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Tertiary lymphoid structure (TLS) is an ectopic lymphocyte aggregate formed in

peripheral non-lymphoid tissues, including inflamed or cancerous tissue. Tumor-

associated TLS serves as a prominent center of antigen presentation and adaptive

immune activation within the periphery, which has exhibited positive prognostic

value in various cancers. In recent years, the concept of maturity regarding TLS

has been proposed and mature TLS, characterized by well-developed germinal

centers, exhibits a more potent tumor-suppressive capacity with stronger

significance. Meanwhile, more and more evidence showed that TLS can be

induced by therapeutic interventions during cancer treatments. Thus, the

evaluation of TLS maturity and the therapeutic interventions that induce its

formation are critical issues in current TLS research. In this review, we aim to

provide a comprehensive summary of the existing classifications for TLS maturity

and therapeutic strategies capable of inducing its formation in tumors.
KEYWORDS

tertiary lymphoid structure, immunotherapy, cancer treatment, tumor
microenvironment, maturity
1 Introduction

Tumors represent a complex ecosystem, and there may be substantial variations in the

composition and functional status of the tumor microenvironment (TME) across different

tumor categories, intrinsic characteristics, stages, and patient conditions. The TME is a

highly organized system comprising diverse immune cells, tumor-associated fibroblasts,

endothelial cells, and extracellular matrix, with these constituents exhibiting variability

based on tissue types and co-evolving with tumor advancement. Tertiary lymphoid

structures (TLS), previously termed “tertiary/ectopic lymphoid organ/structure” and

“inducible lymphoid organ,” are organized aggregates of immune cells within the TME,

characterized by a central B cell zone encircled by a rich T cell zone, akin to secondary

lymphoid structures (SLO) (1). The composition of TLS is diverse. The primary subset of T
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cells within TLS is CD4+ T follicular helper (Tfh) cells, accompanied

by CD8+ cytotoxic T cells, CD4+ T helper 1 (Th1) cells, and

regulatory T cells (Tregs). CD21+ follicular dendritic cells (FDC)

may also be found in TLS, playing a crucial role in memory B cell

selection within the germinal center. CD83+ mature DC expressing

dendritic cell lysosome-associated membrane protein (DC-LAMP+)

are predominantly situated in the T cell zone. CD68+ macrophages

are sporadically present in some TLS, contributing to the clearance

of apoptotic cells (2). Furthermore, numerous stromal cells

resembling follicular reticular cells in SLO help anchor TLS in

areas of chronic inflammation (3, 4). The peripheral lymph node

address protein (PNAd)-positive high endothelial venules (HEV)

create specialized vasculature for TLS, facilitating lymphocyte

recruitment. Although TLS shares anatomical structure and

function with SLO, there are notable differences between them.

TLS is directly exposed to the TME due to the absence of fibrous

capsules. This allows antigen-presenting cells and lymphocytes to

efficiently and rapidly recognize antigens, avoiding the need to

travel between tumor tissues and SLO (5). SLO is programmed and

orderly formed during embryogenesis, whereas TLS is distributed

locally at sites of inflammation and not present under healthy

conditions (6). Unlike SLO characterized by well-defined T and B

compartments (7), TLS exhibits morphological diversity, ranging

from preliminary mixtures of T and B cell clusters to elaborate T

and B compartment formations including germinal centers (GC).

Many clinical studies have found that TLS is associated with a

good prognosis of cancer patients, and it can also be used as a

predictor of the efficacy of cancer treatment, especially for

immunotherapy (8, 9). TLS has immature and mature state. In

immature TLS, there is scant evidence of inducing effective immune

responses, primarily linked to T cell exhaustion, inflammation, and/

or an immunosuppressed TME (10, 11). B cells within immature

TLS are scarce and typically produce low-affinity antibodies. In

contrast, mature TLS is characterized by the presence of GC

containing BCL6+ B cells, promoting the selective activation and

expansion of B-cell clones. This process facilitates antibody class

switching and somatic hypermutation. The activated B cells in

mature TLS can differentiate into plasma cells that secrete

antibodies of high affinity, demonstrating heightened immune

activity (12). The biological significance of B cell-induced

immune responses in promoting or inhibiting cancer

development is unclear. Some studies have found that when B

cells in the context of TLS, they are associated with better prognosis

and are the core of the anti-tumor effects of TLS (13). Consequently,

there is a growing emphasis on enhancing the anti-tumor immune

response by inducing TLS formation. Notably, various cancer

treatments have been identified as capable of triggering TLS

formation. These include immunotherapy, chemoradiotherapy,

cytokines, agonists, inhibitors, combination therapies, as well as

potential treatments like microbial transplantation and exogenous

vesicle injection. For example, vaccination with the human

papillomavirus (HPV) oncoprotein vaccine and the pancreatic

cancer vaccine induce the formation of TLS (14, 15).

Radiotherapy combined with targeted Tregs therapy improve the

immunosuppressive microenvironment of glioma and induce the

formation of meningeal TLS (16). This review provides a
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comprehensive overview of TLS formation, detection, maturity,

and induction through various cancer treatments, highlighting the

clinical significance of TLS and laying the groundwork for future

anti-cancer therapies that target TLS formation.
2 Formation of TLS

The formation of TLS is a response to chronic inflammatory or

tissue injury irritation and can be divided into three steps: (i)

interaction of lymphoid tissue inducer cells (LTi) and lymphoid

tissue organizers (LTo); (ii) HEV formation and immune cells

recruitment ; ( i i i ) T/B compartmental izat ion and GC

formation (Figure 1).

