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Tumor-infiltrating lymphocytes (TILs) are a diverse population of immune cells

that play a central role in tumor immunity and have emerged as critical mediators

in cancer immunotherapy. This review explores the phenotypic and functional

diversity of TILs—including CD8+ cytotoxic T cells, CD4+ helper T cells,

regulatory T cells, B cells, and natural killer (NK) cells—and their dynamic

interactions within the tumor microenvironment (TME). While TILs can drive

tumor regression, their activity is often hindered by immune checkpoint

signaling, metabolic exhaustion, and stromal exclusion. We highlight TIL

recruitment, activation, and polarization mechanisms, focusing on chemokine

gradients, endothelial adhesion molecules, and dendritic cell-mediated priming.

Special emphasis is placed on preclinical models that evaluate TIL function,

including 3D tumor spheroids, organoid co-cultures, syngeneic mouse models,

and humanized systems. These provide valuable platforms for optimizing TIL-

based therapies. Furthermore, we examine the prognostic and predictive value of

TILs across cancer types, their role in adoptive cell therapy, and the challenges of

translating preclinical success into clinical efficacy. Emerging technologies such

as single-cell sequencing, neoantigen prediction, and biomaterial platforms are

transforming our understanding of TIL biology and enhancing their therapeutic

potential. Innovative strategies—ranging from genetic engineering and

combination therapies to targeted modulation of the TME—are being

developed to overcome resistance mechanisms and improve TIL persistence,
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infiltration, and cytotoxicity. This review integrates current advances in TIL

research and therapy, offering a comprehensive foundation for future clinical

translation. TILs hold significant promise as both biomarkers and therapeutic

agents, and with continued innovation, they are poised to become a cornerstone

of personalized cancer immunotherapy.
KEYWORDS

tumor-infiltrating lymphocytes, tumor microenvironment, immunotherapy, adoptive
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1 Introduction

Tumor-infiltrating lymphocytes (TILs) represent a crucial

component of the tumor microenvironment (TME), playing a

pivotal role in tumor immunity and influencing cancer

progression (1). TILs are a diverse group of immune cells that

infiltrate tumor tissues, and their role can be both proinflammatory

and immunosuppressive, depending on the context and specific

types of TILs present. Ideally, these immune cells penetrate tumors

and dynamically modulate anti-tumor responses through direct

cytotoxic activity, antigen presentation, and cytokine secretion. In

this way, TILs play a fundamental role in enhancing anti-tumor

immunity, and this beneficial effect is the main focus of this review.

Indeed, TILs have gained considerable attention in cancer

immunotherapy due to their potential to mediate tumor

regression, making them a central focus in novel oncological

treatments based on specific cell therapies (2). Their presence,

functional activity, and spatial organization correlate with patient

prognosis and therapeutic outcomes, particularly in immune

checkpoint blockade (ICB) therapies (3).

TIL recruitment to tumors is primarily driven by chemokine

signaling, where they interact with cancer cells and stromal

components in a dynamic and often immunosuppressive

environment (4). Despite their presence within tumors, many

TILs exhibit functional exhaustion, which impairs their cytotoxic

potential. This exhaustion is frequently driven by immune

checkpoint molecule upregulation, metabolic competition, and

the presence of inhibitory cytokines within the TME (5). The

variability in TIL infiltration across different cancer types and

individual patients has made them a critical subject of

investigation in oncology research (6).

Recent advancements in TIL-based therapies have explored

their adoptive transfer as a promising therapeutic strategy,

particularly in melanoma, triple-negative breast cancer (TNBC),

and colorectal cancer (7). Genetic and transcriptomic profiling has

been instrumental in identifying TIL subpopulations that exhibit

enhanced cytotoxic activity and persistence within the TME (8).

These findings underscore the potential of TILs as both prognostic

biomarkers and therapeutic agents in cancer immunotherapy.
02
While TIL-based therapies hold promise, effectively testing and

evaluating TIL function in controlled environments remains a

significant challenge. Preclinical in vitro and in vivo models have

been developed to study TIL interactions with tumors and assess

their therapeutic potential. Well-developed in vitro models such as

3D tumor spheroids and organoid cultures allow for examining TIL

infiltration, persistence, and cytotoxicity in a controlled setting (9).

These models enable researchers to manipulate immune and tumor

interactions, facilitating the screening of novel immunotherapeutic

agents. However, they often lack the complexity of an intact

immune system and may not fully recapitulate the suppressive

TME encountered in vivo.

In vivo preclinical models, including syngeneic mouse models,

patient-derived xenografts (PDX), and humanized mouse models,

provide a more comprehensive understanding of TIL behavior

within a tumor-bearing organism (10). Syngeneic models involve

implanting murine tumors into immunocompetent mice,

preserving the native immune system and enabling TIL expansion

and response to therapy (11). PDX models, in which patient-

derived tumor cells are engrafted into immunocompromised

mice, allow for studying human-specific TILs but lack a fully

functional human immune system (12). Humanized mouse

models have been developed to overcome this limitation, where

human immune cells, including TILs, are introduced into

immunodeficient mice to mimic human immune-tumor

interactions (13). These models provide a critical platform for

evaluating TIL-based therapies in a physiologically relevant

setting, informing the development of clinical applications.

Despite these advances, there are inherent challenges in

translating TIL research from preclinical models to clinical

applications. Tumors exhibit significant heterogeneity in TIL

infiltration, functional exhaustion, and immune evasion strategies,

which can vary between in vitro and in vivo systems. Additionally,

the immune system’s interactions with the TME remain highly

complex, requiring the integration of multiple experimental models

to accurately assess TIL function and therapeutic efficacy (14).

This review will comprehensively discuss the biological

mechanisms driving TIL recruitment and activation within the

TME, elucidating the key signaling pathways and cellular
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interactions that shape their function. Additionally, it will explore

the prognostic and predictive value of TILs in cancer, highlighting

their potential as biomarkers for patient stratification and response

prediction in immunotherapy. The review will also address the

major challenges and limitations associated with TIL-based

therapies, including functional exhaustion, immune evasion

mechanisms, and patient-specific variability. Finally, an in-depth

analysis of preclinical models used for studying TIL-based

immunotherapy will be presented, focusing on in vitro systems,

animal models, and translational strategies to optimize TIL efficacy

for clinical applications. This review aims to provide a foundation

for future advancements in harnessing TILs for improved

therapeutic outcomes by integrating insights from fundamental

immunology and applied cancer research.
2 The cellular landscape of tumor-
infiltrating lymphocytes: phenotypes,
functions, and roles in anti-tumor
immunity

The crucial role of the immune system in cancer surveillance

and control has been recognized for over a century (15). Over the

decades, extensive research has been devoted to understanding how

immune cells detect, respond to, and eliminate malignant cells,

leading to the development of immunotherapies aimed at restoring

or enhancing anti-tumor immunity. Among the various immune

cell populations, tumor-infiltrating lymphocytes have emerged as

central orchestrators of the anti-cancer immune response. TILs are

a heterogeneous group of lymphocytes—predominantly T cells—

that infiltrate tumor tissues and exert both pro- and anti-tumor

effects, depending on their phenotype, functional status, and

interactions within the tumor microenvironment. Their

recruitment is largely driven by chemokine gradients and

inflammatory signals that guide their migration from peripheral

blood into tumor sites.

The therapeutic efficacy and prognostic value of TILs are

strongly influenced by their abundance, activation status, and

spatial distribution within the tumor. These characteristics

determine their ability to mount effective anti-tumor responses or

contribute to immune evasion (16). Key subsets of TILs include

CD8+ cytotoxic T lymphocytes (CTLs), CD4+ helper T cells,

regulatory T cells (Tregs), B cells, and natural killer (NK) cells—

each playing distinct roles in shaping tumor immunity.

Recent advances have also revealed that not only the quantity

but the quality and metabolic fitness of TILs are critical for their

anti-tumor functions (17). Single-cell RNA sequencing studies have

uncovered profound heterogeneity within TIL populations,

identifying specific transcriptional programs associated with

persistence, stemness, and cytotoxic capacity (18). Moreover, the

spatial localization of TILs relative to tumor cells, blood vessels, and

stromal barriers has emerged as a major determinant of therapeutic

responsiveness, with proximity to tumor islets correlating with
Frontiers in Immunology 03
better outcomes. New findings suggest that particular TIL subsets,

such as stem-like progenitor exhausted T cells residing in tumor-

draining lymph nodes or tertiary lymphoid structures, may be key

drivers of durable responses to immunotherapy (19). Furthermore,

modulation of the tumor microenvironment to enhance TIL

metabolic fitness—such as promoting mitochondrial biogenesis

and oxidative phosphorylation—represents a novel and promising

strategy to boost TIL efficacy in solid tumors (20).
2.1 CD8+ cytotoxic T cells

CD8+ T cells are among the most prevalent effector cells within

tumors, where they differentiate into CTLs upon antigen

presentation by dendritic cells or other antigen-presenting cells

(APCs). Once activated, CTLs release cytolytic granules containing

perforin and granzymes, initiating apoptosis in tumor cells marked

for destruction (21, 22). Perforin forms pores in the tumor cell

membrane, allowing granzymes to enter and activate caspase-

dependent and independent cell death pathways. Additionally,

proteases such as cathepsins may amplify these cytotoxic

effects (21).

Beyond direct killing, CTLs secrete cytokines like interferon-g
(IFNg) and tumor necrosis factor-a (TNFa), which further

stimulate anti-tumor immunity. Some CTLs transition into

memory T cells, including tissue-resident memory T cells

characterized by CD103 and CD39 expression, which have been

associated with prolonged survival in various cancers (23–25).

However, sustained antigen exposure can lead to T cell

exhaustion, reducing their cytotoxic function and proliferative

capacity. Nonetheless, a high density of CTLs, particularly within

tertiary lymphoid structures (TLS), correlates with favorable

prognosis in many tumor types (26), while the presence of

memory subsets has been linked to reduced metastasis and

improved disease-free survival (27, 28).
2.2 CD4+ helper T cells

CD4+ T cells constitute a major TIL subset and are critical for

coordinating the adaptive immune response. Through the secretion

of IFN-g, TNF-a, and IL-2, these cells enhance CD8+ T cell

cytotoxicity, promote Th1 polarization, and facilitate tumor

antigen presentation. Upon activation by antigen presentation,

naïve CD4+ T cells differentiate into effector subsets depending

on cytokine cues and environmental context (29).

