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Abstract: The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that was initially discovered for its role in 
mediating the toxicity of environmental pollutants such as dioxins. Recent studies have demonstrated that AhR plays significant roles 
in various physiological and pathological processes, including immune regulation and tumor development. Cutaneous squamous cell 
carcinoma (cSCC), the second most common skin malignancy, is closely associated with the immune microenvironment. This review 
systematically outlines the structure, function, and signaling pathways of AhR, as well as its role in the immune system, with a focus 
on how AhR influences the progression of cSCC by regulating the functions of various immune cells, including T cells, dendritic cells, 
macrophages, and myeloid-derived suppressor cells. In particular, this review highlights the central role of the “tryptophan–kynur
enine–AhR” axis, along with AhR-mediated regulation of immune checkpoints (such as PD-1/PD-L1, CTLA-4, and TIM-3), its 
crosstalk with inflammatory signaling pathways (including NF-κB, STAT3, and TGF-β), and the impact of AhR on antigen 
presentation and immunoediting. Furthermore, it discusses the role of AhR ligands in cSCC and the potential of targeting AhR for 
therapy, providing a novel theoretical foundation and strategic insights for the immunotherapy of cSCC. This review systematically 
summarizes the immunomodulatory mechanisms of AhR, integrating findings from studies specific to cSCC and those from other 
tumor types. It should be noted that some mechanistic evidence is derived from non-cSCC research models, and its applicability to 
cSCC requires further validation. 
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Introduction
The skin is the largest organ of the human body, serving as the primary barrier against physical, chemical, and biological 
damage. However, prolonged external stimuli, especially ultraviolet (UV) radiation, can induce malignant transformation 
of skin cells, leading to the development of skin cancer. Cutaneous squamous cell carcinoma (cSCC) is the second most 
common non-melanoma skin cancer, with its global incidence rising annually.1 In China, the age-standardized incidence 
rate of cSCC has more than doubled from 1990 to 2021, with a sustained upward trend projected through 2030.2 

Although most localized cSCC cases have a favorable prognosis after surgical excision, patients with advanced, 
metastatic, or unresectable cSCC often face a poor prognosis, limited therapeutic options, and insensitivity to traditional 
radiotherapy and chemotherapy.3

In recent years, immune checkpoint inhibitors (ICIs), such as anti-programmed cell death protein 1 (anti-PD-1) 
antibodies, have shown significant efficacy in treating advanced cSCC. This underscores the central role of the immune 
system in controlling cSCC progression,4 even demonstrating favorable safety in elderly and immunocompromised 
populations.5 The tumor immune microenvironment (TME) of cSCC is a complex ecosystem composed of tumor cells, 
immune cells, stromal cells, cytokines, and chemokines. The dynamic balance within this microenvironment— 
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specifically the interplay between immunosuppressive and immune-activating states—directly determines tumor growth, 
invasion, and metastasis.6 Therefore, a deep understanding and targeted modulation of key molecules within the cSCC 
immune microenvironment is fundamental for developing novel immunotherapeutic strategies.

It is in this context that the aryl hydrocarbon receptor (AhR) has emerged as a molecule of significant interest. AhR is 
an evolutionarily conserved, ligand-activated transcription factor belonging to the Per-Arnt-Sim (PAS) protein family. 
Initially identified as a receptor for environmental toxins such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),7 subse
quent research has broadened the understanding of its physiological functions. AhR can be activated by various 
endogenous ligands derived from tryptophan metabolism and microbial products, positioning it as a “molecular sentinel” 
sensing both internal and external environmental changes.8 Substantial evidence indicates that AhR plays a pleiotropic 
role in regulating the differentiation, function, and homeostasis of immune cells, profoundly influencing both innate and 
adaptive immune responses.9

In oncology, AhR can act as either a tumor suppressor or a promoter, depending on the cancer type, the specific 
ligands present in the microenvironment, their concentration, and the cell types involved.10 Within the skin, AhR is 
abundantly expressed in keratinocytes, melanocytes, and resident immune cells. AhR signaling regulates skin barrier 
function, pigmentation, wound healing, and responses to UV damage.11 Recent studies have increasingly focused on the 
role of AhR in cSCC development, particularly its mechanisms of influencing tumor progression via the tumor immune 
microenvironment. For instance, kynurenine—an endogenous AhR ligand produced by tumor or immune cell metabolism 
—can activate AhR in immune cells, inducing immunosuppression and facilitating tumor immune evasion.12

This review aims to systematically summarize the molecular characteristics of AhR and its regulatory network within 
the immune system, with a focus on its role in the pathological context of cSCC. We will discuss in detail how AhR 
signaling influences the immune microenvironment and disease progression of cSCC by modulating the functions of key 
immune cells (T cell subsets, antigen-presenting cells, and myeloid-derived suppressor cells), thereby shaping the balance 
between anti-tumor immunity and immune escape. Distinct from previous studies, this review specifically emphasizes the 
role of AhR as a central node connecting the environment, metabolism, and immune responses in cSCC. It systematically 
outlines the mechanisms by which AhR participates in immune checkpoint regulation, crosstalk with inflammatory 
signaling pathways, and modulation of antigen presentation. By integrating evidence from cSCC-specific studies and 
findings from other tumor types, this review provides new perspectives for the development of more effective 
immunotherapies for cSCC.

Search Strategy
This review strictly followed the PRISMA 2020 guidelines to ensure rigorous and transparent literature screening and 
analysis. Relevant literatures were retrieved from PubMed, Web of Science, Embase and CNKI from their inception to 
March 2026. The search focused on innovative studies from 2011 to 2026 for timeliness and academic traceability, with 
early landmark basic studies also included. Search terms combined MeSH and free words, including “aryl hydrocarbon 
receptor”, “AhR”, “cutaneous squamous cell carcinoma”, “cSCC”, “immune system”, “tumor immune microenviron
ment”, “immune regulation”, “immunotherapy target” and “AhR ligands”. A search strategy was built with Boolean 
operators (AND, OR, NOT) based on the research topic. Literature screening followed the PRISMA 2020 flow chart: 
duplicate literatures were removed via EndNote 2025 by title, author, journal and publication year; two independent 
researchers excluded irrelevant studies by title and abstract; full-text evaluation was performed on potentially eligible 
literatures; disputes were resolved through joint discussion with a third independent researcher. A structured quality 
assessment was adopted for all included studies, ensuring only medium and high-quality literatures were used for the 
final summary and analysis.

