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Background

Pancreatic ductal adenocarcinoma (PDAC) exhibits profound resistance to immunotherapy due to its highly immunosuppressive tumor microenvironment (TME).





Objective

This review aims to elucidate the key mechanisms of TME-mediated immune evasion in PDAC and explore therapeutic strategies to overcome these barriers.





Methods

A comprehensive analysis of recent studies was conducted, focusing on the cellular, stromal, and metabolic components of the PDAC TME, alongside emerging technologies for TME reprogramming.





Results

Dense extracellular matrix, CAF-driven fibrosis, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), Tregs, and metabolic competition collectively impair immune cell infiltration and activation. Novel interventions—including ECM remodeling, CAF modulation, metabolic reprogramming, and myeloid cell targeting—show promise in restoring immune responsiveness.





Conclusion

TME reprogramming represents a critical strategy to enhance immunotherapy efficacy in PDAC, offering new opportunities for overcoming immune exclusion and resistance.
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1 Introduction

Despite the groundbreaking success of immune checkpoint blockade (ICB) therapies in various solid tumors, their efficacy remains severely limited in a subset of immunologically “cold” tumors (1–3). An increasing body of evidence indicates that the tumor microenvironment (TME) constitutes a major barrier to effective immunotherapy, playing a central role in immune resistance and tumor immune evasion (4–6). The TME is composed not only of malignant tumor cells but also a wide array of non-malignant components, including cancer-associated fibroblasts (CAFs), immunosuppressive myeloid cells—such as tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs)—regulatory T cells (Tregs), abnormal vasculature, extracellular matrix (ECM), and a distinct metabolic milieu (7, 8). These elements synergistically establish a profoundly immunosuppressive landscape that hinders immune cell infiltration, activation, and antitumor functionality (9).

Among all malignancies that heavily rely on immune evasion within the TME, pancreatic ductal adenocarcinoma (PDAC) stands out as one of the most representative and challenging models (10). PDAC is characterized by an exceptionally high mortality rate and a dismally low five-year survival rate—less than 9%. It is widely recognized as an “immune desert” tumor, notoriously unresponsive to immunotherapy (11).

A major contributor to this poor prognosis is the difficulty of early detection. Most PDAC cases are diagnosed at an advanced or metastatic stage, largely due to the lack of specific symptoms and reliable biomarkers during early tumor development (12, 13). Recent advances in multi-omics profiling, liquid biopsy, and artificial intelligence–assisted imaging have shown promise in identifying early molecular signatures and circulating tumor components that could enable earlier diagnosis and intervention (14). However, despite these technological breakthroughs, the translation of such diagnostic strategies into clinical practice remains limited, underscoring the urgent need for effective early detection tools that can complement therapeutic innovation.

The TME of PDAC exhibits a densely fibrotic stroma, primarily orchestrated by activated CAFs, which secrete excessive amounts of collagen and hyaluronic acid (15, 16). This creates a formidable physical barrier that severely impedes the infiltration of immune effector cells. Moreover, the PDAC TME is enriched with immunosuppressive cell populations such as TAMs, myeloid-derived suppressor cells (MDSCs), and Tregs (17). These cells continuously release inhibitory cytokines—including interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β)—as well as immunosuppressive metabolic byproducts, collectively driving the functional exhaustion of CD8+ T cells (18, 19). Simultaneously, hypoxia, elevated lactate levels, and an acidic microenvironment further compromise the viability and cytotoxic activity of immune cells, reinforcing immune tolerance and facilitating relentless tumor progression (20, 21).

Conventional ICB strategies have shown limited efficacy in PDAC, as monotherapeutic immune activation is insufficient to overcome the profoundly immunosuppressive TME (22). In contrast, therapeutic approaches targeting the TME have emerged as a promising avenue to overcome the immunotherapy resistance observed in PDAC (11, 23). By strategically modulating key components of the TME—such as inhibiting CAF activation, dismantling the dense ECM, reprogramming the function of myeloid-derived immune cells, correcting aberrant metabolic states, and restoring vascular normalization—it is possible to alleviate both physical and immunological barriers (10, 24). These interventions can facilitate the infiltration and reinvigoration of effector immune cells, thereby enhancing the efficacy of ICB and other immunotherapeutic modalities.

Accordingly, this review centers on the theme of “tumor microenvironment reprogramming,” with the aim of systematically elucidating the pivotal mechanisms by which the TME contributes to immune evasion in pancreatic cancer. We provide an in-depth analysis of the current therapeutic strategies and research advances targeting various components of the TME, and explore the potential of TME-directed combination immunotherapies in overcoming resistance in PDAC and other immunologically cold tumors. Through this comprehensive synthesis, we seek to offer a conceptual framework and translational insights that may guide the development of more effective and durable immunotherapeutic approaches.




2 The Immunosuppressive TME in PDAC

Among solid tumors, PDAC exemplifies the archetype of an immunologically “cold” malignancy, defined by a deeply immunosuppressive TME that presents formidable barriers to effective immunotherapy (25). Similar to other “cold” tumors such as glioblastoma and prostate cancer, PDAC exhibits profound immune exclusion and myeloid-driven suppression; however, it is uniquely distinguished by an exceptionally dense desmoplastic stroma and rigid metabolic landscape that further restrict immune infiltration. Glioblastoma is dominated by microglial-mediated immunosuppression and the protective constraints of the blood–brain barrier, whereas prostate cancer demonstrates androgen-driven immune modulation and regional T cell exclusion. The TME in PDAC is composed of a diverse array of immunosuppressive cell populations and is further distinguished by extensive stromal remodeling, metabolic dysregulation, and aberrant activation of cytokine networks (10, 26, 27). Collectively, these elements converge to create a microenvironment that is deeply hostile to antitumor immune responses.



2.1 Immunosuppressive cellular constituents within the TME



2.1.1 Cancer-associated fibroblasts

CAFs represent one of the most abundant stromal cell populations within the PDAC tumor microenvironment (28). Single-cell transcriptomic profiling has revealed substantial functional and spatial heterogeneity among CAFs, which can be broadly categorized into three subtypes: myofibroblastic CAFs (myCAFs), inflammatory CAFs (iCAFs), and antigen-presenting CAFs (apCAFs) (29, 30). myCAFs, located adjacent to tumor epithelial cells, express high levels of α-smooth muscle actin (α-SMA) and are primarily responsible for extracellular matrix (ECM) deposition, producing collagen and hyaluronic acid that form a dense desmoplastic stroma (31). This fibrotic barrier restricts immune cell infiltration and contributes to the hypoxic, high-pressure microenvironment typical of PDAC.

In contrast, iCAFs, which reside farther from tumor nests, secrete large quantities of pro-inflammatory mediators, including IL-6, CXCL12, and LIF (32, 33). These cytokines not only promote tumor proliferation and survival but also attract and activate immunosuppressive immune cells such as MDSCs and Tregs, thereby amplifying local immune suppression. apCAFs, characterized by the expression of MHC class II but lacking co-stimulatory molecules CD80 and CD86, fail to properly activate CD4+ T cells and instead induce tolerance and exhaustion (34). Across CAF subsets, TGF-β secretion plays a central role in sustaining immunosuppression by inhibiting cytotoxic T cell function, enhancing Treg differentiation, and impairing dendritic cell activation (35). Collectively, CAFs construct both a structural and biochemical niche that enforces immune exclusion and sustains the “cold” phenotype of PDAC.




2.1.2 Tumor-associated macrophages

TAMs constitute another dominant immunosuppressive population in the PDAC TME. They are predominantly polarized toward an M2-like phenotype that facilitates tumor progression (36). M2-TAMs secrete high levels of IL-10, TGF-β, and VEGF, which suppress effector T cell activity while promoting angiogenesis and ECM remodeling (18, 37). This dual role reinforces both the physical and immunological barriers that protect the tumor from immune attack (10). In addition, TAMs express immunosuppressive surface molecules such as PD-L1, CD206, and Arginase-1 (Arg1) (38, 39). PD-L1 engagement with PD-1 on T cells induces exhaustion, while Arg1-mediated arginine depletion limits T cell proliferation and effector function (40). Under hypoxic conditions, hypoxia-inducible factor-1α (HIF-1α) further enhances TAM polarization toward the M2 state and upregulates VEGF, exacerbating immunosuppression and vascular abnormalities (41, 42). Moreover, TAMs coordinate closely with other stromal components, recruiting Tregs and monocytes through chemokines (e.g., CCL2, CCL5) and stimulating CAFs via TGF-β-dependent feedback loops, thereby reinforcing the immunosuppressive ecosystem (43, 44).




2.1.3 Regulatory T cells

Tregs are markedly enriched within PDAC lesions and display an activated phenotype characterized by high FoxP3 and CD25 expression (45, 46). They suppress antitumor immunity through multiple mechanisms, including IL-2 consumption, CTLA-4–mediated competition with effector T cells for co-stimulatory signals, and secretion of IL-10 and TGF-β, which collectively inhibit T cell activation and cytotoxicity (43, 47). Furthermore, Tregs impair dendritic cell maturation and antigen presentation, thereby blunting adaptive immune priming (48, 49). In the nutrient-deprived PDAC TME, Tregs exhibit metabolic plasticity, relying on enhanced fatty acid oxidation and mitochondrial oxidative phosphorylation to sustain their suppressive functions under hypoxic stress (50, 51). Through metabolic and cytokine-mediated crosstalk with TAMs and CAFs, Tregs help maintain a self-reinforcing immunoregulatory network that sustains immune tolerance and therapeutic resistance.




2.1.4 Myeloid-derived suppressor cells

MDSCs are highly enriched in PDAC and function as potent inhibitors of antitumor immunity (52, 53). They suppress T cell function through metabolic competition and redox-mediated stress. MDSCs express elevated levels of arginase-1 (ARG1) and inducible nitric oxide synthase (iNOS), which respectively deplete arginine and generate nitric oxide (NO) (54). Arginine depletion limits T cell proliferation, while NO and reactive oxygen species (ROS) disrupt T cell receptor signaling and induce apoptosis (55, 56). In addition, MDSCs sequester cysteine, further impairing T cell redox balance (57). At the immunoregulatory level, MDSCs release IL-10 and TGF-β to promote Treg expansion, and interact with TAMs through reciprocal cytokine loops to amplify immune suppression (58). Together, these mechanisms establish a highly coordinated network that underpins PDAC’s profound resistance to immune-based therapies (Figure 1).
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Figure 1 | Immunosuppressive cellular constituents within the TME.





2.2 Non-cellular barriers and metabolic dysregulation within the TME of PDAC

From a non-cellular perspective, the ECM in PDAC is abnormally abundant and densely structured, constituting a central component of the physical immune barrier (59). The ECM is primarily composed of an extensive network of collagen types I, III, and IV, hyaluronic acid, and fibronectin, forming a highly cross-linked and mechanically rigid matrix that defines the structural landscape of the TME (60). This fibrotic matrix is predominantly secreted and remodeled by activated CAFs, which play a pivotal role in ECM homeostasis (61). CAFs not only synthesize large quantities of ECM components but also regulate their degradation and spatial organization through the secretion of matrix metalloproteinases (MMPs), thereby maintaining elevated matrix tension characteristic of PDAC (62). The excessive deposition of ECM components significantly elevates interstitial pressure, which in turn compresses the tumor vasculature, leading to vascular collapse, impaired perfusion, and the establishment of widespread and chronic hypoxia within the tumor tissue (63, 64). Such hypoxic conditions exert profound immunosuppressive effects by dampening the metabolic activity and functional integrity of immune effector cells. Furthermore, hypoxia promotes the recruitment and polarization of immunosuppressive cell populations—such as MDSCs, TAMs, and Tregs—further reinforcing the immune-refractory state of the TME (65). In addition to its biomechanical role, the ECM actively participates in immunomodulation by engaging with cell surface receptors on immune cells, including integrins and CD44 (66). These interactions initiate a cascade of downstream immunosuppressive signaling pathways, such as focal adhesion kinase (FAK), PI3K-Akt, and TGF-β signaling, which collectively impair T cell trafficking, survival, and cytotoxic function (67).

Moreover, the dense ECM architecture impedes the mobility and spatial positioning of DCs and T cells within the tumor, thereby compromising antigen presentation and immune synapse formation (68). This spatial restriction hinders the initiation and execution of effective antitumor immune responses (69) (Figure 2). Collectively, the ECM in PDAC is not merely a passive scaffold but rather a dynamic and active regulator of immune suppression. Its abnormal accumulation and remodeling create a dual barrier—both physical and molecular—that shields tumor cells from immune surveillance (70, 71). Targeting ECM components or CAF-mediated matrix remodeling has thus emerged as a promising strategy to decompress the stroma, restore vascular perfusion, enhance immune cell infiltration, and ultimately improve the efficacy of immunotherapy in this notoriously treatment-refractory malignancy.
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Figure 2 | ECM-mediated physical and immunosuppressive barriers in PDAC.