Leukocytes attract by chronic inflammation or tissue damage

release interleukin 13 (IL-13), IL-17, and IL-22, induce stromal cells

activated adjacent to inflammation (4). Stimulated stromal cells and

lymphocytes then secrete CXC-chemokine ligand 13 (CXCL13), IL-

7, and vascular endothelial growth factor (VEGF)-A, which induce

LTi cell recruitment (17). LTi cells or other immune cells, including

innate lymphoid cells 3, IL-17-producing T helper (Th17) cells,

effector CD8+ T cells, B cells, and M1 macrophages, have the

potential to initiate TLS formation by interacting with

lymphotoxin beta receptor (LTbR) and tumor necrosis factor

receptor 1 (TNFR1) on LTo cells/stromal cells through LTa1b2
and Tumor Necrosis Factor (TNF) (18). This interaction promotes

LTo cells to produce adhesion molecules such as VEGF-C, vascular

cell adhesion molecule 1, intercellular adhesion molecule 1, and

peptide nucleic acids (PNAs), as well as chemokines such as IL-7,

CC-chemokine ligand 12 (CCL12), CCL19, CCL21, and CXCL13.

These factors play a key role in the formation of HEV and the

recruitment of immune cells. For example, VEGF-C and IL-7

promote the transition of the endothelial vascular system from

flat to high endothelium (19). T and B cell compartmentalization

occurs as a result of specific recruitment by cytokines like CXCL12,

CXCL13, CCL19, CCL21, and LTa1b2 (20). In the GC, the

segregation into dark and light zones is guided by CXCL12 and

CXCL13 (21). IFN-g triggers B cell activation by upregulating

BAFF, APRIL, and IL-6 (22). CXCL13 induces B cells to

differentiate into antibody-producing cells, while IFN1 recruits

CXCR5+ B cells and promotes the development of Tfh cells (23).

Subsequently, Tfh cells interact with B cells through ICOSL/ICOS,

CD40/CD154, CD30/CD153 interactions, driving isotype

switching, affinity maturation, and B‐cell differentiation (21, 24).
3 Detection of TLS

It is important to find effective and reliable predictors for early

detection of TLS. The detection of TLS predominantly relies on

pathological diagnosis, including Hematoxylin and Eosin (HE)

staining, Immunohistochemistry (IHC), and Immunofluorescence

(IF) (25). The detection of TLS predominantly relies on pathological

diagnosis, including Hematoxylin and Eosin (HE) staining,

Immunohistochemistry (IHC), and Immunofluorescence (IF)

(25). Immunostaining stands as the foremost method for
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identifying TLS. HE staining is widely accepted for the detection of

TLS due to its simplicity and affordability, but it is easy to cause

misjudgment owing to its limited detail or insufficient information.

IHC and IF techniques are employed to qualitatively identify TLS

by staining specific markers expressed by immune cells within TLS

(26). These techniques also facilitate the analysis of cellular

composition and maturation of TLS. Based on these techniques,

multiple immunofluorescence has been developed to further

analyze the spatial structure of TLS and enable simultaneous

detection and visualization of multiple target proteins in a single

sample, providing the possibility to observe spatial conformation

and cellular interactions (27). Worth noting, false negative results

can arise from the failure to collect tumor tissue or when dealing

with atypical samples.

The gene signature associated with TLS provides more objective

evidence compared to morphological observation for the TLS

detection. The 12-chemokines signature (CCL2, CCL3, CCL4,

CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11,

and CXCL13) contains genes encoding myeloid, T cell attractants,

and B cell attractants, and has been utilized to detect TLS in human

colorectal cancer, melanoma, hepatocellular carcinoma, and breast

cancer. This signature is the most widely used biomarker and is

employed to detect all types of TLS (28). CXCL13 is recognized as a

straightforward transcriptomic marker (29, 30). Spatial

transcriptomics found a 29-gene TLS imprint signature enriched

with immunoglobulin genes, plasma cell genes, and T cell markers.

It characterizes mature TLS, where B cell maturation towards

plasma cell takes place (31). Additionally, other signatures

including a 9-gene signature, an 8-gene Tfh signature (32), a Th1/
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B cell signature (33), and a plasma cell signature-TNFRsf17 (3) can

also be utilized for TLS detection (Table 1).

Spatial transcriptomics and spatial proteomics offer valuable

insights into spatially resolved gene expression and protein

localization within complex biological systems, enabling a deeper

understanding of cellular heterogeneity, tissue architecture, disease

mechanisms, and potential therapeutic interventions (35).

Continued advancements in these technologies paved the way for

a deeper understanding of TLS, and hold great promise for

accelerating biomedical research and precision medicine initiatives.

Nowadays, the identification and classification of TLS rely on

manual detection, which is an empirical and potentially inaccurate

process that is also time-consuming. Relying on artificial

intelligence technology to detect TLS instead of manual detection

has attracted great attention. In particular, computer learning

programs that rely on traditional HE staining images have been

developed and have demonstrated the ability to automatically

detect, count, and classify TLS in gastrointestinal cancers and

lung adenocarcinomas with high accuracy (36, 37).
4 Clinical value of TLS

Tumors-TME is classified into three types: infiltrated, excluded

and desert phenotypes. The desert subtype is characterized by a

scarcity of CD8+ T cells. The key distinction between the infiltrated

and excluded subtypes lies in the spatial distribution of CD8+ T

cells. In the infiltrated subtype, CD8+ T cells are located within the

tumor epithelium, whereas in the excluded subtype, they are located
FIGURE 1

Formation of tertiary lymphoid structure. The formation of tertiary lymphoid structure (TLS) is a response to inflammatory stimulation mediated by
different cytokines, and it can be divided into three steps: (i) interaction of lymphoid tissue inducer cells (LTi) and lymphoid tissue organizers (LTo); (ii)
high endothelial venules (HEV) formation and immune cells recruitment; (iii) T/B compartmentalization and germinal centers (GC) formation. Created
with BioRender.com.
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within the tumor stroma (38). TLS tends to occur in dispersed and

structured TME. Previous studies on the association between TLS

and tumor prognosis have produced conflicting results, with tumor-

promoting or tumor-inhibiting effects (39–41). Nevertheless, an

important consistent finding emerged when considering the

maturity of TLS: mature TLS was found to be associated with

better prognosis in various solid tumors (42).