Among these, Th1 cells are essential in anti-tumor responses,

driven by IL-12 and mediated via STAT signaling pathways,

culminating in the expression of T-bet and the production of pro-

inflammatory cytokines (29). These cytokines recruit and activate

additional immune effectors, reinforcing local immunity. Tissue-

resident memory CD4+ T cells have also shown promise as targets

for immunotherapeutic intervention due to their robust, localized

responses to tumor antigens (30).
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2.3 Regulatory T cells

Tregs play a dual-edged role in the TME by preserving immune

homeostasis while suppressing anti-tumor immunity. Identified by

the expression of FOXP3, CD4+, CD25+, CTLA-4, and CD127low/–,

Tregs limit immune activation through multiple mechanisms (31).

They inhibit effector T cell function via PD-1 and CTLA-4, and

secrete immunosuppressive cytokines like TGF-b, IL-10, and IL-35.

Their high CD25 expression deprives surrounding effector T cells of

IL-2, further limiting cytotoxic responses. Based on FOXP3

expression levels and other surface markers, the heterogeneity of

Treg subsets suggests a nuanced regulatory function that could be

therapeutically modulated to enhance anti-tumor responses (32).
2.4 B cells

B Cells infiltrated in the tumor were identified as good

predictors of therapeutical response (33). These B cells can

differentiate into plasma cells (effector B cells) to produce

antibodies that target invading agents for destruction by

macrophages or may become memory B cells. Memory B cells

will help the immune system to elicit a faster response when

encountering the same agent.

Recently, Ma et al. (34) examined tumor-infiltrating B cells across

21 different types of cancer and identified 15 subsets of tumor-

associated B cells differentiated into antibody-secreting cells by either

an extrafollicular pathway or by a germinal center pathway. Tumor

types grouped into the extrafollicular pathway presented poor clinical

outcomes and resistance to immunotherapy associated with

glutamine-derived metabolites through epigenetic-metabolic cross-

talk, which stimulated a T cell-driven immunosuppressive program.

Ma et al. demonstrate the importance of the balance of intratumor B

cell subsets and suggest that B cell–targeting immunotherapy could

exploit humoral immunity.
2.5 Natural killer cells

NK cells, defined as CD56+CD3- lymphocytes, are key players in

innate anti-tumor immunity. They can eliminate tumor cells

without prior sensitization by detecting stress-induced ligands

and downregulated MHC class I molecules (35). NK cells mediate

cytotoxicity through granzyme and perforin release and produce

cytokines that modulate the immune landscape (36).

Subsets of NK cells—CD56bright CD16- and CD56dim CD16+—

exhibit distinct functional properties. While the latter is highly

cytotoxic, the former can achieve potent cytolytic activity after IL-

15 priming (37). NK cells also play a role in T cell recruitment and

remodeling of the TME through cytokine release and death ligands

like TRAIL and FASL (36). However, their function is often

suppressed by Tregs, M2 macrophages, and inhibitory cytokines

(e.g., IL-10, TGF-b), as well as checkpoint molecules like PD-1 and

TIM-3, which contribute to early functional exhaustion (36, 38).
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3 Regulation of TIL access and
function within the tumor
microenvironment

The infiltration, positioning, and functional activation of

tumor-infiltrating lymphocytes within solid tumors are hallmarks

of effective anti-tumor immunity. However, this process is highly

complex and tightly regulated. The successful recruitment, entry,

and activation of TILs are orchestrated by a multilayered network of

molecular signals, structural components, and metabolic conditions

that collectively determine whether immune cells can access tumor

sites, survive within the hostile tumor microenvironment, and

execute cytotoxic functions.

CD8+ cytotoxic T lymphocytes are the principal effectors in

solid and hematologic malignancies, with their tumoricidal activity

mediated by cytokines such as IFN-g and TNF-a. However,

persistent antigen exposure in the TME frequently induces T cell

exhaustion—a dysfunctional state marked by upregulation of

inhibitory receptors like PD-1 and CTLA-4 and diminished

effector cytokine production. Immune checkpoint inhibitors

targeting these pathways have shown significant success in

reinvigorating TIL responses in solid tumors, while their

application in hematologic malignancies remains less robust (26,

31, 39). Notably, the presence of tertiary lymphoid structures (TLS)

within solid tumors correlates with enhanced TIL activation and

improved clinical outcomes, as these ectopic lymphoid aggregates

facilitate local antigen presentation and T cell priming (26). In

contrast, hematological cancers are typically characterized by

systemic immune activity and rarely form TLS, resulting in

distinct immunological landscapes (Table 1).

This section explores the diverse biological systems that regulate

TIL access and function—from initial chemotactic recruitment to

physical entry across tumor vasculature and stromal barriers, and

finally to their metabolic and immunologic engagement within the

tumor core. Chemokines and cytokines establish navigational

gradients for lymphocyte trafficking, influenced by inflammatory

stimuli, oncogenic signaling, microbiota-derived factors, and tumor

mutational burden. However, tumor-derived mechanisms such as

decoy receptor expression, chemokine sequestration, or spatial

mislocalization within stromal compartments can impede these

gradients and undermine immune infiltration (45).

Structural components of the TME also impose significant

physical and biochemical constraints. The tumor vasculature is

frequently aberrant, leaky, and lacks the necessary adhesion

molecules for efficient lymphocyte transmigration (46).

Surrounding stromal elements—particularly cancer-associated

fibroblasts (CAFs) and the extracellular matrix—further

contribute to an immune-excluded phenotype by forming dense

fibrotic barriers and secreting suppressive signals that limit immune

cell penetration.

Even when TILs successfully infiltrate tumor tissues, their effector

potential is threatened by a hostile microenvironment marked by

nutrient deprivation, hypoxia, chronic antigen stimulation, and

immunosuppressive cytokines. These factors promote T cell
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dysfunction and exhaustion, limiting sustained anti-tumor activity.

Therefore, the transition from successful recruitment to effective

cytotoxicity depends on a microenvironment that supports T cell

metabolism, prevents exhaustion, and promotes immunological

synapse formation (47).

This section provides an integrated analysis of the regulatory

mechanisms that control TIL localization and function—spanning

chemotaxis, stromal dynamics, vascular signaling, and immune

activation. A deeper understanding of these processes is vital for

the rational design of therapeutic strategies that not only guide TILs

to tumors but also enable them to persist and function effectively

within the TME.
3.1 Chemokine and cytokine networks
governing TIL recruitment

The successful infiltration of tumor-infiltrating lymphocytes into

tumors is a complex, highly regulated process controlled by networks

of chemokines and cytokines. These soluble signaling molecules

orchestrate immune cell trafficking by guiding T cells toward

inflamed or malignant tissues via receptor-ligand interactions.

Their expression, regulation, and spatial organization within the

tumor microenvironment play a critical role in determining the

quality and quantity of immune cell infiltration, directly impacting

clinical outcomes and response to immunotherapy.

One of the most important chemokine-receptor pairs involved

in TIL recruitment is the CXCL9/CXCL10/CXCL11–CXCR3 axis

(48). These chemokines are potent chemo attractants for activated

CD8+ and CD4+ Th1-type T cells that express the CXCR3 receptor.

Studies have consistently shown that high levels of CXCL9 and

CXCL10 in the TME are associated with greater CD8+ TIL density
Frontiers in Immunology 05
and improved survival in ovarian (49), breast (50), and colorectal

cancers (51). For instance, in a study of advanced serous ovarian

cancer, high expression of CXCL9 and CXCL10 predicted

significantly better overall survival, and this was mechanistically

linked to increased recruitment of CD8+ T cells via CXCR3

signaling (49).

Another key axis is CCL5–CCR5, which governs the trafficking

of effector memory T cells (52). In renal cell carcinoma (RCC),

tumor-infiltrating CD4+ T cells were found to predominantly

express both CCR5 and CXCR3, supporting a Th1-polarized

immune infiltrate. However, in metastatic RCC, there was a

notable decrease in CCR5+ TILs and a rise in CCR4+ cells,

suggesting a shift toward an immunosuppressive milieu during

tumor progression (53).

Chemokine expression in tumors is not static—it is profoundly

shaped by tumor-intrinsic factors such as oncogenic signaling and

inflammatory cytokines. The IFN-g signaling pathway, activated by T
cells and NK cells, induces CXCL9 and CXCL10 expression in tumor

and stromal cells (54). This creates a positive feedback loop that

reinforces immune cell infiltration. Conversely, tumor cells can

suppress this chemokine expression through activation of pathways

like b-catenin, PI3K-AKT, or through overexpression of

prostaglandin E2 (PGE2), which downregulates NF-kB-driven
transcription of chemokines. COX inhibitors such as indomethacin

were shown to restore CXCL9/10 expression in ovarian cancer

models, while celecoxib suppressed it, indicating that even among

COX inhibitors, the choice of agent can drastically alter immune

infiltration outcomes (49).

The tumor’s mutational and microbial landscape also influences

chemokine production. High tumor mutational burden (TMB)

often correlates with elevated neoantigen load and IFN-g
production, leading to upregulation of CXCL9/10 and increased
TABLE 1 Comparison of TIL characteristics and behaviors in solid tumors versus hematological malignancies.