2.3 Hypoxia, metabolic stress, and chemokine signaling as key factors shaping immune suppression in the PDAC tumor microenvironment

Hypoxia and metabolic stress represent another critical axis of immunosuppression within the TME of PDAC (72). Owing to pronounced desmoplastic stroma and continuous deposition of ECM components—such as collagen and hyaluronic acid—by CAFs, the interstitial pressure in PDAC tissue markedly increases (73). This heightened mechanical stress compresses tumor vasculature, resulting in perfusion deficits and the establishment of widespread, persistent hypoxia (74).

Under hypoxic conditions, HIF-1α and HIF-2α are stabilized and initiate a broad transcriptional program that includes the upregulation of VEGF and other pro-angiogenic mediators (75). However, the resulting neovasculature is often structurally aberrant and functionally leaky, further exacerbating local hypoxia and impeding immune cell trafficking. In parallel, HIF signaling also induces the expression of multiple immune checkpoint molecules, including programmed death-ligand 1 (PD-L1) and CD47—the latter serving as a “don’t eat me” signal that suppresses macrophage phagocytosis—thereby directly impairing T cell function and fostering an immunosuppressive milieu (76, 77).

Simultaneously, hypoxia augments aerobic glycolysis (the Warburg effect), leading to significant accumulation of lactate within the TME and the formation of a locally acidic environment (72, 78). This drop in pH directly suppresses the cytotoxic activity of CD8+ T cells, promoting their functional exhaustion and impairing proliferative capacity (79). Lactate also acts on tumor-associated macrophages, skewing their polarization toward the M2-like phenotype, which is associated with enhanced immunoregulatory activity and tumor progression (42). In addition, intense metabolic competition between tumor and immune cells for critical nutrients—including glucose, glutamine, and tryptophan—further restricts the metabolic plasticity of T cells, diminishing their capacity to sustain the energetically demanding antitumor response (80).

Beyond hypoxia and metabolic stress, PDAC TME harbors a tightly regulated immunosuppressive signaling network orchestrated by soluble factors, chemokines, and tumor-derived extracellular vesicles (81). CAFs play a central role by secreting CXCL12, which forms a chemokine barrier at the tumor periphery that restricts CD8+ T cell infiltration into the tumor core and impairs their spatial positioning (82). CCL2 is abundantly expressed in PDAC and engages the CCR2 receptor on circulating myeloid cells, promoting the recruitment of immunosuppressive MDSCs and TAMs (83). Simultaneously, cytokines such as IL-10 and TGF-β are widely distributed throughout the TME, contributing to the maintenance of immune tolerance by inhibiting DC maturation, impairing antigen presentation, and reinforcing the suppressive function of Tregs (84).

In addition, tumor-derived exosomes have emerged as potent mediators of immune modulation (85, 86). These nanoscale vesicles are enriched in diverse immunoregulatory cargo—including microRNAs (e.g., miR-21, miR-146a), immune checkpoint proteins (e.g., PD-L1, TGF-β), and bioactive lipids—that exert systemic effects on hematopoietic organs (87). By reprogramming myeloid progenitors in the bone marrow, exosomes facilitate the preferential differentiation of MDSCs and other immunosuppressive lineages, thereby reinforcing systemic immune tolerance from its origin.

Collectively, hypoxia, metabolic stress, and inflammatory chemokine signaling coalesce in the PDAC TME to construct a multidimensional and progressively layered immunosuppressive network (Figure 3). This network not only constrains the functionality of effector immune cells but also interferes with nutrient availability, spatial immune cell distribution, and long-range immunoregulatory signaling. These integrated mechanisms underlie the profound resistance of PDAC to current immunotherapeutic strategies and have become critical focal points for the development of TME-targeted therapeutic interventions.

[image: Diagram illustrating the integrated network driving immune suppression in PDAC, showing three interconnected factors: hypoxia, metabolic stress, and inflammatory chemokines. These lead to a complex cellular structure.]
Figure 3 | Hypoxia, metabolic stress, and chemokine signaling as key factors shaping immune suppression in the pdac tumor microenvironment.





3 Mechanisms of immune exclusion and resistance to immunotherapy

Building upon the multifaceted cellular, stromal, and metabolic barriers described above, it becomes evident that the immunosuppressive TME of PDAC is not merely a passive consequence of tumor progression but rather an actively organized defense system that enforces immune exclusion and fosters therapeutic resistance. In this context, monotherapy with immune checkpoint blockade has consistently yielded minimal clinical benefit, with objective response rates rarely exceeding 5% (88). Such pronounced refractoriness cannot be attributed to a single molecular lesion but instead reflects a highly orchestrated, multidimensional network of immunological and stromal barriers within the TME (81). Acting in concert, these barriers establish a systemic and resilient architecture of immune evasion and therapeutic resistance, posing a formidable challenge to current immunotherapeutic paradigms (89).




3.1 Physical barriers: fibrotic stroma–driven immune exclusion

The uniquely dense fibrotic stroma of PDAC forms one of the most formidable physical barriers to effective antitumor immunity (90). Within the tumor microenvironment (TME), cancer-associated fibroblasts (CAFs) are highly activated and act as the primary source of extracellular matrix (ECM) components, including collagen, hyaluronic acid, and fibronectin (91). The excessive deposition of these ECM elements increases interstitial fluid pressure and compresses intratumoral blood vessels, resulting in poor perfusion and hypoxia. These mechanical and structural alterations create a hostile physical landscape that limits the penetration of effector immune cells—particularly CD8+ cytotoxic T lymphocytes and dendritic cells—into the tumor core (92).

In addition to structural impediments, CAFs contribute to spatial immune exclusion through the secretion of chemokines such as CXCL12, which activates the CXCR4 signaling axis and creates a chemotactic barrier that restricts immune cell localization to the tumor periphery. Furthermore, CAFs secrete high levels of TGF-β, which exacerbates ECM deposition while simultaneously exerting potent immunosuppressive effects by inhibiting T cell activation and cytotoxicity (93). The interplay between these mechanical and biochemical signals establishes a dual-layered barrier—both physical and immunological—that represents a primary obstacle to effective immune infiltration and antitumor immunity in PDAC (92).

Beyond the physical barrier, CAFs actively modulate immune exclusion through paracrine signaling. They secrete chemokines such as CXCL12, which activates the CXCR4 signaling axis and spatially confines immune cells to the tumor periphery. In parallel, CAF-derived TGF-β amplifies ECM production while suppressing T cell activation and cytotoxic function (108). Together, these mechanical and biochemical mechanisms form a dual-layered defense system—structural and immunological—that collectively prevents effective immune infiltration and sustains immune evasion in PDAC (107).




3.2 Myeloid cell–dominated immunosuppression

Concurrently, the TME of PDAC is heavily infiltrated by immunosuppressive myeloid populations, which collectively establish a profoundly immune-tolerant ecosystem (94). TAMs in PDAC predominantly exhibit an M2-like immunosuppressive phenotype and secrete high levels of IL-10 and TGF-β (95). These factors suppress antigen presentation capacity, upregulate inhibitory molecules such as PD-L1 and arginase-1 (ARG1), and directly impair the cytotoxic function of CD8+ T cells (96).

MDSCs contribute to immune evasion through metabolic competition, depleting key amino acids such as arginine and cysteine that are essential for T cell proliferation and function (85). In addition, MDSCs produce ROS and NO, which disrupt TCR signaling pathways and induce T cell dysfunction and exhaustion.

Tregs further amplify the immunosuppressive landscape through multiple mechanisms. These include competing with effector T cells for co-stimulatory signals by engaging CTLA-4 on antigen-presenting cells, secreting IL-10 and TGF-β to directly suppress effector T cell activity, and consuming IL-2 to restrict the proliferative capacity of conventional T cells (97).

Together, TAMs, MDSCs, and Tregs form a highly coordinated immunosuppressive network. This multilayered inhibitory system ensures that even if a limited number of effector T cells manage to infiltrate the tumor parenchyma, they are rapidly rendered dysfunctional or exhausted, thereby severely limiting the efficacy of immunotherapeutic interventions in PDAC.




3.3 Metabolic competition and immune exhaustion

Metabolic competition represents a central barrier to effective antitumor immunity in PDAC, constituting a core mechanism of immune exclusion (98). Within the PDAC tumor microenvironment, tumor cells and immune cells engage in intense competition for metabolic substrates, establishing an energy-deprived niche that favors immune tolerance (99). PDAC tumor cells exhibit high glycolytic activity—even in the presence of oxygen—through a strongly activated Warburg effect, consuming vast amounts of glucose and thereby depriving infiltrating T cells of the essential energy required for their activation, proliferation, and effector functions (100).

Glucose depletion impairs the mammalian target of rapamycin (mTOR) signaling pathway in T cells, resulting in reduced proliferation, diminished cytotoxic activity, and early onset of functional exhaustion. In parallel, both tumor cells and immunosuppressive myeloid populations, such as MDSCs, highly express indoleamine 2,3-dioxygenase (IDO), which catalyzes the degradation of tryptophan into immunosuppressive metabolites like kynurenine (101). Kynurenine activates the aryl hydrocarbon receptor (AhR) pathway, promoting apoptosis of CD8+ T cells and the expansion of Tregs, further reinforcing an immunosuppressive TME (102).

In the context of elevated aerobic glycolysis, lactate accumulation within the TME further exacerbates immune dysfunction (103). Acidification of the local environment not only suppresses the cytotoxic function of CD8+ T cells and NK cells but also facilitates the polarization of macrophages toward the M2 immunosuppressive phenotype, thereby amplifying immune evasion mechanisms (104).

Moreover, dysregulated lipid metabolism plays a critical role in maintaining the suppressive function of TME-resident immune cells. Immunosuppressive cells such as Tregs, MDSCs, and TAMs upregulate lipid transporters and scavenger receptors—such as CD36 and fatty acid-binding proteins (FABPs)—to enhance fatty acid uptake and sustain their function under metabolic stress (105). In contrast, CD8+ T cells subjected to lipid peroxidation undergo oxidative stress–induced dysfunction, losing their cytotoxic potential and failing to sustain effective immune surveillance.

Collectively, this hostile metabolic landscape—characterized by glucose deprivation, amino acid catabolism, lactate accumulation, and aberrant lipid metabolism—drives progressive T cell exhaustion and establishes a metabolically repressive environment that severely limits the efficacy of immunotherapies in PDAC.




3.4 Checkpoint-independent mechanisms of immune tolerance

A crucial yet often overlooked dimension of immune evasion in PDAC extends beyond the well-characterized PD-1/PD-L1 checkpoint axis (106). Emerging evidence reveals that PDAC harnesses a network of alternative, checkpoint-independent immunosuppressive mechanisms to maintain its profoundly immune-resistant TME (106). These non-canonical pathways provide functional redundancy and compensation, helping to explain the consistently poor clinical response to ICB monotherapy in this disease.

One such mechanism involves the CD47/SIRPα axis. CD47 is commonly overexpressed on PDAC tumor cells and interacts with SIRPα on macrophages, transmitting a potent “don’t eat me” signal that inhibits phagocytosis and suppresses subsequent antigen presentation. This immune evasion tactic effectively dampens innate immune activation and limits downstream T cell priming. Another key pathway is the Galectin-9/TIM-3 axis, which is also upregulated in PDAC. TIM-3, expressed on dysfunctional T cells, NK cells, and myeloid populations, engages with Galectin-9 produced by tumor and stromal cells, leading to CD8+ T cell exhaustion or apoptosis and further impairing dendritic cell function and interferon-γ secretion (107).

In addition, the IDO–kynurenine–aryl hydrocarbon receptor pathway represents a metabolically integrated form of immunoregulation. Elevated IDO expression by tumor and antigen-presenting cells catalyzes the degradation of tryptophan into kynurenine, a metabolite that not only suppresses effector T cell function but also activates the AhR pathway, reinforcing the expansion and suppressive function of regulatory T cells (108).

Together, these PD-1/PD-L1-independent mechanisms form a complex and layered immunosuppressive architecture that allows PDAC to resist immunotherapeutic pressure. Their presence underscores the urgent need for rational combinatorial approaches that simultaneously target both canonical and non-canonical immune escape pathways—such as CD47, TIM-3, and IDO—in order to restore immune responsiveness in this therapeutically recalcitrant malignancy.




3.5 Clinical failures and mechanistic summary of immunotherapy resistance in PDAC

Clinically, numerous immunotherapeutic approaches targeting PDAC have failed to yield meaningful outcomes. Monotherapies using PD-1/PD-L1 inhibitors, as well as combinatorial strategies involving dual blockade of PD-1 and CTLA-4, have consistently shown disappointing results in PDAC patients (109). Major clinical trials—including KEYNOTE-158 and CheckMate 032—have reported objective response rates below 5% in microsatellite-stable (MSS) PDAC, which represents the vast majority of cases (110). Moreover, attempts to enhance antitumor immunity by co-administering myeloid-targeted agents, such as CSF1R inhibitors, have also failed to overcome the profound immunosuppression characteristic of the PDAC tumor microenvironment (111).