Studies that solely examined the spatial distribution of TLS

within tumors, without taking into account their maturity, have

yielded different findings. For example, in non-metastatic colorectal

cancer, high-density peritumoral TLS was positively associated with

improved recurrence-free survival and overall survival (OS), and

was an independent and favorable prognostic factor for patients,

while there was no correlation in intratumoral TLS (43). In two

independent cohorts of hepatocellular carcinoma patients,

peritumoral TLS demonstrated a strong association with a

favorable prognosis. Tumors exhibiting high-density peritumoral

TLS exhibited significantly higher percentages of CD3+, CD8+ and

CD20+ cells, while showing decreased percentages of forkhead box
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P3+, CD68+ and programmed cell death 1 (PD1+) cells in the TME

(44). However, studies of other cancers such as intrahepatic

cholangiocarcinoma, colorectal cancer, breast cancer,

hepatocellular carcinoma, and cholangiocarcinoma have shown

that intratumoral TLS was positively associated with better

clinical outcomes, while peritumoral TLS was linked to a worse

prognosis (45–48). These findings contradict the earlier

conclusions. With an increased understanding of TLS, attention

has been directed toward the maturity of TLS, revealing that mature

TLS is linked to better cancer prognosis (49).

In a large retrospective analysis of 540 patients with different

types of cancer patients treated with PD1/PD-L1 blockade, it was

observed that the presence of mature TLS was significantly

correlated with improved objective response rate, progression-free

survival, and OS. This association was found to be independent of

PD-L1 expression levels and the number of CD8+ T cells (50). In

Epstein-Barr virus-associated gastric cancer, the presence of

intratumoral mature TLS serves as an independent predictor of

OS and is associated with a favorable response to neoadjuvant

chemotherapy and anti-PD-1 therapy (51). Besides, the maturity of

TLS can be affected by tumor type, location, primary or metastatic

status, etc. For example, TLS in primary melanoma is in an

immature state lacking GC and mostly located within the tumor.

On the contrary, TLS in metastatic melanoma is primarily located at

the tumor periphery with visible GC (52). In urothelial cancer, TLS

located in the superficial layer of the urethral mucosa appear as a

structureless lymphocyte aggregates, whereas the deep layer TLS

exhibit a more mature state of follicular structure (53).

In conclusion, prior research has reported contradictory effects

of TLS in various types of tumors, possibly due to the oversight of

TLS maturity. Recent studies have consistently indicated that

mature TLS is correlated with improved prognosis in cancer

patients. This suggests that future investigations pertaining to TLS

should prioritize the assessment of TLS maturity.
5 Maturity of TLS

Mature TLS exhibits cellular aggregates characterized by

follicular structures housing GC, thereby demonstrating enhanced

immune functionality. HEV represents specialized vessels within

mature TLS, facilitating the transport of lymphocytes. Additionally,

the induction of FDC within mature TLS is mediated by LT and

TNF, promoting the development of B cell-rich regions (6).

Currently, the criterion for TLS maturity is the formation of GC,

which is identified by specific morphological and molecular

characteristics. GC is a dynamic region with a network of CD21+/

CD23+ FDC and B-cell lymphoma 6 protein (BCL6)+ CD20+ B

cells, primarily involved in B cell activation, proliferation, and

differentiation during immune response (27, 30, 31). If the GC

structure was clearly visible under HE, it was considered to be

mature TLS (54); otherwise, it required to further identification of

CD21+/CD23+ FDC and BCL6+ CD20+ B cells in GC by IHC and

IF (Figure 2).

Initially, CD21 positivity on FDC was thought to indicate GC

formation (51, 55, 56). However, subsequent studies have shown
TABLE 1 The gene signature of tertiary lymphoid structure.

Signature
genes

Genes Method Refs

12-
chemokines
signature

CCL2, CCL3, CCL4, CCL5,
CCL8, CCL18, CCL19, CCL21,
CXCL9, CXCL10,
CXCL11, CXCL13

mRNA
microarray
analysis

(28)

9-
chemokines
signature

PTGDS, RBP5, EIF1AY, CETP,
SKAP1, LAT, CCR6,
CD1D, CD79B

RNA-
seq analysis

(34)

Tfh
cell signature

CXCL13, CD200, FBLN7, ICOS,
SGPP2, SH2D1A,
TIGIT, PDCD1

qRT-PCR (32)

Th1/B
cell signature

CD4, CCR5, CXCR3, CSF2,
IGSF6, IL-2RA, CD38, CD40,
CD5, MS4A1, SDC1, GFI1, IL-
1R1, IL-1R2, IL-10, CCL20,
TRAF6, STAT5A

mRNA
microarray

(33)

Plasma
cell signature

TNFRSF17, IGJ NanoString
gene
expression
analysis

(3)

CXCL13 CXCL13 RNA-
seq analysis

(29,
30)

