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The induction of immune responses in tissues and mucosa has emerged as one of the most promising strategies for the development of more effective vaccines and immunotherapies. In this context, CD8+ resident memory T cells (CD8+ TRM) have arisen as key players in local immune surveillance, acting persistently within non-lymphoid tissues. These cells represent a new and promising frontier in local immune responses and as potential clinical tools. CD8+ TRM are being extensively investigated as therapeutic targets against viral infections and cancer, although their clinical applications have yet to be fully established. Understanding the molecular signals that regulate their generation, differentiation, maintenance, and activation is crucial for the precise targeting of their immune functions. This review explores the main mechanisms involved in the formation and maintenance of CD8+ TRM, from the strength of MHC: TCR interactions to the coordinated role of cytokines, chemokines, and transcription factors in tissue retention and the expression of markers such as CD69, CD103, and CD49a. By integrating this knowledge, we discuss strategies to manipulate these pathways with the goal of developing more effective vaccines and personalized therapies based on resident memory T cells. We also examine how these molecular signals and pathways, either independently or in combination, can be explored both in the fight against viral infections and cancer, and in identifying CD8+ TRM predictive biomarkers for response to anticancer immunotherapies across various tumor types.
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1 Introduction

The idea that protection against a disease could be induced by inhaling ground up scabs from those that recovered from smallpox came from the Chinese more than 1000 years ago (1). This might be construed as the dawn of mucosal immunology. However, a more mechanistic understanding of local immunity was established in the 1960 with the demonstration that local immunization induced a unique immunoglobulin type referred to a secretory IgA (2). Subsequent studies showed that the greater efficacy of the oral Sabin polio vaccine to protect against enteric poliovirus infection was explained by its ability to induce secretory IgA at mucosal sites, which was absent following immunization with inactivated Salk vaccines (3). These observations on mucosal immunity focused on antibody mediated immune protection, but as we now know, the resolution of many infections and some cancers is carried out mainly by components of cellular immunity, particularly T cells.

Resident memory T (TRM) cells were initially identified as a heterogeneous population, both in terms of surface molecule expression and functional properties. Further complexity was revealed when it was demonstrated that T cells residing at tissue entry sites can be distinguished from memory T cells in systemic and lymphoid compartments based on membrane markers, transcriptional profiles, and cytokine responsiveness (4–6). Multiple studies have provided evidence that the signals governing TRM generation, maintenance, and function can vary not only between different tissues but also between distinct sites within the same tissue. This highlights the complexity and tissue-specific nature of the TRM differentiation program (7, 8). For instance, skin and intestinal TRMs heavily depend on TGF-β for their development and maintenance. In the intestine, however, an additional pathway involving retinoic acid signaling also contributes to TRM generation. While skin TRMs primarily rely on both TGF-β and retinoic acid, intestinal TRMs can utilize either factor. Nonetheless, when TGF-β is available, it remains the dominant driver of intestinal TRM formation (9). These findings underscore that TRM differentiation is governed by intricate, context-dependent molecular cues that are still being elucidated, particularly regarding how local signals and T cell receptor (TCR)-mediated pathways cooperate to define their activation and persistence.

The concept of TRM cells originated from seminal studies demonstrating that non-migratory T cells persist long-term within peripheral tissues following herpes simplex virus (HSV) skin infection, as shown through transplantation experiments (10). Similarly, intestinal graft models revealed that memory T cells embedded within the small intestinal epithelium remain locally confined and do not recirculate (11). Further insights came from parabiosis experiments, which showed that TRM cells not only persist at the initial site of infection but also disseminate throughout the entire skin surface, maintaining long-term residency (12). Phenotypically, TRM cells are defined by the expression of key integrins such as CD69, CD103, and CD49a, which orchestrate their retention and functional specialization within non-lymphoid tissues (13, 14). CD69 antagonizes sphingosine-1-phosphate receptor 1 (S1P1), thereby preventing tissue egress (15). CD103 (αE integrin) binds to E-cadherin on epithelial cells, promoting localization and anchorage within barrier tissues (16). CD49a (α1 integrin), which interacts with collagen IV, is associated with enhanced cytotoxic activity and long-term survival within tissue niches (17). Collectively, these surface molecules delineate the TRM phenotype and underlie their central functions, continuous immune surveillance and the rapid initiation of localized effector responses upon reinfection, thereby providing potent, site-specific protective immunity. Altogether, the combination of tissue residency and expression of adhesion and retention molecules defines the unique identity and immunological role of TRM cells.

Over the years, it has become evident that the tissue-surveilling capacity of TRM cells surpasses that of central memory (TCM) and effector memory (TEM) T cells in providing rapid and effective immunity at barrier sites. Studies using murine models of viral skin and lung infections demonstrated that TRM cells can promptly produce effector molecules locally, enabling them to respond more rapidly to pathogen re-exposure within the tissue compared with their circulating counterparts (12, 18). These findings have positioned TRMs as promising targets for immunotherapeutic interventions, particularly in cancer and chronic viral infections, and have also highlighted the need to evaluate vaccines based on their capacity to elicit tissue-resident responses. Nevertheless, several emerging new concepts in the TRM field require further evaluation before their clinical application becomes feasible. In this context, the present review examines the mechanisms involved in TRM induction and function across infection and cancer models, aiming to support the development of strategies with real translational potential.

Furthermore, this article provides a comprehensive synthesis of the molecular and transcriptional programs underlying CD8+ TRM differentiation. We link TCR signal strength with local cytokine and chemokine cues, illustrating how these pathways converge to shape TRM generation. By comparing antiviral and tumor settings, we reveal that similar molecular circuits govern TRM development in both contexts yet display remarkable plasticity according to the tissue microenvironment. A key contribution of this work is the discussion of how TCR–peptide–MHC affinity influences TRM formation and integrates with additional local signals to convert effector CD8+ T cells into long-lived residents. By positioning TRMs as pivotal mediators of local immunity, we highlight potential strategies to modulate TRM-inducing signals—bridging mechanistic insights from infection and cancer toward translational applications.




2 Lessons learned from the classic subpopulations of memory T cells

Memory T cells are essential to long-term protection against infectious diseases and contributes for antitumor immunity. Their generation and maintenance have been extensively investigated, particularly in the settings of viral infections and cancer (19–21). Upon recognition of antigens presented by Major Histocompatibility Complex class I (MHC I) molecules on Antigen-Presenting Cells (APCs), along with co-stimulatory and cytokine signals, naïve CD8+ T cells become activated and undergo clonal expansion and differentiate into effector cells that produce IL-2 and mediate pathogen clearance. Following antigen elimination, most of these cells, approximately 90%, undergo apoptosis during the contraction phase, while a minority survive and initiate the memory differentiation program. This process gives rise to two major subsets: short-lived effector cells (SLECs) and memory precursor effector cells (MPECs) (22). The developmental bifurcation between these subsets is governed by distinct transcriptional and signaling programs. MPECs, which eventually give rise to long-lived memory T cells, integrate multiple cues such as weaker TCR stimulation (23), cytokines like IL-15 (24), and transcriptional regulators including Bcl-6 (25) and Eomes (26), in addition to epigenetic mechanisms that stabilize the memory gene expression profile (27). The transcription factors Forkhead box protein O1 [FoxO1] (28) and T cell factor 1 [Tcf-1] (29) are central to this process: both are highly expressed in naïve CD8+ T cells, transiently downregulated during effector differentiation, and subsequently re-expressed as cells transition toward the memory state. This dynamic regulation indicates that the transcriptional circuitry underlying memory formation is preconfigured in naïve cells, temporarily suppressed during effector commitment, and reactivated to sustain longevity and homeostatic responsiveness. In contrast, SLECs fail to reinitiate this memory-associated program, resulting in terminal differentiation and apoptosis (30). Consequently, only a small fraction—approximately 5%—of the activated CD8+ T cell population persists as long-lived memory cells (31). A schematic overview of the memory T cell subsets generation and maintenance is present in Figure 1.
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Figure 1 | General overview of the memory T cell subsets generation and maintenance:. After infection (1), the differentiation of memory T cells includes a priming phase (2) in the LN. After expansion (3) the antigen is cleared, and part of the T cells enter in apoptosis (4) and part survive – contraction phase (5). Further, T cells differentiate into TCM, which circulate between the blood and secondary lymphoid tissues, and TEM, which exit the LN to enter the circulation and peripheral tissues (6). TRM cells are generated from T effector differentiation that migrate to the tissue and remain there to rapidly face antigen challenge. TRMs can recognize antigens within tissues and, upon stimulation with cytokines such as TGF-β, can induce or enhance the expression of residency markers (7).