Feature Solid Tumors Hematological Malignancies References

Types of TILs CD8+ CTLs, CD4+ T helper cells, Tregs, B cells, NK cells CD4+ T cells, CD8+ T cells, B cells, regulatory T cells (40)
(39)
(41)

Functionality Effector functions include cytotoxicity and cytokine release; often
impaired by the TME

Generally maintain anti-tumor immunity; can be
dysfunctionnal depending on the malignancy

(39)
(41)
(42)

Exhaustion
Markers

High PD-1 and CTLA-4 expression linked to poor outcomes PD-1 and CTLA-4 expression can also
indicate exhaustion

(39)

TME Influence Highly heterogeneous; immune suppression by Tregs and other
immune cells prevalent

More uniform; micro-environment varies but generally
supports immune responses

(40)
(42)
(43)

Prognostic
Value

Higher TIL density is associated with better prognosis in many solid
tumors (e.g., melanoma, breast cancer)

Variable; often context-dependent based on tumor type (39)
(41)
(44)

Therapeutic
Approaches

Adoptive cell therapy, checkpoint inhibitors (e.g., anti-PD-1) have
shown promise.

CAR-T cell therapy is a major focus for treatment (39)
(42)
(44)

Challenges Tumor heterogeneity and immunosuppressive microenvironment
limit the effectiveness of therapies

Resistance mechanisms can lead to treatment failure (40)
(41)
(42)
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TIL recruitment. Moreover, in colorectal cancer, gut microbiota was

shown to modulate chemokine expression directly. Bacterial

components activated chemokine production (e.g., CXCL9,

CXCL10, CCL5) by tumor cells, thereby enhancing T cell

infiltration. Mice treated with antibiotics showed reduced

chemokine levels and decreased TIL trafficking, highlighting a

potential avenue for microbiota-based immunomodulation (55).

Finally, distinct subsets of chemokines also regulate the

recruitment of other beneficial immune cells. CXCL13, for

instance, is secreted by a specific transcriptionally distinct subset

of CD103+CD8+ T cells under TGF-b signaling. This chemokine

mediates B cell recruitment and tertiary lymphoid structure (TLS)

formation in tumors, which is associated with enhanced anti-tumor

immunity and checkpoint blockade responsiveness (56).
3.2 Endothelial adhesion molecules

Tumor-associated vasculature expresses adhesion molecules, such

as ICAM-1 and VCAM-1, to facilitate lymphocyte transmigration.

These molecules, belonging to the immunoglobulin superfamily of cell

adhesion molecules (CAM), mediate the firm adherence of leukocytes

to endothelial cells, a crucial step in leukocyte recruitment to

inflammatory areas.

ICAM-1, an integrin ligand, is expressed on several malignant

cells and may thus contribute to both cancer growth and cancer

immunosurveillance by adaptive and non-adaptive immune arms

(57). ICAM-1 regulates neutrophil adhesion and transcellular

migration of TNF-a-activated vascular endothelium under

flow (58).

While ICAM-1’s role in T cell crawling on initial lymphatics has

been addressed, its specific role in tumor-infiltrating lymphocytes’

exit from tumors remains relatively unexplored (59). Blocking

ICAM-1 in mice with intratumoral injections of activated T-

lymphocytes led to significant increases in CD8+ T cell transit to

the lymph nodes, suggesting that ICAM-1 blockage can decrease T-

cell aggregates or clusters, with a parallel increment in oriented cell

migration and transmigration across monolayers of lymphatic

endothelial cells (59).

VCAM-1 mediates distinct tumor-stromal interactions that are

unique to lung and bone microenvironments and facilitate

metastasis to these sites when aberrantly expressed in breast

cancer cells (60).

Monoclonal antibodies blocking ICAM-1 and VCAM-1 can

efficiently inhibit DC adhesion and transmigration of dermal LEC

monolayers in vitro, highlighting lymphatic transmigration as a

potential new target for anti-inflammatory therapy. Transient local

blockade of LFA-1/ICAM-1 functions offers an opportunity to

attain systemic biodistribution of tumor-reactive T-lymphocytes

(61). Elevated ICAM-1 expression in breast cancer cells results in a

favorable outcome and prolonged survival of breast cancer patients

(57). ICAM-1 expressed by metastatic breast cancer cells that

expand inside the lung vasculature is involved in innate rather

than in adaptive cancer cell killing, functioning as a suppressor of

intravascular breast cancer metastasis to lungs (57). Ex vivo,
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neutrophils derived from tumor-bearing mice also killed cultured

E0771 cells via ICAM-1-dependent interactions (57).
3.3 Dendritic cells

Dendritic cells (DCs) within the tumor microenvironment

(TME) play a crucial role in antigen presentation, bridging innate

and adaptive immune responses and priming naïve T cells for

effector functions (62, 63). DCs are specialized antigen-presenting

cells (APCs) that capture, process, and present tumor-associated

antigens to T cells, initiating an adaptive immune response against

the tumor (62, 63). DCs patrol the local environment, utilizing

membrane and cytosolic receptors to recognize danger signals,

including those from tumor cells (62, 63). Upon antigen uptake,

DCs present these antigens to naïve T lymphocytes, initiating

antigen-specific immune responses and regulating tolerance and

immunity (62). DCs can present antigens via MHC class I and

MHC class II molecules, activating CD8+ T cells and CD4+ T cells,

respectively (64).

Different types of DCs exist within the TME, including

conventional DCs (cDC1, cDC2, cDC3), monocyte-derived DCs

(moDC), and plasmacytoid DCs (pDC), each with distinct roles

(65). cDC1s are particularly important for cross-presentation, a

process where they present antigens on MHC class I molecules to

CD8+ T cells, leading to their activation and cytotoxic activity (63).

A high percentage of cDC1s in the TME is generally associated with

a better prognosis and favorable responses to immune checkpoint

blockade (ICB) therapies (63). cDC2s, while less proficient in cross-

presentation than cDC1s, effectively present MHC class II-related

antigens to CD4+ T cells, promoting T helper cell responses (62,

63). The infiltration of CD4+ T cells in the TME has been correlated

with the ratio of cDC2s to regulatory T cells (Tregs); a higher

frequency of cDC2s correlates with greater CD4+ T-cell tumor

infiltration (62).

The immunosuppressive TME impairs dendritic cell (DC)

functions, inhibiting maturation, antigen presentation, and T cell

activation, leading to immune tolerance and tumor progression (62,

63). Strategies to enhance antigen presentation and T cell priming

are crucial for improving therapeutic outcomes (66). Novel

approaches include DC vaccines pulsing DCs with tumor-

associated antigens (66), reprogramming tumor cells into

immunogenic cDC-like cells (67), and combining antigen

presentation with other immunotherapies (66). The TME

negatively regulates DC maturation, migration, and effector

functions, with immunosuppressive populations like Tregs,

MDSCs, and TAMs playing a significant role (68).
3.4 Functional polarization of TILs

Within the tumor microenvironment (TME), tumor-infiltrating

lymphocytes (TILs) exhibit diverse functional polarizations,

including effector T cells, exhausted T cells, and regulatory T cells

(Tregs), each playing a significant, yet often opposing, role in anti-
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tumor immunity. Effector T cells, primarily CD8+ cytotoxic T

lymphocytes (CTLs) and CD4+ helper T cells, are critical for

directly targeting and eliminating tumor cells through the release

of cytokines such as IFN-g, TNF-a, and IL-2, and the use of

cytotoxic granules containing perforin and granzymes (69).

However, chronic antigen stimulation in the TME can lead to T

cell exhaustion, characterized by the progressive loss of effector

functions, reduced cytokine production, and diminished

cytotoxicity. Exhausted T cells upregulate multiple inhibitory

receptors (IRs), including PD-1, CTLA-4, TIM-3, LAG-3, and

TIGIT, which bind to ligands on tumor cells and antigen-

presenting cells (APCs), impeding T cell survival, expansion, and

function (70). Furthermore, exhausted T cells exhibit diminished

production of effector cytokines, such as IL-2, IFN-g, and TNF-a,
and have impaired cytotoxic activity (70).

The balance between effector T cell activity and suppression by

Tregs is crucial in determining the overall immune response against

the tumor. Tregs, a significant subset of TILs, actively suppress anti-

tumor immunity through various mechanisms (71). These include

the secretion of inhibitory cytokines such as IL-10 and TGF-b,
which suppress the activity of effector T cells, NK cells, and DCs.

TGF-b also induces the development of cancer-associated

fibroblasts (CAFs), increasing extracellular matrix (ECM)

production and deposition, thereby inhibiting effector T cell

migration (71). Tregs express inhibitory receptors such as CTLA-

4, PD-1, TIM-3, TIGIT, and LAG-3, with CTLA-4 inhibiting T cell

activation by outcompeting CD28 for binding to B7 ligands on

APCs. Tregs also disrupt T cell metabolism by expressing high

levels of CD25 (IL-2 receptor), depriving surrounding effector T

cells of IL-2, and by expressing ectonucleotidases CD39 and CD73,

which convert ATP and ADP into adenosine, suppressing effector T

cells (71). Given the opposing roles of effector T cells, exhausted T

cells, and Tregs within the TME, therapeutic strategies aim to

enhance effector T cell function while reversing exhaustion and

suppressing Treg activity to improve cancer immunotherapy

outcomes (70). Targeting molecules involved in Treg function,

such as CTLA-4, can enhance anti-tumor immune responses, and

combining checkpoint inhibitors with other therapies may further

enhance anti-tumor immunity (70).
3.5 Stromal regulation of TIL entry

Effective infiltration of tumor-infiltrating lymphocytes into

solid tumors is not solely determined by immune activation but is

profoundly influenced by the tumor’s stromal architecture. The

expression of endothelial adhesion molecules and the physical

density and composition of the extracellular matrix (ECM)—

primarily shaped by cancer-associated fibroblasts (CAFs)—

constitute formidable barriers to TIL entry and distribution

within the tumor parenchyma.

Adhesion molecules such as ICAM-1 (Intercellular Adhesion

Molecule 1), VCAM-1 (Vascular Cell Adhesion Molecule 1), and E-

and P-selectins are critical for leukocyte rolling, adhesion, and trans

endothelial migration (72, 73). Under physiological conditions,
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these molecules are upregulated in response to inflammatory

cytokines like TNF-a and IFN-g (74).
Once T cells traverse the endothelium, they encounter the

tumor stroma, a dense and fibrous environment composed of

ECM components such as collagen, fibronectin, and hyaluronic

acid. ECM remodeling, often driven by cancer-associated fibroblasts

(CAFs), plays a dual role in both supporting tumor progression and

regulating immune cell access (75). CAFs produce matrix

metalloproteinases (MMPs) that modify the ECM and secrete

chemokines that may either support or hinder TIL movement,

depending on the subtype and inflammatory milieu. Moreover, they

physically compartmentalize the tumor, creating immune exclusion

zones where TILs accumulate at the invasive margins but fail to

infiltrate the tumor core (76). This phenomenon is particularly

characteristic of the immune-excluded phenotype, often observed

in pancreatic and colorectal cancers.