Overview of the Pathophysiology of Cutaneous Squamous Cell Carcinoma 
(cSCC)
As a malignant tumor originating from epidermal keratinocytes, the pathophysiological process of cSCC is a complex 
cascade driven by environmental factors, genetic alterations, and the immune microenvironment.
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The primary causative factor of cSCC is chronic exposure to ultraviolet (UV) radiation, particularly UVB. UV 
radiation can directly damage DNA, inducing characteristic C>T or CC>TT mutations, known as “UV fingerprint 
mutations.” These mutations accumulate in critical tumor suppressor genes (such as TP53, which is mutated in over 
80% of cSCC cases) and proto-oncogenes, disrupting cell cycle control, apoptosis, and DNA repair mechanisms, thereby 
conferring uncontrolled proliferative capacity to keratinocytes.13 UV radiation also induces local and systemic immuno
suppression, weakening the immune surveillance of early cancerous cells.14

Due to the large number of UV-induced gene mutations, cSCC typically exhibits a high tumor mutational burden (TMB). 
Theoretically, a high TMB can generate a large number of tumor neoantigens, making cSCC an immunologically “hot” tumor 
with high immunogenicity.15 Indeed, histological observations confirm that dense T-cell infiltration is often present within 
cSCC lesions, yet the tumors continue to progress. This suggests the existence of a dominant immunosuppressive network in 
the tumor immune microenvironment (TME). This network drives immune escape by exhausting or paralyzing effector T cells 
through mechanisms involving regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), M2-like tumor- 
associated macrophages (TAMs), immune checkpoint molecules (eg, PD-L1), and inhibitory metabolites (eg, 
kynurenine).16 Therefore, the progression of cSCC can be viewed as the synergistic outcome of the intrinsic malignant 
proliferative properties of tumor cells and the immunosuppressive effects mediated by the microenvironment.

AhR Structure, Ligands, and Signaling Pathway
To understand the complex role of AhR in the immune microenvironment of cSCC, it is essential to first gain a clear 
understanding of its basic molecular biological characteristics, including its protein structure, diverse ligands, and the 
signal transduction pathways activated thereafter.

Molecular Structure of AhR
The N-terminal bHLH domain is responsible for DNA binding and dimerization with the Aryl Hydrocarbon Receptor 
Nuclear Translocator (ARNT).17 The PAS (Per-Arnt-Sim) domain is divided into two subdomains: PAS-A and PAS-B. 
The PAS-A domain stabilizes the dimer structure through protein-protein interactions, while the PAS-B domain contains 
the ligand-binding pocket, which recognizes and binds both endogenous and exogenous ligands (such as environmental 
pollutants and physiological active substances).18 The C-terminal region contains the transcriptional activation domain 
(TAD) (Table 1), which recruits coactivators to initiate the transcription of downstream genes.19 Table 1

In the resting state, that is, in the absence of ligand binding, AhR resides in the cytoplasm and associates with 
a chaperone complex composed of heat shock protein 90 (Hsp90), AhR-interacting protein (AIP, also known as XAP2), 
and p23. The function of this chaperone complex is to maintain the conformational stability of AhR, keeping it in an 
inactive yet readily activatable state, and to prevent its translocation into the nucleus before activation.20

Diverse Ligands of AhR
The exogenous ligands of AhR primarily include environmental pollutants and industrial by-products, such as dioxins 
(eg, TCDD), polycyclic aromatic hydrocarbons (PAHs, eg, benzo[a]pyrene), and polychlorinated biphenyls (PCBs). 
These ligands exhibit high affinity and long half-lives. Their persistent activation of AhR constitutes the molecular basis 
for adverse effects such as immunotoxicity, teratogenicity, and carcinogenicity.8

Table 1 Main Domains and Functions of the AHR Protein

Domain Location Core Function

Basic helix-loop-helix (bHLH) Amino terminus (N-terminus) Mediates DNA binding and protein dimerization

PAS-A Downstream of bHLH domain, upstream of PAS-B Stabilizes heterodimer structure

PAS-B Downstream of PAS-A Specifically binds ligands
Transactivation domain (TAD) Carboxyl terminus (C-terminus) Activates target gene transcription

Linker region Between PAS-A and PAS-B Adapts ligand-induced conformational changes
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Endogenous ligands are produced by the body’s own metabolism and are essential for the physiological functions of 
AhR. They mainly originate from the tryptophan metabolic pathway, where tryptophan is metabolized via the kynurenine 
(Kyn) pathway to generate AhR ligands such as Kyn and kynurenic acid. In the tumor microenvironment, the high 
expression of indoleamine 2,3-dioxygenase (IDO1) or tryptophan 2,3-dioxygenase (TDO2) leads to extensive breakdown 
of tryptophan into Kyn, thereby activating AhR.12 Recent studies indicate that L-amino acid oxidase (IL4I1), a key 
tryptophan-metabolizing enzyme, can produce metabolites such as indole-3-pyruvate (I3P). These metabolites act as AhR 
ligands and play a widespread role in driving tumor immune escape.21 Furthermore, 6-formylindolo[3,2-b]carbazole 
(FICZ), a photoproduct generated from tryptophan under ultraviolet (UV) light, is one of the strongest known 
endogenous AhR agonists and is closely involved in the skin’s response to UV radiation.22 Other endogenous ligands 
also include bilirubin and eicosanoids.23