TLS
imprint
signature

IGHA1, IGHG1, IGHG2,
IGHG3, IGHG4, IGHGP, IGHM,
IGKC, IGLC1, IGLC2, IGLC3,
JCHAIN, CD79A, FCRL5,
MZB1, SSR4, XBP1, TRBC2, IL-
7R, CXCL12, LUM, C1QA, C7,
CD52, APOE, PTLP, PTGDS,
PIM2, DERL3

spatial
transcriptomic
analysis

(31)
CCL, CC- chemokine ligand; CCR5, CC- chemokine receptor 5; CSF2, colony- stimulating
factor 2; CXCL, CXC- chemokine ligand; CXCR3, CXC- chemokine receptor 3; FBLN7,
fibulin 7; ICOS, inducible T cell co- stimulator; IGSF6, immunoglobulin superfamily member
6; IL, interleukin; IL-1R, interleukin-1 receptor; SDC1, syndecan 1; SGPP2, sphingosine-1-
phosphate phosphatase 2; SH2D1A, SH2 domain- containing protein 1 A; STAT5A, signal
transducer and activator of transcription 5A; TFH cell, T follicular helper cell; TH cell, T
helper cell; TIGIT, T cell immunoreceptor with Ig and ITIM domains; TLS, tertiary lymphoid
structure; TNF, tumour necrosis factor; TNFRSF, tumour necrosis factor receptor superfamily
member; TRAF6, tumour necrosis factor- receptor-associated factor 6.
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decreased CD21 expression on FDC and increased CD23

expression with TLS maturation (12). Based on this, TLS has

been divided into three stages of maturity: i) early TLS,

characterized by dense lymphocytic clusters devoid of FDC and

GC, and negative expression of CD21 and CD23; ii) primary

follicle-like TLS, which consists of dense lymphocytic aggregates

with a CD21+ FDC network but negative CD23 expression; iii)

secondary follicle-like TLS, denoting the mature stage of TLS with

active GC and CD21+CD23+ FDC (57). This classification reflects

the maturation process of TLS, with only secondary follicle-like TLS

considered mature due to the presence of GC. Therefore, some

researchers have simplified the classification into “mature” and

“immature” states based on CD23 positivity observed through IHC/

IF (58). Besides, CD23 staining alone was more sensitive than

CD20/CD23 dual staining for TLS detection (59).

Other researchers have defined the maturation stage of TLS by

detecting markers linked to selective expansion and affinity

maturation on B cells in GC, such as BCL6, Activation-induced

cytidine deaminase, and Ki67 (8, 60). For example, Meylan et al.

defined mature TLS as the presence of CD23+ FDC, BCL6+ GC-B

cells, and PNAd+ HEV, whereas immature TLS had only CD20+ B

cells, none of the above mentioned (31). Additionally, TLS maturity

was assessed based on the abundance of DC-Lamp+ cells. TLS with

a high density of DC-Lamp+ cells (≥1.5 cells/0.04 mm2) are

classified as mature TLS, while TLS with a low density of DC-

Lamp+ cells (<1.5 cells/0.04 mm2) are considered immature TLS

(61). In summary, when the GC structure cannot be observed under

HE, further evaluation of the critical cells involved in GC, such as

CD21+/CD23+ FDC and BCL6+ CD20+ B cells, is necessary using

IHC and IF techniques. Nevertheless, it remains unclear which of

these cell types is more sensitive and specific in representing GC,

requiring further investigation (Table 2).

Furthermore, the maturity of TLS can be determined through

genomic or transcriptomic data analysis. A 29-gene TLS signature,

enriched with immunoglobulin genes and plasma cell-related genes

that reflect the B cell differentiation into plasma cells, has been

utilized to identify the presence of mature TLS (31). Ahn et al.

observed elevated levels of 13 proteins (CYRIA, ENG, GPI, HLA-A,

LIMA1, LRBA, LST1, MCAM, MGLL, NID1, NME2, PIK3R1, and

STARD7) in mature TLS compared to immature TLS in
Frontiers in Immunology 05
hepatocellular carcinoma, suggesting their potential as markers of

TLS maturity (72). Future research should focus on exploring gene

or transcriptomic data that can accurately assess the maturity of

TLS. This avenue of investigation holds promise for enhancing our

understanding of TLS development and function.
6 Induction of TLS

TLS has been found to be induced by different cancer

treatments, and it was associated with prognosis and drug efficacy

in most solid cancers. Consequently, it is crucial to understand the

effect of treatment on TLS formation and function. Here, we

compiled a summary of treatment methods capable of inducing

TLS formation as follows (Figure 3).
6.1 Immunotherapy

Immunotherapy, including cancer vaccine, immune checkpoint

inhibitors (ICI), oncolytic virotherapy, and chimeric antigen

receptor T cell therapy (CAR-T), aims to enhance the immune

response for improved antitumor immunity. TLS, an aggregate of

immune cells in the TME, has been found to be induced after

immunotherapy, especially after the vaccine. Maldonado et al.

found that after intramuscular injection of a therapeutic vaccine

targeted against HPV16E6/E7 antigen, a large number of T and B

cells accumulated in the cervical interstitium of patients with

cervical cancer, resulting induction of immune cell aggregates

known as TLS (14). Similarly, intratumoral TLS was formed in

85% of patients with pancreatic cancer after administering an

irradiated allogeneic vaccine secreted by granulocyte-macrophage

colony-stimulating factor for pancreatic ductal adenocarcinoma

(PDAC) and its presence improved the immunosuppressive state

characteristic of PDAC (15). Incomplete Freund’s adjuvant, a

commonly used adjuvant, was employed to amplify the immune

response elicited by vaccines (73). Repeated administration of

peptide vaccines formulated with incomplete Freund’s adjuvant

could enhance the Th1-dominated immune response and improve

immunogenicity. This effect has been associated with increased
FIGURE 2

Maturity classification of tertiary lymphoid structure. The defining criterion for mature tertiary lymphoid structure (TLS) is germinal centers (GC)
formation. It can be further classified according to morphology or follicular dendritic cells (FDC)/GC-B cell markers. Created with BioRender.com.
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CD40L expression on CD4+ T cells, accumulation of mature DC,

and upregulation of TLR adaptor protein expression. More

importantly, it was reported to triggered TLS formation in

melanoma patients (74).

