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for immunotherapy
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Pancreatic cancer (PC) is extremely malignant and shows limited response to

available immunotherapies due to the hypoxic and immunosuppressive nature of

its tumormicroenvironment (TME). The aggregation of immune cells (B cells, T cells,

dendritic cells, etc.), which is induced in various chronic inflammatory settings such

as infection, inflammation, and tumors, is known as the tertiary lymphoid structure

(TLS). Several studies have shown that TLSs can be found in both intra- and

peritumor tissues of PC. The role of TLSs in peritumor tissues in tumors remains

unclear, though intratumoral TLSs are known to play an active role in a variety of

tumors, including PC. The formation of intratumoral TLSs in PC is associated with a

good prognosis. In addition, TLSs can be used as an indicator to assess the

effectiveness of treatment. Targeted induction of TLS formation may become a

new avenue of immunotherapy for PC. This review summarizes the formation,

characteristics, relevant clinical outcomes, and clinical applications of TLSs in the

pancreatic TME. We aim to provide new ideas for future immunotherapy of PC.
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1 Introduction

The theory that tumor cells act as “seeds” capable of interacting with a specific

microenvironment “soil” was first proposed by Stephen Paget in 1889 (1), and scientists

have subsequently proposed the concept of the tumor microenvironment (TME). The TME

is the environment in which tumor cells live and interact with each other. Several studies
Abbreviations: PC, pancreatic cancer; TLS, tertiary lymphoid structures; ES-TLS, early-stage TLS; M-TLS,

mature TLS; TME, tumor microenvironment; TIL, tumor-infiltrating lymphocyte; DC, dendritic cell; CTL,

cytotoxic T lymphocyte; SLO, secondary lymphoid organ; LTi, lymphoid tissue inducer; FDC, follicular

dendritic cell; VEGF, vascular endothelial growth factor; NF-PanNET, non-functional pancreatic

neuroendocrine tumor; GC, germinal center; PDAC, pancreatic ductal adenocarcinoma; HEV, high

endothelial venule; PNAd, peripheral node addressin; TMB, tumor mutational burden; TIME, tumor

immune microenvironment.
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have shown that the TME contributes significantly to tumor

invasion, metastasis, drug resistance, and immune escape (2–4).

One of the key elements of the TME is immune cells, which mostly

include T cells, B cells, natural killer cells (NK), and macrophages

(5). As innate immune cells, NK cells and macrophages are often

the first to kill and remove tumor cells and have antigen-presenting

properties, further activating lymphocytes in adaptive immunity

and promoting antitumor immune effects (6). T cells and B cells, as

part of adaptive immune cells, contribute to the antitumor process

(7). Tumor-infiltrating lymphocytes (TILs) are lymphocytes specific

for autologous tumor cells with multiple phenotypes (CD4+ T, CD8

+ T, Treg, and B cells) (8). Their number, type, and functional status

may determine the susceptibility of tumors to the immune

response. The tertiary lymphoid structure (TLS) consists of an

orderly aggregation of T cells, B cells, dendritic cells (DCs), and

other immune cells with high endothelial venule (HEV) structures.

TLSs are also known as tertiary lymphoid organs (TLOs) or ectopic

lymphoid structures (9). TLSs were identified in autoimmune

diseases, particularly in the synovial tissue of patients with

rheumatoid arthritis (10). The prognostic impact of TLSs is

somewhat variable across diseases, being associated with good

prognosis in a variety of tumors (11), such as hepatocellular

carcinoma (12), melanoma (13), colorectal cancer (14), and breast

cancer (15), while being able to promote progression of some

immune-related diseases because related immune-enhancing

effects are associated with poor prognosis (16).

Pancreatic cancer (PC) is one of the most aggressive tumors.

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of PC

cases (17). The PC in this review refers specifically to the PDAC.