An illustrative example comes from a study in breast cancer

models, where tenascin-C, a matrix glycoprotein secreted by CAFs,

was shown to trap CD8+ T cells in the stroma via its interaction

with CXCL12. This stromal retention depended on TLR4 signaling

and could be reversed by blocking the CXCL12-CXCR4 axis,

restoring T cell migration into the tumor core and enhancing

anti-tumor immunity (77). Such findings underscore the potential

of stromal-targeted therapies to complement immune checkpoint

inhibitors by facilitating T cell access.
3.6 Activation and effector function of TILs
in the tumor microenvironment

The activation of tumor-infiltrating lymphocytes begins not

within the tumor itself but in the tumor-draining lymph nodes

(TDLNs), where naive T cells first encounter antigen-presenting

cells (APCs) that have captured tumor antigens. This initiation

process, known as T cell priming, is highly dependent on dendritic

cell subsets, especially conventional type 1 dendritic cells (cDC1s),

which specialize in the cross-presentation of tumor-derived

antigens to CD8+ T cells (78). Recent studies have elucidated the

central and multifaceted role that cDC1s play in orchestrating both

CD8+ (79) and CD4+ (80) T cell responses, thereby determining

the efficiency and durability of anti-tumor immunity. This dual

capability enables cDC1s to serve as an independent platform for

initiating T cell immunity while simultaneously coordinating the

crucial crosstalk between helper and cytotoxic lymphocytes. CD4+

T cells, in turn, license cDC1s through CD40-CD40L interactions,

enhancing their ability to activate CD8+ T cells, thus forming a

tightly regulated feedback loop that amplifies the anti-tumor

response (81).

The success of this priming process relies heavily on antigen

availability and neoantigen quality. Tumors with high mutational

burden tend to produce more neoantigens—novel peptides do not

present in the normal host proteome—which are more likely to be

recognized as foreign by the immune system. These high-quality

neoantigens improve T cell priming efficacy and are associated with

better responses to immunotherapy. However, tumor cells may
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evade detection by downregulating antigen presentation machinery

or selecting for clones with lower immunogenicity, leading to

immune escape. Moreover, as shown by Nayak et al. (82), the

uptake of heat shock protein–chaperoned peptides by CD91+

cDC1s enables effective presentation of low-abundance tumor

antigens, emphasizing the importance of antigen-chaperoning

mechanisms during early tumor development (82).

However, the balance between immunogenic priming and

tumor-induced tolerance is delicate. In certain anatomical

locations, such as the pancreas or central nervous system, tumors

may escape immune surveillance despite expressing recognizable

neoantigens. This was highlighted by Diamond et al. (83), who

found that pancreatic tumors with high antigenicity still failed to

initiate effective CD8+ T cell responses due to poor cDC1

activation. This “site-dependent immune escape” could be

reversed with CD40 agonists, restoring T cell priming and

expanding the repertoire of tumor-reactive clones through

epitope spreading (83).

Once primed in tumor-draining lymph nodes, tumor-infiltrating

lymphocytes must sustain their activation, expand locally, and carry

out cytotoxic functions within the immunosuppressive and

metabolically hostile tumor microenvironment. It begins with the

engagement of their TCRs with tumor-derived peptides presented on

major histocompatibility complex (MHC)molecules, either by tumor
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cells directly or by intratumoral antigen-presenting cells (APCs). This

recognition event triggers immunological synapse formation

and initiates a cascade of downstream signaling involving

phospholipase Cg1 (PLCg1), Ca²+ flux, calcineurin-NFAT

activation, and ERK/MAPK pathways (84). These signals ultimately

lead to transcriptional activation of genes responsible for cytokine

production (e.g., IFN-g, TNF-a), cytotoxic granule release (e.g.,

perforin, granzyme B), and clonal expansion.

The summary of immune responses in tumor regression and

progression can be seen on Figure 1.
4 Tumor-infiltrating lymphocytes as
prognostic and predictive biomarkers

TILs have gained prominence as prognostic and predictive

biomarkers across various cancers. Their presence, density, and

composition in tumor tissues provide valuable insights into disease

progression and therapeutic response. Standardized detection and

quantification methods are crucial for validating TILs as reliable

biomarkers across diverse populations. The importance of

automated scoring methods in ensuring consistency and

reproducibility in TIL assessments has been emphasized (85).
FIGURE 1

The summary of immune responses in tumor regression and progression. Tumor regression (left side) is driven by CD8, NK and dendritic cells, which
release molecules to target the tumor cells. Tumor progression (right) is driven by an immunosuppressive environment caused by TREGS, MDSCS
and M2, allowing tumor growth.
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In breast cancer, TILs have demonstrated potential as

significant biomarkers. However, heterogeneity in experimental

designs and assessment methods has impeded a complete

understanding of their prognostic value. The need for

standardization in TIL evaluation is underscored by ongoing

discussions regarding their biological and clinical significance

(85). TILs have been extensively studied in HER2-positive breast

cancer, with their presence correlating with various prognostic

implications. A recent review consolidates findings on the

prognostic significance of TILs in this subtype, suggesting their

role in guiding therapeutic decisions. TIL assessment could be

integrated into clinical practice to aid personalized treatment

strategies and improve patient outcomes (86).

Efforts to establish reliable quantification methods for TILs led

to introducing a standardized histological approach in 2014. This

technique evaluates TIL percentages on hematoxylin and eosin

(H&E)-stained slides, allowing for reproducibility across studies

and reinforcing TILs as valid prognostic and predictive markers

(87). While TILs are positively correlated with improved prognosis

and chemotherapy response in triple-negative breast cancer

(TNBC), their role in other breast cancer subtypes remains

complex. Some subtypes show paradoxical associations between

high TIL presence and poorer clinical outcomes, indicating the

influence of tumor biology and immune interactions (88).

Despite TILs’ promising potential, inconsistencies in

assessment methods and the need for standardized evaluation

protocols hinder their clinical application. Further large-scale,

well-controlled studies are essential to refine their role in

oncological prognostication and integrate them into routine

clinical practice. Standardized quantification techniques and

additional immunological factor evaluations could enhance their

utility in personalized treatment approaches (85, 89, 90).

Adoptive cell therapy (ACT) using TILs has demonstrated

durable clinical responses in metastatic melanoma. This approach

involves isolating, expanding, and reinfusing TILs to target cancer

cells effectively. However, ACT remains complex, requiring

extensive research to optimize patient selection and identify

predictive biomarkers (91–94).

Studies have shown that specific lymphocyte subsets influence

TIL therapy responses. Certain phenotypic characteristics of

infused TILs are linked to clinical outcomes, highlighting the

potential for TIL composition to serve as a predictive biomarker

(91). Additionally, prior treatments, such as immune checkpoint

inhibitors, affect TIL therapy efficacy, emphasizing the need for

personalized treatment planning (95).

Peripheral immune biomarkers have also been associated with

TIL therapy responses. Research identifying biomarkers in

peripheral blood suggests potential predictive tools for assessing

treatment success (96). Comprehensive biomarker research is

crucial to refining patient selection criteria and improving TIL

therapy outcomes in metastatic melanoma.

TILs play a vital role as prognostic and predictive biomarkers in

solid tumors. Their density, presence, and immune composition are

significant indicators of tumor behavior and patient outcomes (97, 98).
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4.1 Prognostic significance of TILs

TILs are associated with better survival in several cancers,

including breast cancer, melanoma, and non-small cell lung

cancer (NSCLC) (99–102). A high density of CD8+ cytotoxic T

lymphocytes within tumors is particularly linked to favorable

outcomes, reflecting an active immune response against cancer

cells (97, 103). Recent studies further highlight the prognostic role

of different TIL subsets in specific cancer types. For instance, higher

intratumoral CD4+ and stromal CD8+ counts in breast cancer were

independently associated with improved survival, suggesting their

potential as prognostic biomarkers (104). Similarly, in triple-

negative breast cancer (TNBC), higher levels of TILs were

correlated with prolonged overall survival and disease-free

survival (105).

TILs are a strong prognostic factor in colorectal cancer,

particularly in stage III disease, where a high TIL density was

associated with significantly better disease-free survival (106).

Similarly, in ovarian cancer, the presence and degree of TIL

infiltration were significantly linked to patient survival. They

could be a key factor in identifying patients who might benefit

from immunotherapy.

Additionally, in NSCLC, a meta-analysis of 60 studies found

that patients with higher TIL infiltration had significantly improved

overall survival, particularly among CD8+, CD3+, and CD4+

subtypes (102). These findings emphasize the importance of TIL

density and phenotype as independent prognostic markers across

various malignancies, reinforcing their role in shaping the tumor

immune microenvironment and influencing patient outcomes.

Although high TIL density is often linked to better outcomes in

some cancers (97, 107), this isn’t always consistent across all cases.

TIL prognostic value varies with their phenotype, function, and

spatial context (108, 109). Without considering factors like T cell

exhaustion or the presence of immunosuppressive cells such as

Tregs, simply measuring TIL levels may lead to misleading

conclusions (110).
4.2 Predictive value of TILs

TIL presence in tumors is increasingly recognized as a predictor

of response to immunotherapies, especially immune checkpoint

inhibitors like anti-PD-1/PD-L1 therapies. Tumors with robust

CD8+ T cell infiltration are more likely to respond positively to

these treatments (111, 112). Dynamic interactions between TILs

and tumor cells also influence chemotherapy and targeted therapy

responses, impacting tumor progression and patient outcomes

(113, 114).