Some functional research has supported the phenomenon of the

induction of TLS by immunotherapy in clinical practice. In a glioma

mouse model, TLS can be triggered near the meninges by systemic

delivery of aCD40 in a CD11b+ B cell-dependent manner, which is

expected to improve the immunosuppressive TME of glioma (75).

In B16-OVA mice, treatment with either anti-PD-L1 monotherapy
Frontiers in Immunology 06
or combined anti-cytotoxic T lymphocyte antigen 4(CTLA-4) and

anti-PD-1 therapy resulted in a substantial increase in the

abundance and dimensions of TLS. These treatments were found

to increase the number of T cells in TLS, potentially inducing the

alterations of the cellular architecture of TLS. Notably, TLS had a

more apparent cellular zone and GC with bright and dark zones

after receiving ICI treatment, representing a more mature stage of

TLS being induced (76, 77). The introduction of new materials can

better assist vaccines to induce the formation of TLS. An

immunomodulator-loaded porous 3D scaffold vaccine was able to
TABLE 2 Maturity classification and markers of tertiary lymphoid structure.

Representative
marker of GC

Tumor types Auxiliary markers Prognostic
factors.

Species Refs

HE ESCC N.A. Presence Human (54)

OSCC IHC: CD20, Ki67, CD21, CD4, LAMP3, CD8 Maturity Human (62)

CD21 EBVaGC IF: CD20, CD21, CD4, CD8, FOXP3 Location
and maturity

Human (51)

HGSC IHC: CD20, CD4, CD8, CD21, CXCL13 Presence Human (55)

cSCC IHC: CD20, CD3, CD8, MECA79, CD21 Presence Human (56)

CD23 Colorectal cancer IF: CD3, CD20, CD21, CD23, CCL21, CXCL13 Maturity
and density

Human (57)

LSCC IHC: CD3, CD20, CD21, CD23, BCL2, BCL6
IF: CD3, CD20, CD23, CD21, PNAd, DC-
LAMP, CXCL13

Density Human
and mice

(63)

LSCC IHC: CD20, CD21, CD23 Maturity Human (64)

ESCC IF: CD1c, CD23, CD4, CD8, CD19, CD21,
CD138; IHC: CD21, CD23

Density Human (65)

CCA IHC: CD23, CD21, CD3, MECA-79, CD20,
CD68, CD56

Location Human (48)

Digestive tract cancer IF: CD20, CD21, CD23, CD4, CD8, CD3, DC-
LAMP, IgD, CXCR5, CD38, Podoplanin, AID,
Bcl6, CD68, CD138, CD31, CD34, Ki67

N.A. Human (66)

CMM IF: CD20, CD21, CD23, CD8, Ki67, PNAd Presence Human (67)

Carcinomas and sarcomas IHC: CD20, CD23 N.A. Human (59)

UC IF: PNAd, CD3, CD21, CD20, CD23, DC-LAMP Presence Human (68)

Solid tumors IF: CD20, CD23, CD21, CD4, CD8; IHC:
CD3, CD20

Maturity Human (50)

EC IHC: CD23, CD20, CD4, CD8, CD38 Maturity Human (58)

ESCC IHC: CD20, CD21, CD23, CD8, CD3, PNAd Maturity Human (69)

BCL6 Lung Adenocarcinoma IF: CD3, CD4, CD20, CD21, Bcl6 Maturity Human (70)

BCL6 + AID PDAC Human: IF: CD20, CD3, PNAd, CD21, BCL6,
B220, AID, CD4, CD8, TIA, DC-LAMP; IHC:
CD20, CD4, CD8, TIA, DC-LAMP, CD21, BCL6
Mice: IF: CD3, CD21, B220

Presence Human
and mice

(60)

Ki67 NSCC IHC: DC-LAMP, CD8, Ki67, CD20 Density Human (71)

CD23 + BCL6 + PNAd RCC IF: CD23, CD20, BCL6, PNAd Presence Human (31)

DC-LAMP lung adenocarcinoma IHC: CD3, CD20, DC-LAMP Maturity Human (61)
AID, cytidine deaminase; FOXP3, forkhead box P3; BCL, B-cell lymphoma 6 protein; HE, hematoxylin and staining; IHC, immunohistochemistry; IF, immunofluorescence; DC, dendritic cells;
PDAC, pancreatic ductal adenocarcinoma; OTSCC, oral tongue squamous cell carcinoma; LSCC, Lung Squamous Cell Carcinoma; ESCC, oesophageal squamous cell carcinoma; CCA,
cholangiocarcinoma; CMM, Cutaneous melanoma metastases; UC, urothelial cancer; EBVaGC, Epstein-Barr virus-associated gastric cancer; EC, endometrial cancer; OSCC, oesophageal
squamous cell carcinoma; PC, Pancreatic Cancer; NSCC, non-small cell lung cancer; RCC, renal cell cancer; HGSC, high-grade serous ovarian cancer; cSCC, cutaneous squamous cell carcinoma.
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better recruit numerous immune cells to form TLS and enhanced

anti-tumor effects of ICI in melanoma mice (78).