In addition to environmental and endogenous ligands, dietary and symbiotic microbial ligands are also critical sources 
of AhR activation. Indole-3-carbinol (I3C), abundant in cruciferous vegetables such as broccoli, can be converted into 
potent AhR agonists like indolo[3,2-b] carbazole (ICZ) under gastric acid conditions (Table 2). Meanwhile, molecules 
such as indole and indole-3-acetic acid, produced by gut microbiota from tryptophan metabolism, are essential for 
maintaining intestinal barrier integrity and local immune homeostasis.24 Recent studies further emphasize that microbial- 
derived AhR ligands not only regulate intestinal immunity but also remotely influence skin barrier function and 
neuroinflammation via the “gut-skin axis”.9 This provides a new perspective for intervening in cSCC progression by 
modulating microbial metabolism. Table 2

The Signaling Pathway of AhR
The canonical signaling pathway of AhR is a ligand-induced transcriptional regulatory process (As shown in Figure 1). 
Upon ligand binding to the PAS-B domain of the cytoplasmic AhR complex, AhR undergoes a conformational change, 
exposing its nuclear localization signal. This leads to the dissociation of chaperone proteins such as Hsp90 and 
subsequent nuclear translocation of AhR. Inside the nucleus, AhR forms a heterodimer with ARNT.25 This dimer 
recognizes and binds to xenobiotic response elements (XREs) in the promoter or enhancer regions of target genes. 
Following XRE binding, coactivators such as p300/CBP and SRC-1, along with RNA polymerase II, are recruited to 
initiate the transcription of downstream target genes.26 Typical AhR target genes encode cytochrome P450 family 
enzymes, including CYP1A1, CYP1A2, and CYP1B1, which are involved in the metabolism of various exogenous 
and endogenous substances.27 Furthermore, AhR induces the expression of the AhR repressor (AhRR), which competi
tively binds to ARNT, thereby establishing a negative feedback regulation of the AhR signaling pathway.28

In addition to the classical DRE-dependent transcriptional regulatory pathway, AhR also exerts significant biological 
functions through various non-canonical mechanisms. Recent studies have revealed that ligand-activated AhR itself can 
function as an E3 ubiquitin ligase, directly catalyzing the ubiquitination and degradation of target proteins (such as 
estrogen receptor α and androgen receptor), thereby regulating protein stability and function in a transcription- 
independent manner.29 Meanwhile, AhR can indirectly inhibit STAT3 activation by inducing the expression of suppressor 
of cytokine signaling 2 (SOCS2), a negative regulator of the JAK/STAT signaling pathway that targets STAT3 and 
associated kinases for degradation. Additionally, AhR can directly interact with phosphorylated STAT proteins to regulate 
their transcriptional activity, influencing processes such as Th17 cell differentiation.30 AhR can also regulate key 
signaling pathways through protein-protein interactions. For example, AhR exhibits complex bidirectional crosstalk 
with the NF-κB pathway: it can inhibit the expression of pro-inflammatory genes by binding to RelA/RelB or competing 

Table 2 Major Ligand Categories and Representative Substances of AHR

Ligand Category Representative Substances

Exogenous Synthetic Ligands Dioxins (TCDD), Polycyclic Aromatic Hydrocarbons (Benzopyrene, Anthracene), Polychlorinated 

Biphenyls (PCBs), DDT
Endogenous Ligands Tryptophan Metabolites (Kynurenine, Kynurenic Acid, I3P, FICZ), Bilirubin, Eicosanoids

Dietary/Microbiota-Derived Ligands Indolo[3,2-b]carbazole (ICZ), Indole, Indole-3-Acetic Acid
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for co-activators, and it can also cooperate with RelB to promote the transcription of genes such as IL-22, participating in 
the maintenance of mucosal barrier homeostasis.29

The Pleiotropic Regulatory Role of AhR in the Immune System
AhR acts as an integrator of environmental, metabolic, and immune signals, playing a critical regulatory role across all 
levels of the immune system. It not only influences the development and differentiation of immune cells but also finely 
tunes their effector functions, thereby maintaining immune homeostasis or, under pathological conditions such as cancer, 
driving immune dysregulation.31 AhR’s regulation of immune cells is highly cell-type-specific and ligand-dependent. 
Understanding these complex regulatory networks is essential for elucidating its role in cSCC.

Regulation of T Cells by AhR
AhR Shapes the Immune Microenvironment by Regulating CD4+ T Cell Subsets
AhR is a core transcription factor regulating the differentiation of CD4+ helper T cells, and its specific effects exhibit 
strong ligand- and context-dependency. On one hand, upon activation by specific ligands such as UV-derived FICZ in the 
skin, AhR cooperates with STAT3 to directly promote the differentiation of pro-inflammatory Th17 cells.32 This process 
plays a critical role in shaping the skin inflammatory microenvironment and provides a potential mechanism for the 
establishment of cSCC-associated inflammation.33 On the other hand, in the tumor microenvironment, Kyn, a tryptophan 
metabolite generated by excessive IDO1/TDO2 activity, serves as the primary ligand driving the immunosuppressive 
functions of AhR.12 The Kyn-AhR signaling axis potently induces the differentiation of highly suppressive regulatory 
T cells (Tregs) and enhances their immunosuppressive function by directly upregulating molecules such as CTLA-4 and 
LAG-3.34 This dual and opposing nature of pro-inflammatory and anti-inflammatory functions reveals the complexity of 

Figure 1 Canonical and Non-Canonical AhR Signaling Pathways. 
Notes: (a) illustrates the canonical AhR signaling pathway: In the cytoplasm, unactivated AhR forms a complex with chaperone proteins like Hsp90 and AIP. Upon binding of 
exogenous ligands (eg, TCDD, PAHs) or endogenous ligands (eg, Kyn, FICZ), AhR undergoes a conformational change, the chaperone proteins dissociate, and AhR 
translocates into the nucleus. Inside the nucleus, AhR forms a heterodimer with ARNT, which binds to xenobiotic response elements (XREs) in the promoter regions of 
target genes, recruits co-activators, and initiates transcription of target genes like CYP1A1, CYP1B1, and AhRR. (b) illustrates one of the non-canonical AhR signaling 
pathways: Ligand-bound AhR assembles an atypical E3 ubiquitin ligase complex based on CUL4B to mediate the ubiquitination of target proteins. The ubiquitinated target 
proteins are subsequently degraded via the proteasome pathway. This process enables rapid cellular responses to ligand signals by directly mediating protein degradation, 
thereby regulating cellular processes.
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AhR in immune regulation. A key debate in the field centers on what determines whether AhR ultimately promotes 
inflammation or suppresses it in a given context, which likely involves the integrated effects of multiple factors including 
ligand type, ligand concentration, cell type, and co-stimulatory signals.9,30

Impairing CD8+ Cytotoxic T Lymphocyte (CTL) Function
CD8+ cytotoxic T lymphocytes are the central effector cells that directly kill tumor cells. In the tumor microenvironment, 
AhR signaling pathway, persistently activated by the Kyn, is a key factor leading to functional exhaustion and 
dysfunction of CD8+ T cells.