These clinical failures underscore the fact that immune resistance in PDAC is not driven by isolated activation of the PD-1/PD-L1 axis alone. Rather, it reflects a complex and multifactorial resistance program in which spatial barriers, immunosuppressive cell populations, metabolic constraints, and non-canonical immune checkpoints interact to sustain a highly suppressive ecosystem. This systemic model of immune evasion highlights the inadequacy of conventional checkpoint blockade strategies when applied to such an immunologically hostile tumor.

In summary, immune exclusion in PDAC should not be viewed as a standalone phenomenon, but as an emergent property of a highly interconnected and dynamic immunosuppressive landscape. The convergence of physical ECM barriers, a dense network of immunosuppressive cells, metabolic competition, and redundant immunoregulatory signaling pathways collectively constitutes the biological foundation underlying the universal failure of immunotherapy in PDAC. A comprehensive understanding of these mechanisms is not only essential for elucidating the root causes of therapeutic resistance, but also forms a critical theoretical framework for the development of next-generation combination immunotherapies—particularly those aimed at reprogramming the TME to restore effective antitumor immunity.





4 TME-targeting therapies currently applied in clinical cancer treatment

Given the intricate network of immune exclusion mechanisms delineated above, it has become increasingly clear that overcoming PDAC’s profound immunoresistance requires not only immune activation but also strategic reprogramming of its tumor microenvironment. In this context, modulation of the TME has emerged in recent years as a clinically relevant strategy to enhance the efficacy of cancer therapies. While many TME-directed agents remain under investigation, several therapeutic modalities have already entered clinical practice or are approved for specific malignancies. These clinically established strategies mainly target stromal remodeling, angiogenesis inhibition, immune checkpoint blockade, and CAF regulation. In PDAC, a cancer characterized by a highly desmoplastic and immunosuppressive TME, these approaches are often used in combination with chemotherapy to improve drug delivery and immune responsiveness.

Clinically validated TME-targeting therapies have become integral to cancer treatment paradigms. Immune checkpoint inhibitors (ICIs) such as pembrolizumab and nivolumab have demonstrated durable efficacy across multiple malignancies; however, their benefit in PDAC remains limited due to the highly immunosuppressive stroma. Anti-angiogenic therapies like bevacizumab and ramucirumab are established components of treatment for colorectal and lung cancers, and have shown potential to improve TME perfusion and immune infiltration in PDAC when combined with ICIs.

Additionally, chemotherapeutic agents, especially gemcitabine-based combinations, exert indirect TME-modifying effects by depleting stromal components and inducing immunogenic cell death. Losartan, an anti-fibrotic agent, and CSF1R inhibitors are being clinically repurposed to normalize the desmoplastic microenvironment and modulate tumor-associated macrophages, respectively, thereby enhancing immune responsiveness (Table 1).


Table 1 | Clinically used TME-targeting therapeutic strategies in cancer, with emphasis on PDAC.
	Therapeutic category
	Representative agents
	Mechanism of action
	Approved/clinical use
	Clinical relevance in PDAC
	Ref.



	Immune Checkpoint Inhibitors
	Pembrolizumab, Nivolumab, Ipilimumab
	Blockade of PD-1/PD-L1 or CTLA-4 pathways to restore T-cell activation
	FDA-approved for multiple cancers (e.g., melanoma, NSCLC, MSI-high CRC)
	Limited efficacy as monotherapy in PDAC; ongoing combination trials with chemotherapy or stromal modifiers
	(112–114)


	Anti-Angiogenic Therapy
	Bevacizumab, Ramucirumab
	Inhibit VEGF/VEGFR signaling to normalize tumor vasculature and improve immune infiltration
	Approved for colorectal, lung, renal, and hepatocellular carcinoma
	May enhance chemotherapy delivery and T-cell infiltration in PDAC; explored in combination with ICBs
	(115, 116)


	Stromal Remodeling Agents
	Pegylated recombinant human hyaluronidase (PEGPH20)
	Degrades hyaluronic acid to reduce stromal density and improve perfusion
	Investigated in PDAC (Phase III HALO-301); not yet approved due to limited survival benefit
	Demonstrated improved drug penetration; conceptually relevant for future TME modulation
	(117)


	Chemotherapy-Induced TME Modulation
	Gemcitabine, Nab-paclitaxel, FOLFIRINOX
	Indirectly remodel immune and stromal components; reduce tumor fibrosis
	Standard-of-care for advanced PDAC
	Induces immunogenic cell death and transiently reduces desmoplasia
	(118)


	Anti-Inflammatory and Myeloid-Targeting Agents
	CCR2 inhibitor (PF-04136309), CSF1R inhibitor
	Reduce tumor-associated macrophage recruitment and reprogram immunosuppressive myeloid cells
	Evaluated in PDAC clinical trials (Phase I/II)
	Improve T-cell infiltration and response to immunotherapy
	(119, 120)


	Anti-Fibrotic/CAF-Targeting Therapy
	Losartan (angiotensin II receptor blocker)
	Inhibits TGF-β–mediated fibrosis and normalizes extracellular matrix
	Clinically used antihypertensive; repurposed in PDAC trials
	Enhances drug delivery and immune access; used with FOLFIRINOX or ICBs
	(121, 122)







Overall, the integration of TME-modulating therapies into established treatment regimens represents a clinically relevant approach for improving therapeutic outcomes, particularly in refractory malignancies such as PDAC.




5 Emerging technologies and novel therapeutic platforms for TME reprogramming in PDAC

Building upon the clinical advances and recognized limitations of current TME-targeting therapies, emerging technologies are now reshaping the landscape of PDAC treatment by enabling more precise and effective reprogramming of the tumor microenvironment. These innovations—spanning nanotechnology, single-cell and spatial multi-omics, synthetic biology, and artificial intelligence—are redefining how the PDAC microenvironment can be analyzed, targeted, and therapeutically manipulated.



5.1 Nanotechnology enables targeted delivery into PDAC’s dense stroma

The dense desmoplastic stroma of PDAC remains one of the most formidable obstacles to effective drug delivery and immune infiltration. Nanotechnology provides a versatile platform to overcome these barriers through both passive accumulation and active targeting strategies.

Passive targeting relies on the enhanced permeability and retention (EPR) effect, which enables nanoparticles (typically 50–150 nm) to preferentially accumulate within tumor tissues due to leaky vasculature and impaired lymphatic drainage (123). However, the highly fibrotic and poorly vascularized nature of PDAC limits EPR efficiency, necessitating the development of actively targeted nanocarriers.

Active targeting can be achieved by functionalizing nanoparticle surfaces with ligands, antibodies, or peptides that recognize specific components of the TME. For instance, hyaluronic acid (HA)-coated nanoparticles selectively bind to CD44-overexpressing CAFs, enabling targeted delivery of TGF-β inhibitors to disrupt stromal fibrosis and enhance T cell infiltration (124). Similarly, lipid nanoparticles encapsulating colony-stimulating factor 1 receptor (CSF1R) inhibitors or CD40 agonists have been shown to reprogram TAMs from an M2-like immunosuppressive phenotype toward a pro-inflammatory M1 state, thereby restoring antitumor immune activity (125).

Beyond biochemical targeting, stimuli-responsive nanoplatforms provide spatially and temporally controlled drug release in response to tumor-specific cues such as acidic pH, elevated ROS, or overexpressed matrix metalloproteinases (MMPs). For example, pH-sensitive nanocarriers can deliver cyclic dinucleotide (CDN) STING agonists specifically within the acidic PDAC microenvironment to activate dendritic cells and enhance cytotoxic T cell responses. Likewise, ROS-responsive nanozymes can neutralize oxidative stress, restore redox homeostasis, and improve T cell survival and function within the hostile TME (126).

A recent Nature Nanotechnology study demonstrated the potential of multifunctional nanoplatforms: a DNA-origami-based system was engineered to co-deliver a CXCR4 antagonist and anti–PD-1 antibody, effectively disrupting CAF-mediated immune exclusion and enhancing CD8+ T cell infiltration in murine PDAC models, leading to significant survival benefits (127).

Together, these advances illustrate that nanotechnology not only facilitates drug penetration through PDAC’s physical and immunological barriers but also enables precise modulation of stromal and immune interactions, making it a powerful adjunct to immunotherapy and targeted therapy in PDAC.




5.2 Single-cell and spatial multi-omics reveal high-resolution immune and stromal landscapes in PDAC

Single-cell and spatial multi-omics technologies have revolutionized our understanding of the PDAC tumor microenvironment by enabling high-resolution mapping of cellular heterogeneity, functional states, and spatial organization. Single-cell RNA sequencing has delineated distinct CAF subpopulations—myofibroblastic CAFs, inflammatory CAFs, and antigen-presenting CAFs—each contributing uniquely to immune evasion and stromal remodeling (29). Spatial transcriptomics further revealed that iCAFs preferentially localize near vasculature, secreting chemokines (e.g., CXCL12, IL-6) to form chemotactic “fences” that hinder effector T cell infiltration, while myCAFs cluster around tumor nests, producing ECM components that reinforce fibrotic encapsulation and restrict drug diffusion (128).

Beyond fibroblasts, integrated spatial multi-omics studies have uncovered the coordinated spatial arrangement of immunosuppressive cells. A landmark study in Cell demonstrated that TAMs, MDSCs, and exhausted CD8+ T cells co-localize within hypoxic and metabolically deprived niches, which correspond to sites of poor immune checkpoint blockade (ICB) efficacy (129). These findings highlight how metabolic and spatial cues converge to create localized “immune cold zones.”

Epigenetic profiling via scATAC-seq further complements transcriptomic data by uncovering chromatin-level determinants of T cell dysfunction. Exhausted CD8+ T cells exhibit closed chromatin states at lipid metabolism and mitochondrial biogenesis loci, constraining their metabolic adaptability. Interestingly, pharmacologic activation of AMPK or inhibition of HDAC3 has been shown to restore chromatin accessibility and reinvigorate effector functions (130).

Emerging single-cell metabolomics and spatial proteomics now provide an additional layer of insight, allowing researchers to map metabolic flux and cytokine gradients across the TME. Integrating these modalities offers a systems-level view of immune-stromal-metabolic crosstalk, paving the way for precision immunotherapy that targets specific suppressive niches or reprograms dysfunctional immune subsets.




5.3 Synthetic biology and engineered immune cells enable programmable immunomodulation

Synthetic biology introduces a powerful paradigm for programmable immune intervention in PDAC, enabling immune cells to sense, adapt, and remodel the TME in real time. Engineered immune cells—including macrophages, T cells, DCs, and Tregs—are now being designed as dynamic “living drugs” capable of integrating environmental cues into controlled therapeutic responses.

Chimeric antigen receptor macrophages (CAR-Ms) exemplify this approach. CD47-targeted CAR-Ms combine tumor phagocytosis with secretion of IL-12 and GM-CSF, leading to TAM repolarization and promoting CD8+ T cell infiltration (131). Advanced CAR-M designs integrate metabolic support circuits (e.g., IL-12–STAT4 or NF-κB–driven modules), maintaining macrophage activity even within the hypoxic, nutrient-depleted PDAC TME.

Logic-gated CAR-T cells enhance therapeutic precision through dual-input sensing of tumor-specific antigens (e.g., mesothelin, Claudin18.2) and suppressive signals (e.g., TGF-β, PD-L1) (132). These Boolean circuit-based constructs activate only under defined TME conditions, improving on-target efficacy while reducing systemic toxicity.

In parallel, CRISPR/Cas-based immune engineering enables immune cells to self-regulate cytokine secretion (e.g., STING agonists, IL-2, IL-15), providing localized immune amplification without inducing systemic cytokine storms (133). Additionally, CAR-DC platforms are being developed to strengthen antigen cross-presentation, while CAR-Treg depletion systems selectively eliminate immunosuppressive Tregs—together establishing a tunable immune balance in PDAC models (134).

Collectively, these synthetic biology innovations move beyond cytotoxic enhancement toward adaptive immune reprogramming, positioning engineered immune cells as next-generation precision therapeutics capable of navigating and reshaping PDAC’s immunosuppressive architecture.




5.4 Artificial intelligence catalyzes tme-targeted therapy design

Artificial intelligence (AI) serves as the integrative layer linking data, design, and therapeutic prediction across these platforms. By analyzing multidimensional datasets—including single-cell, spatial, metabolic, and histopathological information—AI models identify dominant immunosuppressive drivers and simulate rational intervention strategies (135).

For example, a DeepMind–Memorial Sloan Kettering model identified NOX4 as a key CAF effector and proposed dual inhibition of FAK and VEGFR2 to disrupt fibroblast–vascular crosstalk (129). AI-based combinatorial screening predicted that a triple regimen of STING agonist, LDHA inhibitor, and anti-PD-1 could overcome lactic-acid-driven MDSC accumulation and T-cell exhaustion (136).