In conclusion, researchers have observed that TLS can be

formed in response to immunotherapy, but the specific

mechanisms need to be further studied.
6.2 Cytokines

Exogenous administration and endogenous production of TLS-

related cytokines have been reported to efficiently induce the

formation of TLS, the most common of which are LIGHT and

CXCL13. LIGHT, a TNF member expressed on activated T cells,

interacts with HVEM and LTbR receptors. Binding to HVEM

provides a co-stimulatory signal to T cells, while binding to LTbR
promotes cytokine secretion and immune cell recruitment,

contributing to TLS formation (79). LIGHT-vascular targeting

peptide, delivering mouse LIGHT protein to tumor blood vessels,

induced TLS formation, normalized tumor vascularity, suppressed

tumor growth, and prolonged mouse survival. Addition of the Tag-

Cpg-ODN vaccine enhances anti-tumor therapy efficacy (80). In

PDAC mice, an anti-fibroblastic protein nanoparticle encoding

LIGHT inhibited abnormal collagen secretion by fibroblasts,

facilitating cytotoxic T lymphocyte recruitment, normalizing

tumor vasculature, stimulating chemokine expression, and

inducing intratumoral TLS (81). Transfection of LIGHT-
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overexpressing lentivirus into 4MOSC1 cells, followed by

sublingual injection into HPV-head and neck squamous cell

carcinoma mice, induced TLS formation and reduced tumor

progression compared to the empty vector transfection group

(82). Systemic administration of LIGHT through brain

endothelial cell-targeting adeno-associated viral vectors induced

HEV and T cell-rich TLS, decreased T cell exhaustion, and

enhanced the presence of stem-like T cells in TLS. It also

extended the survival of mice with PD-1 blocking-resistant

glioma (83). Co-expression of LIGHT CAR-T cells enhanced

efficacy by promoting immune cell aggregation and TLS

formation. Transfer of humanized LIGHT-overexpressing OT-1 T

cells into B16F10-OVA mice results in increased infiltration of T

cells, DC, and B cells in tumors, the formation of highly vascular

endothelial venules, significant tumor inhibition, and prolonged

survival (84).

CXCL13 plays a crucial role in the initiation and maturation of

TLS. Its secretion is influenced by the maturation stage of TLS. RNA

ISH staining of high-grade serous ovarian cancer revealed that

CXCL13 was predominantly secreted by CD4+ T cells in immature

state, and FDC in mature state (55). A spongiform collagen scaffold

with slow-release gel beads containing LTa1b2, CCL19, CCL21,
CXCL12, CXCL13, and soluble RANK ligand promoted TLS

formation and induced antigen-specific secondary immune

responses (85). Transplantation of these induced TLS resulted in

a robust and persistent antigen-specific humoral response,
FIGURE 3

The induction of tertiary lymphoid structures. Cancer treatments promote the formation of tertiary lymphoid structures (TLS) mainly including
immunotherapy, chemoradiotherapy, injection of TLS-associated cytokines and chemokines, activation of TLS-associated proteins and signaling
pathways and some potential therapeutic approaches such as microbial transplantation and exogenous vesicle injection. Created with
BioRender.com.
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particularly in severe combined immunodeficiency mice, with

functional B cells present (86). Concurrent intratumoral injection

of CXCL13 and CCL21 increased the influx of CC-chemokine

receptor 5 (CCR5)-expressing B and CCR5/CCR7-expressingT

cells in the TME, inducing TLS formation and resulting in

reduced tumor progression in PDAC mice (60). Additionally,

intraperitoneal injection of recombinant CXCL13 induced TLS

formation and extended survival time compared with PBS-treated

ovarian cancer mice (55). Intraperitoneal injection of CXCL13 also

enhanced the anti-tumor effect of anti-PD-1 treatment depending

on the infiltration of CXCR5+ CD8+ T cells in high-grade serous

ovarian cancer mice (87).

Furthermore, other cytokines have been reported to induce TLS

formation. IL-7 plays a crucial role in the formation and maturation

of TLS and can be used as an adjuvant to enhance the efficacy of

vaccines. IL-7 adjuvanted vaccine caused overexpression of

chemokines, enrich DC, macrophages, natural killer cells, B cells,

and T cells in the lamina propria of the monkey vagina, and further

induced the formation of TLS (88). Transforming Growth Factor-b
downregulated the expression of Satb1 on CD4+ T cells, promoting

Tfh cell formation and derepressing ICOS expression and T

follicular regulatory cell development. Additionally, the cytokine-

rich tumor microenvironment generated by Tfh cells was adequate

to induce TLS formation in ovarian tumors in situ (89). IL-15,

delivered through an oncolytic adenovirus, stimulated the

proliferation and infiltration of DC, T cells, and natural killer

cells in the TME. This cytokine activation also facilitated the

normalization of tumor vasculature and the formation of TLS by

activating the STING-TBK1-IRF3 pathway in DC (90). Non-

replicating adenoviruses encoding mTNFa and mIL-2 could

initiate gene signatures associated with TLS and GC formation,

and significantly enhanced the humoral response in anti-PD-L1/

anti-PD-1 refractory head and neck cancer (91). Intratumoral

injection of IL-6-secreting DC has been shown to induce TLS

production and effectively inhibit tumor progression in

melanoma mice (92).
6.3 Agonists and inhibitors

The activation or inhibition of immune-related signaling

pathways may cause immune cell aggregation and TLS formation,

contributing positively to tumor immune surveillance and

clearance. Intermittent administration of PI3Ka/b/d inhibitors

(BAY1082439) induced the clonal proliferation and anti-

inflammatory phenotype in CD8+ T cells, and the formation of

intratumoral TLS. The sustained anti-tumor effect of CD8+ T cells

after drug withdrawal was likely related to the formation of TLS, as

indicated by a large number of BrdU+ CD8+ T cells were present in

TLS and a positive correlation between TLS score and CD8A

expression in BAY1082439-treated TEN-null prostate cancer (93).