AhR hyperactivation impairs the antitumor function of CD8+ T cells through three interrelated mechanisms: First, it 
directly induces CTL apoptosis or promotes their entry into a state of functional anergy, leading to impaired proliferation 
and reduced secretion of effector molecules such as IFN-γ and granzyme B.35 Second, it upregulates the expression of 
immune checkpoint molecules including PD-1, TIM-3, and LAG-3, thereby driving CTL exhaustion. Treatment with 
AhR antagonists can reverse this exhausted phenotype, restore IFN-γ production, and synergize with anti-PD-1 
therapy.36,37 Third, it inhibits the aerobic glycolysis pathway upon which activated effector T cells rely, forcing CTLs 
into an inefficient metabolic state and restricting their anti-tumor activity.38

In addition to these direct effects on CTLs, AhR also indirectly impairs CTL function by reshaping the differentiation 
landscape of CD4+ T cells. Within the cSCC microenvironment, Kyn-AhR signaling preferentially drives the differentia
tion of immunosuppressive regulatory T cells (Tregs) rather than that of Th1-type helper T cells.12,34 Consequently, this 
not only diminishes Th1-mediated positive help for CTLs but also enhances Treg-mediated immunosuppression. In 
summary, AhR exerts a pivotal regulatory role within the cSCC immune escape network through a dual mechanism: 
directly exhausting CTL effector functions and indirectly reshaping the differentiation balance of CD4+ T cells.

AhR Regulation of Dendritic Cells (DCs)
Dendritic cells (DCs) serve as a critical bridge linking innate and adaptive immunity, responsible for antigen presentation 
and initiating T cell immune responses. Activation of AhR signaling can significantly disrupt DC function, promoting 
their shift from an immunostimulatory state toward a tolerogenic phenotype. Under normal conditions, mature DCs 
highly express MHC class II molecules, co-stimulatory molecules (CD80, CD86), and secrete pro-inflammatory 
cytokines such as IL-12, thereby effectively activating T cells. However, AhR ligands (eg, TCDD or Kyn in the tumor 
microenvironment) can inhibit DC maturation induced by stimuli such as lipopolysaccharide (LPS), leading to down
regulation of co-stimulatory molecules and reduced IL-12 secretion. This impairs their ability to activate effector T cells, 
particularly Th1 cells.39 More importantly, AhR activation can actively induce DCs to express immunosuppressive 
molecules. AhR directly binds to the promoter of the “IDO1” gene, upregulating IDO1 expression. This further depletes 
tryptophan and generates Kyn, forming a “Kyn–AhR–IDO1” positive feedback loop that amplifies immunosuppression.40 

Concurrently, AhR-activated DCs increase the secretion of inhibitory cytokines such as IL-10 and TGF-β, directly 
inducing Treg differentiation. Therefore, in the tumor microenvironment, sustained AhR signaling transforms DCs, 
which should initiate antitumor immunity, into key participants in establishing and maintaining immune tolerance, 
thereby facilitating tumor immune escape.

AhR Regulation of Tumor-Associated Macrophages (TAMs) and Myeloid-Derived 
Suppressor Cells (MDSCs)
Myeloid cells, primarily including tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells 
(MDSCs), play a critical role in the tumor microenvironment. TAMs often exhibit an M2-like phenotype, which supports 
tumor growth, angiogenesis, and immunosuppression. The AhR signaling pathway is an important driver of macrophage 
polarization toward this phenotype.41 After activation, AhR significantly upregulates key markers of M2 macrophages, 
such as arginase-1 (Arg1), CD206, and the immunosuppressive cytokine IL-10, while suppressing M1 macrophages that 
possess anti-tumor functions.42 Targeted knockout of AhR in macrophages can reverse their M2 phenotype and restore 
their anti-tumor function.43
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On the other hand, MDSCs are a heterogeneous group of immature myeloid cells that strongly inhibit T cell function 
through mechanisms such as expressing arginase-1 (Arg1), producing reactive oxygen species (ROS), and generating 
nitric oxide (NO).44 Kyn-mediated AhR signaling in the tumor microenvironment not only promotes the expansion and 
differentiation of MDSC precursors in the bone marrow, but also directly enhances the immunosuppressive capacity of 
MDSCs by upregulating the expression of Arg-1 and inducible nitric oxide synthase (iNOS).45

Notably, AhR-mediated regulation of TAMs and MDSCs is not an isolated event, but forms a synergistic myeloid 
immunosuppressive network. On one hand, AhR-driven M2-like TAMs promote the recruitment and expansion of 
MDSCs through the secretion of cytokines such as IL-10 and TGF-β.43 On the other hand, MDSCs further reinforce 
M2 polarization of TAMs by producing factors such as IL-1β.45 This positive feedback loop renders myeloid immuno
suppression a self-sustaining mechanism of immune evasion in the cSCC microenvironment. The relative contribution of 
TAMs and MDSCs to immunosuppression in cSCC, as well as their causal relationship with T cell exhaustion, remains to 
be clarified. Detailed analyses using single-cell sequencing and lineage-tracing approaches in animal models and clinical 
samples will help elucidate the dynamic regulation of the myeloid immunosuppressive network and its role in tumor 
immune escape.