The maintenance and differentiation of TEM and TCM cells rely heavily on the expression of cytokine receptors such as IL-7, IL-15, and IL-21, features that have been extensively characterized (32, 33) which dependent on the expression of CD122 (IL-2/IL-15 receptor β chain) and CD132 (common gamma chain, γc) (34, 35).Traditionally, memory T cell subsets have been classified based on their tissue localization, surface marker expression, and functional attributes. Following differentiation, TCMs predominantly reside in lymphoid tissues, whereas TEM cells circulate through the blood, secondary lymphoid organs, and peripheral tissues. TCMs are marked by the expression of lymph node homing receptors CD62L and CCR7, which are absent in TEM cells (36, 37).

Following antigen clearance, memory T cells initiate a developmental program that supports continued clonal expansion. Remarkably, these cells can undergo up to eight rounds of division in the absence of cognate antigen, a process sustained by homeostatic signals from γc receptor cytokines (38–40). Compared to their naïve counterparts, memory T cells possess lower activation thresholds, requiring reduced antigen levels and shorter TCR signaling durations to become fully activated (41). Transcription factors (TF) play a central role in the rapid recall capacity of memory CD4+ T cells. While T-bet is indispensable for IFN-γ expression in naïve T cells, memory CD4+ T cells can rapidly produce this cytokine without upregulating T-bet. Instead, this response is linked to enhanced nuclear translocation of NFκB p50, suggesting that increased accessibility of promoter regions allows more efficient NFκB recruitment, thereby driving accelerated gene expression during recall responses (42). The molecular mechanisms governing the induction and maintenance of T cell memory have been thoroughly reviewed elsewhere (43–46).

TRM cells arise within a signaling framework partially shared with other memory T cell subsets but acquire unique features due to their differentiation and function across diverse tissues. Their development is shaped by local environmental cues, including variations in antigen availability, differential expression of adhesion molecules, distinct cytokine and chemokine responsiveness, and tissue-specific transcriptional programs. Consequently, the biology of TRMs diverges substantially from that of other memory T cell subsets, and their presence is strongly associated with immune protection. These characteristics critically influence T cell responses in both viral infections and cancer.




3 What drives a memory CD8+T cell to become a TRM?

TRM cell differentiation follows a distinct pathway compared to other memory T cell subsets. Evidence indicates that CD8+ effector T cells, once primed in local lymph nodes, acquire TRM lineage traits and subsequently migrate to peripheral tissues through the bloodstream (13). As the infectious process begins to resolve, a subset of these pre-committed effector cells persists at the site of inflammation and differentiates into CD8+ TRM cells under the influence of local environmental cues, including homing molecules, inflammatory cytokines, and chemokines (47, 48). For instance, during viral infections, CD8+ T cells expressing P-selectin ligands migrate along CXCL10 gradients produced by endothelial cells in response to type I interferons (49). Like TEM and TCM, it is now understood that primary TCR signaling in the lymph node (50) together with local inflammatory signals, cytokines, and chemokines, plays a sequential and collaborative role in the generation, proliferation, and maintenance of TRMs (51). However, the precise identity and timing of these signals vary across tissues and remain incompletely understood. The following section explores the molecular and environmental factors that guide effector CD8+ T cells toward tissue-specific TRM differentiation.



3.1 The influence of TCR signaling to form TRMs

TCR signaling plays a crucial role in inducing the expression of adhesion molecules characteristic of TRMs. In a mouse model of intranasal viral-vectored immunization using a Mycobacterium tuberculosis antigen, antigen-specific CD8+ T cells began expressing CD103 shortly after entering lung tissue, and its expression increased during the contraction phase (52). A similar pattern was observed in mice infected intranasally with influenza virus, where effector CD8+ T cells recognizing their cognate antigen in the lung upregulated CD103 and maintained CD69 expression (53). Consistent findings in intestinal (54) and skin (50) models confirm that local antigen recognition is essential for efficient TRM formation. In a mouse kidney transplant model, the persistence of antigens presented by recipient-derived dendritic cells was also crucial for maintaining TRM stability and function (55). Likewise, in viral infection models, antigen availability determined TRM differentiation and longevity. For instance, intracerebral delivery of vesicular stomatitis virus (VSV) antigens was required to sustain CD69 and CD103 expression on brain CD8+ T cells, with CD103+ clusters persisting up to 30 days post-infection, even after viral clearance (56).

Although cognate antigen is essential for TRM formation, the recruitment of antigen-specific circulating effector T cells into tissues can also be driven by local inflammatory cues. In this context, tissue-derived cytokines and chemokines promote TRM differentiation (48). This was demonstrated in a skin infection model with HSV, where inflammation induced solely by the contact sensitizer 2,4-dinitrofluorobenzene (DNFB) was sufficient to recruit previously generated antigen-specific CD8+ T cells, which subsequently expressed CD103 and differentiated into TRMs (57). In the same model, broader tissue protection mediated by TRMs was achieved through localized antigenic restimulation. Repeated antigen exposures in distinct skin regions generated spatially dispersed TRMs, whereas a single high-dose injection at one site led to TRM formation restricted to that specific area (58). Conversely, the generation of pulmonary CD8+ TRMs, as well as the differentiation of circulating effector T cells, critically depends on local antigen recognition within the lung. Thus, although inflammatory cues such as cytokines and chemokines can recruit circulating effector CD8+ T cells to the pulmonary tissue, these signals alone are insufficient to induce TRM differentiation. Only upon cognate antigen encounter in situ do these effectors cells acquire the transcriptional and phenotypic features characteristic of long-lived TRMs.

The affinity between the MHC I–peptide complex and the T cell receptor is a key determinant guiding effector T cells toward the TRM phenotype. Frost et al. (59) demonstrated this relationship by isolating memory cells from the spleen, brain, and kidney of mice intracerebrally infected with polyomavirus, a virus that preferentially replicates in the kidney. Upon ex vivo antigen challenge, TRMs from the brain and kidney displayed approximately 20-fold higher peptide affinity compared to splenic memory cells, suggesting that TRMs originate from high-affinity effector cells that infiltrate non-lymphoid tissues during acute infection. This finding implies that TRMs may possess distinct TCR repertoires compared with other antigen-specific memory subsets. Conversely, in a systemic polyomavirus infection model, higher numbers of brain CD8+ TRMs were observed in groups primed with subdominant epitopes that generated weaker TCR stimulation (60). Likewise, in a murine influenza model, CD8+ T cells with lower TCR affinity exhibited a competitive advantage in forming lung TRMs, although affinity did not appear to influence their persistence or functional quality (61). Finally, in a study using adoptive transfer of transgenic CD8+ T cells specific for lymphocytic choriomeningitis virus (LCMV), followed by ear skin infection with Vaccinia virus expressing the LCMV peptide GP33, the presence of cognate antigen was required for IFN-γ production and TRM formation. When Vaccinia variants expressing a modified SIINFEKL peptide with reduced affinity for the OT-I TCR were used, the strength of TCR engagement was shown to modulate both IFN-γ expression and the transcriptional programs underlying TRM differentiation (62).