In breast cancer, high TIL levels have been shown to predict

response to neoadjuvant chemotherapy, particularly in triple-

negative and HER2-positive subtypes. Patients with high TIL

densities often experience better pathological complete response

(pCR) rates, indicating their role in guiding treatment decisions (86,

87). Additionally, in hormone receptor-positive breast cancer, the
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predictive value of TILs is less pronounced, suggesting the need for

additional biomarkers to refine therapeutic strategies (88).

TIL composition and functionality play a crucial role in

predicting response to immune checkpoint inhibitors for

melanoma. Studies have demonstrated that tumors enriched with

activated CD8+ T cells exhibit better responses to anti-PD-1 and

anti-CTLA-4 therapies, supporting their predictive utility (98, 115).

Moreover, TIL phenotypic markers, such as PD-1 and LAG-3

expression, have been explored as indicators of exhaustion and

therapeutic response (116).

In lung cancer, the predictive value of TILs is increasingly

recognized, particularly in NSCLC. High levels of CD8+ T cells and

their spatial distribution within the tumor microenvironment are

associated with enhanced responses to immunotherapies. PD-L1

expression in conjunction with TIL levels has been used to stratify

patients likely to benefit from immune checkpoint inhibitors

(100, 102).

Colorectal cancer patients with high TIL densities, especially those

with a TH1-polarized immune profile, have demonstrated superior

responses to immunotherapies. Microsatellite instability-high (MSI-H)

tumors, characterized by abundant TILs, show significant sensitivity to

checkpoint blockade therapies, reinforcing the predictive role of TILs in

guiding immunotherapy choices (97, 114).

Overall, TILs are valuable predictive biomarkers across multiple

cancer types, guiding treatment selection and improving patient

outcomes. Further refinement of TIL assessment methodologies

and integration with additional immune markers could enhance

their clinical utility in precision oncology.
5 Limitations and resistance
mechanisms of TIL therapy

TILs, as effectors of the adaptive immune system, can recognize

and destroy malignant cells through their antigen-specific cytotoxic

responses. These lymphocytes originate from the host’s immune

repertoire. They are recruited into the tumor microenvironment,

where they can directly kill tumor cells, produce cytokines such as

IFN-g and TNF-a, and promote broader anti-tumor immunity

(117). The presence of TILs, particularly CD8+ cytotoxic T cells and

certain subsets of CD4+ T helper cells, within the TME is widely

recognized as a favorable prognostic marker across multiple solid

tumors, including melanoma, non-small cell lung cancer, bladder

cancer, breast cancer, and ovarian cancer (118). This strong

correlation with improved clinical outcomes provides the

rationale for adoptive cell therapy using TILs, which involves

isolating and expanding tumor-reactive lymphocytes from patient

tumor samples and reinfusing them after lymphodepletion. TIL

therapy has demonstrated promising results in melanoma,

achieving durable responses in some patients resistant to other

forms of immunotherapy (95). However, this therapeutic strategy

remains limited by both intrinsic and extrinsic barriers that

diminish TIL efficacy in vivo (119).

Intrinsic factors include tumor heterogeneity, loss of neoantigen

expression, and TIL exhaustion due to chronic antigen stimulation.
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Extrinsic barriers are shaped by the immunosuppressive TME,

characterized by regulatory cells (e.g., Tregs, MDSCs, M2

macrophages), inhibitory cytokines (TGF-b, IL-10), metabolic

stressors, and checkpoint ligand expression (e.g., PD-L1, VISTA).

Moreover, poor tumor antigenicity in low-mutational burden

cancers impairs initial T cell priming and recruitment. TILs may

also fail to infiltrate tumors adequately due to physical barriers in

the stroma or a lack of appropriate chemokine signals (120).

Despite ongoing efforts to optimize cell expansion, selection of

tumor-reactive clones, and combination with immune checkpoint

inhibitors or other modulatory agents, many patients still

experience relapse or do not respond to TIL therapy at all. These

failures highlight the need to better understand and therapeutically

modulate the complex interplay between TILs and the TME (121).

Current research is focusing on improving TIL persistence,

overcoming exhaustion, and enhancing tumor infiltration through

genetic engineering and combination strategies.
5.1 Tumor microenvironment phenotypes
and immunological landscapes

The immunological characteristics of the TME are broadly

classified into three phenotypes: inflamed, immune-excluded, and

immune-desert. These phenotypes predict differential responses to

immunotherapy and shape TIL activity (120).

The inflamed TME is typified by abundant infiltration of CD8+

cytotoxic T lymphocytes (CTLs), CD4+ helper T cells, NK cells, and

antigen-presenting cells. These immune cells mediate anti-tumor

activity, but their function is often impaired by immunosuppressive

populations such as regulatory T cells (Tregs), myeloid-derived

suppressor cells (MDSCs), and tumor-associated macrophages

(TAMs) (119). These cells upregulate inhibitory ligands and

secrete immunosuppressive cytokines, contributing to T cell

exhaustion (122).

CD4+ T cell subsets, particularly Th2 and Th17, contribute to

tumor progression by promoting TAM and MDSC recruitment via

IL-4, IL-13, and IL-17-driven pathways (123, 124). However, Th17

cells also display dual roles—exerting anti-tumor effects through

IFN-g and chemokine-mediated recruitment of effector immune

cells (123). Tregs are particularly abundant in the inflamed TME,

suppressing CTL and NK cell activity via surface-bound and

secreting TGF-b and IL-10 (125, 126). Their accumulation

strongly correlates with poor prognosis and resistance to immune

checkpoint inhibitors (ICIs) (127).

In the immune-excluded phenotype, immune cells are retained

in the peritumoral stroma, unable to infiltrate tumor nests due to

physical barriers like dense collagen matrices and an unfavorable

chemokine milieu (128, 129). This exclusion hampers effective T

cell-tumor cell interaction and renders tumors less responsive to

TIL and ICI therapies.

Immune-Desert TME is characterized by the paucity or

complete absence of TILs within both the tumor and surrounding

stroma. Tumors in this category often exhibit low mutational

burden and neoantigen expression, resulting in impaired T cell
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priming and immunological ignorance (130, 131). Deficiencies in

antigen presentation—through HLA I downregulation or b2-
microglobulin mutations—further exacerbate immune evasion

(132). The immune-desert TME also harbors immunosuppressive

cell types like TAMs, Tregs, and MDSCs inhibiting dendritic cell

(DC) maturation and activation (133).
5.2 Key immunosuppressive cell
populations

The tumor microenvironment is heavily infiltrated by

immunosuppressive cells that collectively inhibit the activation,

expansion, and cytotoxic function of tumor-infiltrating

lymphocytes. These cel ls—especial ly tumor-associated

macrophages (TAMs), myeloid-derived suppressor cells (MDSCs),

and regulatory T cells (Tregs)—orchestrate a suppressive network

that interferes with anti-tumor immunity on multiple levels,

contributing significantly to resistance against TIL therapy and

immune checkpoint inhibitors.

TAMs are among the most abundant immune cells within the

TME and exhibit high plasticity, capable of polarizing into two

main functional states: classically activated (M1) and alternatively

activated (M2) macrophages. M1 macrophages play a pro-

inflammatory, anti-tumoral role. They are typically induced by

IFN-g, TNF-a, and microbial products like LPS, and express high

levels of inducible nitric oxide synthase (iNOS), reactive oxygen

species (ROS), and IL-12. M1 macrophages promote tumor

destruction by directly killing tumor cells and by enhancing the

recruitment and activation of cytotoxic CD8+ T cells and natural

killer (NK) cells via secretion of CXCL9, CXCL10, and CXCL11

chemokines (134). They also secrete TNF-a and IL-1b, which
amplify T cell responses and facilitate antigen presentation.

In contrast, M2 macrophages are stimulated by IL-4, IL-10, IL-

13, and glucocorticoids and exhibit a strongly immunosuppressive,

pro-tumoral phenotype. They express arginase-1, CD206, and

secrete high levels of IL-10 and TGF-b, both suppressing T cell

responses. M2 TAMs promote tumor progression by expressing

PD-L1, remodeling the extracellular matrix through matrix

metalloproteinases (MMP2, MMP9), enhancing angiogenesis via

vascular endothelial growth factor (VEGF), and recruiting

immunosuppressive cells such as Tregs. They facilitate epithelial-

to-mesenchymal transition (EMT) and metastasis through

cytokines such as CCL18 and TGF-b (135). Moreover, the ratio

of M1 to M2 macrophages within tumors is increasingly recognized

as a prognostic indicator: high M2 infiltration is correlated with

poor outcomes in many cancers, including breast, lung, and

colorectal cancer (136).

MDSCs are a heterogeneous population of immature myeloid

cells that expand during cancer, inflammation, and infection.

Tumors are differentiated into two main subtypes: monocytic (M-

MDSCs) and polymorphonuclear or granulocytic (PMN-MDSCs).

MDSCs are potent suppressors of both innate and adaptive

immunity. They inhibit T cell receptor signaling and effector

function through multiple mechanisms, including expression of
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arginase-1 (ARG1), inducible nitric oxide synthase (iNOS), and the

production of ROS and reactive nitrogen species (RNS) (137). These

mechanisms collectively deplete L-arginine, nitrate tyrosine

residues on TCR complexes, and downregulate CD3z chain

expression, thereby silencing T cell activation.

MDSCs also impair NK cell cytotoxicity by downregulating

activating receptors such as NKG2D, and suppress DC maturation,

leading to inefficient antigen presentation. Significantly, MDSCs

facilitate the expansion and recruitment of Tregs by producing IL-

10, TGF-b, and by expressing membrane-bound TGF-b (mTGF-b),
further dampening the anti-tumor immune response (138, 139).

Tumor-derived inflammatory cytokines, including IL-6, IL-1b, IL-8,
GM-CSF, and VEGF, support the expansion, survival, and migration

of MDSCs to the tumor site, establishing a chronic state of immune

suppression (140). Elevated MDSC levels in the peripheral blood and

tumors of cancer patients have been associated with poor prognosis

and reduced response to immunotherapy.