AhR Regulation of Other Immune Cells
In addition to the key immune cells mentioned above, AhR also regulates other immune cells such as innate lymphoid 
cells (ILCs) (Table 3). For instance, among ILCs—particularly group 3 innate lymphoid cells (ILC3s)—AhR is essential 
for their development and function. AhR activation can induce ILC3s to produce significant amounts of IL-22, which is 
crucial for maintaining the integrity of mucosal barriers such as those in the intestine.46 In the skin, IL-22 is also involved 
in tissue repair and defense against certain pathogens. However, in certain cancer contexts, IL-22 has been shown to 
promote tumor cell proliferation and survival. Its specific role in cSCC requires further investigation.33

In summary, AhR profoundly influences multiple aspects of the immune system through a complex and intercon
nected regulatory network. Within the tumor microenvironment, AhR signaling predominantly driven by endogenous 
ligands, mainly Kyn, tends to suppress antitumor immunity and promote immune evasion. By impairing CTL cytotoxi
city, promoting the expansion and function of immunosuppressive cells such as Tregs and MDSCs, and reshaping DCs 
and macrophages into a “pro-tumor” phenotype, AhR collectively facilitates tumor growth and progression.Table 3

Mechanisms by Which AhR Influences cSCC Progression via the Immune 
System
Research on the mechanisms by which AhR regulates cSCC progression through the immune system is still advancing, 
and the current evidence remains incomplete. In this section, when elaborating on the specific immune mechanisms 
through which AhR regulates cSCC progression, we prioritize direct evidence from cSCC-related basic and clinical 

Table 3 Interaction Between Immune Cells and AhR Signaling

Immune Cell Type Effects of AhR Signaling Activation

T Cells (CD4+ T Cells) Promotes Treg differentiation and enhances immunosuppression; Facilitates Th17 cell differentiation and 
involvement in inflammatory responses; Induces CD4+ T cell exhaustion and upregulates PD-1 expression

Regulatory T Cells (Tregs) Promotes Treg differentiation and functional maintenance, strengthens the immunosuppressive 

microenvironment, and inhibits effector T cell activation
T Cells (CD8+ T Cells) Induces CD8+ T cell exhaustion; Suppresses cytotoxicity and upregulates exhaustion markers such as PD-1 and 

TIM-3

Dendritic Cells (DCs) Affects DC differentiation, maturation, and antigen-presenting function, leading to a shift toward an 
immunotolerant phenotype

Macrophages Regulates macrophage polarization, promoting M2-type (immunosuppressive) polarization while inhibiting M1- 

type (pro-inflammatory, anti-tumor) polarization
Myeloid-Derived Suppressor 

Cells (MDSCs)

Promotes MDSC expansion and function, enhances their inhibitory effect on T cells, and maintains the 

immunosuppressive microenvironment
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studies. We also appropriately draw upon established findings from other tumor types, including glioblastoma, mela
noma, breast cancer, and lung cancer,10,12,37,43 to more systematically elucidate the immunomodulatory role of AhR in 
cSCC. It should be noted that some mechanistic conclusions in this section are derived from non-cSCC models, and their 
direct applicability and regulatory patterns in cSCC require further validation through targeted studies.

AhR Regulation of Tumor Microenvironment Immune Cells
The development of cSCC is a multi-step process, in which the interaction between tumor cells and the immune 
microenvironment is crucial. AhR activation can increase the infiltration of immunosuppressive cells in the cSCC 
microenvironment. Research by Piper et al showed that AhR-activated cSCC secretes chemokines such as CCL2 and 
CCL22, which recruit Tregs and MDSCs into the tumor tissue.46 These immunosuppressive cells secrete factors like IL- 
10 and TGF-β to suppress effector T cell function, thereby promoting tumor immune escape.47 In mouse models, 
treatment with AhR antagonists has been shown to reduce Treg infiltration and enhance anti-tumor immunity.48

cSCC cells highly express IDO1 and produce abundant Kyn, which directly suppresses CD8+ T-cell function by 
activating AhR, resulting in inhibited proliferation, reduced effector function, and increased apoptosis.49 Meanwhile, 
AhR activation upregulates PD-1 expression in T cells and enhances their sensitivity to PD-L1-mediated inhibitory 
signals.50 In addition, Kyn in the cSCC microenvironment inhibits NK-cell activation and cytotoxicity by activating 
AhR, reducing the expression of perforin and granzyme.51,52 In TAMs, AhR activation promotes macrophage polariza
tion toward the M2 phenotype, characterized by elevated expression of M2 markers including CD206 and Arg1, and the 
production of immunosuppressive and tumor-promoting factors.53 M2-type TAMs support cSCC progression by facil
itating angiogenesis, matrix remodeling, and immune suppression,54 whereas AhR blockade reverses M2 polarization of 
TAMs and remodels the tumor microenvironment.55

Emerging evidence from multiple preclinical models converges on a central paradigm: AhR activation regulates 
immunosuppression in cSCC via three interrelated mechanisms. First, tumor-derived Kyn establishes an autocrine 
positive feedback loop by upregulating IDO1 in dendritic cells, forming a self-sustaining immunosuppressive 
microenvironment.40 Second, AhR signaling cooperates with the STAT3 and NF-κB pathways to suppress cytotoxic 
T-cell function and promote Treg expansion.56 Third, AhR activation induces metabolic reprogramming by inhibiting 
glycolysis, linking AhR signaling to T-cell exhaustion.38 However, translating these mechanistic insights into clinical 
applications remains hindered by several critical knowledge gaps. Most studies rely on transplantable tumor models, 
which may not fully recapitulate the unique UV-driven mutagenic features of human cSCC.13,15 The relative contribu
tions of tumor cell-intrinsic AhR signaling and immune cell-specific AhR signaling to immune evasion remain to be 
defined.43 Whether AhR antagonism can reverse established immune tolerance, rather than merely preventing its 
induction, requires further validation.37

AhR-Mediated Regulation of Immune Checkpoints
AhR is not only a key regulator of immune cell function but also plays a central role in establishing the immunosuppressive 
tumor microenvironment by directly or indirectly modulating multiple immune checkpoint molecules and pathways. 
Distinct from the regulation of single checkpoint molecules, AhR exerts a unique multitarget effect by simultaneously 
upregulating the expression or activity of multiple immune checkpoint molecules.56 This enables the AhR-activated tumor 
microenvironment to evade therapeutic pressure from single checkpoint blockade through multiple mechanisms.