The contribution of cognate antigen to TRM-mediated protection has been demonstrated across several models, including malaria vaccination targeting the liver (63, 64) hepatitis C mouse models (65), and the female reproductive tract during genital HSV-2 infection (66). Together, these studies reinforce that antigen presentation and the strength of TCR engagement are central to CD8+ T cell differentiation into TRMs. Nevertheless, the precise influence of peptide-MHC: TCR affinity on TRM generation and tissue establishment remains incompletely defined and appears to vary according to factors such as infection type and immunization route. Table 1 summarizes representative studies highlighting this variability in TCR interaction strength and its relationship with TRM formation.


Table 1 | Studies on peptide–MHC: TCR affinity in the format ion of CD8 TRMs.
	Model/Tissue
	How affinity/Signal was measured or manipulated
	Main finding
	Reference



	Mouse — circulating CD8+ memory (not specific to TRM)
	Genetic/pharmacologic reduction of TCR signaling and antigen affinity variation
	Lower signaling/affinity can favor memory — reduced TCR signaling accelerated and increased CD8+ memory generation.
	(23)


	Mouse — brain & kidney (Mouse polyomavirus infection)
	2D affinity (micropipette), tetramer binding
	High affinity favored — TRM displayed ~20× higher TCR affinity than splenic memory cells.
	(61)


	Mouse — brain (Polyoma virus infection)
	Varied antigenic stimulation strength
	Lower affinity favored/better function — suboptimal stimulation recruited more functional brain TRM; strong TCR signals impaired memory development.
	(62)


	Mouse — lung (Influenza A infection)
	OT-I epitope variants with high vs low TCR affinity
	Lower/intermediate affinity favored— pulmonary TRM formation was higher with weaker TCR stimulation; strong signals reduced TRM generation.
	(63)


	Mouse — skin/ear (Vaccina virus model)
	Manipulated signal intensity; readout: Blimp1, CXCR6, S1PR1
	Mixed/context dependent. Stronger signaling promoted CXCR6+ retention and inhibited egress via S1PR1; both high and moderate signals contributed differently.
	(65)


	Mouse — brain (chronic infection with Toxoplasma gondii)
	Comparison among T cell clones of different TCR affinities
	High affinity favored — higher affinity clones trafficked better to the brain and generated more CD103+ TRM.
	(67)


	Review — lung/trachea (human and mouse)
	Compilation of multiple experimental studies
	Contextual/heterogeneous — affinity/signal impact varies by tissue and microenvironment; in lungs, lower affinity can sometimes favor TRM.
	(68)


	Review — respiratory tract
	Review of multiple models and affinity assessments
	Context-dependent — lung microenvironment and inflammation modulate how TCR affinity/signal strength shapes TRM formation.
	(69)





Mouse polyoma virus infection (61), Toxoplasma gondii infection (67), Vaccinia virus model (65), Lung Influenza infection (63), Mouse polyomavirus infection in brain (62), Listeria monocytogenes strain carrying ovalbumin peptides (23), Review in lung TRMs (68), TRM in respiratory virus infection (69).






3.2 The expression of functional TRMs markers for tissue lodging and location

Beyond antigen-driven TCR signaling, CD8+ TRM lymphocytes depend on specific molecules that support their long-term residence within tissues (70). Upon entry, pre-committed effector CD8+ T cells activate transcriptional programs that consolidate the TRM phenotype, notably through the expression of adhesion and retention molecules (71, 72). Among these, CD69, CD103, and CD49 have been widely used as defining markers, although their functional relevance varies across tissues and microenvironmental contexts (73–75).

CD69 is strongly upregulated upon TCR-mediated lymphocyte activation (76) and plays a key role in tissue retention, metabolism, and maintaining an activated T cell phenotype (77). Mechanistically, CD69 binds in cis to sphingosine-1-phosphate receptor 1 (S1P1R) on the T cell membrane, triggering receptor internalization and degradation (78). Without S1P1R, T cells cannot respond to circulating sphingosine-1-phosphate (S1P), resulting in their retention within tissues (15, 79). Through this mechanism, early CD69 expression effectively inhibits T cell egress and promote TRM residency.

CD49a (very late antigen 1, VLA-1; α1β1 integrin) binds collagen IV in non-lymphoid tissues (80, 81). Its expression occurs early during CD8+ TRM generation. For instance, following mouse intranasal immunization with a viral-vectored M. tuberculosis antigen, most antigen-specific CD8+ T cells arrived in the lung already expressing CD49a, with expression enriched during contraction and memory phases (52). Comparable early CD49a expression was noted in a skin HSV-1 infection model. Interestingly, in both studies, CD49a was shown not to be essential for the generation of CD8+ TRM lymphocytes in the tissue, as these cells arrive already expressing this marker. Although CD49a is not required for TRM generation, it correlates with IFN-γ production by skin TRMs during HSV infection and contributes to their maintenance and effector function within tissues (82).

CD103 (αEβ7 integrin) is a hallmark marker expressed on CD8+ TRMs in infected tissues and certain tumors (83, 84). This integrin binds to E-cadherin, which is expressed on epithelial cells (85). In human tumors such as glioblastoma and breast cancer, elevated CD103 expression correlates with better prognosis, likely due to enhanced CD8+ TRM infiltrations (86–88). CD103 expression on effector CD8+ T cells is regulated by TGF-β. In viral infections, TGF-β promotes CD103 upregulation during the contraction phase in skin and lungs, aiding TRM differentiation in mouse (55, 89). Similarly, studies in a lung tumor (90) and HPV tumor models (91) have also shown that TGF-β induces the upregulation of CD103 on the surface of CD8+ T lymphocytes, contributing to the formation of TRMs. CD103 is regarded as a reliable molecular marker for the characterization of CD8+ TRMs, particularly those residing in epithelial tissues. Together with CD103, the identification of TRMs is often further supported by the co-expression of CD69 and CD49a (70).

Despite frequent use of CD69, CD103, and CD49a to identify CD8+ TRMs, their expression is neither universal nor uniform, varying with tissue environment and inflammation. For example, CD69 is essential for TRM formation in the kidney, where its enforced expression promotes residency, but dispensable in the small intestine, illustrating tissue-specific requirements (92). Similarly, CD103 and CD49a expression depend on local cytokines and cell interactions such as TGF-β and integrin signaling and may be absent in certain tissues or disease contexts (93). These findings highlight TRM phenotypic heterogeneity and underscore the importance of tissue and disease-specific considerations in TRM characterization.

Altogether, integrin’s receptors seem to act in concert to lodge CD8+ T cells that are becoming TRM cells in their respective tissue - be it in lung, kidney (94), brain (95), intestine (96), skin (97), and female reproductive tract (98). However, we still know relatively little about the identity of site-specific molecules that guide TRM cells to reside in one tissue over another. Despite growing evidence of tissue-specific modulators influencing TRM marker expression, the precise molecules and mechanisms governing site-selective TRM localization remain poorly defined, warranting further investigation.




3.3 The role of cytokines in controlling TRM dynamics

Early studies on mouse memory CD8+ T lymphocytes suggested that their long-term maintenance depends less on continuous TCR stimulation and more on homeostatic signals (99–101). This paradigm is similarly observed for CD8+ TRMs, which appear to rely minimally on persistent antigen exposure for their maintenance. However, the homeostatic mechanisms governing TRMs may diverge from those regulating other memory subsets. Unlike lymphoid organs, barrier tissues are frequently exposed to environmental antigens and inflammatory stimuli, which generate unique local cues that support TRM survival and persistence.