According to the latest statistics from the American Cancer Society,

the 5-year survival rate is 12% (18). Except for early resection as

radical treatment, chemotherapy and radiotherapy have limited

effects on the treatment of PC (19). The PC microenvironment is

extremely complex and heterogeneous, with dense desmoplasia and

a large number of immunosuppressive cells. Tumor cells can

proliferate in their microenvironment and undergo immune

escape (20). Immunotherapy is gradually becoming a new

direction in the treatment of PC (21). However, due to the

characteristics of its TME, therapeutic strategies are not effective

for all PC patients, and the development of drug resistance and the

lack of antitumor T-cell function and number are still problems

with most immunotherapy modalities (22, 23). TLSs, as one of the

hot topics in tumor immunity, are present in PC tissues and closely

associated with the prognosis of PC patients. TLSs can even become

a new target in immunotherapy for PC. Therefore, we summarize

the formation process, clinical outcomes, and influencing factors to

provide information for future TLS-related studies.
2 Pancreatic cancer and TILs

TILs mainly include T cells, B cells, and NK cells (24, 25). T and

B cells comprise the bulk of the cells in TLSs. Therefore, this section

mainly provides an overview of these two TIL subpopulations in the

pancreatic TME.
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2.1 T cells

Numerous studies have demonstrated that T cells are crucial to

the antitumor immune response. Naive T cells are mainly divided

into CD4+ab and CD8+ab cells. When encountering an antigen,

naive CD8+ and CD4+ T cells differentiate into effector cells, which

migrate to the site of infection or the tumor (26–28).

CD8+ T cells are also known as cytotoxic T lymphocytes

(CTLs). CTLs clear tumor cells mainly through the Fas–FasL and

perforin–granzyme pathways. In addition, IFN-g, IL-2, IL-12, and
TNF-a are involved in this process (29). More CD8+ T cells are

associated with prolonged disease-free survival (DFS) and overall

survival (OS). Their degree of infiltration is inversely related to the

stage of the tumor. One study revealed that CD4+ T lymphocytes

with potential T-helper capacity exist near CD8+ T cells (30). CD4+

T cells can be further differentiated into types with different

functions: Th1, Th2, Th17, Th22, Treg, and Tfh cells (31). Th1

cells secrete IL-2, IL-10, TNF-a, and IFN-g to participate in the

antitumor immune process (32, 33). IFN-g promotes CTL action as

well as activation of M1macrophages with antitumor effects (34). In

contrast to Th1 cells , Th2 cells dominate the PDAC

microenvironment, acting mainly through the cytokines IL-4, IL-

5, and IL-13 (35). Involvement in the activation of M2 macrophages

is associated with the immunosuppressive and fibrotic properties of

the PC microenvironment (36, 37). Th17 cells have protumorigenic

effects in various tumors, including PC (38, 39); they mostly act in

the early stage of the tumor, with IL-17 and IL-22 as effector

molecules of Th17. Among them, IL-17 promotes the stemness of

PC cells by inducing DCLK1 and ALDH1A1 expression (40). Th22

cells are significantly increased in PC tissues, and their production

of IL-22 is able to promote tumor development. High levels of Th22

and IL-22 are associated with PC lymph node metastasis, TNM

stage, and poorer patient survival (41, 42). Increased CD4+CD25

+FOXP3+ T cells (Tregs) in tumors as well as in peritumor tissues

are associated with poor patient prognosis (43), and Tregs promote

PC progression by upregulating immunosuppressive factors (IL-10

and TGF-b) and CTLA-4. They suppress the antitumor immunity

of local CD8+ T cells in tumors (44). Tfh cells are able to exert

antitumor effects and are associated with better prognosis in PC

patients. They promote the antitumor humoral immune action of B

cells by producing CXCL13 to recruit CD8+ T cells and B cells (45).

It has been partially investigated whether Tfh cells are able to

promote TLS formation in a variety of tumors. In ovarian cancer,

promotion of Tfh cell differentiation induces larger TLS formation

as well as B-cell recruitment, along with increased FAS and GL7

expression (46); in non-small cell lung cancer (NSCLC), the

interaction between Tfh cells and B cells via the CXCL13-CXCR5

axis induces smaller TLS formation within tumors (47). A similar

result was also found in a mouse model of colorectal cancer (48). In

contrast, blocking CXCL13 impairs the recruitment of B cells

induced by Tfh cells, and the effect of promoting TLS formation

is abrogated (49). In addition, the ability of Tfh cells to produce IL-

21, which promotes B-cell activation, supports the function of CTLs

(Table 1). Immune checkpoint expression is a form of

immunosuppression. Premature overexpression of PD-1/PDL-1,
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CTLA-4, LAG-3, and TIM-3 in tumors and T cells can contribute to