AhR contributes significantly to the regulation of the PD-1/PD-L1 axis. Multiple studies have shown that 
Kyn-activated AhR in cSCC cells can upregulate PD-L1 expression, a process involving the cooperation of several 
transcription factors such as STAT3 and NF-κB.56 Simultaneously, AhR activation upregulates PD-1 expression on 
T cells, making them more susceptible to PD-L1-mediated inhibition.54 This bidirectional regulation reinforces the 
immunosuppression mediated by the PD-1/PD-L1 pathway. Clinical studies have found a positive correlation between 
AhR activity and PD-L1 expression in tumor tissues from cSCC patients.57 The tryptophan-catabolizing enzymes IDO1 
and TDO2 are key for Kyn production. Research indicates that approximately 50–70% of cSCC cases highly express 
IDO1, which is associated with higher tumor grade, lymph node metastasis, and poor prognosis.58 TDO2 expression is 
also upregulated in a subset of cSCC cases.59 The high expression of these enzymes leads to tryptophan depletion and 
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Kyn accumulation in the tumor microenvironment. By activating AhR, Kyn further promotes Treg differentiation and 
stability,60 inhibits effector T-cell function,61 induces T-cell apoptosis,62 suppresses dendritic cell maturation,63 and 
promotes MDSC expansion.64,65 In addition, tryptophan depletion itself can lead to T cell anergy and apoptosis through 
activation of GCN2 kinase.66

Beyond the PD-1/PD-L1 axis, AhR is also involved in regulating other immune checkpoints. Studies have shown that 
AhR activation can upregulate the expression of inhibitory receptors such as CTLA-4, TIM-3, and LAG-3.67 In cSCC, 
AhR can also modulate the CD47-SIRPα “don’t eat me” signal, thereby inhibiting macrophage phagocytosis of tumor 
cells.68 This multi-target regulatory feature has important therapeutic implications. Although PD-1/PD-L1 inhibitors have 
achieved significant efficacy in advanced cSCC, some patients still develop primary or acquired resistance. Given that 
AhR can simultaneously drive multiple resistance mechanisms, the combination of AhR antagonists and immune 
checkpoint inhibitors represents a promising strategy to overcome resistance, with the advantage of simultaneously 
blocking multiple compensatory inhibitory pathways.37 Currently, inhibitors targeting the Trp-Kyn-AhR axis, including 
IDO1 inhibitors (eg, epacadostat, navoximod), TDO2 inhibitors, and AhR antagonists, are under development.69 

Preclinical studies have shown that these inhibitors can reverse immunosuppression and exhibit synergistic anti-tumor 
effects when combined with immune checkpoint blockade.70

AhR Regulation of Inflammation-Related Signaling Pathways
In cSCC, the synergistic interaction between AhR and NF-κB plays an important role in driving inflammation. NF-κB 
activation can be triggered by pathways such as TWEAK/Fn14. For instance, TWEAK promotes cIAP1 upregulation and 
activates NF-κB through RIP1, directly driving cSCC cell proliferation.71 Activated AhR can directly interact with NF- 
κB (eg, the p65 subunit), forming a transcriptional complex that cooperatively upregulates the expression of protumor 
inflammatory factors such as IL-6, IL-8, and COX-2. This promotes tumor progression and remodels the immune 
microenvironment.72

STAT3 is a commonly activated pathway in cSCC, promoting proliferation, survival, and immune escape. Studies indicate 
that AhR can activate STAT3 phosphorylation by upregulating cytokines such as IL-6 or through interactions with tyrosine 
kinases. The two pathways cooperate to upregulate the expression of immunosuppressive factors (eg, IL-10, TGF-β) and pro- 
angiogenic factors (eg, VEGF).73 Moreover, STAT3 directly transcriptionally upregulates the rate-limiting tryptophan- 
metabolizing enzyme IDO1. Its catalytic product, Kyn, serves as an endogenous ligand for AhR, forming an 
“AhR→STAT3→IDO1→Kyn→AhR” positive feedback loop (As shown in Figure 2). This persistently depletes tryptophan 
and accumulates immunosuppressive metabolites, fundamentally reinforcing tumor immune escape.74

Furthermore, a reciprocal regulatory relationship exists between AhR and TGF-β signaling in cSCC. TGF-β exerts 
tumor-suppressive effects in early stages but promotes invasion and immunosuppression in later stages. AhR can 
modulate both TGF-β expression and receptor sensitivity, while TGF-β can also induce AhR expression.75 During 
advanced tumor progression, these two pathways functionally cooperate: they jointly induce Treg differentiation, 
suppress effector T cell function, and promote epithelial-mesenchymal transition (EMT). This enhances both immuno
suppression and invasive capacity, synergistically driving cSCC progression.76

The Impact of AhR on Antigen Presentation and Immunoediting in cSCC
Effective antigen presentation is a prerequisite for initiating anti-tumor immune responses. AhR disrupts this process at 
multiple levels: it downregulates MHC-I expression on tumor cells to limit antigen presentation;77 it inhibits dendritic 
cell maturation and the expression of co-stimulatory molecules, thereby impairing their antigen-presenting capacity;78 

and it interferes with antigen processing machinery, such as the proteasome and TAP transporter.64 Collectively, these 
effects impede the priming and activation of anti-tumor T cells.

According to the immunoediting theory, tumor development progresses through three successive phases: elimination, 
equilibrium, and escape.79 Current evidence suggests that AhR expression and activity exhibit dynamic changes 
throughout these three phases. In the elimination phase, transformed cells with low AhR expression are more readily 
recognized and eliminated by the immune system. In the equilibrium phase, some cells acquire mild immunosuppressive 
capacity by upregulating AhR activity, establishing a dynamic balance with the immune system. In the escape phase, 
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tumor cells with high AhR expression establish a robust immunosuppressive network, achieving complete immune 
evasion.80 Under the dual selective pressures of diminished immunogenicity and enhanced immunosuppression, this 
process drives the formation of highly immunoevasive cSCC.81

However, the upstream signals driving this dynamic evolution remain poorly understood. The reasons for the gradual 
increase in AhR expression and activity during cSCC progression have yet to be elucidated, which may involve 
cumulative UV-induced gene mutations, persistent accumulation of kynurenine in the microenvironment, and epigenetic 
alterations.12 Clarifying this issue is of great significance for early intervention in immune evasion of cSCC.