Among these tissue-specific factors, TGF-β has emerged as a pivotal cytokine orchestrating the differentiation, retention, and long-term maintenance of CD8+ TRMs in epithelial barrier tissues by inducing key retention molecules such as CD103 and CD69 that inhibit lymphocyte egress (102, 103). In LCMV infection models, effector CD8+ T cells migrate to the intestinal mucosa where TGF-β drives CD103 expression independently of ongoing antigen stimulation, highlighting its essential role in imprinting tissue residency post-pathogen clearance. Furthermore, ex vivo stimulation of splenic CD8+ T cells from LCMV-infected mice with TGF-β combined with IL-33 or TNFα enhances the expression of TRM-associated markers including CD69 and Ly6C, reinforcing the interplay between cytokines in TRM programming (104). Importantly, TGF-β’s role extends beyond the intestine, controlling CD8+ TRM maintenance in diverse tissues such as skin (89), kidney (105) and genital tract (91) in mouse models, indicating a conserved mechanism by which TGF-β integrates environmental signals to establish a stable TRM phenotype that ensures effective localized immune surveillance.

Interleukin-15 (IL-15) signaling via its receptor (IL-15R) is essential for the survival and homeostatic proliferation of CD8+ TRMs, enabling their long-term persistence similarly to TEM cells (13, 89). Antigen-specific CD8+ TRMs in tissues such as liver, kidney, skin, and salivary glands actively proliferate in response to IL-15 stimulation (106). In contrast, TRMs in certain sites like the small intestine, pancreas, and female reproductive tract show a reduced dependence on IL-15 despite retaining responsiveness, suggesting that local cytokine milieu distinctly influences TRM homeostasis (107). The balance between IL-15 and interleukin-7 (IL-7) signaling further fine-tunes TRM adaptation, notably, high levels of both cytokines lead to downregulation of IL-7 receptor alpha (IL-7Rα), whereas IL-7Rα is upregulated when IL-15 is scarce (108). This reciprocal regulation exemplifies a sophisticated homeostatic network enabling TRMs to tailor their survival strategies according to tissue-specific cytokine availability. Overall, IL-15 functions as a central, yet context-dependent, regulator of CD8+ TRM persistence and self-renewal across non-lymphoid tissues.

Beyond IL-15 and IL-7, additional cytokines contribute to TRM maintenance and function, often in a tissue-specific manner. For example, in murine models of pulmonary infection, alveolar macrophages cross-present antigens to CD8+ T cells while producing IL-18, which promotes lung TRM differentiation. In this context, mice deficient in the IL-18 receptor display impaired induction of CD103+ antigen-specific CD8+ T cells in the lung, suggesting that IL-18 indirectly supports TRM development by promoting CD4+ Th1 cell differentiation and shaping the local cytokine milieu (74). Similarly, IL-21 partially regulates the differentiation of intestinal CD8+ effector T cells into TRMs, as shown in mixed bone marrow chimera models containing IL-21 receptor-deficient and wild-type cells (109). In the brain, increased IL-21 receptor expression on CD8+ T cells during murine polyomavirus infection correlates with higher CD103 levels and enhanced TRM formation (110). Additionally, IL-33 has emerged as another cytokine with a crucial role in sustaining intestinal CD8+ TRMs, although the precise mechanisms remain under investigation (111).

In summary, cytokines are fundamental regulators of CD8+ TRM dynamics, influencing their differentiation, maintenance, and functional adaptation within diverse tissue microenvironments. Key cytokines such as TGF-β and IL-15 coordinate a delicate balance between tissue retention, homeostatic proliferation, and survival, while others, including IL-7, IL-18, IL-21, and IL-33, modulate TRM biology in a tissue-specific manner. Elucidating these cytokine-driven pathways will be critical for the development of targeted immunotherapies and vaccination strategies aimed at harnessing or enhancing tissue-resident immune memory.




3.4 Chemokines coordinate the migration and tissue distribution of TRMs

While cytokines are central to the differentiation and maintenance of CD8+ TRMs, chemokines and their receptors play an equally critical role in shaping the tissue-specific localization, migratory behavior, and functional adaptation of these cells. Chemokine signaling is essential not only for recruiting effector T cells to non-lymphoid tissues but also for orchestrating their retention, positioning, and morphological transformation into TRMs.

The skin provides a well-characterized model of how chemokine-mediated cues drive TRM development and function. As a barrier tissue with constant environmental exposure, it establishes a specialized microenvironment where TRMs intercalate among keratinocytes and adopt a dendritic-like shape that optimizes local immune surveillance (112). The expression of chemokine receptor CXCR6 is required for CD8+ T cells to differentiate into TRMs and acquire this morphology, facilitating their integration among keratinocytes (113). Among these, the CXCL16–CXCR6 interaction stands out as a key axis promoting epidermal TRM retention and survival (101). In parallel, CCR10 and its ligand CCL27, produced by keratinocytes, mediate skin-specific homing of T cells (114). Collectively, these chemokine pathways ensure proper TRM localization and persistence, supporting rapid and effective cutaneous immune protection.

Beyond tissue retention, chemokines play a pivotal role in guiding the initial migration of effector CD8+ T cells from the circulation into peripheral tissues (115). Once within the tissue, the pre-committed effector cells can differentiate into TRMs, even in the absence of cognate antigen recognition, a process known as local heterotypic differentiation (116). One of the earliest detailed demonstrations of this mechanism arose from studies of viral infection in the female reproductive tract. Upon secondary antigen encounter, resident CD8+ TRM cells rapidly produced interferon-gamma (IFN-γ), along with the chemokines CXCL9 and CXCL10, which acted on local endothelial cells to modify the vasculature and facilitate the recruitment of additional memory T cells from the circulation. These newly recruited cells, drawn into the inflamed tissue microenvironment, subsequently differentiated into TRMs and expanded the local pool of tissue-resident memory cells (117). This dynamic indicates that the exclusion of memory T cells from certain non-lymphoid compartments is not absolute, but rather context-dependent, and can be transiently overridden when local TRMs initiate a chemokine-driven “alarm” in response to antigen recognition. Such mechanisms likely serve to accelerate the recruitment of pathogen-experienced T cells to sites of reinfection, thereby enhancing immune responsiveness. Supporting this concept, additional studies in human skin have shown that expression of the chemokine receptor CCR8 on CD8+ T cells correlate with the expression of canonical TRM markers, including CD103 and CD69, as well as with gene expression profiles associated with tissue residency (118). These findings underscore the close link between chemokine receptor expression, migratory cues, and the establishment of the resident memory phenotype in peripheral tissues.

In the central nervous system (CNS), chemokine-driven recruitment of CD8+ T cells are often associated with inflammation or tissue damage rather than protective immunity. During aging, the basal release of chemokines—including CCL5, CCL11, CXCL9, and CXCL10 promotes the infiltration of CD8+ T cells into the CNS. This process appears to be largely antigen-independent and stochastic, often associated with ischemic injury. Once inside the CNS, these infiltrating cells can give rise to a population of “age-associated” CD8+ TRMs characterized by the expression of CD103, CD69, and PD-1 (119). In contrast, in mucosal sites chemokine signaling can also sustain protective TRM responses. In the genital mucosa, for instance, HSV-1 infection does not always lead to lesion formation; instead, resistance correlates with local CXCL17 expression and the recruitment of CD8+ T cells bearing its receptor, CXCR8. These CD8+CXCR8+ cells acquire a TRM phenotype and confer enhanced protection against recurrent herpes lesions (120).