Beyond drug design, generative algorithms now expedite the discovery of small-molecule immunomodulators, next-generation lipid nanoparticles, and nanobodies with optimized pharmacokinetic and immune-targeting profiles (137). Digital pathology platforms incorporating deep learning dynamically track TME remodeling, correlate spatial immune metrics with patient outcomes, and guide real-time therapeutic adjustment (138).

By transforming heterogeneous biological datasets into predictive and actionable models, AI closes the loop between mechanistic insight and clinical translation—accelerating the discovery, optimization, and personalization of TME-targeted therapies.

In summary, nanotechnology penetrates physical and biological barriers; multi-omics delivers spatially resolved insights; synthetic biology engineers precision immune effectors; and AI drives rational design and real-time optimization (Figure 4). Together, these innovations create a next-generation framework for mechanistic TME reprogramming in PDAC, forming a blueprint for future immunotherapeutic breakthroughs.
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Figure 4 | Emerging technologies for TME reprogramming in PDAC.





6 Clinical trials involving TME-directed combination immunotherapies

Recent clinical trials have explored the efficacy of TME-directed combination immunotherapies, aiming to enhance the antitumor immune response by targeting multiple components of the TME. These strategies typically combine immune checkpoint inhibitors (ICBs) with agents that modify the TME to overcome immunosuppressive barriers.



6.1 MORPHEUS-PDAC (atezolizumab + PEGPH20 vs. chemotherapy)

The MORPHEUS-PDAC Phase Ib/II trial evaluated the PD-L1 antibody atezolizumab combined with PEGPH20, a pegylated recombinant human hyaluronidase that degrades hyaluronic acid in the extracellular matrix (139). The combination achieved an objective response rate (ORR) of 8.3% and disease control rate (DCR) of 41.7%, compared with ORR of 5% in the chemotherapy control arm. While the treatment was well tolerated, no significant survival advantage was observed (median progression-free survival, 3.6 vs. 3.4 months), highlighting the difficulty of translating stromal remodeling into durable immune activation.




6.2 CXCR4 antagonist + PD-1 inhibitor (plerixafor/AMD3100 + cemiplimab)

A Phase II trial investigated the CXCR4 antagonist plerixafor (AMD3100) combined with the PD-1 antibody cemiplimab in metastatic PDAC patients (140). The dual blockade disrupted the CXCL12–CXCR4 axis, enhancing CD8+ T-cell infiltration. The regimen achieved stable disease in 36% of patients, with a median PFS of 2.8 months and OS of 6.9 months. Although no objective responses were observed, correlative analyses revealed reduced MDSC frequency and increased effector T-cell signatures, suggesting partial immunologic reprogramming.




6.3 PAAG regimen (penpulimab + anlotinib + chemotherapy)

In a multicenter Phase II study, the PD-1 inhibitor penpulimab was combined with the anti-angiogenic agent anlotinib and standard chemotherapy (nab-paclitaxel plus gemcitabine) as first-line therapy for metastatic PDAC (141). The triplet regimen achieved an ORR of 31.6%, DCR of 73.7%, and median PFS of 6.8 months, exceeding historical benchmarks for chemotherapy alone (ORR ≈ 23%, PFS ≈ 5.5 months). These results support the notion that TME normalization through vascular modulation enhances immune accessibility and checkpoint efficacy.




6.4 Anti-PD-L1 antibody + CSF1R inhibitor (durvalumab + pexidartinib)

An ongoing Phase I study (NCT02777710) is evaluating durvalumab (anti–PD-L1) in combination with pexidartinib (CSF1R inhibitor) in advanced pancreatic and colorectal cancers. Interim analyses indicate a manageable safety profile with partial responses in 2 of 25 PDAC patients (8%) and disease stabilization in 40%, accompanied by reductions in circulating M2-like TAMs and increased intratumoral CD8+ T-cell density. These findings provide early evidence that selective myeloid reprogramming can synergize with ICB to reshape the immunosuppressive milieu.

Collectively, these clinical trials underscore both the promise and the limitations of TME-directed combination immunotherapies in PDAC. While targeted modulation of stromal, vascular, and immune compartments has yielded modest improvements in clinical endpoints, durable responses remain elusive. The heterogeneous and dynamically evolving nature of the TME continues to constrain therapeutic efficacy, emphasizing that successful translation will depend on overcoming biological and technological barriers that limit immune reprogramming.





7 Challenges and future perspectives

Building upon the clinical findings summarized above, it has become increasingly evident that reprogramming the TME in PDAC remains a formidable challenge. Despite encouraging preclinical and early clinical signals, most TME-targeted strategies have yielded only modest and transient benefits in patients. This translational gap highlights the multifactorial resistance mechanisms that operate within the PDAC microenvironment—ranging from profound stromal desmoplasia and immune exclusion to metabolic and spatial heterogeneity—that collectively restrain durable antitumor immunity.

To achieve meaningful and lasting therapeutic responses, future research must move beyond single-target interventions toward an integrated understanding of the dynamic crosstalk among stromal, immune, and metabolic networks. Such progress will depend not only on refining the biological rationale for TME reprogramming but also on improving the technological platforms that enable precise modulation of the tumor milieu in vivo. In this context, addressing key challenges—including spatial and functional heterogeneity, therapeutic timing and sequencing, biomarker-driven patient stratification, and the rational design of multi-targeted personalized strategies—will be crucial to advancing the next generation of TME-directed immunotherapies (Figure 5).
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Figure 5 | Challenges and future perspectives.



7.1 Addressing spatial and functional heterogeneity of the TME: precisely redefining the “therapeutic target”

One of the most formidable barriers to precision immunotherapy in PDAC is the spatial and functional heterogeneity of the TME. Distinct subpopulations of CAFs, TAMs, MDSCs, and Tregs exhibit markedly different spatial distributions and immune-modulatory functions within the tumor mass. For instance, iCAFs often localize around vasculature and form chemokine-mediated exclusion zones, whereas myCAFs predominantly cluster around epithelial compartments to construct rigid ECM barriers (29). Similarly, metabolic gradients—including hypoxia and acidity—are spatially heterogeneous, directly shaping immune cell infiltration and effector functionality (142).

To effectively overcome the complex barriers posed by the PDAC tumor microenvironment, continued innovation in spatial multi-omics technologies is essential. Techniques such as spatial transcriptomics and proteomics are now making it possible to generate high-resolution, spatially resolved maps of immune architecture within tumors (143). When integrated with single-cell analyses, these tools can construct detailed “immuno-architectural atlases”, offering a new framework for understanding and targeting the immune landscape of PDAC. At the same time, progress in nanomedicine is enabling more precise therapeutic interventions. Advanced drug delivery systems—particularly nanoparticles engineered to respond to specific biochemical cues like hypoxia, reactive oxygen species, or acidic pH—can release their payloads in a site-selective manner, focusing treatment within the most immunosuppressive regions of the tumor. Further refinements, such as the incorporation of externally triggered release mechanisms (e.g., light, magnetic fields, or ultrasound), add another layer of spatial and temporal control, offering a promising strategy to address the heterogeneity of the PDAC microenvironment and improve therapeutic efficacy.

From a theoretical perspective, these efforts may converge into a novel conceptual framework termed “Spatial Immuno-Oncology” representing a next-generation subdiscipline that integrates spatial biology with immune modulation to inform the design of topologically tailored immunotherapies. As spatial resolution becomes an indispensable layer in understanding and treating cancer, this approach is poised to fundamentally reshape how we identify targets, deliver therapies, and measure responses in highly complex malignancies like PDAC.




7.2 Optimizing the timing and dosing of TME reprogramming and immune checkpoint blockade

A major translational bottleneck in integrating TME reprogramming with immune checkpoint blockade (ICB) lies in defining the temporal and quantitative parameters that govern synergistic efficacy. Conventional concurrent administration strategies often fail to achieve durable immune activation and may paradoxically heighten immune-related adverse events (144, 145). This limitation reflects the temporal heterogeneity and adaptive plasticity of the TME, in which immune, stromal, and metabolic compartments evolve continuously in response to therapeutic pressure.

During the course of therapy, TME components undergo dynamic state transitions that critically determine the success of subsequent immune interventions. For instance, TAMs can be epigenetically reprogrammed from an immunosuppressive M2-like phenotype toward a pro-inflammatory M1-like state, thereby enhancing antigen presentation and T cell recruitment (146). Likewise, cancer-associated fibroblasts display remarkable phenotypic elasticity, with shifts between myofibroblastic and inflammatory subtypes that modulate extracellular matrix stiffness, vascular permeability, and T cell infiltration (147). Simultaneously, restoration of immune metabolic homeostasis—such as normalization of glucose, tryptophan, or lactate flux—can recalibrate local nutrient competition and redox balance, enabling sustained effector T cell function within the metabolically hostile tumor milieu (148).

These dynamic and interdependent processes suggest that the immunologic readiness of the TME is a moving target, and that ICB efficacy depends on administering therapy at an optimal immune-activation window. Conceptually, this has prompted a “sequential or staged” immunotherapy paradigm, wherein TME-targeted reprogramming acts as a priming phase to dismantle immunosuppressive barriers before checkpoint blockade is introduced (149). For example, CSF1R inhibition or CCR2/CCL2 axis blockade may be used transiently to deplete or reprogram immunosuppressive myeloid subsets, generating a time-sensitive “window of opportunity” characterized by reduced myeloid-derived suppressor cell burden and enhanced antigen-presenting capacity. Within this permissive interval, PD-1/PD-L1 or CTLA-4 blockade can be administered to amplify T cell priming and effector expansion, maximizing the therapeutic impact while minimizing toxicity.

Moreover, metabolic preconditioning of the TME—through interventions such as lactate dehydrogenase A (LDHA) inhibition, arginase blockade, or IDO1 suppression—can function as a preparatory step that reverses T cell exhaustion, reestablishes mitochondrial fitness, and restores cytokine responsiveness, thereby sensitizing tumors to subsequent ICB exposure (150).

Looking ahead, the temporal optimization of combination immunotherapies is expected to move beyond empirical trial design toward data-driven personalization. Computational modeling, multi-omics time-course profiling, and AI-guided treatment simulation can be harnessed to predict individualized therapeutic trajectories—identifying when and how to modulate distinct TME compartments for maximal synergy. Such integrative strategies represent a conceptual shift from static combination therapy to adaptive, phase-specific immunomodulation, embodying the next frontier in precision immuno-oncology.




7.3 Patient heterogeneity and personalized immunotherapy in PDAC

One of the major obstacles to effective immunotherapy in PDAC is the pronounced heterogeneity among patients at genomic, epigenetic, and microbial levels. Unlike highly immunogenic tumors such as melanoma or lung cancer, PDAC typically exhibits a low tumor mutational burden (TMB), resulting in fewer neoantigens and limited immune recognition (151). However, a small subset of PDACs (~1–2%) harbor microsatellite instability–high (MSI-H) or deficient mismatch repair (dMMR) phenotypes, which are associated with increased TMB, higher PD-L1 expression, and greater responsiveness to immune checkpoint blockade (152). Clinical trials have demonstrated durable responses to pembrolizumab in MSI-H/dMMR PDAC, leading to FDA approval of PD-1 blockade for this molecularly defined subgroup (153).

Beyond genomic variability, the tumor microbiome has emerged as a critical determinant of immunotherapy response. Distinct microbial communities within PDAC can modulate immune infiltration and drug metabolism. For instance, Gammaproteobacteria have been shown to metabolize gemcitabine into inactive forms, contributing to chemoresistance (154). More importantly, specific commensal bacteria such as Bifidobacterium and Akkermansia muciniphila can enhance antitumor immunity by promoting dendritic cell activation and improving the efficacy of PD-1 blockade (155, 156). Conversely, dysbiotic microbial signatures rich in Fusobacterium nucleatum or Enterobacteriaceae are linked to immunosuppressive myeloid infiltration and poor clinical outcomes (157).

Furthermore, epigenetic and metabolic heterogeneity within the TME introduces additional complexity. For example, differential activation of KRAS downstream pathways or variations in CAF-derived cytokine profiles can reshape local immune composition, resulting in variable sensitivity to immunomodulatory agents (29, 158). Integrating multi-omics profiling—including genomics, metabolomics, and microbiome sequencing—will be essential for identifying patient-specific immunological landscapes and optimizing therapeutic combinations. Ultimately, understanding and stratifying PDAC patients based on these heterogeneity factors may enable precision immunotherapy and improve clinical response rates.




7.4 Core challenges in clinical translation

Despite the growing promise of TME reprogramming strategies in enhancing antitumor immunity across various cancer models, their clinical translation remains hampered by three major barriers—safety, efficacy heterogeneity, and emerging resistance mechanisms—each necessitating deeper mechanistic understanding and refined therapeutic design.

