08.047
https://doi.org/10.1371/journal.pcbi.1010761
https://doi.org/10.3390/ijms24108707
https://doi.org/10.1136/jitc-2020-001523
https://doi.org/10.1002/mco2.777
https://doi.org/10.1002/mco2.604
https://doi.org/10.1002/1878-0261.12907
https://doi.org/10.1002/open.201900326
https://doi.org/10.1186/s40364-023-00510-8
https://doi.org/10.1186/s12935-023-02872-3
https://doi.org/10.1016/j.jdsr.2019.09.001
https://doi.org/10.1002/jgm.3580
https://doi.org/10.3389/fimmu.2025.1597202
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Unraveling the immune evasion mechanisms in the tumor microenvironment of head and neck squamous cell carcinoma
	1 Introduction
	2 Immune infiltration patterns in the HNSCC microenvironment
	2.1 Cellular heterogeneity of immune infiltration landscapes
	2.2 Tumor-immune cell crosstalk
	2.3 Multilayered regulation of microenvironmental niches
	2.4 Spatial heterogeneity and immune desert/excluded phenotypes

	3 Dynamic expression and regulatory networks of immune checkpoints
	3.1 Spatiotemporal regulation of the PD-1/PD-L1 axis
	3.2 Multidimensional regulation of synergistic immune checkpoints
	3.3 Precision targeting strategies for immune checkpoints

	4 Metabolic reprogramming and its impact on immune evasion
	4.1 Hallmarks of tumor metabolic reprogramming
	4.2 Immunosuppressive roles of metabolic by-products
	4.3 Metabolic targeting strategies

	5 Current advances in immunotherapy
	5.1 Clinical use of PD-1/PD-L1 inhibitors
	5.2 Current status and challenges of CAR-T cell therapy
	5.3 Exploration of other immunotherapy strategies

	6 Future directions
	6.1 Rational combination therapies
	6.2 Development of personalized treatment strategies
	6.3 Discovery and application of biomarkers

	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