Compared to canonical TRM markers CD103 and CD69, the expression of chemokines and their receptors is more tightly associated with the anatomical localization and functional specialization of TRMs. Some chemokine receptors primarily guide the localization of TRMs within tissues, while others directly influence their activation, morphology, or survival. For instance, in the salivary glands, sites of cytomegalovirus infection and replication, CXCR3-mediated CD8+ T cell migration appears to be an intrinsic property of the tissue rather than a response to infection. The salivary gland constitutively recruits CD8+ T cells in a CXCR3-dependent manner and is capable of inducing and sustaining TRM populations even in the absence of infection, antigen, or inflammation (121). Moreover, the CXCR3–CXCL10 signaling axis is essential for TRM recruitment and accumulation (122), while the CXCL16–CXCR6 pathway has been shown to promote the retention of CD8+ TRMs in barrier tissues such as the skin and lungs (123, 124). Collectively, these findings highlight that chemokines function not merely as passive recruiters of T cells but as active regulators in shaping TRM functions in the tissues. They mediate the initial recruitment of effector cells, modulate their retention, influence the expression of residency-associated markers, and tailor TRM functionality according to the specific demands of the local tissue microenvironment. As such, chemokines are indispensable components of the tissue residency program, acting in concert with cytokines and other local signals to establish robust, site-specific immune memory. In Figure 2, we illustrate the principal cytokines, chemokines, and integrins involved in CD8+ TRM formation and maintenance across the most studied tissues (skin, gut, and lung).

[image: Diagram showing the differentiation of precursor CD8 T cells into tissue-resident memory T cells (TRM) in skin, gut, and lung. Each path involves specific cytokines, chemokines, and integrins. The skin requires TGF-beta, IL-15, IL-23, IL-12 with chemokines like CXCL9 and integrins like CD49a. The gut involves TGF-beta, IL-17 with chemokines like CCL25, and the same integrins. The lung requires TGF-beta, IL-15, IL-7 with chemokines like CXCL9, sharing integrins with the other paths.]
Figure 2 | Cytokines, chemokines, and integrins involved in the differentiation of CD8 effector T cells into CD8 TRMs in the skin, gut, and lung.




3.5 Signals for TRM differentiation are driven by the kinetics of transcription factors in tissues

CD8+ TRM cells exhibit tissue-specific transcriptional programs that are largely established during the peak of the effector T cell response (125, 126). Upon activation within non-lymphoid tissues, effector CD8+ T cells initiate a transcriptional cascade that programs them toward a resident memory phenotype (13, 127). For example, in the skin, only effector cells that activate the appropriate gene expression profile and receptor repertoire adopt a dendritic morphology and become functional TRM cells (113). The transcription factor Krüppel-like factor 2 (KLF-2) promotes the expression of S1PR1, enabling tissue egress, but is downregulated after TCR activation. While IL-15 induces KLF-2, TNF-α, IL-33, and TGF-β cooperate to suppress its expression (128).

A central component of TRM differentiation is the modulation of T-box transcription factors, particularly T-bet and Eomesodermin (Eomes). Upon antigen encounter, activated CD8+ T cells produce IL-2, which induces Eomes expression (129). Eomes is associated with the promotion of long-lived memory cells by enhancing self-renewal and proliferative potential (130). In contrast, T-bet is predominantly expressed in early effector CD8+ T cells, where it supports cytotoxic function and inflammatory responses. As T cells transition to memory states, both T-bet and Eomes levels decline (131, 132). A low T-bet/Eomes expression ratio favors memory formation, and further downregulation of both factors is required for the acquisition of tissue residency. In the lungs, TRM cells expressing high levels of CD103 and CD69 exhibit notably suppressed T-bet levels (133). Similarly, in the skin, the downregulation of both Eomes and T-bet is critical for the infiltration, retention, and survival of TRM cells in the epidermis. Also, residual T-bet expression maintains CD122 expression and IL-15 responsiveness, supporting TRM survival in skin (89). Conversely, the expression of T-bet and Eomes is associated with CCR7, a receptor that promotes lymphoid tissue recirculation and favors the differentiation of CD8+ T cells into TEM or TCM subsets (134). Thus, the coordinated repression of T-bet and Eomes can be one of the hallmarks of TRM differentiation, facilitating tissue adaptation and the quiescent phenotype necessary for long-term residency, particularly in epithelial barriers.

Runt-related transcription factor 3 (Runx3) is a transcription factor involved in cellular development, inflammatory responses, and tumor suppression (135, 136). In the context of TRM biology, Runx3 has been identified as an essential regulator of lineage commitment and homeostasis (137). It promotes the expression of canonical TRM markers while repressing genes linked to tissue egress, including S1pr1 (128). Functional studies in murine models of LCMV infection and melanoma demonstrated that deletion of Runx3 results in a dramatic reduction, ranging from 50- to 150-fold in CD8+ T cells expressing CD69 and CD103 across various tissues, including salivary glands, kidneys, skin, and lungs (138). Notably, Runx3 appears to function in a tissue-independent manner, reinforcing its role as a core component of the TRM transcriptional program. Runx3 regulates a transcriptional network that controls T cell migration and effector functions within non-lymphoid tissues (139). A deeper understanding of how Runx3 governs TRM differentiation may prove critical for advancing tissue-targeted immunotherapies that harness CD8+ TRMs.

Additional transcription factors also contribute to TRM development in a tissue-specific manner. After effector CD8+ T cells infiltrate tissues such as the skin, small intestine, liver, and kidneys, the expression of Hobit and Blimp-1 becomes essential for further differentiation. These factors promote TRM formation by repressing genes involved in circulation, such as CCR7 and S1PR1. Although Blimp-1 is not strictly essential, it cooperates with Hobit to drive the expression of TRM-associated surface markers including CD49a, CD69, and CD103 (126, 140). During pulmonary influenza infection in mice, Blimp-1 expression in terminal effector CD8+ T cells favor the development of TRMs over TCMs. In this model, once effector CD8+ T cells reach the lungs, Blimp-1 suppresses the expression of T cell factor-1 (TCF-1) in CD8+ TRM cells, a mechanism that promotes TRM differentiation over TCM, as TCF-1 is essential for the development of the TCM lineage. This transcriptional program may facilitate the conversion of circulating CD8+ T lymphocytes into tissue-resident cells, with Blimp-1 acting as a key regulator by antagonizing the TCM differentiation pathway (126). In the context of chronic viral infection, as shown in LCMV models, Hobit expression is confined to the TRM lineage, whereas Blimp-1 is broadly expressed across all CD8+ effector and memory subsets (141). These findings suggest that Hobit is a more specific marker of TRM identity, while Blimp-1 serves a broader role in memory CD8+ T cell differentiation by inhibiting TCF-1 and promoting TRM commitment.

Another key factor, the basic helix-loop-helix family member e40 (Bhlhe40), has recently gained attention for its role in sustaining CD8+ TRM cell metabolism and function, particularly under inflammatory conditions. Initially studied in pulmonary TRMs, where it supports mitochondrial function and cytokine production (e.g., IFN-γ) (142). Bhlhe40 has also been shown to be essential for TRM maintenance in other tissues. In the brain, Bhlhe40-deficient CD8+ T cells exhibit impaired persistence and effector function following viral infection. In the small intestine, Bhlhe40 limits T cell exhaustion and sustains TRM metabolic fitness during chronic infection (143). In the liver, it contributes to the regulation of intrahepatic TRM homeostasis and modulates inflammatory potential during hepatotropic viral infections (144). Moreover, Bhlhe40 expression is suppressed by PD-1 signaling, and its regulation has been implicated in the responsiveness of TRMs to anti-PD-1 immunotherapy (145). Thus, some transcription factors involved in TRM formation are common across most tissues, while others are more tissue-specific, as shown in Figure 3.

[image: Illustration depicting the process of T cell priming, inflammatory stimuli, migration, and tissue establishment in different organs. It highlights changes in transcription factors like T-bet, Eomes, RUNX3, and Blimp-1 within the skin, lung, liver, kidney, and small intestine. Specific markers such as CD49a and CD69 are indicated in migration, with references to CD8+ TRM and T CD8+ effector cells.]
Figure 3 | Migration and formation of CD8+ TRMs in different tissues in the context of infection or injury and the expression of specific transcriptional factors. After being primed in the regional lymph nodes (1), and in response to inflammatory stimuli from the tissue that produces chemokines (2), effector CD8 T lymphocytes follow these signals and migrate into the inflamed tissue, expressing CD69 and CD49a (3). In this microenvironment, CD8+ T lymphocytes that express CD69 downregulate S1PR1, which leads to their retention in the tissue (4). Within each specific tissue, CD8 T lymphocytes respond to TGF-β and other local microenvironmental cues that induce transcription factors, promoting the expression of CD49a and other canonical functional markers of TRMs, such as CD103 and PD-1.