Toll-like Receptor 9 (TLR9) is a receptor known for its ability to

trigger the innate immune response. TLR9 agonists can activate

plasmacytoid dendritic cells, leading to the recruitment of a large

number of CD8+ T cells, DC, and the production of nearby

antibodies through the generation of substantial amounts of IFN-
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a and other cytokines (94). Stimulator of interferon genes (STING),

a pivotal signal transduction molecule in the innate immune

response, can be activated by cytoplasmic DNA from pathogens

and hosts. This activation leads to the secretion of IFN-1 and pro-

inflammatory cytokines, thereby bolstering the anti-tumor immune

response. Intratumoral injection of ADU S-100, a STING agonist,

promoted tumor vascular normalization and TLS formation in

B16F10 melanoma mice. This effect was connected with the

upregulation of TLS-induced cytokines (CCL19, CCL21, LTa,
LTb, and LIGHT) and DC maturation facilitated by ADU S-100

(95). STING and TLR9 pathways-activating hydrogel loaded with

CpG, Zn+, and CSNPs promoted the secretion of CXCL13, CCL19

and CCL21, initiating the development of HEV and the formation

of TLS. It caused the increased of CD4+ T cells, CD8+ T cells, CD20+

B cells and M1-type macrophages and the decrease of Tregs, M2-

type macrophages and myeloid-derived suppressor cells in the TME

of melanoma mice (96). The nano-vaccine, consisting of Epstein-

Barr virus nuclear antigen 1, CpG, and Mn2+, activated the STING

and TLR9 pathways. It potently activated T cells, B cells and DC,

and induced HEV formation. Furthermore, the nano-vaccine

promoted the secretion of CCL19, CCL21 and CXCL13 in the

TME, triggering intratumoral TLS formation, and markedly

prolonging the survival time of nasopharyngeal carcinoma mice

(97). Therefore, the activation of STING and TLR9 pathways can

induce HEV development and TLS formation, remodel the TME,

and enhance antitumor immune responses.
6.4 Chemotherapy

Chemotherapy employs chemical drugs to eradicate tumor cells

and impede their growth and proliferation. The anti-tumor effects

of chemotherapy encompass interference with DNA synthesis and

cell division, induction of apoptosis, and enhancement of the

immune system (98). Chemotherapeutic agents are categorized

into immunogenic cell death (ICD) and non-ICD types based on

their ability to initiate immune responses (99). Currently,

chemotherapeutic drugs known to induce TLS primarily belong

to the ICD category, such as 5-Fluorouracil, Oxaliplatin, Platinum-

based drugs, and Doxorubicin. A small clinical study investigating

hepatoblastoma in patients with adenomatous polyposis coli

germline mutation reported the creation of extensive intratumoral

TLS following cisplatin administration, whereas these lymphoid

structures were absent in the pre-chemotherapy samples (11/11 vs.

0/5) (100). Chemotherapy has been observed to impact TLS

components. In PDAC patients treated with ICD-chemotherapy,

higher proportions of CD8+ T cells, PNAd+ HEV, macrophages,

and Ki-67+ cells were observed within TLS. Additionally, these

patients exhibited lower PD-1+ immunosuppressive lymphocytes

and a more favorable prognosis compared to the surgical group

(101). In melanoma mice, subcutaneous doxorubicin treatment

increased CD8+ T cell infiltration, enhanced secretion of IFN-g,
granzyme B, and perforin, activated B cells and DC, promoted

HEV, and induced TLS formation, surpassing the effects of non-

ICD drugs and combination therapy (102). Moreover, the

synergistic application of radiotherapy and chemotherapy exerted
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an enhanced impact on the immune response, as mentioned in

subsequent combination therapy. This approach potentially

facilitates the formation of TLS and modifies its characteristics. In

summary, chemotherapy can modify the TME, triggering TLS

formation, and augmenting its antitumor efficacy, primarily

through the induction of immunogenic cell death.
6.5 Combination therapy

Preoperative chemoradiotherapy (NACRT) was thought to

impact the cellular composition of the TME and recent evidence

suggests that it also affects the immune cell composition within TLS

(103–105). The proportion of CD8+ T cells, PNAd+ HEV,

macrophages, and Ki67+ cells within TLS was significantly

increased in the NACRT group compared to the surgical group.

Additionally, the NACRT group had a longer OS in patients with

PDAC when compared to the surgical group (101). In a phase 2

clinical trial, 15 TLS-negative soft tissue sarcoma patients received a

combined treatment involving oncolytic vaccinia (JX-594),

cyclophosphamide, and anti-PD-L1. The results revealed a 3.9-

fold increase in the percentage of CD8+ T cells in the TME and

upregulation of proteins related to T cell immune response and

toxicity in plasma samples compared with baseline. These findings

suggest that the combination therapy may ameliorate the

immunosuppressive TME in soft tissue sarcomas. However, its

potential to induce TLS formation remains unclear and warrants

further investigation (106). Some evidence supporting TLS

induction by the combination therapy has been observed in

preclinical models. Glioma poses a significant challenge due to its

immunosuppressive microenvironment. Studies have shown that

combining radiotherapy with targeted Tregs interventions induces

massive T cell-infiltration and the development of meningeal TLS,

effectively activating the TME in preclinical glioma models (16).