First, safety concerns remain paramount. TME modulation often involves targeting multiple signaling axes in parallel, particularly when combined with immune checkpoint blockade (91). Such multifaceted interventions can provoke systemic immune activation, resulting in severe immune-related adverse events such as cytokine release syndrome (CRS), autoimmune organ injury, and hematologic or hepatic toxicity. Of particular concern is the risk of off-target immunotoxicity, where broad myeloid or stromal reprogramming may inadvertently perturb normal tissue immune homeostasis. For example, inhibition of CSF1R or CCR2 pathways can disrupt macrophage balance, leading to excessive inflammatory responses and systemic toxicity (159).

Moreover, excessive stromal depletion represents a key controversy in TME-targeted therapy. Although degradation of the extracellular matrix or depletion of cancer-associated fibroblasts can enhance immune cell infiltration and drug delivery, preclinical evidence indicates that over-disruption of stromal architecture may paradoxically promote tumor invasion and metastasis (160). Stromal components such as αSMA+ fibroblasts and collagen networks not only restrict tumor spread but also maintain vascular integrity and mechanical containment. Their loss may lead to vascular leakiness, hypoxia, and epithelial–mesenchymal transition (EMT), ultimately accelerating tumor progression. These risks underscore the need for selective and reversible stromal reprogramming rather than complete ablation.

Second, pronounced inter-patient and intra-tumoral heterogeneity in therapeutic response remains a substantial challenge. Even under standardized treatment regimens, patient responses can vary dramatically—not only due to intrinsic genomic differences but also as a result of spatiotemporal dynamics within the TME. Currently, the lack of reliable, real-time biomarkers capable of capturing TME remodeling constrains the clinician’s ability to adjust therapy based on mechanistic feedback, leaving treatment decisions heavily reliant on empirical judgment rather than data-driven precision. This severely limits the implementation of truly personalized TME-based strategies.

Third, the emergence of acquired resistance mechanisms is becoming a new frontier in the field. The plasticity of the TME—especially in immunologically “cold” tumors such as PDAC—enables rapid adaptation in response to targeted interventions (81). When a dominant immunosuppressive axis (e.g., CSF1/CSF1R) is effectively inhibited, compensatory immune escape pathways such as Galectin-9/TIM-3 or CD47/SIRPα are frequently upregulated (161). Moreover, metabolic rewiring—such as a shift from lactate fermentation to fatty acid oxidation—allows both tumor and stromal cells to circumvent metabolic blockade while sustaining an immunosuppressive milieu (162).

Finally, therapeutic balance is essential. Tumor adaptation and plasticity may enable malignant cells to restore immune suppression over time, while uncoordinated or excessive immune activation during TME reprogramming can lead to unintended systemic or local immune perturbations (163). Maintaining stromal integrity and immune equilibrium therefore represents a central challenge—requiring precision delivery systems, temporal control of therapeutic dosing, and integration of multi-omic biomarkers to guide dynamic adjustment. Collectively, these considerations highlight that successful clinical translation of TME-targeted strategies will depend not only on overcoming immunosuppressive barriers but also on preserving the homeostatic balance of the tumor–stroma–immune ecosystem.




7.5 Future directions: toward multi-target synergy and personalized TME remodeling

Addressing these challenges requires a balanced, adaptive approach. Integrating real-time biomarkers, spatial multi-omics, and computational modeling can guide dynamic modulation of therapeutic intensity, maximizing durable antitumor immunity while minimizing adverse effects. The convergence of TME-targeted interventions with AI-assisted diagnostics, digital twin modeling, and programmable therapeutic platforms is expected to enable context-aware, patient-specific immunological reprogramming, extending beyond PDAC to other immunologically “cold” malignancies such as prostate cancer and glioblastoma.

Digital Twin Tumor models are poised to transform precision medicine in PDAC. By integrating spatial transcriptomics, single-cell RNA sequencing, proteomics, metabolomics, and longitudinal imaging, these models reconstruct dynamic, patient-specific representations of the TME (164). Advanced computational frameworks—including graph neural networks, multi-omics integration algorithms, and reinforcement learning—allow simulation of tumor evolution, capture of cellular interactions, and iterative updating of model parameters based on patient-derived data. Digital twins can thus predict therapeutic outcomes under different interventions, supporting rational design of personalized drug combinations, dosing regimens, and treatment sequences.

Synthetic biology and nanotechnology further expand TME-targeted strategies. Next-generation CAR-T cells engineered with environmental sensing modules can dynamically modulate cytotoxic programs in response to key TME cues such as TGF-β, lactate, and ROS (165, 166). Meanwhile, AI-guided nanorobots may enable spatially precise delivery of immunostimulatory agents, metabolic inhibitors, or gene-editing tools within specific TME regions, enhancing both specificity and therapeutic efficacy.

Ultimately, these approaches converge toward an adaptive, context-aware immunological intervention paradigm, shifting from standardized treatments to highly responsive, patient-tailored therapies. Such an integrated strategy holds transformative potential for PDAC and other immunologically “cold” tumors, establishing a framework for precision TME remodeling in future cancer therapy.





8 Conclusion

Future therapeutic strategies will need to move away from simplistic, single-target approaches toward more dynamic, multidimensional interventions that tackle the complex layers of immune suppression within the TME. This requires not only the modulation of immune cells, such as CAFs, TAMs, and MDSCs, but also the correction of metabolic imbalances, remodeling of the vasculature, and targeted delivery of therapies to specific TME regions. The advent of technologies such as spatial transcriptomics, nanomedicine, and AI-driven models will provide unprecedented opportunities for real-time monitoring and personalized treatment strategies. Ultimately, TME reprogramming represents a shift in how we conceptualize PDAC, viewing it not just as a malignant epithelial disease, but as a product of persistent immune dysregulation. As such, TME remodeling has the potential to become the cornerstone of effective PDAC therapy, ultimately overcoming the long-held perception of PDAC as an immunologically “untreatable” cancer.





Author contributions

XH: Funding acquisition, Writing – original draft, Writing – review & editing. XT: Writing – original draft, Writing – review & editing. SD: Writing – review & editing. AS: Writing – review & editing. TZ: Writing – review & editing. HW: Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This research was supported by the Key Project of International Scientific and Technological Cooperation of Henan Province (241111520400), the National Natural Science Foundation of China (32300120), the Key Scientific Research Project of Higher Education of Henan Province (25A310013), the 111 Project (D20036, China).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat Med. (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x


	 Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat Rev Drug Discov. (2019) 18:197–218. doi: 10.1038/s41573-018-0007-y


	 Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set point. Nature. (2017) 541:321–30. doi: 10.1038/nature21349


	 Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor microenvironment. Science. (2015) 348:74–80. doi: 10.1126/science.aaa6204


	 Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates cancer progression. Cancer Res. (2019) 79:4557–66. doi: 10.1158/0008-5472.CAN-18-3962


	 Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy. Immunity. (2020) 52:17–35. doi: 10.1016/j.immuni.2019.12.011


	 Tuttle KR, Wilson JM, Lin Y, Qian HR, Genovese F, Karsdal MA, et al. Indicators of kidney fibrosis in patients with type 2 diabetes and chronic kidney disease treated with dulaglutide. Am J Nephrol. (2023) 54:74–82. doi: 10.1159/000529374


	 Loaiza F. The effects of Medicaid expansion on the racial/ethnic composition within nursing home residents. Health Econ Rev. (2024) 14:43. doi: 10.1186/s13561-024-00517-3


	 Burcakova L, Konigova A, Kuzmina TA, Austin CJ, Matthews JB, Lightbody KL, et al. Equine tapeworm (Anoplocephala spp.) infection: evaluation of saliva- and serum-based antibody detection methods and risk factor analysis in Slovak horse populations. Parasitol Res. (2023) 122:3037–52. doi: 10.1007/s00436-023-07994-1


	 Guo J, Wang S, Gao Q. An integrated overview of the immunosuppression features in the tumor microenvironment of pancreatic cancer. Front Immunol. (2023) 14:1258538. doi: 10.3389/fimmu.2023.1258538


	 Bear AS, Vonderheide RH, O'Hara MH. Challenges and opportunities for pancreatic cancer immunotherapy. Cancer Cell. (2020) 38:788–802. doi: 10.1016/j.ccell.2020.08.004


	 Ren S, Song LN, Zhao R, Tian Y, Wang ZQ. Serum exosomal hsa-let-7f-5p: A potential diagnostic biomarker for metastatic pancreatic cancer detection. World J Gastroenterol. (2025) 31:109500. doi: 10.3748/wjg.v31.i26.109500


	 Ren S, Qin B, Daniels MJ, Zeng L, Tian Y, Wang ZQ. Developing and validating a computed tomography radiomics strategy to predict lymph node metastasis in pancreatic cancer. World J Radiol. (2025) 17:109373. doi: 10.4329/wjr.v17.i8.109373


	 Jiang G, Zhou X, Chen S, Zhong F, Huang G, Wu B, et al. SATB2 plays a critical role in pancreatic cancer cell proliferation, migration and T cell cytotoxicity. Cancer Genet. (2025) 296-297:53–64. doi: 10.1016/j.cancergen.2025.06.006


	 Balachandran VP, Beatty GL, Dougan SK. Broadening the impact of immunotherapy to pancreatic cancer: challenges and opportunities. Gastroenterology. (2019) 156:2056–72. doi: 10.1053/j.gastro.2018.12.038


	 Ho WJ, Jaffee EM, Zheng L. The tumour microenvironment in pancreatic cancer - clinical challenges and opportunities. Nat Rev Clin Oncol. (2020) 17:527–40. doi: 10.1038/s41571-020-0363-5


	 Ullman NA, Burchard PR, Dunne RF, Linehan DC. Immunologic strategies in pancreatic cancer: making cold tumors hot. J Clin Oncol. (2022) 40:2789–805. doi: 10.1200/JCO.21.02616


	 Looi CK, Chung FF, Leong CO, Wong SF, Rosli R, Mai CW. Therapeutic challenges and current immunomodulatory strategies in targeting the immunosuppressive pancreatic tumor microenvironment. J Exp Clin Cancer Res. (2019) 38:162. doi: 10.1186/s13046-019-1153-8


	 Pan D, Li X, Qiao X, Wang Q. Immunosuppressive tumor microenvironment in pancreatic cancer: mechanisms and therapeutic targets. Front Immunol. (2025) 16:1582305. doi: 10.3389/fimmu.2025.1582305


	 Daniel SK, Sullivan KM, Labadie KP, Pillarisetty VG. Hypoxia as a barrier to immunotherapy in pancreatic adenocarcinoma. Clin Transl Med. (2019) 8:10. doi: 10.1186/s40169-019-0226-9


	 Rahman MA, Yadab MK, Ali MM. Emerging role of extracellular pH in tumor microenvironment as a therapeutic target for cancer immunotherapy. Cells. (2024) 13. doi: 10.3390/cells13221924


	 Kabacaoglu D, Ciecielski KJ, Ruess DA, Algul H. Immune checkpoint inhibition for pancreatic ductal adenocarcinoma: current limitations and future options. Front Immunol. (2018) 9:1878. doi: 10.3389/fimmu.2018.01878


	 Riquelme E, Zhang Y, Zhang L, Montiel M, Zoltan M, Dong W, et al. Tumor microbiome diversity and composition influence pancreatic cancer outcomes. Cell. (2019) 178:795–806.e12. doi: 10.1016/j.cell.2019.07.008


	 Halbrook CJ, Lyssiotis CA, Pasca Di Magliano M, Maitra A. Pancreatic cancer: Advances and challenges. Cell. (2023) 186:1729–54. doi: 10.1016/j.cell.2023.02.014


	 Brautigam K, Skok K, Szymonski K, Rift CV, Karamitopoulou E. Tumor immune microenvironment in pancreatic ductal adenocarcinoma revisited - Exploring the "Space. Cancer Lett. (2025) 622:217699. doi: 10.1016/j.canlet.2025.217699


	 Hartupee C, Nagalo BM, Chabu CY, Tesfay MZ, Coleman-Barnett J, West JT, et al. Pancreatic cancer tumor microenvironment is a major therapeutic barrier and target. Front Immunol. (2024) 15:1287459. doi: 10.3389/fimmu.2024.1287459


	 Lee DU, Han BS, Jung KH, Hong SS. Tumor stroma as a therapeutic target for pancreatic ductal adenocarcinoma. Biomol Ther (Seoul). (2024) 32:281–90. doi: 10.4062/biomolther.2024.029


	 Joseph AM, Al Aiyan A, Al-Ramadi B, Singh SK, Kishore U. Innate and adaptive immune-directed tumour microenvironment in pancreatic ductal adenocarcinoma. Front Immunol. (2024) 15:1323198. doi: 10.3389/fimmu.2024.1323198


	 Elyada E, Bolisetty M, Laise P, Flynn WF, Courtois ET, Burkhart RA, et al. Cross-species single-cell analysis of pancreatic ductal adenocarcinoma reveals antigen-presenting cancer-associated fibroblasts. Cancer Discov. (2019) 9:1102–23. doi: 10.1158/2159-8290.CD-19-0094