Altogether, these findings demonstrate that CD8+ TRM cell fate is orchestrated by a coordinated transcriptional network. This includes repression of recirculation-related genes (e.g., S1pr1 and CCR7) and upregulation of residency and survival markers (e.g., CD69, CD103, CD49a). T-bet and Eomes downregulation permits adaptation to tissue niches; RUNX3 acts as a master regulator of the TRM program; Hobit and Blimp-1 further suppress TCM-related transcriptional programs; and Bhlhe40 supports metabolic fitness and long-term TRM persistence. These transcriptional checkpoints not only define TRM identity but also represent promising targets for therapeutic manipulation. Figure 4 presents an integrated schematic of the main signals characterized in the differentiation of CD8 effector cells into TRMs. The signals may vary depending on the tissue type.

[image: Diagram illustrating the transition from an effector CD8 T cell to a CD8 tissue-resident memory (TRM) cell. On the left, the effector CD8 T cell interacts with MHC I molecule and TCR, influenced by cytokines like IL-2, IL-15, and TNF-alpha. The right side shows the CD8 TRM cell with markers like CD103 and CD69, interacting with the TGF-beta and chemokine receptors, indicating adaptation to the tissue microenvironment. A central arrow represents the transition, with molecular elements like KLF-2, T-bet, and others involved in the process.]
Figure 4 | Integrated model of signals driving CD8+ TRM differentiation: 1) TCR engagement with peptide–MHC I complexes (low or high affinity) provides activation signals; 2) Local cues derived from pathogens, injury, and inflammation—including TNF-α, IL-18, IL-33, and IL-15—further shape TRM differentiation; 3) IL-15 trans-presentation induces the transcription factors KLF2 and T-bet/Eomes; 4) Autocrine IL-2 reinforces T-bet expression; 5) TCR activation upregulates CD69 expression; 6) KLF2 promotes S1PR1 expression, regulating tissue egress; 7) Effector CD8+ T cells begin expressing CD49a; 8) Production of TNF-α, IL-18, and IL-33 is maintained or amplified locally; 9) Epithelial cells, macrophages, and dendritic cells produce TGF-β, which binds to TGF-β receptors on CD8+ T cells. 10) TGF-β signaling downregulates KLF2 and upregulates Runx3 expression; 11) Loss of KLF2 leads to reduced S1PR1 expression, favoring tissue retention; 12) Runx3 enhances CD103 expression; 13 and 14) Hobit and Blimp-1 cooperate with Runx3 to promote CD103, CD49a, and CD69 expression, consolidating tissue residency; 15) CD8+ T cells express chemokine receptors that control tissue migration and morphology; 16) Sustained TCR, TNFα, TGF-β, and IL-33 signaling maintains Bhlhe40 expression, which supports metabolic homeostasis, oxidative stress resistance, and reinforces the TRM transcriptional program.





4 Targeting signals to improve CD8 TRM responses in viral infections for immunotherapy and vaccine development

Understanding the molecular cues that govern TRM generation and maintenance has direct implications for the design of viral vaccines and antiviral immunotherapies. The induction of efficient TRMs can add an additional layer of peripheral protection, helping to contain the infection at barrier sites. Recent research into the activation of precursor cells and the generation of antiviral CD8+ TRMs underscores the critical role of APC and MHC: TCR signaling in this process (47, 50, 53). Furthermore, in the context of Influenza A or Polyoma viral infections, CD8+ TRMs are better generated in suboptimal TCR stimulation (60, 61). In addition, these Polyomavirus specific TRM cells exhibited higher-affinity TCRs compared to circulating memory T cells, and once established, antigen presence was no longer essential for TRM retention (59). Based on these observations, it can be inferred that antiviral CD8+ TRMs generation was facilitated upon lower TCR stimulation, and the elevated TCR affinity of these cells enhances their ability to detect infected cells, including even those that expressed low levels of antigen. In vaccine or immunotherapeutic strategies aimed at expanding CD8+ TRMs, approaches less dependent on antigen quantity may be advantageous. Instead, optimizing antigen delivery and release within the tissue microenvironment may more effectively promote tissue-specific immunity.

One promising approach to enhance CD8+ TRMs in mucosal tissues involves the use of chemokines. In mouse models of genital HSV-2 infection, topical administration of CXCL9 and CXCL10 induced migration of CXCR3+ CD8+ T cells into the vaginal mucosa, where they differentiated into long-lived TRMs that contributed to viral control (146). This strategy could complement conventional vaccines that generate systemic T cell responses, potentially increasing the number of vaginal CD8+ TRMs in various genital mucosal sexually transmitted infections. In genital HSV-2 infection, the response to infected cells is modulated by IFN-γ secreted by CD8+ TRM lymphocytes (147).

Numerous vaccine models in mouse and immunotherapies for viruses have been extensively studied. These studies highlight the importance of considering key biological factors of lymphocytes—such as activation levels, cytokine responses, and their location within the body—when designing more effective vaccines and immunotherapies to enhance immune responses (148, 149). For example, with mRNA vaccines, the mRNA is engulfed by APCs, and recognized by endosomal and cytosolic innate sensors (150). This recognition triggers cellular activation and a strong generation and programming of antiviral T cells against the cognate antigen (151). The mRNA vaccine has been shown to effectively generate antibody and lymphocyte responses against respiratory pathogens in mice, rabbits and ferrets (152, 153). However, little is known about whether this vaccine model can also induce CD8+ TRMs in lung tissue. In a murine model of mRNA vaccination against influenza, the formation of virus specific CD8+ TRMs was observed in the lungs when the vaccine was administered either intramuscularly or intranasally. Additionally, prime-boost immunizations in mouse with intramuscular injection followed by intranasal mRNA vaccination led to high levels of both circulating and lung memory T cells against influenza (154). Indeed, while the initial dose can be administered systemically, optimal TRM responses require the booster dose to be delivered directly to the target tissue. This has been demonstrated in experimental mouse models involving genital (155) and lung tissues (156).

The most robust TRM responses are consistently achieved through tissue-targeted stimulation. For instance, immunization via the pulmonary route elicits stronger TRM responses in the lungs, and similar effects are observed when the skin or genital tract is used as the site of immunization. In the ongoing effort to improve vaccine responses to influenza, it was observed that intranasal immunization with S-FLU, a replication-deficient influenza virus vaccine (157), generates specific CD8+ TRM lymphocytes in the lung, which are associated with protection. Interestingly, in this model, the characteristic of CD8+ TRMs lymphocyte being preferentially generated from clones with lower TCR affinity enhances clonal diversity. This diversity in the receptor allows for the recognition of mutated peptide sequences, which can provide heterosubtypic responses of CD8+ TRMs and reduce viral escape (158).

SARS-CoV-2 studies have provided further insights into TRM biology in humans. Individuals who were vaccinated or naturally infected developed nasal CD8+ TRMs expressing CD49a that produced IFN-γ upon antigenic stimulation (159). Exploring CD8+ TRM signaling might be a useful approach to improving SARS-CoV vaccines. In mice, intranasal vaccination with the viral receptor-binding domain (RBD) combined with polyethyleneimine, a potent mucosal adjuvante for viral glycoprotein antigens (160), demonstrated that this combination significantly expanded specific CD4+ and CD8+ TRM lymphocytes in lung tissue. These TRMs were bifunctional, producing both IFN-γ and TNF-α, with durability observed in lung tissue for up to one year following intranasal immunization (161). In humans, although the mRNA vaccine against SARS-CoV-2 induced TRM populations in lung tissue, wild type virus elicited a more robust response. The mRNA vaccine generated TRM cells CD69+CD103+ cells which produced only IFN-γ and failed to persist for very long time in the tissue. However, during infection, the TRMs phenotype were CD69+CD103+, produced IFN-γ, expressed CD107a, and exhibited a longer lifespan. An optimized lung TRM immune response in humans was observed when vaccination occurred after SARS-Cov 2 infection (162).