tumor survival and propagation (50).
2.2 B cells

Although CD20+ B cells in TLSs are related to positive patient

prognosis, their function in the TME is not straightforward (51). B

cells usually exhibit antitumor-related effects such as antigen

presentation and antibody production in humans. However, the

presence of B cells is often associated with poor prognosis in a

variety of mouse tumor models. B cells promote M2 macrophage

polarization through BTK signaling (52), and B cell-derived IL-35

contributes to tumor cell proliferation (53). CXC13 (B-cell

chemotactic agent) production in the TME may be influenced by

the hypoxic microenvironment, leading to CD20+ B-cell infiltration

and promoting the development of PDAC (54). CD20+ B cells in

the TME (CD20+ B cells in non-TLS) do not suggest a good

prognosis for PC patients. Regulatory B cells (CD19+CD39

+CD73+ Bregs), which have the highest frequency of CD39/CD73

expression among immune cells, are able to actively produce

immunosuppressive adenosine, which decreases the antitumor

immune response (55). Bregs act through the immunosuppressive

factors TGF-b, IL-4, and IL-10 with other immune cells, causing

immunosuppression-related polarization of T cells and

macrophages and thus promoting tumor progression (56).
3 Pancreatic cancer and TLS

3.1 Identification of immune cell
subpopulations and TLSs

Histological assessment of TILs in the PC microenvironment

needs to take into account immune and inflammatory cell

interactions in the TME (57). There has been limited progress

in studies on assessing TILs in PC (58, 59). Currently, the

most commonly used modality is the detection of different

immune subpopulations by immunohistochemistry and

immunofluorescence (IF) in tumor tissue samples. Antibodies are

used to detect specific protein antigens in tissue samples to identify
Frontiers in Immunology 03
the major TIL subgroup classes, distribution, and localization in the

tissue (60). Digital Pathology Image Analysis System analyzes tissue

images stained for different immune populations, such as CD20,

CD3, CD4, CD8, and FOXP3, to quickly and accurately measure the

number and location of specific cell types (13, 61). Identification of

two or more lymphoid aggregates that contain both CD20+ B cells

and CD3+ T cells is required to define early-stage TLS (ES-TLS);

mature TLSs (M-TLS) appear as germinal centers (GCs) and HEVs.

Finally, by measuring the entire area of PDAC tissue as well as the

area of TLOs at various locations (intratumoral and peritumoral), it

is possible to compute the ratio of total TLSs to total PC tissue (62).

Most current TLS assessment methods are based on image

segmentation of H&E slices, a process that requires extensive

training of images and computational power to obtain more

accurate data (63). Although there are few studies on TLS

assessment methods specific to PC, there are references to other

tumor identification methods. For example, Silina et al. quantified

TLSs at different stages by combining multiple parameters using

Inform software (64). Panagiotis used a modified DeepLab v3+

network to analyze lung cancer tissue H&E images for detecting

candidate TLS regions and was able to overfilter false-positive TLS

regions, with high sensitivity and specificity (65).
3.2 Formation of TLSs

TLSs resemble secondary lymphoid organs (SLOs) in terms of

structure, with B cells, T cells, DCs, macrophages, and structures

such as GCs and HEVs (66). Unlike SLOs, TLSs do not have a

membrane structure, which allows them direct contact with the site

of inflammation (67). Immune cells in TLSs enter directly into the

inflammatory environment, allowing for a rapid and intense

immune response.

TLSs are formed under the regulation of various chemokines,

cytokines, and adhesion molecules. In chronic inflammatory settings

(autoimmune diseases, viral infections, tumors, etc.) (68–70),

immune cells such as neutrophils, eosinophils, and monocytes

accumulate at sites of inflammation. The ILC3 family is the major

ILC population and is involved in the immune response in vivo;

lymphoid tissue inducer (LTi) cells, as part of the ILC3 family, are

ILC members essential for embryonic lymph node (LN) formation
TABLE 1 The role of different phenotypes of T cells in antitumor therapy.

T-cell phenotype Main effector molecules Antitumor effect

CTL CD8+ T cells Fas–FasL and perforin–granzyme pathway;
IFN-g, IL-2, IL-12, and TNF-a

Promotion

Helper T-cell Th1 cells IL-2, IL-10, TNF-a, and IFN-g Promotion

Th2 cells IL-4, IL-5, and IL-13 Inhibition

Th17 cells IL-17 and IL-22 Inhibition

Th22 cells IL-22 Inhibition

Treg cells IL-10, TGF-b, and CTLA-4 Inhibition

Tfh cells CXCL13 and IL-21 Promotion
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(71). CXCL13 plays an important role in the aggregation of LTi cells

in most LN progenitors (except mesenteric LN); when lymphatic

endothelial cells secrete the ligand CCL21, CCR7 is effective in

promoting LTi cell aggregation (72). CXCL13 and IL-7 bind to

CXCR5 and IL-7 receptors on the surface of the LTi to promote

LTi aggregation and activation (73). Cellular inflammatory factors

and lymphatic chemokines (CXCL13, CCL21, CCL19, and CXCL12)

produced by LTi function together to coordinate the early

recruitment of T cells and B cells to form early aggregates (74).