	 Neuzillet C, Tijeras-Raballand A, Ragulan C, Cros J, Patil Y, Martinet M, et al. Inter- and intra-tumoural heterogeneity in cancer-associated fibroblasts of human pancreatic ductal adenocarcinoma. J Pathol. (2019) 248:51–65. doi: 10.1002/path.5224


	 Chen Y, Kim J, Yang S, Wang H, Wu CJ, Sugimoto H, et al. Type I collagen deletion in alphaSMA(+) myofibroblasts augments immune suppression and accelerates progression of pancreatic cancer. Cancer Cell. (2021) 39:548–65.e6. doi: 10.1016/j.ccell.2021.02.007


	 Ohlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M, et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J Exp Med. (2017) 214:579–96. doi: 10.1084/jem.20162024


	 Palma AM, Bushnell GG, Wicha MS, Gogna R. Tumor microenvironment interactions with cancer stem cells in pancreatic ductal adenocarcinoma. Adv Cancer Res. (2023) 159:343–72. doi: 10.1016/bs.acr.2023.02.007


	 Brichkina A, Polo P, Sharma SD, Visestamkul N. Lauth M. A quick guide to CAF subtypes in pancreatic cancer. Cancers (Basel). (2023) 15. doi: 10.1016/bs.acr.2023.02.007


	 Mentucci FM, Ferrara MG, Ercole A, Rumie Vittar NB, Lamberti MJ. Interplay between cancer-associated fibroblasts and dendritic cells: implications for tumor immunity. Front Immunol. (2025) 16:1515390. doi: 10.3389/fimmu.2025.1515390


	 Ramesh RPG, Yasmin H, Ponnachan P, Al-Ramadi B, Kishore U, Joseph AM. Phenotypic heterogeneity and tumor immune microenvironment directed therapeutic strategies in pancreatic ductal adenocarcinoma. Front Immunol. (2025) 16:1573522. doi: 10.3389/fimmu.2025.1573522


	 Zhang Z, Yu G, Eresen A, Chen Z, Yu Z, Yaghmai V, et al. Dendritic cell vaccination combined with irreversible electroporation for treating pancreatic cancer-a narrative review. Ann Transl Med. (2024) 12:77. doi: 10.21037/atm-23-1882


	 Yang S, Liu Q, Liao Q. Tumor-associated macrophages in pancreatic ductal adenocarcinoma: origin, polarization, function, and reprogramming. Front Cell Dev Biol. (2020) 8:607209. doi: 10.3389/fcell.2020.607209


	 Xiong C, Zhu Y, Xue M, Jiang Y, Zhong Y, Jiang L, et al. Tumor-associated macrophages promote pancreatic ductal adenocarcinoma progression by inducing epithelial-to-mesenchymal transition. Aging (Albany NY). (2021) 13:3386–404. doi: 10.18632/aging.202264


	 Lin X, Kang K, Chen P, Zeng Z, Li G, Xiong W, et al. Regulatory mechanisms of PD-1/PD-L1 in cancers. Mol Cancer. (2024) 23:108. doi: 10.1186/s12943-024-02023-w


	 Zhao Y, Zhao B, Wang X, Guan G, Xin Y, Sun YD, et al. Macrophage transcriptome modification induced by hypoxia and lactate. Exp Ther Med. (2019) 18:4811–9. doi: 10.3892/etm.2019.8164


	 Noe JT, Rendon BE, Geller AE, Conroy LR, Morrissey SM, Young LEA, et al. Lactate supports a metabolic-epigenetic link in macrophage polarization. Sci Adv. (2021) 7:eabi8602. doi: 10.1126/sciadv.abi8602


	 Ozga AJ, Chow MT, Luster AD. Chemokines and the immune response to cancer. Immunity. (2021) 54:859–74. doi: 10.1016/j.immuni.2021.01.012


	 Bule P, Aguiar SI, Aires-Da-Silva F, Dias JNR. Chemokine-directed tumor microenvironment modulation in cancer immunotherapy. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22189804


	 Tang Y, Xu X, Guo S, Zhang C, Tang Y, Tian Y, et al. An increased abundance of tumor-infiltrating regulatory T cells is correlated with the progression and prognosis of pancreatic ductal adenocarcinoma. PLoS One. (2014) 9:e91551. doi: 10.1371/journal.pone.0091551


	 Smith H, Arbe-Barnes E, Shah EA, Sivakumar S. Manipulating regulatory T cells: is it the key to unlocking effective immunotherapy for pancreatic ductal adenocarcinoma? Front Immunol. (2024) 15:1406250. doi: 10.3389/fimmu.2024.1406250


	 Shevach EM. Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity. (2009) 30:636–45. doi: 10.1016/j.immuni.2009.04.010


	 Yamazaki S. Diverse roles of dendritic cell and regulatory T cell crosstalk in controlling health and disease. Int Immunol. (2024) 37:5–14. doi: 10.1093/intimm/dxae042


	 Ge J, Yin X, Chen L. Regulatory T cells: masterminds of immune equilibrium and future therapeutic innovations. Front Immunol. (2024) 15:1457189. doi: 10.3389/fimmu.2024.1457189


	 Pacella I, Procaccini C, Focaccetti C, Miacci S, Timperi E, Faicchia D, et al. Fatty acid metabolism complements glycolysis in the selective regulatory T cell expansion during tumor growth. Proc Natl Acad Sci U S A. (2018) 115:E6546–E55. doi: 10.1073/pnas.1720113115


	 Lou W, Gong C, Ye Z, Hu Y, Zhu M, Fang Z, et al. Lipid metabolic features of T cells in the Tumor Microenvironment. Lipids Health Dis. (2022) 21:94. doi: 10.1186/s12944-022-01705-y


	 Bird L. Brief blockade of type I IFN increases CD8(+) T cell memory. Nat Rev Immunol. (2025) 25:317. doi: 10.1038/s41577-025-01171-4


	 Lin Q, Xiao M, Yuan L, Fan S. Photonic Weyl point in a two-dimensional resonator lattice with a synthetic frequency dimension. Nat Commun. (2016) 7:13731. doi: 10.1038/ncomms13731


	 Kirvan CA, Swedo SE, Heuser JS, Cunningham MW. Mimicry and autoantibody-mediated neuronal cell signaling in Sydenham chorea. Nat Med. (2003) 9:914–20. doi: 10.1038/nm892


	 Zheng Y, Yao Y, Ge T, Ge S, Jia R, Song X, et al. Amino acid metabolism reprogramming: shedding new light on T cell anti-tumor immunity. J Exp Clin Cancer Res. (2023) 42:291. doi: 10.1186/s13046-023-02845-4


	 Chu YD, Lai MW, Yeh CT. Unlocking the potential of arginine deprivation therapy: recent breakthroughs and promising future for cancer treatment. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241310668


	 Tamberi L, Belloni A, Pugnaloni A, Rippo MR, Olivieri F, Procopio AD, et al. The influence of myeloid-derived suppressor cell expansion in neuroinflammation and neurodegenerative diseases. Cells. (2024) 13. doi: 10.3390/cells13070643


	 He S, Zheng L, Qi C. Myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment and their targeting in cancer therapy. Mol Cancer. (2025) 24:5. doi: 10.1186/s12943-024-02208-3


	 Smith C, Zheng W, Dong J, Wang Y, Lai J, Liu X, et al. Tumor microenvironment in pancreatic ductal adenocarcinoma: Implications in immunotherapy. World J Gastroenterol. (2022) 28:3297–313. doi: 10.3748/wjg.v28.i27.3297


	 Whittle MC, Hingorani SR. Fibroblasts in pancreatic ductal adenocarcinoma: biological mechanisms and therapeutic targets. Gastroenterology. (2019) 156:2085–96. doi: 10.1053/j.gastro.2018.12.044


	 Li M, Freeman S, Franco-Barraza J, Cai KQ, Kim A, Jin S, et al. A bioprinted sea-and-island multicellular model for dissecting human pancreatic tumor-stroma reciprocity and adaptive metabolism. Biomaterials. (2024) 310:122631. doi: 10.1016/j.biomaterials.2024.122631


	 Belhabib I, Zaghdoudi S, Lac C, Bousquet C, Jean C. Extracellular matrices and cancer-associated fibroblasts: targets for cancer diagnosis and therapy? Cancers (Basel). (2021) 13. doi: 10.3390/cancers13143466


	 Bulle A, Lim KH. Beyond just a tight fortress: contribution of stroma to epithelial-mesenchymal transition in pancreatic cancer. Signal Transduct Target Ther. (2020) 5:249. doi: 10.1038/s41392-020-00341-1


	 Yao N, Fu Y, Wang T, Qin J, Cao Y, Shi M, et al. CEMIP2 sensitizes PDAC to chemotherapy through extracellular matrix remodeling by hyaluronan degradation. Cancer Lett. (2025) 217898. doi: 10.1016/j.canlet.2025.217898


	 Sarhan D, Eisinger S, He F, Bergsland M, Pelicano C, Driescher C, et al. Targeting myeloid suppressive cells revives cytotoxic anti-tumor responses in pancreatic cancer. iScience. (2022) 25:105317. doi: 10.1016/j.isci.2022.105317


	 Yuan Z, Li Y, Zhang S, Wang X, Dou H, Yu X, et al. Extracellular matrix remodeling in tumor progression and immune escape: from mechanisms to treatments. Mol Cancer. (2023) 22:48. doi: 10.1186/s12943-023-01744-8


	 Henke E, Nandigama R, Ergun S. Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. Front Mol Biosci. (2019) 6:160. doi: 10.3389/fmolb.2019.00160


	 Simsek H, Klotzsch E. The solid tumor microenvironment-Breaking the barrier for T cells: How the solid tumor microenvironment influences T cells: How the solid tumor microenvironment influences T cells. Bioessays. (2022) 44:e2100285. doi: 10.1002/bies.202100285


	 Di Modugno F, Colosi C, Trono P, Antonacci G, Ruocco G, Nistico P. 3D models in the new era of immune oncology: focus on T cells, CAF and ECM. J Exp Clin Cancer Res. (2019) 38:117. doi: 10.1186/s13046-019-1086-2


	 Sperb N, Tsesmelis M, Wirth T. Crosstalk between tumor and stromal cells in pancreatic ductal adenocarcinoma. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21155486


	 Chen C, Wang Z, Ding Y, Qin Y. Tumor microenvironment-mediated immune evasion in hepatocellular carcinoma. Front Immunol. (2023) 14:1133308. doi: 10.3389/fimmu.2023.1133308


	 Chen G, Wu K, Li H, Xia D, He T. Role of hypoxia in the tumor microenvironment and targeted therapy. Front Oncol. (2022) 12:961637. doi: 10.3389/fonc.2022.961637


	 Ferrara B, Pignatelli C, Cossutta M, Citro A, Courty J, Piemonti L. The extracellular matrix in pancreatic cancer: description of a complex network and promising therapeutic options. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13174442


	 Encarnacion-Rosado J, Sohn ASW, Biancur DE, Lin EY, Osorio-Vasquez V, Rodrick T, et al. Targeting pancreatic cancer metabolic dependencies through glutamine antagonism. Nat Cancer. (2024) 5:85–99. doi: 10.1038/s43018-023-00647-3


	 Shi S, Ou X, Liu C, Wen H, Ke J. Research progress of HIF-1a on immunotherapy outcomes in immune vascular microenvironment. Front Immunol. (2025) 16:1549276. doi: 10.3389/fimmu.2025.1549276


	 Bai R, Li Y, Jian L, Yang Y, Zhao L, Wei M. The hypoxia-driven crosstalk between tumor and tumor-associated macrophages: mechanisms and clinical treatment strategies. Mol Cancer. (2022) 21:177. doi: 10.1186/s12943-022-01645-2


	 Zhang H, Lu H, Xiang L, Bullen JW, Zhang C, Samanta D, et al. HIF-1 regulates CD47 expression in breast cancer cells to promote evasion of phagocytosis and maintenance of cancer stem cells. Proc Natl Acad Sci U S A. (2015) 112:E6215–23. doi: 10.1073/pnas.1520032112


	 Zheng Y, Xu R, Chen X, Lu Y, Zheng J, Lin Y, et al. Metabolic gatekeepers: harnessing tumor-derived metabolites to optimize T cell-based immunotherapy efficacy in the tumor microenvironment. Cell Death Dis. (2024) 15:775. doi: 10.1038/s41419-024-07122-6


	 Liu H, Yang W, Jiang J. Targeting tumor metabolism to augment CD8(+) T cell anti-tumor immunity. J Pharm Anal. (2025) 15:101150. doi: 10.1016/j.jpha.2024.101150


	 Thakur R, Mullen NJ, Mehla K, Singh PK. Tumor-stromal metabolic crosstalk in pancreatic cancer. Trends Cell Biol. (2025). doi: 10.1016/j.tcb.2025.04.007