Immunization or immunotherapy strategies that target the signals responsible for generating and maintaining CD8 TRM lymphocytes should be prioritized for investigation and development. TRMs are strategically positioned for optimal protection, programmed to mount a rapid response, and can exhibit long-lasting persistence in tissues. These characteristics represent the gold standard for achieving a more effective and durable protective immune response. Perhaps we can deliver antigens to target the TRM response and combining cytokines or chemokines to activate, expand or recruit more cells into the tissue or even use transcription factors modulators in TRMs. However, what remains unknown is how and to what extent TRMs respond to the signals previously characterized for TCM and TEM cells, such as for expression of IL-2, IL-15, IL-21 and IL-7 receptors, CD4-help inside the tissue, cross-presentation and dependence of cytokine for differentiation. Further research is needed to understand how to tailor the TRM response to optimally protect against various pathogens.




5 The presence and functionality of TRMs in tumoral microenvironment: perspectives for immunotherapy improvement

More recently, TRMs have become the focus of several studies in tumor immunology. Historically, tumor-infiltrating lymphocytes (TILs) were associated with favorable prognosis. However, as molecular characterization of TILs advanced, it became evident that their differentiation state was a critical determinant of clinical outcomes. While memory T cells (163) were strongly associated with protection and good prognosis, T reg cells (164) and exhausted cells (165) are more associated with poor survival and unfavorable outcomes.

Among the protective memory TILs, CD8+CD103+ T cells have emerged as the subset most consistently associated with beneficial outcomes across diverse tumor types. In non–small cell lung cancer (NSCLC), increased intraepithelial lymphocyte infiltration and higher patient survival correlated with an expanded CD103+ TIL population (166). In that study, freshly isolated CD8+CD103+ TILs from NSCLC specimens displayed transcriptomic and phenotypic profiles characteristic of TRMs. Similar associations with favorable prognosis were subsequently observed in other NSCLC studies (167, 168), and also verified in human ovarian tumors (169) as well as in human breast tumors (170). Beyond its role in maintaining TRMs within tissues, CD103 is essential for the efficient adhesion of activated T cells to cancer cells. CD103-expressing T cells can lyse tumor cells expressing its ligand, E-cadherin (171). Interestingly, CD8+CD103+ TRMs often accumulate within fibrotic or stromal regions distant from the tumor epithelium, as seen in pancreatic cancer, suggesting that fibrosis and stromal architecture may physically restrict TRM access, functioning as a tumor immune-evasion mechanism (172).

In most, if not all, of the above-cited studies in humans, protective TRMs frequently express PD-1 and Tim-3 checkpoint receptors. Early single-cell transcriptomic analyses categorized TILs with this signature as exhausted (173–175). More recently, it has become clear that PD-1+ TRMs represent the subset most closely associated not only with tumor protection but also with responsiveness to PD-1/PD-L1 checkpoint blockade in humans (174). In murine models, this TIL subset exhibits enhanced activation-induced cell death and mediates potent cytolytic activity toward autologous tumor cells upon blockade of PD-1–PD-L1 interaction (176).



5.1 Signals from tumoral microenvironment to TRMs

Similar to virus-infected tissues, CD8+ TRMs in tumors must integrate multiple environmental cues to sustain their persistence and antitumor function. Among these, antigen recognition plays a central role in driving TRM activation and differentiation (177). TCR repertoire analyses in human colorectal and gastric cancers show that TIL clonotypes are oligoclonal and enriched for tumor-associated antigens (178, 179). However, many early studies did not distinguish TRMs from other TIL subsets. More recent deep-sequencing data demonstrate that TRM-enriched lesions in melanoma, glioblastoma, and head and neck cancers display distinct TCR diversity shaped by the local antigenic landscape (180–182). Transcription factors governing tissue residency and long-term immune surveillance regulate gene programs that sustain TRM persistence and effector capacity within tumors (183). Additionally, the metabolic milieu of the tumor microenvironment critically influences TRM activity, depending on nutrient availability and hypoxic stress (178). In this section, we will discuss these key factors, highlighting their collective impact on the biology of intratumoral TRMs and their role in shaping the antitumor immune response.

Intratumoral effector CD8+ T cells receive antigen-driven signals through TCR stimulation, which promotes their differentiation into CD8+ TRMs. Initially, these findings were described in human pancreatic tumors (171). Subsequently, it was demonstrated that the expression of CD103/β7 in human colon carcinoma-specific CTLs is synergistically enhanced by the simultaneous stimulation of TGF-β1 and antigen recognition (179). Antigen dependency of CD8+ TRM function was also confirmed in murine brain tumor models and human malignant glioma samples. Functionally, these cells were restimulated as effectors and release IFN-γ and granzyme B (184). Additionally, highly expanded T cell clones tend to accumulate within the tumor microenvironment, leading to a more restricted and oligoclonal TCR repertoire compared to peripheral T cells (182). However, these studies categorize TRMs as part of the broader TIL population without specifically distinguishing them as a unique subset. This lack of differentiation limits our understanding of the specific contributions of TRMs to tumor immunity.

On the other hand, metastatic melanoma lesions in human were observed to be enriched with TRMs, suggesting their involvement in localized immune responses within tumor sites. Notably, these lesions exhibit intralesional TCR diversity, as revealed by deep sequencing of sorted cells for the TCRβ locus. This diversity is likely driven by differences in tumor mutations or neoepitope landscapes among metastases (180). Similar findings also were reported in other malignancies, including human head and neck cancers (185), mouse glioblastoma (186), human vaginal melanoma (187), human oral cavity squamous cell carcinoma (188), and human multiple primary lung cancers (189). Additionally, TRM clonotypes originally identified in tumors were detected in the skin and blood of metastatic melanoma survivors for up to nine years post-treatment (190). Collectively, these studies reinforce the concept that TRMs are key orchestrators of local antitumor immunity and exhibit remarkable adaptability to distinct tumor antigenic environments.

In addition to the TCR in antigen recognition by TRMs, the CD103 molecule plays a fundamental role in enabling these cells to combat tumor growth effectively. Accordingly, CD103 is recruited to the immunological synapse, and its interaction with E-cadherin is essential for cytolytic granule polarization and subsequent exocytosis, leading to efficient tumor cell lysis by tumor TILs. Mechanistically, CD103 ligation triggers phosphorylation of PLCγ1 and ERK1/2, which orchestrate actin remodeling and directed secretion of granzyme and perforin. Inhibiting PLCγ blocks granule relocalization, thereby reducing TCR-mediated cytotoxicity (191). Notably, the interaction between αEβ7 on TILs and E-cadherin on autologous CCL3-producing tumor cells facilitates CCR5 recruitment at the immunological synapse. Moreover, the chemokines CCL3 and CCL5 selectively drive the accumulation of CD103+ CD8+ T cells, a mechanism observed in human NSCLC (192). Notably, CD103 expression is induced on CD8+ T cells following TCR engagement and exposure to TGF-β1, with the transcription factors Smad2/3 and nuclear factor of activated T cells 1 (NFAT-1) serving as critical regulators of this process (193).