follicular dendritic cells (FDCs) are derived from PDGFRb+ cells in

perivascular non-lymphoid organs, and signaling by LT and TNF

family members can promote PDGFRb+ preFDC maturation when

exposed to the appropriate environment. LTi cells and B cells express

most TNF ligands; LTi cells provide insufficient factors, but B cells

may provide sufficient cytokines to promote end-stage FDC

differentiation. With continued inflammation-mediated stimulation,

followed by follicular dendritic cell (FDC) enrichment, isolated FDCs

expressing CCL19 and/or CCL21 interaction with CCR7-expressing

T cells and CXCL13-expressing FDCs interact with CXCR5-

expressing B cells, allowing T cells and B cells to form

compartments. GCs form during the maturation phase of TLSs

(75). FDCs and B cells continuously present antigens to maintain

TLSs (76). Macrophages and endothelial cells promote expression

(VCAM-1 and ICAM-1) and secretion (IL-8, CCL2, and CCL20) of

various substances and thus formation of TLSs in gastrointestinal

tumors by secreting the cytokine IL-36g (77). While CD68+

macrophages are associated with poor prognosis, a significant

decrease in CD68+ macrophage infiltration has been found in

hepatocellular carcinoma peritumoral TLS (78). High expression of

CCL5 significantly suppresses the development of tumor cells, but its

ability to increase the ratio of M2/M1 macrophages promotes the

progression of cancer (79). DCs promote lymphocyte infiltration and

production of TLSs, inhibit tumor growth, and play an antigen-

presenting role in TLSs. In tumors with poor DC infiltration, TIL cell

density is significantly reduced, with poor prognosis (80).
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LTi plays a major role in the development of both TLS and SLO.

LTi expresses LTa1b2 on its surface, which binds to LTbR
expressed on stromal cells. Subsequently, it promotes stromal cell

secretion of vascular endothelial growth factor C (VEGFC) to

induce HEV formation (81, 82). However, some studies have

indicated that VEGF blockade can promote HEV and TLS

formation (83, 84). LTa1b2 expression in T cells is induced by

CCL21 and CCL19; CXCL13 promotes the expression of LTa1b2 in
B cells. These B cells then can enter TLSs by HEV via the LTbR
signaling-dependent pathway (85). Vascular adhesion factors such

as VCAM1 and MADCAM1 contribute to the release and

vascularization of homeostatic chemokines from HEVs (77),

which also contribute to lymphatic neogenesis as well as to the

maintenance of TLSs (Table 2).

Although LTi plays an important role, it is not indispensable in the

formation of TLSs, and other factors also induce TLS formation (86).

The combined effect of TGF-b and IL-6 is to promote Th17

differentiation and inhibit Treg differentiation (87, 88). Moreover,

several studies have found that Treg deficiency promotes TLS

formation and T-cell proliferation in tumors (89). In addition, IL-27

can restrict the size and function of TLSs by limiting the proliferation of

Th17 cells (90). Th17 cells and the cytokines (IL-17 and IL-22) they

secrete are also involved in the production and development of TLSs

(91). IL-17 induces the expression of CXCL13 and CCL19 in mouse

stromal cells in response to microbial stimulation, contributing to the

formation of TLSs in lung tissue. In conclusion, there are potential

inducers of TLS formation beyond LTi in allograft rejection,

autoimmunity, chronic inflammation, or tumor settings (92)

(Figure 1).

3.3 Features and functions of TLS

A growing number of studies point to TLSs as sites of plasma

cell antigen presentation, T-cell activation, B-cell maturation, and

differentiation (93). Some studies have found that TLSs with
TABLE 2 Cytokines and chemokines involved in the formation of TLS.

Chemokines/
Cytokines

Origination Receptors/target
cells

Function

CXCL13 Stromal cells CXCR5

Promote LTi aggregation and activation; coordinate the early recruitment of T and B cells to form
early aggregates

CCL21 Stromal cells CCR7

CCL19 Stromal cells CCR7

CXCL12 Stromal cells –

IL-7 – IL-7R Promote LTi aggregation and activation

TGF-b and IL-6 – Th17 cells and Treg cells Promote Th17 cell differentiation and inhibit Treg cell differentiation

IL-27 – Th17 cells Restrict the size and function of TLS

IL-17 and IL-22 Th17 cells – Production and development of TLS

IL-36g Macrophages – Promote formation of TLS
TLS, tertiary lymphoid structure.
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localization within a tumor are less common in PDAC but that

peritumor TLSs are relatively common. Other studies have shown

that TLSs are commonly found in PDAC tissue (94). Thus, the

presence of TLSs is somewhat heterogeneous, with differences in

cell composition, structure, and number in different tumors

and patients.