	 Ju Y, Xu D, Liao MM, Sun Y, Bao WD, Yao F, et al. Barriers and opportunities in pancreatic cancer immunotherapy. NPJ Precis Oncol. (2024) 8:199. doi: 10.1038/s41698-024-00681-z


	 Gorchs L, Kaipe H. Interactions between cancer-associated fibroblasts and T cells in the pancreatic tumor microenvironment and the role of chemokines. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13122995


	 Nywening TM, Belt BA, Cullinan DR, Panni RZ, Han BJ, Sanford DE, et al. Targeting both tumour-associated CXCR2(+) neutrophils and CCR2(+) macrophages disrupts myeloid recruitment and improves chemotherapeutic responses in pancreatic ductal adenocarcinoma. Gut. (2018) 67:1112–23. doi: 10.1136/gutjnl-2017-313738


	 Thepmalee C, Panya A, Junking M, Chieochansin T, Yenchitsomanus PT. Inhibition of IL-10 and TGF-beta receptors on dendritic cells enhances activation of effector T-cells to kill cholangiocarcinoma cells. Hum Vaccin Immunother. (2018) 14:1423–31. doi: 10.1080/21645515.2018.1431598


	 Ibrahim A, Mohamady Farouk Abdalsalam N, Liang Z, Kashaf Tariq H, Li R, L OA, et al. MDSC checkpoint blockade therapy: a new breakthrough point overcoming immunosuppression in cancer immunotherapy. Cancer Gene Ther. (2025) 32:371–92. doi: 10.1038/s41417-025-00886-9


	 Hosseini R, Asef-Kabiri L, Yousefi H, Sarvnaz H, Salehi M, Akbari ME, et al. The roles of tumor-derived exosomes in altered differentiation, maturation and function of dendritic cells. Mol Cancer. (2021) 20:83. doi: 10.1186/s12943-021-01376-w


	 Xia B, Liu Y, Wang J, Lu Q, Lv X, Deng K, et al. Emerging role of exosome-shuttled noncoding RNAs in gastrointestinal cancers: From intercellular crosstalk to clinical utility. Pharmacol Res. (2023) 195:106880. doi: 10.1016/j.phrs.2023.106880


	 Li HB, Yang ZH, Guo QQ. Immune checkpoint inhibition for pancreatic ductal adenocarcinoma: limitations and prospects: a systematic review. Cell Commun Signal. (2021) 19:117. doi: 10.1186/s12964-021-00789-w


	 Rojas LA, Balachandran VP. Scaling the immune incline in PDAC. Nat Rev Gastroenterol Hepatol. (2021) 18:453–4. doi: 10.1038/s41575-021-00475-9


	 Ahmad RS, Eubank TD, Lukomski S, Boone BA. Immune cell modulation of the extracellular matrix contributes to the pathogenesis of pancreatic cancer. Biomolecules. (2021) 11. doi: 10.3390/biom11060901


	 Zhang T, Ren Y, Yang P, Wang J, Zhou H. Cancer-associated fibroblasts in pancreatic ductal adenocarcinoma. Cell Death Dis. (2022) 13:897. doi: 10.1038/s41419-022-05351-1


	 Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, et al. Crosstalk between cancer-associated fibroblasts and immune cells in the tumor microenvironment: new findings and future perspectives. Mol Cancer. (2021) 20:131. doi: 10.1186/s12943-021-01428-1


	 Wang Y, Liang Y, Xu H, Zhang X, Mao T, Cui J, et al. Single-cell analysis of pancreatic ductal adenocarcinoma identifies a novel fibroblast subtype associated with poor prognosis but better immunotherapy response. Cell Discov. (2021) 7:36. doi: 10.1038/s41421-021-00271-4


	 Seo YD, Pillarisetty VG. T-cell programming in pancreatic adenocarcinoma: a review. Cancer Gene Ther. (2017) 24:106–13. doi: 10.1038/cgt.2016.66


	 Zhang H, Liu L, Liu J, Dang P, Hu S, Yuan W, et al. Roles of tumor-associated macrophages in anti-PD-1/PD-L1 immunotherapy for solid cancers. Mol Cancer. (2023) 22:58. doi: 10.1186/s12943-023-01725-x


	 Kzhyshkowska J, Shen J, Larionova I. Targeting of TAMs: can we be more clever than cancer cells? Cell Mol Immunol. (2024) 21:1376–409. doi: 10.1038/s41423-024-01232-z


	 Foucher ED, Ghigo C, Chouaib S, Galon J, Iovanna J, Olive D. Pancreatic ductal adenocarcinoma: A strong imbalance of good and bad immunological cops in the tumor microenvironment. Front Immunol. (2018) 9:1044. doi: 10.3389/fimmu.2018.01044


	 Dong S, Li W, Li X, Wang Z, Chen Z, Shi H, et al. Glucose metabolism and tumour microenvironment in pancreatic cancer: A key link in cancer progression. Front Immunol. (2022) 13:1038650. doi: 10.3389/fimmu.2022.1038650


	 Wu H, Fu M, Wu M, Cao Z, Zhang Q, Liu Z. Emerging mechanisms and promising approaches in pancreatic cancer metabolism. Cell Death Dis. (2024) 15:553. doi: 10.1038/s41419-024-06930-0


	 Qiao X, Hu Z, Xiong F, Yang Y, Peng C, Wang D, et al. Lipid metabolism reprogramming in tumor-associated macrophages and implications for therapy. Lipids Health Dis. (2023) 22:45. doi: 10.1186/s12944-023-01807-1


	 Anu RI, Shiu KK, Khan KH. The immunomodulatory role of IDO1-Kynurenine-NAD(+) pathway in switching cold tumor microenvironment in PDAC. Front Oncol. (2023) 13:1142838. doi: 10.3389/fonc.2023.1142838


	 Hezaveh K, Shinde RS, Klotgen A, Halaby MJ, Lamorte S, Ciudad MT, et al. Tryptophan-derived microbial metabolites activate the aryl hydrocarbon receptor in tumor-associated macrophages to suppress anti-tumor immunity. Immunity. (2022) 55:324–40.e8. doi: 10.1016/j.immuni.2022.01.006


	 Chan AK, Bruce JI, Siriwardena AK. Glucose metabolic phenotype of pancreatic cancer. World J Gastroenterol. (2016) 22:3471–85. doi: 10.3748/wjg.v22.i12.3471


	 Wang ZH, Peng WB, Zhang P, Yang XP, Zhou Q. Lactate in the tumour microenvironment: From immune modulation to therapy. EBioMedicine. (2021) 73:103627. doi: 10.1016/j.ebiom.2021.103627


	 Jin HR, Wang J, Wang ZJ, Xi MJ, Xia BH, Deng K, et al. Lipid metabolic reprogramming in tumor microenvironment: from mechanisms to therapeutics. J Hematol Oncol. (2023) 16:103. doi: 10.1186/s13045-023-01498-2


	 Poh AR, Ernst M. Tumor-associated macrophages in pancreatic ductal adenocarcinoma: therapeutic opportunities and clinical challenges. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13122860


	 Jiang Z, Zhang W, Sha G, Wang D, Tang D. Galectins are central mediators of immune escape in pancreatic ductal adenocarcinoma. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14225475


	 Bartkeviciene A, Jasukaitiene A, Zievyte I, Stukas D, Ivanauskiene S, Urboniene D, et al. Association between AHR expression and immune dysregulation in pancreatic ductal adenocarcinoma: insights from comprehensive immune profiling of peripheral blood mononuclear cells. Cancers (Basel). (2023) 15. doi: 10.3390/cancers15184639


	 O'Malley DM, Bariani GM, Cassier PA, Marabelle A, Hansen AR, De Jesus Acosta A, et al. Pembrolizumab in patients with microsatellite instability-high advanced endometrial cancer: results from the KEYNOTE-158 study. J Clin Oncol. (2022) 40:752–61. doi: 10.1200/JCO.21.01874


	 Piha-Paul SA, Oh DY, Ueno M, Malka D, Chung HC, Nagrial A, et al. Efficacy and safety of pembrolizumab for the treatment of advanced biliary cancer: Results from the KEYNOTE-158 and KEYNOTE-028 studies. Int J Cancer. (2020) 147:2190–8. doi: 10.1002/ijc.33013


	 Yin C, Alqahtani A, Noel MS. The next frontier in pancreatic cancer: targeting the tumor immune milieu and molecular pathways. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14112619


	 Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060


	 Andre T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al. Pembrolizumab in microsatellite-instability-high advanced colorectal cancer. N Engl J Med. (2020) 383:2207–18. doi: 10.1056/NEJMoa2017699


	 Reiss KA, Mick R, Teitelbaum U, O'Hara M, Schneider C, Massa R, et al. Niraparib plus nivolumab or niraparib plus ipilimumab in patients with platinum-sensitive advanced pancreatic cancer: a randomised, phase 1b/2 trial. Lancet Oncol. (2022) 23:1009–20. doi: 10.1016/S1470-2045(22)00369-2


	 Ferrara N, Adamis AP. Ten years of anti-vascular endothelial growth factor therapy. Nat Rev Drug Discov. (2016) 15:385–403. doi: 10.1038/nrd.2015.17


	 Lee WS, Yang H, Chon HJ, Kim C. Combination of anti-angiogenic therapy and immune checkpoint blockade normalizes vascular-immune crosstalk to potentiate cancer immunity. Exp Mol Med. (2020) 52:1475–85. doi: 10.1038/s12276-020-00500-y


	 Van Cutsem E, Tempero MA, Sigal D, Oh DY, Fazio N, Macarulla T, et al. Randomized phase III trial of pegvorhyaluronidase alfa with nab-paclitaxel plus gemcitabine for patients with hyaluronan-high metastatic pancreatic adenocarcinoma. J Clin Oncol. (2020) 38:3185–94. doi: 10.1200/JCO.20.00590


	 Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death in cancer and infectious disease. Nat Rev Immunol. (2017) 17:97–111. doi: 10.1038/nri.2016.107


	 Xu W, Li S, Shan X, Wang Q, Chen X, Wu S, et al. Targeting tumor-associated CCR2(+) macrophages to inhibit pancreatic cancer recurrence following irreversible electroporation. Sci Adv. (2025) 11:eadw2937. doi: 10.1126/sciadv.adw2937


	 Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN, Zhang C, Healey JH, et al. Structure-guided blockade of CSF1R kinase in tenosynovial giant-cell tumor. N Engl J Med. (2015) 373:428–37. doi: 10.1056/NEJMoa1411366


	 Chauhan VP, Martin JD, Liu H, Lacorre DA, Jain SR, Kozin SV, et al. Angiotensin inhibition enhances drug delivery and potentiates chemotherapy by decompressing tumour blood vessels. Nat Commun. (2013) 4:2516. doi: 10.1038/ncomms3516


	 Ramaswamy A, Bhargava P, Gota V, Srinivas S, Sultana N, Mandavkar S, et al. Efficacy of losartan plus modified FOLFIRINOX versus modified FOLFIRINOX in advanced pancreatic cancers: A randomized clinical trial (AFPAC Study). Cancer. (2025) 131:e35945. doi: 10.1002/cncr.35945


	 Fan D, Cao Y, Cao M, Wang Y, Cao Y, Gong T. Nanomedicine in cancer therapy. Signal Transduct Target Ther. (2023) 8:293. doi: 10.1038/s41392-023-01536-y


	 Huang Q, Ge Y, He Y, Wu J, Tong Y, Shang H, et al. The application of nanoparticles targeting cancer-associated fibroblasts. Int J Nanomedicine. (2024) 19:3333–65. doi: 10.2147/IJN.S447350


	 Yang S, Ta YN, Chen Y. Nanotechnology-enhanced immunotherapies for pancreatic ductal adenocarcinoma: challenges and opportunities. Drug Delivery Transl Res. (2025). doi: 10.1007/s13346-025-01908-7


	 Sabit H, Pawlik TM, Radwan F, Abdel-Hakeem M, Abdel-Ghany S, Wadan AS, et al. Precision nanomedicine: navigating the tumor microenvironment for enhanced cancer immunotherapy and targeted drug delivery. Mol Cancer. (2025) 24:160. doi: 10.1186/s12943-025-02357-z


	 Wang Z, Little N, Chen J, Lambesis KT, Le KT, Han W, et al. Immunogenic camptothesome nanovesicles comprising sphingomyelin-derived camptothecin bilayers for safe and synergistic cancer immunochemotherapy. Nat Nanotechnol. (2021) 16:1130–40. doi: 10.1038/s41565-021-00950-z


	 Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Andersson A, et al. A single-cell and spatially resolved atlas of human breast cancers. Nat Genet. (2021) 53:1334–47. doi: 10.1038/s41588-021-00911-1


	 Pelka K, Hofree M, Chen JH, Sarkizova S, Pirl JD, Jorgji V, et al. Spatially organized multicellular immune hubs in human colorectal cancer. Cell. (2021) 184:4734–52.e20. doi: 10.1016/j.cell.2021.08.003