Tregs, primarily characterized by CD4+CD25+Foxp3+

expression, are central to maintaining immune homeostasis and

self-tolerance under physiological conditions. However, in the

tumor setting, their expansion is co-opted to suppress anti-tumor

immunity. Tregs accumulate in large numbers within the TME and

exert their suppressive effects via multiple pathways. They secrete

immunosuppressive cytokines such as TGF-b and IL-10, directly

inhibit the proliferation and cytotoxic activity of CD8+ T cells and

NK cells and suppress the maturation and antigen-presenting

capacity of dendritic cells (125).

Treg stability and function are supported by IL-10 and insulin-

like growth factors (IGFs), which also promote the expansion of

MDSCs and the immunosuppressive M2 macrophage phenotype.

These molecular interactions create a feedback loop within the TME

that maintains a state of immune privilege for the tumor (141–143).

High Treg infiltration is consistently associated with poor clinical

outcomes, especially in cancers such as ovarian, pancreatic, and

hepatocellular carcinoma.

Moreover, Tregs express high levels of immune checkpoint

receptors like CTLA-4, PD-1, TIM-3, LAG-3, and TIGIT, and they

can outcompete effector T cells for IL-2, thereby promoting

exhaustion and anergy in TILs (144). Through CTLA-4-mediated

downregulation of CD80/CD86 on antigen-presenting cells and the

delivery of suppressive signals via contact-dependent mechanisms,

Tregs function as key mediators of immune evasion. In addition to

immune suppression, Tregs contribute to tumor angiogenesis by

secreting VEGF and enhancing M2 macrophage polarization.
5.3 Metabolic challenges in the TME

The tumor microenvironment imposes unique and profound

metabolic constraints on tumor-infiltrating lymphocytes,

significantly impairing their effector functions and persistence.

One of the hallmark features of solid tumors is hypoxia, resulting

from the rapid proliferation of cancer cells outpacing their blood

supply. Hypoxic conditions disrupt oxidative phosphorylation in

TILs and lead to the stabilization of hypoxia-inducible factors
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(HIFs), particularly HIF-1a, which alters T cell metabolism toward

a less efficient glycolytic phenotype. While effector T cells also rely

on glycolysis, the simultaneous nutrient depletion within the TME

severely restricts this adaptation (145).

Rapidly dividing tumor cells consume glucose and essential

amino acids such as glutamine, arginine, and tryptophan at a much

higher rate than surrounding immune cells, creating a state of

nutrient scarcity. This competition limits the availability of key

metabolic substrates required for TIL proliferation, activation, and

cytokine production. For instance, glucose deprivation impairs

glycolytic flux and reduces IFN-g production, a key cytokine in

anti-tumor immunity (146). Similarly, arginine deprivation, often

mediated by the enzyme arginase secreted by myeloid-derived

suppressor cells (MDSCs), blocks T cell proliferation and reduces

CD3z expression, which is essential for TCR signaling (147).

Amino acid catabolism is another major mechanism by which

tumors create an immunosuppressive metabolic niche. Indoleamine-

2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), both

upregulated in many tumors and dendritic cells within the TME,

degrade tryptophan into kynurenine. Elevated levels of kynurenine

suppress T cell function by inducing T cell anergy, promoting

regulatory T cell differentiation, and activating aryl hydrocarbon

receptor (AhR)-mediated immunoregulatory pathways. The

depletion of tryptophan itself inhibits mTOR signaling, essential for

T cell metabolism and activation (69).

Furthermore, lactic acid, a byproduct of anaerobic glycolysis

heavily employed by tumor cells (the Warburg effect), accumulates

in the TME and acidifies the extracellular environment.

Acidification inhibits T cell motility, survival, and their ability to

form immunological synapses with tumor cells. It also suppresses

cytotoxic activity and cytokine secretion by effector CD8+ T cells.

High lactate levels have been associated with reduced infiltration

and function of TILs and are now considered a barrier to successful

immunotherapy (148).

Recent studies also highlight how mitochondrial dysfunction in

TILs—caused by oxidative stress, mitochondrial DNA damage, and

impaired biogenesis—contributes to their functional exhaustion. The

energy-depleted, ROS-rich environment within tumors further

promotes the expression of inhibitory receptors such as PD-1, TIM-

3, and LAG-3, reinforcing the exhausted phenotype of T cells and

diminishing their capacity to persist and eliminate tumor cells (149).

To address these challenges, new strategies are being explored,

including metabolic reprogramming of TILs ex vivo, use of

metabolic adjuvants like metformin to enhance mitochondrial

function, and inhibition of enzymes such as IDO or arginase.

These approaches aim to restore metabolic fitness and effector

capacity of TILs and improve the clinical efficacy of adoptive T

cell therapies and checkpoint inhibitors.
5.4 Manufacturing and expansion
limitations

Another major limitation in TIL therapy is the ex vivo

expansion process. Traditional rapid expansion protocols (REPs)
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using feeder cells and high-dose IL-2 often lead to TIL exhaustion

and reduced in vivo persistence (150). Advanced platforms now aim

to address these drawbacks. For instance, CRISPR/Cas9-engineered

TIL products like KSQ-001EX knock out negative regulators such as

SOCS1, enhancing TIL sensitivity to cytokines and promoting

cytotoxic function (151). In preclinical models, these engineered

cells retain a diverse TCR repertoire and show potent anti-

tumor activity.

Similarly, the GT316 TIL product, generated by dual knockout

of GT304 and GT312 via CRISPR/Cas9, exhibited robust tumor

control in vivo with reduced dependence on IL-2 (152). These

innovations in TIL manufacturing represent critical steps toward

improving clinical scalability and durability of responses.

The effectiveness of TIL therapy is fundamentally shaped by the

immunosuppressive forces of the TME, epigenetic and metabolic

barriers, and limitations in manufacturing and cell persistence.

Innovations in gene editing, metabolic reprogramming, and

biomarker-guided personalization are paving the way to enhance

TIL therapy across a broader range of solid tumors. Future

therapeutic success will likely depend on integrating TIL therapy

with combination strategies that target multiple axes of resistance,

from checkpoint inhibition and cytokine modulation to targeting

suppressive stromal and myeloid cell populations.
6 From bench to bedside:
experimental models guiding the
development of next-generation TIL
immunotherapies

The rapid evolution of tumor-infiltrating lymphocyte-based

immunotherapies demands sophisticated experimental models

that faithfully recapitulate the complex interplay between tumor

cells, the immune microenvironment, and therapeutic

interventions. As the clinical relevance of TIL therapy expands

beyond melanoma into diverse solid tumors, there is a pressing

need for robust and translationally relevant platforms to investigate

the biological mechanisms governing TIL recruitment, activation,

persistence, and therapeutic efficacy.

A fundamental challenge in TIL research lies in bridging the gap

between the highly controlled, reductionist nature of in vitro studies

and the intricate, system-wide dynamics observed in human

tumors. To meet this challenge, researchers have developed a

spectrum of model systems—ranging from simple two-

dimensional (2D) cultures to advanced three-dimensional (3D)

organoid-TIL co-cultures and from immunocompetent murine

syngeneic models to humanized mouse systems capable of

supporting human immune-tumor interactions. Each platform

offers unique advantages and limitations and collectively serves as

the foundation for preclinical development, functional validation,

and optimization of next-generation TIL therapies.

In vitro and in vivo experimental models form the backbone of

TIL-based immunotherapy research, each offering distinct

advantages for understanding and optimizing TIL behavior and
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1601773
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kraja et al. 10.3389/fimmu.2025.1601773
therapeutic efficacy. In vitro systems—ranging from traditional 2D

cytotoxicity assays to more advanced 3D tumor spheroids, patient-

derived organoids, and microfluidic or bioprinted devices—enable

controlled, high-throughput analysis of TIL-tumor interactions.

These models allow researchers to dissect mechanisms of

cytotoxicity, immune evasion, chemokine responsiveness, and

drug synergy in a tractable setting. They are particularly valuable

for testing gene edits, evaluating cytokine dependencies, and

profiling functional responses across various tumor types.

In contrast, in vivo models offer a more comprehensive view of

TIL dynamics in a physiologically relevant environment. Syngeneic

mouse models, which preserve immune-competent settings, remain

foundational for assessing murine TIL infiltration, expansion,

memory formation, and therapeutic efficacy. Humanized mouse

models further enable the study of gene-engineered human TILs

and their activity against patient-derived xenografts (PDXs),

providing a critical bridge toward clinical application.

This chapter synthesizes the latest developments in both in vitro

and in vivo platforms used to investigate TIL function, engineering,

and translational potential. Detailing the design, utility, and

limitations of these systems highlights how preclinical modeling

informs the rational development of next generation TIL therapies

and accelerates their progression from bench to bedside in

cancer immunotherapy.
6.1 Advanced in vitro platforms for
modeling TIL–tumor interactions and
optimizing immunotherapy

In vitro models have become essential platforms for studying

tumor-infiltrating lymphocyte (TIL)–tumor interactions under

controlled and reproducible conditions. 2D co-culture systems

remain foundational for rapid, high-throughput TIL-mediated

cytotoxicity and activation assessments. However, they lack the

spatial and biochemical context of in vivo tumors. To address these

limitations, 3D tumor spheroids have gained traction. These models

recapitulate important features of tumor architecture, such as

proliferation gradients, hypoxic cores, and stromal barriers.

Recent studies have shown that 3D spheroids significantly

enhance TIL activation, expansion, and cytotoxicity compared to

2D systems, especially when combined with immune checkpoint

blockade like PD-1 inhibition (153).

Patient-derived organoid (PDO) systems co-cultured with

autologous TILs offer even greater translational relevance.

Platforms like those described by Liu et al. allow tracking of real-

time infiltration and tumor-specific killing in autologous settings,

while also enabling immune-phenotypic analysis and drug response

profiling (154).

Researchers, such as the EVIDENT platform, have developed

microfluidic systems that incorporate dynamic perfusion, oxygen

gradients, and immune cell flow to improve physiological fidelity.