Low-dose radiotherapy has been found to trigger the development

of immature TLS in a mouse model of lung cancer. Subsequent

combined treatment involving low-dose radiotherapy and anti-PD-

1 has shown a substantial enhancement in the maturation of TLS

within mouse lung adenocarcinoma, leading to a more potent anti-

tumor response. This effect is closely associated with the increased

presence of CD8+ T cells within the TLS. Preclinical experiments

and single-cell RNA sequencing (scRNA-seq) analysis of post-

treatment thyroid tumor patients revealed that the combination

of anti-PD-1 treatment and famitinib, which targets VEGF/PDGF

signaling, effectively induces TLS in thyroid tumors (107).

Photodynamic therapy (PDT) is a technique that combines a

photosensitizer and an appropriate light source to selectively

destroy diseased tissue by inducing a photodynamic response

dependent on the presence of oxygen. The advantages of PDT,

including minimal invasiveness, repeatability, and targeted

specificity towards pathological tissue, render it a highly

promising therapeutic approach. Through the utilization of the

Mouse Transcriptome Assay 1.0 chip, followed by validation using

Western blotting, it was revealed that the therapeutic mechanism of
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PDT in cutaneous squamous cell carcinoma (cSCC) primarily

involves immune regulation, as well as the NF-kB, TLR, PI3K-
Akt, TNF, and MAPK signaling pathways (108). Aminolevulinic

acid-based PDT (ALA-PDT) enhanced the anti-tumor effect of PD-

L1 blockade in a mouse model of transplanted cSCC. The

combination of ALA-PDT and anti-PD-L1 induced an increase in

the chemokines CCL2, CCL8, CCL19, CCL21a, CCL21b, CXCL9

and CXCL13, and increased the density and maturity of TLS (109).
6.6 Other potential treatments

Other stimuli can also induce TLS formation, such as stromal

cells transplantion, intestinal microorganism transplantation,

cutaneous sensory nerve removal, and injection of exosome-

derived vesicles. These methods are expected to open up new

avenues for cancer treatment. In 2004, Watanabe’s group

successfully induced the formation of GC-containing TLS by

transplanting a spongy bovine collagen scaffold containing

stromal cells into the subcapsular space of a mouse kidney (110).

Upon subcutaneous injection of stromal cells derived from lymph

nodes and expressing fibroblast markers into the dorsal region of

mice, TLS formation was observed within 1.5 months (111).

Transplantation of Helicobacter hepaticus (Hhep) into colorectal

cancer mice increased infiltration of anti-tumor immune cells,

especially Hhep-specific Tfh cells. This inhibited tumor

progression through a Hhep-specific Tfh cell-dependent immune

response. Hhep-colonized colorectal cancer mice showed elevated

expression of genes related to TLS formation, leading to increased

and mature intratumoral and peritumoral TLS, along with distinct

T and B cell compartments within TLS (112). A recent study found

that removing sensory nerves in the skin inhibited melanoma

growth in mice by enhancing anti-tumor immune responses. This

depletion led to increased T cell activation, recruitment of immune

cells, and upregulation of pro-TLS cytokines (CCL3, CCL5, CCL19,

CCL21, CXCL9, CXCL13, and TNFa) and LTbR agonists (LTa,
LTb, and LIGHT), promoting the formation of HEV and TLS (113).

Additionally, intravenous injection of exosome-derived vesicles

from vascular injuries induced TLS formation in aortic-allograft

mice, demonstrating the critical role of gdT17 cells in TLS

formation through reduced TLS formation in gdT17-deficient
mice (114). Benzo(a)pyrene, the major component of tobacco,

promoted the transcription of CCL21 in an aryl hydrocarbon

receptor-dependent manner, leading to increased CD11a

expression in CD4+ T cells via the CCL21/CCR7 axis. This, in

turn, promoted interactions with CD20+ B cells and facilitated GC

formation of TLS (115).
7 Challenges and perspectives

The induction and formation of TLS in tumors is a dynamic

process influenced by various factors. Certain tumor therapies have

been observed to trigger TLS formation, and their presence has been
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linked to treatment efficacy, suggesting that TLS could serve as a

predictive biomarker for cancer treatment. Although the

significance of TLS in cancer is now widely recognized, there are

still many mysteries to be lifted. Firstly, further research is required

to confirm and optimize the maturity criteria of TLS, which will

serve as a crucial evaluation parameter in future clinical studies.

Secondly, investigations into potential differences between pre-

existing tumor TLS and TLS induced after treatment, as well as

whether these mechanisms are identical, are warranted. Thirdly,

while methods to provoke TLS formation have been reported,

further research is imperative to enhance the maturity of these

structures and optimize their functionality. Finally, progress in

mechanistic TLS studies has been impeded by the absence of

reliable in vitro systems and animal models. Discrepancies

between mouse TLS models and clinical models, such as atypical

GC formation in mouse TLS (60), necessitate further exploration to

determine the applicability of existing mouse TLS models in clinical

research. One promising avenue for addressing these challenges in

the future may involve the use of organoids with immune

properties. Our review summarizes previous criteria and markers

for TLS maturity and classification, and further focus on the

treatments that can induce TLS formation, laying the foundation

for future research on the mechanism of TLS and its potential for

personalized treatment.
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