Beyond CD103, the CXCR6–CXCL16 axis is emerging as a key determinant of TRM retention, positioning, and survival in tumors (194, 195). CXCR6 deficiency leads to defective TRM recruitment, impaired vaccine responses, and reduced survival in mouse models of head and neck and lung tumors (196). n a mouse pancreatic cancer model, transduction of CXCR6 into CAR-T cells targeting mesothelin (CART-MSLN) promoted tumor rejection and durable remission (197). CXCR6 expression correlates with effector transcriptional programs underscoring the antitumor activity of TRMs in mice (198). Conversely, CXCR6-deficient T cells display increased apoptosis, with gene-set enrichment analyses revealing downregulation of the CD28 signaling pathway, further confirmed by flow cytometry (199). CXCL16, the ligand of CXCR6, plays a pivotal role in T-cell retention and is primarily expressed by antigen-presenting cells (200). However, tumor cells can also express CXCL16 (201) and high levels of this chemokine in tumor cells correlated with increased T-cell infiltration and prolonged patient survival in colorectal cancer (202). Importantly, engineering CAR-T cells to express CXCR6 or RUNX3 enhances their intratumoral persistence and tumor control, highlighting the translational potential of modulating this pathway (203, 204).

Cytokines also serve as critical signaling factors for TRMs. In bladder cancer, TRMs can be activated by anti-CD3, anti-CD28, and IL-15 stimulation, leading to proliferation and increased T-bet, perforin, and granzyme B expression, particularly in the PD-1+ subset (205). The importance of IL-15 in cancer-associated TRMs has also been demonstrated in melanoma, where intratumoral IL-15 expression varies among patients and shows a positive correlation with TRM abundance. Furthermore, IL-15 expression is strongly associated with increased mRNA levels of CD8+ TRM-related markers, including ITGAE (CD103), ITGA1 (CD49a), and CD69, reinforcing its role in shaping the intratumoral T cell landscape (206). IL-15 plays a central role in sustaining TRM function and cytotoxicity within tumors. TRMs isolated from bladder cancer patients proliferate and upregulate T-bet, perforin, and granzyme B in response to IL-15 stimulation (205). In melanoma, IL-15 expression positively correlates with TRM abundance and higher mRNA levels of ITGAE (CD103), ITGA1 (CD49a), and CD69, reinforcing its role in maintaining residency and effector potential (206). These findings suggest that IL-15 plays a crucial role in sustaining TRM function and cytotoxic potential within the tumor microenvironment.




5.2 Perspectives for advanced TRM based immunotherapies for cancer

Recently, several immunotherapeutic strategies and clinical trials targeting CD8+ TRMs have been explored. One such approach is Chimeric Antigen Receptor T-cell (CAR-T) therapy, a personalized treatment in which patient-derived lymphocytes are isolated, genetically modified to express a chimeric antigen receptor (CAR), and then re-infused into the patient to enhance tumor cytotoxicity (207). A preclinical study using a liver cancer model demonstrated that overexpression of Runx3 in CAR-T cells significantly improved both the persistence and the infiltration of T cells within tumor tissues. This modification not only enhanced the antitumor activity of CAR-T cells but also contributed to prolonged therapeutic efficacy, offering potential for sustained response in solid tumors (208).

Radiotherapy remains a critical modality in the treatment of solid tumors. While T lymphocytes are radiosensitive, a study in a murine model of colon adenocarcinoma revealed that pre-existing intratumoral T lymphocytes can survive radiotherapy. Notably, the tumor microenvironment appears to reprogram these lymphocytes, inducing a molecular signature similar to that of TRMs. This includes increased expression of CD49a and E-cadherin, along with a reduction in S1P1R expression. These findings suggest the potential for combining radiotherapy with immunotherapy strategies targeting TRMs to enhance therapeutic outcomes (209).

Vaccination models and strategies designed to induce the generation of CD8+ TRM lymphocytes specific to tumor antigens are actively being investigated and have demonstrated promising results in vivo. For instance, breast cancer, a leading cause of cancer-related mortality worldwide, has a propensity to metastasize the lungs. A nasal mucosa vaccine model utilizing an adenoviral vector encoding tumor-associated antigens demonstrated that both prophylactic and therapeutic applications significantly increased the number of CD8+ TRMs in lung tissue. This increase was directly correlated with enhanced control of pulmonary breast cancer metastasis in the prophylactic setting. Furthermore, when combined with radiotherapy, the vaccine synergistically enhanced the relationship between TRMs and therapeutic efficacy, highlighting the potential for combining vaccination and radiotherapy as an integrated approach to cancer treatment (210). Similarly, systemic prime-intranasal boost immunization also provided protection against breast cancer metastasis to the lung. In this model, CD8+ TRMs exhibited polyfunctional capacity, secreting key cytokines such as IFN-γ, IL-2, and TNF-α, further underscoring their pivotal role in antitumor immunity (156). Vaccine models of TRM induction also were effective in cutaneous melanoma (211) and HPV-induced carcinomas in the skin and liver (212).

Mechanistic dissection of these pathways has prompted efforts to develop a standardized “TRM immunoscore” that integrates phenotypic composition (CD103, CD69, CD49a) with spatial localization relative to tumor epithelium and vasculature. This framework may help distinguish prognostic biomarkers (linked to survival) from predictive biomarkers (linked to therapeutic response) (213, 214). However, technical limitations remain, such as marker loss during enzymatic dissociation and variable sample processing, which may underestimate TRM frequencies. Standardized protocols and spatially resolved transcriptomic tools will be essential for accurate TRM profiling. Altogether, tumor-resident CD8+ TRMs act as dynamic epithelial sentinels that integrate antigenic, adhesive, and cytokine cues to maintain residency and sustain cytotoxic competence, representing a critical target for next-generation immunotherapies.





6 Conclusion

This review highlights the pivotal role of TRMs in both immunity to infections and cancer immunotherapy. It emphasizes the unique differentiation and functional properties of TRMs. These cells are formed from differentiated effector CD8+ T cells and possess the distinct advantage of residing permanently in tissues. This enables them to provide rapid, localized responses upon re-infection or tumor detection. Their formation is influenced by a complex interplay of antigen recognition, tissue-specific cytokine signals, and transcriptional regulation, with key markers such as CD69, CD103, and CD49a ensuring their retention and function in tissues.

The comparison between viral infections and cancer environments reveals both commonalities and challenges. While the mechanisms of TRM formation share similarities across these contexts, cancer microenvironments present additional immunosuppressive signals that complicate the maintenance of effective TRM responses. The presence of checkpoint receptors such as PD-1 and Tim-3 on TRMs in tumors is indicative of the complex balance between protection and immune evasion. This points to the potential benefits of combining TRM-targeted immunotherapies with immune checkpoint blockade.

The use of CD8+ TRM lymphocytes as therapies for infections and cancer faces several challenges. The effective generation of these cells depends on local stimuli, whereas most immunization and immunotherapy strategies still rely on systemic routes, such as intramuscular or intravenous administration. Another obstacle is the limited understanding of the plasticity among memory T cell subpopulations, particularly regarding the potential conversion between TCMs and TRMs, a critical aspect for the regulation of immunological memory. Moreover, much of the current knowledge is derived from murine models, while human studies remain in pre-clinical stages. The difficulty in isolating and manipulating TRMs ex vivo also poses a significant technical limitation. The expression of the PD-1 marker, involved in the functional regulation of TRM cells, remains under investigation in various contexts, particularly regarding its role in the response of these cells to TGF-β (215). Finally, the local activation of these cells may trigger exacerbated inflammatory responses, raising safety concerns. The formation, maintenance, and function of TRMs still depend on molecular and environmental signals that are not yet fully understood, limiting their safe and effective clinical application.

In summary, the regulation of CD8+ TRM lymphocytes is a cornerstone of immune responses, providing long-term protection against infections and playing a crucial role in cancer immunotherapy and vaccine optimization. The emerging strategies that aim to enhance TRM function, through either vaccine optimization or immunotherapy, hold great promise for improving the durability and specificity of immune responses, contributing to more effective treatments for both infectious diseases and cancer. Further research into TRM biology is essential for refining these therapeutic strategies and realizing their full potential in clinical settings.
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