This device allows for real-time imaging of autologous TIL-tumor

fragment interactions and the assessment of immune checkpoint

inhibitor efficacy (155).
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Bioprinted models also present new opportunities for

recapitulating spatial features of the tumor microenvironment

(TME) (156). Flores-Torres et al. employed a multicomponent

hydrogel co-culture tumor-immune model that simulates TIL

migration and functional activation (157). Other studies using

laser-based bioprinting offer precise control over spheroid size

and geometry to fine-tune drug response assays (158).
6.2 Tumor-level preclinical models

Murine tumor models remain the cornerstone for evaluating

the in vivo functionality of engineered tumor-infiltrating

lymphocytes, enabling researchers to assess T cell expansion,

trafficking, persistence, tumor infiltration, and therapeutic efficacy

in an intact immunological environment. Among these, syngeneic

tumor models, in which murine tumors are implanted into

immunocompetent mice of the same genetic background, offer a

robust system for dissecting immune-tumor interactions and

testing next-generation TIL products before clinical translation.

The B16-OVA melanoma model is one of the most widely used

systems for evaluating antigen-specific TILs. It expresses the model

antigen ovalbumin (OVA), which allows for precise tracking of

TCR-specific responses (e.g., OT-I CD8+ T cells) (159). This model

is instrumental in testing variables such as lymphodepletion

regimens, cytokine support (e.g., IL-2, IL-15), and routes of TIL

administration (e.g., intravenous vs. intratumoral).

A landmark study by Wong et al. (160) utilized the B16-OVA

model to evaluate dual-edited TILs with CRISPR-mediated

knockout of Regnase-1 and SOCS1. These two transcriptional

repressors act as intracellular immune checkpoints (160). The dual

knockout resulted in over 3,500-fold increased TIL infiltration,

robust IFN-g production, and complete tumor eradication,

surpassing the performance of single-edited TILs. The engineered

TILs exhibited improved survival, polyfunctionality, and metabolic

fitness within the TME, confirming that simultaneous targeting of

multiple negative regulators could dramatically enhance therapeutic

potency (160).

Beyond B16 melanoma, other models such as MC38 colon

carcinoma (161), and 4T1 breast cancer (162) provide platforms for

evaluating TIL therapy in more immunosuppressive or immune-

excluded environments. These models help researchers assess the

impact of stromal barriers, tumor antigen heterogeneity, and spatial

localization of TILs. Notably, in orthotopic models—where tumors

grow in their tissue of origin—TIL trafficking and local immune

suppression more accurately reflect clinical settings, allowing for

better prediction of therapeutic success.

Recent innovations have also introduced humanized mouse

models, where immunodeficient mice are engrafted with human

tumors and immune cells. These models facilitate the study of

human TILs in vivo and allow direct testing of gene-edited human

TIL products (e.g., PD-1 KO or synthetic TCR-TILs) (163). Such

systems have been essential for optimizing TIL expansion protocols

and validating neoantigen-specific responses prior to initiating

early-phase clinical trials.
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Moreover, tumor rechallenge experiments in murine models are

used to test the formation of T cell memory. Mice that rejected

tumors after adoptive TIL therapy are re-injected with tumor cells

weeks or months later to assess whether long-term immunological

protection has been established (164).

In conclusion, tumor-level preclinical models—particularly

syngeneic and humanized murine systems—are indispensable

tools for advancing TIL therapy. They enable precise functional

dissection of engineered T cells, facilitate biomarker discovery, and

accelerate the translation of next generation TIL products from

bench to bedside.
7 Therapeutic strategies to enhance
TIL recruitment and activation

The therapeutic potential of tumor-infiltrating lymphocyte-

based immunotherapy depends not only on the intrinsic quality

and tumor-reactivity of the infused lymphocytes but also on the

receptiveness of the tumor microenvironment to support their

infiltration, activation, and persistence. Given the numerous

immune barriers posed by solid tumors—ranging from

immunosuppressive cytokines and metabolic stress to stromal

exclusion and checkpoint inhibition—multiple complementary

strategies have been developed to potentiate TIL function. These

include immune checkpoint inhibitors, costimulatory agonists,

innate immune activators, chemokine modulation, and strategies

to normalize tumor vasculature.

One of the foundational pillars of TIL-enhancing strategies is

immune checkpoint blockade. Monoclonal antibodies targeting PD-

1, CTLA-4, and LAG-3 relieve inhibitory signals that contribute to T

cell exhaustion and functional anergy within the TME (165). These

therapies have revolutionized treatment for several cancers by

reinvigorating endogenous and adoptively transferred T cells.

Recent innovations have expanded this paradigm to include

intracellular checkpoints such as Cytokine-Inducible SH2-

containing protein (CISH), a suppressor of TCR signaling. Deletion

of CISH using CRISPR/Cas9 technology has been shown to enhance

TIL sensitivity to tumor neoantigens, boost cytokine secretion (e.g.,

IFN-g), and improve responses to PD-1 blockade in preclinical

models, laying the groundwork for combinatorial strategies that

target both surface and intracellular checkpoints (166).

In parallel, costimulatory receptor agonists—such as anti-4-1BB

(CD137) and anti-OX40—are being investigated to further enhance

TIL expansion and survival following activation (167). These

molecules augment IL-2 production and promote the

development of long-lived effector and memory T cells, thus

improving TIL persistence in hostile tumor environments. The

synergistic potential of combining checkpoint inhibitors with

costimulatory agonists is currently being evaluated in clinical

trials, with early-phase studies showing enhanced T cell

proliferation and improved tumor control (168).

Beyond adaptive immune modulation, innate immune agonists

are gaining traction as tools to reshape the immunological

landscape of tumors and facilitate TIL infiltration. STING
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(Stimulator of Interferon Genes) agonists, such as ADU-S100,

activate cytosolic DNA sensing pathways that drive the

production of type I interferons and chemokines including

CXCL10 and VEGI. Intratumoral administration of STING

agonists has been shown to normalize tumor vasculature, recruit

dendritic cells, and promote the formation of tertiary lymphoid

structures (TLS)—niches that support local T cell priming and

expansion (169). Notably, endogenous STING signaling

upregulates CXCL10 and CCL5 in mismatch repair-deficient

colorectal cancers, facilitating dense CD8+ T cell infiltration.

These findings highlight the therapeutic promise of exogenous

STING activation in otherwise poorly immunogenic tumors (170).

Additional innate immune strategies include oncolytic viruses

and toll-like receptor (TLR) ligands, which stimulate pattern

recognition receptors (PRRs) on tumor and immune cells, leading

to enhanced antigen presentation and immune cell recruitment (171,

172). These agents increase the visibility of tumor cells to the immune

system and create inflammatory conditions favorable for TIL

expansion and effector function. Together, these emerging

approaches illustrate a multi-pronged therapeutic arsenal aimed at

unlocking the full potential of TIL therapy by transforming immune-

cold tumors into immune-active sites primed for T cell–

mediated destruction.
8 Technology driven insights and
emerging directions

Molecular and computational biology advances continuously

transform our understanding of tumor-infiltrating lymphocytes

(TILs) and their application in cancer immunotherapy. Despite

significant strides in current therapies, emerging research avenues

promise to refine further and enhance the efficacy of TIL-based

approaches. This section reviews several key innovations - including

single-cell sequencing, neoantigen targeting, combination therapies,

and biomaterial strategies - and discusses how these technologies

may address current challenges in TIL research and pave the way

for next-generation therapies (Figure 2).

Single-cell RNA sequencing (scRNA-seq) has emerged as a

transformative tool in immuno-oncology by allowing researchers

to profile individual cells within the tumor microenvironment

(TME). This technology has several critical advantages (18). It

enables the identification of diverse TIL subpopulations that may

differ in activation status, exhaustion profiles, or cytotoxic potential

(1). By cataloging these differences, researchers can pinpoint which

subsets are most effective at mediating anti-tumor responses.

Beyond phenotypic classification, scRNA-seq also provides

insights into the dynamic functional states of TILs, including

cytokine production, metabolic activity, and engagement of key

signaling pathways. These insights are crucial for understanding the

mechanisms underlying T cell exhaustion and resistance to

immunotherapy. Furthermore, the high-resolution data generated

by single-cell approaches can inform the development of predictive

biomarkers, aiding in selecting and expanding the most

therapeutically potent TIL subsets for adoptive cell therapy.
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Emerging protocols now combine scRNA-seq with spatial

transcriptomics, enabling researchers to map the spatial

distribution of TILs in relation to other cells in the TME (173).

These advances enhance our understanding of immune cell

dynamics and inform the design of interventions to selectively

enrich for beneficial TIL populations.

Next, neoantigen targeting and combination therapies represent

a transformative avenue for enhancing TIL specificity through

personalized immunotherapies. Neoantigens, tumor-specific

antigens arising from somatic mutations, can activate TILs with

high specificity against cancer cells. Advances in computational

biology have identified patient-specific neoantigens, facilitating the

design of personalized vaccines or adoptive T-cell therapies. Huber

et al. recently reported NeoDisc, an advanced computational

framework designed to identify and predict clinically relevant

antigenic peptides on cancer cells. For this, genomic,

transcriptomic and immunopeptidomic data are integrated to

accurately identify peptides originating from tumor specific

antigens, mutations, oncoviral elements or noncanonical sources.

Hence, a personalized proteome reference is generated for each

individual and their tumor lesions, including annotating such

tumor-specific alterations (174). These approaches aim to

improve the efficacy of TIL-based interventions while minimizing

off-target effects. Of note, integrating TIL-based therapies with

other treatment modalities has shown promise in amplifying

therapeutic efficacy. Combination strategies involving

chemotherapy, radiotherapy, immune checkpoint inhibitors, and

targeted agents can synergistically enhance TIL recruitment,

activation, and persistence within tumors. For instance, immune

checkpoint blockade can alleviate T-cell exhaustion by targeting

inhibitory pathways such as PD-1/PD-L1 or CTLA-4, thereby

boosting the anti-tumor activity of TILs. Similarly, radiotherapy

has been shown to modulate the TME by increasing antigen

presentation and chemokine production, fostering a more

favorable environment for TIL infiltration.
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More than ever, biomaterials represent a promising frontier in

cancer immunotherapy, providing innovative solutions to overcome

the physical and biochemical barriers that limit TIL infiltration and

activity within solid tumors (175). These materials have been shown to

incorporate ECM-driven cues to influence immune cells, fitting into

the 3D architecture and altering or tuning immune cell phenotypes. A

rich set of materials can be engineered to achieve biocompatibility and

deliver immunomodulatory agents, such as cytokines, chemokines, or

small molecules, directly to the tumor site, creating a localized

immune-stimulatory environment. Key examples include

nanoparticle delivery systems, hydrogels and scaffolds designed to

mimic extracellular matrix components that serve as supportive

niches for TIL expansion and persistence within the TME. The TME

is characterized by hypoxia, acidity, high interstitial pressure, and a

dense extracellular matrix, all hindering TIL infiltration and activity.