Figure 2 The AhR-NF-κB Synergistic Pathway and AhR-STAT3 Positive Feedback Loop in cSCC. 
Notes: (a) The AhR-STAT3 signaling axis: Binding of IL-6 to its receptor or AhR ligand-induced release of c-Src from the cytoplasmic multiprotein complex can both activate 
JAK, leading to STAT3 phosphorylation. Phosphorylated STAT3 translocates into the nucleus, where it forms a complex with AhR and binds to SRE (Serum Response 
Element) regulatory sequences. This complex cooperatively upregulates the transcription of factors such as IL-10, TGF-β, and VEGF. Concurrently, STAT3 directly 
transcriptionally upregulates IDO1. The catalytic product of IDO1, kynurenine (Kyn), acts as an endogenous ligand for AhR, further activating AhR and establishing 
a positive feedback loop: “AhR → STAT3 → IDO1 → Kyn → AhR”. (b)The AhR-NF-κB synergistic pathway: Following TWEAK binding to Fn14, cIAP1 undergoes 
ubiquitination and its activity is enhanced. A signaling complex involving RIP1 facilitates the release of the NF-κB dimer (primarily p65/p50) from its inhibited state bound to 
IκBα. The released dimer translocates into the nucleus, forms a functional complex with AhR, and binds to the κB sites on target genes. This complex cooperatively 
upregulates the expression of pro-inflammatory and pro-tumorigenic factors such as IL-6, IL-8, and COX-2, thereby promoting the initiation and progression of cSCC.
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Potential and Strategies of AhR as a Therapeutic Target for cSCC
AhR plays a central pro-tumorigenic role within the immune microenvironment of cSCC, participating in nearly all key 
aspects of immune evasion. These include the suppression of T-cell function, induction of Tregs and MDSCs, and the shaping 
of tolerogenic APCs, while it may also directly promote tumor cell proliferation. Therefore, targeting the AhR signaling 
pathway represents a highly promising novel immunotherapeutic strategy that may reprogram the immunosuppressive 
microenvironment and restore antitumor immunity. This section will discuss the main strategies of targeting AhR.

Direct AhR Antagonism
Directly blocking AhR activation with small-molecule antagonists represents the most straightforward strategy. These 
compounds competitively bind to the ligand-binding pocket of AhR, preventing endogenous ligands such as Kyn from 
binding, thereby inhibiting its nuclear translocation and transcriptional activation and cutting off the immunosuppressive 
signaling at its source. Within the cSCC microenvironment, AhR antagonists can confer multiple benefits: blocking AhR 
signaling in T cells prevents their exhaustion, downregulates the expression of checkpoint molecules such as PD-1 and 
TIM-3, and restores T-cell proliferation as well as effector functions including IFN-γ and perforin production, thereby 
“reactivating” suppressed tumor-infiltrating lymphocytes (TILs).37 A recent study further demonstrated that AhR 
inhibitors not only reverse T-cell exhaustion but also significantly enhance tumor sensitivity to immunotherapy by 
remodeling the interferon (IFN) signaling pathway.80 Inhibiting Kyn-induced Treg differentiation and attenuating their 
function can relieve the suppression of effector T cells. Blocking AhR signaling in DCs, macrophages, and MDSCs can 
reverse their immunosuppressive phenotypes. For example, it can prevent DCs from acquiring a tolerogenic phenotype, 
inhibit their production of IDO1, and restore antigen-presenting capacity,40 while also preventing macrophage polariza
tion toward the M2 phenotype and the expansion of MDSCs.41,43 At present, several highly selective AhR antagonists 
have entered preclinical and early clinical studies. Among them, IK-175 and BAY2416964 are oral small-molecule 
inhibitors specifically designed to block Kyn-mediated AhR activation. In preclinical models, these agents have 
demonstrated antitumor activity as monotherapies and have been shown to enhance the efficacy of immune checkpoint 
inhibitors,82–84 providing support for targeting AhR in the treatment of solid tumors such as cSCC.

Combination Therapeutic Strategies
Although PD-1/PD-L1 inhibitors have achieved success in advanced cSCC, some patients still experience primary or 
acquired resistance. Activation of the AhR pathway is one of the key mechanisms underlying resistance to immune 
checkpoint inhibitors (ICIs). Therefore, combining AhR antagonists with ICIs is considered a promising synergistic 
strategy. The mechanisms of synergy include the following: AhR antagonists can dismantle immunosuppressive cells and 
pathways such as Tregs, MDSCs, and AhR pathway–driven exhaustion, thereby converting the immunosuppressive 
“cold” microenvironment into an immune-activated “hot” microenvironment, which facilitates the efficacy of PD-1 
antibodies.37 During ICI therapy, tumors may develop resistance by upregulating alternative immunosuppressive path
ways, including the IDO1–Kyn–AhR axis. The combined use of AhR antagonists can disrupt this mechanism and restore 
tumor sensitivity to ICIs.83 Moreover, AhR signaling can directly upregulate PD-1 expression on the surface of T cells. 
Thus, the application of AhR antagonists not only enhances T-cell function through multiple mechanisms but also 
downregulates PD-1 expression levels. The combination of AhR antagonists with PD-1 antibodies can simultaneously 
block the AhR pathway and PD-1 signaling.…and the PD-1/PD-L1 pathway, two immunosuppressive mechanisms that 
are both independent and interrelated, thereby maximally relieving T-cell functional inhibition and restoring their 
proliferative capacity and cytotoxic activity.36 In addition, recent single-cell sequencing studies have revealed that the 
heterogeneity of AhR activity is highly correlated with the exhaustion status of specific intratumoral CD8+ T-cell subsets. 
Combined blockade can selectively expand effector T-cell populations with stem-like characteristics, leading to sustained 
tumor regression.85 At the level of microbial regulation, antimicrobial peptides (such as lantibiotics) or metabolites (such 
as 6-HAP) secreted by commensal bacteria like Staphylococcus epidermidis can inhibit the colonization and oncogenic 
activity of cSCC-associated pathogens including Staphylococcus aureus and HPV. Their combination with AhR antago
nists can ameliorate microbial dysbiosis and the immunosuppressive microenvironment.71 Moreover, cIAP1 inhibitors 
(such as MV1) can suppress cSCC proliferation mediated by the TWEAK/Fn14 axis. When used in combination with 
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AhR antagonists and PD-1 inhibitors, they may produce a triple synergistic effect characterized by “release of immune 
suppression, inhibition of tumor proliferation, and enhancement of immune effector function.” Preclinical models have 
demonstrated inhibitory effects on TWEAK-overexpressing cSCC.86 These strategies offer new avenues for overcoming 
resistance to existing immune checkpoint inhibitors (ICIs) and for expanding the population of patients who may benefit 
from such therapies.