	 Scott AC, Dundar F, Zumbo P, Chandran SS, Klebanoff CA, Shakiba M, et al. TOX is a critical regulator of tumour-specific T cell differentiation. Nature. (2019) 571:270–4. doi: 10.1038/s41586-019-1324-y


	 Cohrssen JJ, Miller HI. Will the Biden administration 'follow the science' on regulatory reform? Nat Biotechnol. (2021) 39:1334–5. doi: 10.1038/s41587-021-01084-2


	 Roybal KT, Williams JZ, Morsut L, Rupp LJ, Kolinko I, Choe JH, et al. Engineering T cells with customized therapeutic response programs using synthetic notch receptors. Cell. (2016) 167:419–32.e16. doi: 10.1016/j.cell.2016.09.011


	 Sheridan C. Publisher Correction: Questions swirl around failures of disease-modifying Huntington's drugs. Nat Biotechnol. (2021) 39:1017. doi: 10.1038/s41587-021-01017-z


	 Czaplicka A, Lachota M, Paczek L, Zagozdzon R, Kaleta B. Chimeric antigen receptor T cell therapy for pancreatic cancer: A review of current evidence. Cells. (2024) 13. doi: 10.3390/cells13010101


	 Jackson HW, Fischer JR, Zanotelli VRT, Ali HR, Mechera R, Soysal SD, et al. The single-cell pathology landscape of breast cancer. Nature. (2020) 578:615–20. doi: 10.1038/s41586-019-1876-x


	 Jiang L, Zheng Z, Fang H, Yang J. A generalized linear mixed model association tool for biobank-scale data. Nat Genet. (2021) 53:1616–21. doi: 10.1038/s41588-021-00954-4


	 Zhavoronkov A, Ivanenkov YA, Aliper A, Veselov MS, Aladinskiy VA, Aladinskaya AV, et al. Deep learning enables rapid identification of potent DDR1 kinase inhibitors. Nat Biotechnol. (2019) 37:1038–40. doi: 10.1038/s41587-019-0224-x


	 Kather JN, Pearson AT, Halama N, Jager D, Krause J, Loosen SH, et al. Deep learning can predict microsatellite instability directly from histology in gastrointestinal cancer. Nat Med. (2019) 25:1054–6. doi: 10.1038/s41591-019-0462-y


	 Ko AH, Kim KP, Siveke JT, Lopez CD, Lacy J, O'Reilly EM, et al. Atezolizumab plus PEGPH20 versus chemotherapy in advanced pancreatic ductal adenocarcinoma and gastric cancer: MORPHEUS phase Ib/II umbrella randomized study platform. Oncologist. (2023) 28:553–e472. doi: 10.1093/oncolo/oyad022


	 Bever KM, Shin SM, Durham JN, Qi H, Hernandez A, Coyne EM, et al. A phase 2 trial of CXCR4 antagonism and PD1 inhibition in metastatic pancreatic adenocarcinoma reveals recruitment of T cells but also immunosuppressive macrophages. Oncoimmunology. (2025) 14:2543614. doi: 10.1080/2162402X.2025.2543614


	 Sha H, Tong F, Ni J, Sun Y, Zhu Y, Qi L, et al. First-line penpulimab (an anti-PD1 antibody) and anlotinib (an angiogenesis inhibitor) with nab-paclitaxel/gemcitabine (PAAG) in metastatic pancreatic cancer: a prospective, multicentre, biomolecular exploratory, phase II trial. Signal Transduct Target Ther. (2024) 9:143. doi: 10.1038/s41392-024-01857-6


	 Kaymak I, Williams KS, Cantor JR, Jones RG. Immunometabolic interplay in the tumor microenvironment. Cancer Cell. (2021) 39:28–37. doi: 10.1016/j.ccell.2020.09.004


	 Ren S, Qian LC, Cao YY, Daniels MJ, Song LN, Tian Y, et al. Computed tomography-based radiomics diagnostic approach for differential diagnosis between early- and late-stage pancreatic ductal adenocarcinoma. World J Gastrointest Oncol. (2024) 16:1256–67. doi: 10.4251/wjgo.v16.i4.1256


	 Selby MJ, Engelhardt JJ, Johnston RJ, Lu LS, Han M, Thudium K, et al. Preclinical development of ipilimumab and nivolumab combination immunotherapy: mouse tumor models, in vitro functional studies, and cynomolgus macaque toxicology. PLoS One. (2016) 11:e0161779.


	 O'Reilly D, O'Leary CL, Reilly A, Teo MY, O'Kane G, Hendriks L, et al. Toxicity of immune checkpoint inhibitors and tyrosine kinase inhibitor combinations in solid tumours: a systematic review and meta-analysis. Front Oncol. (2024) 14:1380453. doi: 10.3389/fonc.2024.1380453


	 Holmgaard RB, Brachfeld A, Gasmi B, Jones DR, Mattar M, Doman T, et al. Timing of CSF-1/CSF-1R signaling blockade is critical to improving responses to CTLA-4 based immunotherapy. Oncoimmunology. (2016) 5:e1151595. doi: 10.1080/2162402X.2016.1151595


	 Strachan DC, Ruffell B, Oei Y, Bissell MJ, Coussens LM, Pryer N, et al. CSF1R inhibition delays cervical and mammary tumor growth in murine models by attenuating the turnover of tumor-associated macrophages and enhancing infiltration by CD8(+) T cells. Oncoimmunology. (2013) 2:e26968. doi: 10.4161/onci.26968


	 Wu B, Zhang B, Li B, Wu H, Jiang M. Cold and hot tumors: from molecular mechanisms to targeted therapy. Signal Transduct Target Ther. (2024) 9:274. doi: 10.1038/s41392-024-01979-x


	 Finan JM, Guo Y, Goodyear SM, Brody JR. Challenges and opportunities in targeting the complex pancreatic tumor microenvironment. JCO Oncol Adv. (2024) 1:e2400050. doi: 10.1200/OA-24-00050


	 Sun K, Zhang X, Shi J, Huang J, Wang S, Li X, et al. Elevated protein lactylation promotes immunosuppressive microenvironment and therapeutic resistance in pancreatic ductal adenocarcinoma. J Clin Invest. (2025) 135. doi: 10.1172/JCI187024


	 Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature. (2016) 531:47–52. doi: 10.1038/nature16965


	 Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al. Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science. (2017) 357:409–13. doi: 10.1126/science.aan6733


	 Marabelle A, Le DT, Ascierto PA, Di Giacomo AM, De Jesus-Acosta A, Delord JP, et al. Efficacy of pembrolizumab in patients with noncolorectal high microsatellite instability/mismatch repair-deficient cancer: results from the phase II KEYNOTE-158 study. J Clin Oncol. (2020) 38:1–10. doi: 10.1200/JCO.19.02105


	 Lin A, Xiong M, Jiang A, Huang L, Wong HZH, Feng S, et al. The microbiome in cancer. Imeta. (2025) 4:e70070. doi: 10.1002/imt2.70070


	 Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science. (2018) 359:91–7. doi: 10.1126/science.aan3706


	 Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma patients. Science. (2018) 359:104–8. doi: 10.1126/science.aao3290


	 Pushalkar S, Hundeyin M, Daley D, Zambirinis CP, Kurz E, Mishra A, et al. The pancreatic cancer microbiome promotes oncogenesis by induction of innate and adaptive immune suppression. Cancer Discov. (2018) 8:403–16. doi: 10.1158/2159-8290.CD-17-1134


	 Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza SG, Hoadley KA, et al. Virtual microdissection identifies distinct tumor- and stroma-specific subtypes of pancreatic ductal adenocarcinoma. Nat Genet. (2015) 47:1168–78. doi: 10.1038/ng.3398


	 Adams RC, Carter-Cusack D, Llanes GT, Hunter CR, Vinnakota JM, Ruitenberg MJ, et al. CSF1R inhibition promotes neuroinflammation and behavioral deficits during graft-versus-host disease in mice. Blood. (2024) 143:912–29. doi: 10.1182/blood.2023022040


	 Ghosh A, Mitra AK. Metastasis and cancer associated fibroblasts: taking it up a NOTCH. Front Cell Dev Biol. (2023) 11:1277076. doi: 10.3389/fcell.2023.1277076


	 Wang B, Han Y, Zhang Y, Zhao Q, Wang H, Wei J, et al. Overcoming acquired resistance to cancer immune checkpoint therapy: potential strategies based on molecular mechanisms. Cell Biosci. (2023) 13:120. doi: 10.1186/s13578-023-01073-9


	 Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in cancer. Br J Cancer. (2020) 122:4–22. doi: 10.1038/s41416-019-0650-z


	 Lu S, Zhou Q, Zhao R, Xie L, Cao WM, Feng YX. Unraveling UPR-mediated intercellular crosstalk: Implications for immunotherapy resistance mechanisms. Cancer Lett. (2025) 617:217613. doi: 10.1016/j.canlet.2025.217613


	 Shen S, Qi W, Liu X, Zeng J, Li S, Zhu X, et al. From virtual to reality: innovative practices of digital twins in tumor therapy. J Transl Med. (2025) 23:348. doi: 10.1186/s12967-025-06371-z


	 Zheng S, Che X, Zhang K, Bai Y, Deng H. Potentiating CAR-T cell function in the immunosuppressive tumor microenvironment by inverting the TGF-beta signal. Mol Ther. (2025) 33:688–702. doi: 10.1016/j.ymthe.2024.12.014


	 Kosti P, Opzoomer JW, Larios-Martinez KI, Henley-Smith R, Scudamore CL, Okesola M, et al. Hypoxia-sensing CAR T cells provide safety and efficacy in treating solid tumors. Cell Rep Med. (2021) 2:100227. doi: 10.1016/j.xcrm.2021.100227







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Hui, Tian, Ding, Sun, Zhao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1717062-g001.jpg
Extra-cellular Endothelial cell
matrix protein

‘ -

Myeloid-derived

! suppressor cell Tilymphocyte

: Pericyte Cancer- ,

; associared :
. fibroblast |
Macrophage A )

Natural
killer cell

Neutrophile ‘

B lymphocyte
Dendritic cell
Smooth cell Cancer cell ;

Synthesizes ECM components,
— myCAFs ——» promotes a desmoplastic reaction,
and forms a dense physical barrier

- @ - | icAFs ___, iCAFs secrete factors to promote
’ s growth and immune evasion

CAFs
apCAFs induce CD4* T-cell

— apCAFs exhaustion and tolerance

__ Competitive Reduce the function of
consumption of IL-2 7  Teff cells

@ L cTLA4 T ___, Compete for APC-derived

; / costimulatory signals
o0 Inhibition of T-cell

IL-10, TGF-8 activation and cytotoxicity

Reduced CD8* T cell
effector function and activity

R

Arginine l —_—
— ARG1 T iNOS T —

MDSC &)

@e > [ ]
L— IL-10, TGF-B @/ T






OEBPS/Images/fimmu-16-1717062-g004.jpg
Nanotechnology-Based TME Reprogramming \

Immunostimulatory pH/ROS-responsive
nanoparticle smart nanoparticle

Metabolic
r

‘ l eprogramming
.- * \.

- e

./

TAM
Immune reprogramming CAF

Synthetic Biology and Engineered Immune Cells\

IL-12,  jogaT
- A ﬂ t
CARM CD47  GM<GSF 'ghgwgg;pg;y Infiltration

a )
AND
: 4 JU+,.0,:D~.*,* Q.
Logic gate control

Tumor antigens Loglc—gated Specificity
and suppressive CART enhancement

markers /

preprogramme j /—

Single-cell and Spatial Multi-Omics \

Single-cell RNA sequencing

Cell heterogeneity

Spatial transcriptomics

Immune cell distribution

Integrate multi-
omics data

Artificial Intelligence in TME Modulation

Integrate multi- Predict drug
omics data combanitions






OEBPS/Images/fimmu-16-1717062-g003.jpg
o

Hypoxia

Metabolic
Stress
(Competition)

-

Integrated Hypoxia—Metabolism—
Cytokine Network Driving Immune
Suppression in PDAC

Inflammatory






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1717062_cover.jpg
& frontiers | Frontiers in Immunology

Reprogramming the tumor
microenvironment to overcome
immunotherapy resistance in pancreatic
cancer





OEBPS/Images/fimmu-16-1717062-g005.jpg
Precisely Redefining the
"Therapeutic Target"

cl &,

Optimizing Timing and Dosing of
TME Reprogramming and ICB

Safety, Efficacy Heterogeneity, and
Emerging Resistance Mechanisms

Nanotechnology

Multi-targeted

Digital Twin Tumor Models Synthetic Biology





OEBPS/Images/fimmu-16-1717062-g002.jpg
: 7 FAK. PI3K-Akt Impaired T cell
A ‘_. |— > andTcER Y —— nmigration, survival,
/‘f and cytotoxic function

o P%ysma% H

immune barrier

Cancer cells

Tumor tissue TME Immune f

Tumor vascular L —
hypoxia Tolerance

compression