Biomaterials can be engineered to specifically target these barriers,

helping to normalize the TME and improve immune cell function. For

instance, nanoparticles designed to deliver oxygen or neutralize acidic

conditions can alleviate hypoxia and acidity within tumors, thereby

enhancing TIL activation and cytotoxicity (176). Similarly, biomaterials

that disrupt the dense ECM can facilitate TIL penetration into deeper

tumor regions, improving their access to malignant cells. Hydrogels

infused with CCL21 or CXCL9 have increased lymphocyte migration

into tumors. These biomaterial systems enhance recruitment and

sustain localized immune activation by providing a controlled release

of immunomodulatory agents.

One of the most promising applications of biomaterials is their

ability to reshape the immunosuppressive TME by neutralizing

inhibitory signals or enhancing antigen presentation. For example,

nanoparticles loaded with immune checkpoint inhibitors or

stimulatory cytokines can selectively target tumor-associated

immune cells, reinvigorating exhausted TILs and promoting robust

anti-tumor responses. Additionally, biomaterials can recruit TILs by

delivering chemokines that attract lymphocytes to the tumor site.

Recent studies have demonstrated the potential of biomaterials in
FIGURE 2

Overview of a multifaceted cancer treatment paradigm integrating single cell technologies with diverse therapeutic strategies. High-performance
computing (left) is used to process large-scale single cell data, along the identification of patient-specific neoantigens and the selection of targeted
agents. Conventional therapies, including radiation and chemotherapy, are combined with advanced modalities such as various biomaterials (right).
By uniting data-driven insights with both established and emerging therapies, such a framework may optimize and personalize TIL-based cancer
treatment for improved patient outcomes.
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combination therapies (177). By integrating biomaterial-based

approaches with other modalities, such as chemotherapy or

radiotherapy, researchers aim to enhance TIL recruitment and

activation synergistically. Biomaterial scaffolds combined with

radiotherapy have increased antigen presentation and fostered a

more favorable environment for TIL infiltration (178). These

advancements underscore the versatility of biomaterials in

addressing multiple challenges associated with TIL-based

immunotherapy. Interestingly, Inambar et al. reported a cell-free

polymer implant designed to recruit, genetically reprogram and

expand host T cells at tumor lesions in situ (178) (Table 2).

In summary, the convergence of single-cell technologies,

neoantigen targeting, combinatorial treatment regimens, and

biomaterial innovations is paving the way for the next generation

of TIL-based therapies. These emerging strategies hold significant

promise for refining personalized immunotherapy approaches and

improving outcomes for cancer patients. Of course, reshaping the

TME shall occur with care to minimize the risk of tumor growth

and distant metastasis.
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9 Conclusions

Tumor-infiltrating lymphocytes (TILs) have emerged as a

cornerstone of modern cancer immunotherapy, offering the unique

advantage of harnessing the patient’s own tumor-specific immune

repertoire to target and eliminate malignant cells. Their natural

infiltration into tumors and broad antigen recognition capabilities

position TILs as powerful agents for personalized adoptive cell

therapy. Clinical successes, particularly in metastatic melanoma,

have demonstrated their capacity to induce durable responses—

even in patients refractory to checkpoint inhibitors—thereby

validating the therapeutic potential of TILs in solid tumors (179, 180).

Despite these promising outcomes, TIL therapy faces a complex

array of biological and technical challenges that limit its broader

application. One of the primary barriers lies within the tumor

microenvironment (TME), a highly immunosuppressive landscape

that impedes T cell infiltration, activation, and persistence. Factors

such as stromal exclusion, vascular dysfunction, metabolic

deprivation, and immune checkpoint engagement collectively
TABLE 2 Advancing TIL-based therapies.

Emerging
approach

Key advances Benefits Considerations

Single-
Cell Technologies

High-resolution profiling of individual TILs to identify
distinct subpopulations, functional states, and
cellular interactions.

Enables the identification of TILs
with enhanced cytotoxic activity
and persistence.

Careful analysis required to avoid inadvertently
promoting immunosuppressive subsets or
disrupting beneficial immune-
stromal interactions.

Integration with spatial transcriptomics. Can guide the development of
targeted therapies to reinvigorate
exhausted TILs.

High data complexity. Need for robust
computational tools to analyze and
interpret data

Allows understanding of TIL heterogeneity and
exhaustion mechanisms.

Enhanced biomarker discovery and
patient stratification

Neoantigen
Targeting

Personalized immunotherapies that target tumor-
specific antigens arising from somatic mutations.

Enhances TIL specificity and
minimizes off-target effects, leading
to more effective tumor cell killing.

Requires thorough validation to ensure
neoantigen selection drives robust and specific
anti-tumor immunity, avoiding tolerance or
immune evasion.

Utilizes computational biology to identify patient-
specific neoantigens.

Increased TIL specificity for
tumor cells

Accurate prediction of
immunogenic neoantigens

Next-generation sequencing and
bioinformatic prediction

Personalized immunotherapies
tailored to individual tumor profiles

Rapid, patient-specific manufacturing required

Customized TIL expansion protocols

Combination
Therapies

Integration of TIL-based therapies with other
treatment modalities (chemotherapy, radiotherapy,
targeted agents, immune checkpoint inhibitors)

Synergistically enhances TIL
recruitment, activation, and
persistence within tumors.

Requires careful sequencing and dosing to
maximize synergistic effects while minimizing
toxicity and the potential for promoting tumor
growth or metastasis.

Can overcome immune suppression,
resistance mechanisms and improve
overall efficacy.

Biomaterial
Innovations

Engineering materials (scaffolds, hydrogels,
nanoparticles) to deliver immunomodulatory agents
directly to the tumor site, modulate the TME, and
enhance TIL recruitment, expansion, and function.

Improves TIL infiltration, overcomes
physical and biochemical barriers,
and enhances localized immune
activation within the TME.

Precise control over biomaterial properties and
release kinetics is essential to avoid off-target
effects, excessive inflammation, or unintended
promotion of tumor progression.

Can normalize TME, deliver cytokines, or serve as
supportive niches.
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contribute to TIL dysfunction and exhaustion. Regulatory immune

cells, including Tregs, myeloid-derived suppressor cells (MDSCs),

and M2-polarized tumor-associated macrophages (TAMs), further

shape this suppressive ecosystem by producing inhibitory cytokines

(e.g., TGF-b, IL-10) and depleting key metabolic substrates required

for TIL fitness (119, 181).

Additionally, the intrinsic heterogeneity of solid tumors—

ranging from antigenic diversity to variable mutational burden—

affects the immunogenicity and composition of the TIL pool. In

poorly immunogenic or “immune-cold” tumors, the absence of

chemokine gradients and dendritic cell priming mechanisms leads

to suboptimal TIL recruitment and ineffective priming in tumor-

draining lymph nodes (78, 83). In such cases, therapeutic strategies

that restore chemokine signaling (e.g., CXCL9/10-CXCR3 axis),

enhance antigen presentation, or normalize tumor vasculature are

essential to reinvigorate TIL activity within the TME (48, 169).

To overcome these limitations, researchers have developed a

suite of innovative approaches aimed at boosting TIL recruitment,

effector function, and persistence. These include the use of immune

checkpoint inhibitors (e.g., anti-PD-1, anti-CTLA-4), costimulatory

agonists (e.g., 4-1BB, OX40), and innate immune activators such as

STING agonists and oncolytic viruses. Genetic engineering of TILs

via CRISPR/Cas9 to delete inhibitory regulators like CISH or

SOCS1 has shown promise in preclinical models, leading to

enhanced tumor infiltration, polyfunctionality, and complete

tumor regression (160, 166).

A parallel frontier in TIL therapy advancement is the development

of sophisticated experimental models that replicate the complexity of

human tumors and guide therapeutic optimization. In vitro systems,

including 3D tumor spheroids, patient-derived organoids (PDOs), and

microfluidic tumor-on-a-chip devices, enable precise dissection of TIL-

tumor interactions under controlled conditions. These platforms

facilitate high-throughput testing of cytokine dependencies, gene

edits, and drug combinations in autologous contexts (154, 157).

Meanwhile, in vivo models—particularly syngeneic and humanized

mouse models—offer essential insights into TIL trafficking, memory

formation, and therapeutic efficacy in an immunocompetent setting.

Humanized models further enable testing of engineered TIL products

against patient-derived xenografts, bridging the gap between preclinical

validation and clinical translation (163).

As manufacturing platforms continue to evolve, rapid

expansion protocols and GMP-compliant workflows are refined

to generate potent TIL products at a clinical scale. New-generation

products such as IOV-4001, GT316, and KSQ-001EX reflect a shift

toward genetically enhanced, IL-2-independent, and functionally

robust TILs suitable for broad clinical deployment (182–184).

Moreover, novel in situ TIL therapies—such as local mRNA

delivery of activating ligands—may further streamline treatment

by obviating ex vivo manipulation.

In conclusion, TIL-based immunotherapy represents a rapidly

maturing field that harnesses the adaptive immune system’s natural

specificity and potency to combat cancer. While challenges related

to tumor heterogeneity, immune suppression, and TIL exhaustion

remain, advances in model systems, combination strategies, and

genetic engineering are accelerating the field’s trajectory toward
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broader and more effective clinical application. Integrating

biomarker-driven patient selection, improved manufacturing, and

rationally designed combinatorial regimens is key to unlocking the

full therapeutic potential of TILs in solid tumors.
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