However, it should be noted that the direct regulatory relationship between AhR and PD-L1 in cSCC has not yet been 
fully elucidated. In visceral cancer models such as lung cancer, studies have demonstrated that AhR can directly regulate 
PD-L1 expression. In contrast, AhR in the skin may exert a more complex dual role due to its interactions with ultraviolet 
radiation and tumor-derived metabolites. The mechanism by which these multiple signals are integrated still requires 
further validation and investigation in cSCC. Future research should focus on the context-dependent functions of AhR in 
skin tumors, as well as its crosstalk with UV radiation and the PD-1/PD-L1 pathway.

Targeting the Upstream Pathway: Reconsideration of IDO1/TDO2 Inhibitors
Another strategy involves inhibiting the synthesis of the key upstream ligand Kyn, that is, using IDO1 or TDO2 
inhibitors. By blocking the conversion of tryptophan to Kyn, this approach not only restores tryptophan levels and 
alleviates T-cell “nutrient deprivation” but also reduces Kyn accumulation to prevent AhR activation.34 However, the 
Phase III clinical trial (ECHO-301/KEYNOTE-252) evaluating the combination of the IDO1 inhibitor Epacadostat with 
Pembrolizumab (an anti–PD-1 antibody) in advanced melanoma ended in failure.87 Possible reasons include tumor 
compensation through alternative pathways such as TDO2, inadequate patient selection, and insufficient drug potency or 
pharmacokinetic properties. Nevertheless, this strategy has not been completely abandoned. Current research directions 
focus on developing more potent and selective IDO1 inhibitors, dual IDO1/TDO2 inhibitors, or combination regimens 
with chemotherapy, radiation therapy, or targeted therapy, and validating these approaches in precisely stratified patient 
populations.30,45 In addition, for cSCC with high IDO1 expression, reassessing the combined application of next- 
generation metabolic enzyme inhibitors with radiotherapy or nanodrug delivery systems, in conjunction with the latest 
biomarker-based screening strategies, remains of significant translational relevance.88

Conclusion
This review systematically elucidates how AhR influences the progression of cSCC by modulating the immune system and 
discusses its potential as a therapeutic target. AhR primarily shapes a highly immunosuppressive tumor microenvironment 
in cSCC through the “tryptophan–kynurenine–AhR” axis and related signaling cascades. This process promotes the 
functions of suppressive cells such as Tregs and MDSCs, inhibits the antitumor activities of CD8+ T cells and NK cells, 
and cooperates with immune checkpoint pathways such as PD-1/PD-L1 to drive immune evasion. In addition, this review 
highlights the pivotal role of AhR as a core molecule linking external environmental stimuli, metabolism, and immune 
responses. It underscores the potential of AhR as a therapeutic target for cSCC immunotherapy, including the development 
of AhR antagonists and their rational combination with immune checkpoint inhibitors. Further elucidation of the underlying 
mechanisms and optimization of such targeting strategies will open new avenues for precision immunotherapy of cSCC, 
providing novel theoretical foundations and directions with great scientific value and clinical promise.

However, this review also has certain limitations. First, AhR signaling exhibits strong ligand- and cell-context 
dependency, and its specific roles in different cSCC subtypes or disease stages require further clarification. cSCC 
encompasses a heterogeneous group of lesions, including conventional cutaneous squamous cell carcinoma, follicular- 
derived squamous cell carcinoma, basaloid squamous cell carcinoma, and squamous cell carcinoma in situ (including 
actinic keratosis and Bowen’s disease subtypes). Although keratoacanthoma is separated from squamous cell carcinoma 
in the current WHO classification, it may serve as an important comparative model for understanding the spectrum of 
AhR-mediated immune regulation. Whether the immunomodulatory functions of AhR vary across these distinct lesion 
types or tumor differentiation states remains to be systematically investigated. Second, most current mechanistic evidence 
is derived from preclinical models, which may not fully recapitulate the complex, multi-stage process of UV-driven 
cSCC development in humans. Third, the translational potential of AhR-targeted therapy is complicated by the 
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pleiotropic physiological functions of AhR in maintaining barrier integrity, xenobiotic metabolism, and immune home
ostasis, raising concerns about off-target toxicity with systemic administration.

Future research may focus on the following directions: developing tissue-selective or microenvironment-responsive 
AhR modulators, such as topical formulations, tumor microenvironment-responsive prodrugs, or nanoparticle delivery 
systems, to enhance efficacy while reducing systemic toxicity; investigating the crosstalk between AhR signaling and 
other immunometabolic or epigenetic pathways to construct a more comprehensive network of cSCC immune evasion; 
conducting stratified studies across different cSCC subtypes, stages, and differentiation states, which is crucial for better 
defining the context-specific roles of AhR signaling; and performing biomarker-based stratified clinical studies to identify 
patient populations most likely to benefit from AhR-targeted therapies and to determine optimal combination regimens. 
On this basis, well-designed clinical trials are urgently needed to evaluate the safety, tolerability, and efficacy of AhR- 
targeted drugs in cSCC patients.
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