ES-TLSs exhibit varying degrees of B-cell and T-cell aggregation

but lack FDCs as well as higher-level structures (GC, HEVs, etc.).

They can be present in various locations of the primary tumor,

including the tumor margin, tumor center, and near adipose tissue. In

PDAC, ES-TLS+ tumors are enriched with IgG1-like transformed

memory B cells and memory CD4+ T cells with persistent immune

memory function and reduced tumormutational burden (TMB) (95).

In addition, the density of CD3+ and CD8+ T cells and CD20+ B cells

is significantly higher in ES-TLS tumor tissue. CD8+ T cells infiltrate

lymphocyte clusters in and around the marginal area of the follicular
Frontiers in Immunology 05
center. M-TLSs develop GC, HEVs, and other structures. B cells

within GCs are highly proliferative (Ki67+) and express BCL6 (95,

96). B cells exhibit an increased rate of somatic hypermutation. In

addition, they act as antigen-presenting cells (APCs) and produce

antitumor antibodies, enhancing antitumor humoral immunity (97).

The overall level of T-cell infiltration in M-TLS+ tumors is

comparable to that in ES-TLS but is more enriched with activated

CD4+ T memory cells and naive B cells. Higher CD8+ T-cell

densities within the tumor and circulation can influence TLS

formation. Similar to CD8+ T cells, FOXP3+ Tregs are significantly

enriched in lymphoid aggregates. Although FOXP3+ Tregs are

usually present as pro-oncogenic factors, TLS+ tumors have a

higher CD8:Treg ratio in the stroma and promote antitumor

immunity (98). In addition to FOXP3+ Tregs, marginal tumor

regions have more subpopulations with an immunosuppressive

phenotype, including CD163+ macrophages, CD11b+ neutrophils,
FIGURE 1

The formation process of TLSs in pancreatic cancer. Early lymphoid aggregates do not have FDCs and advanced structures. Under continuous
stimulation by the tumor, FDCs are enriched and gradually form T-cell and B-cell compartments but not GCs; eventually, mature TLSs develop GCs,
HEVs, and other structures and play a role in the antitumor process. TLSs, tertiary lymphoid structures; FDCs, follicular dendritic cells; GCs, germinal
centers; HEVs, high endothelial venules.
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and CD274 (PD-L1)+ tumor cells (98). CD21+ FDCs act as antigen-

presenting cells to regulate the recruitment and differentiation of B

cells in GCs and regulate the development of T cells through the

production of IL-7 (99). Macrophages in TLSs express CD163 at a

higher density in the non-TLS stroma than in TLSs and cause a

decrease in antigen presentation and T-cell activation in TLSs (100).

CD68+ macrophages are distributed in TLS regions in PC. CD163+

and CD68+ macrophages can be found in vaccine-based

immunotherapy TLSs (101). In contrast, another study showed that

they exist only in regions outside TLSs (96). Mature LAMP+ DCs

have a strong antigen-presenting role, and B cells may promote DC

maturation (102). Although some studies have shown that NK cells

are not found in PDAC tumor tissue TLSs, other studies have found

anti-NCR1+ NK cells in non-functional pancreatic neuroendocrine

tumors (NF-PanNETs), which further reflects the heterogeneous

nature of TLSs (103). One study explored the mechanisms

involved in M-TLS+ tumors. Pathways related to reactive oxygen

species, MTORC1 signaling, and oxidative phosphorylation were

significantly enriched, whereas TGF-b signaling was significantly

downregulated. These features correlate with tumor responsiveness

to immunotherapy (95).
3.4 Patient prognosis

TLSs are rich in TILs and have structural features that allow them

direct contact with the tumor, exerting their antitumor immune

effects effectively and rapidly. Several studies have found that

intratumor TLSs in colorectal cancer (104), gastric cancer (105),

and hepatocellular carcinoma (106) tissues contribute to good patient

prognosis. There have been some studies on how prognosis relates to

the occurrence of TLSs in PC. Tanaka et al. analyzed tumor tissues

from 162 PDAC patients and found TLSs in the pathological tissues

of 112 patients. TLS formation was associated with high levels of CD4

+ TILs, CD8+ TILs, and CD45RO+ TILs but not with FOXP3+ TIL

levels. TLS was associated with prolonged survival (p < 0.0001) and

good outcomes of adjuvant therapy in PC patients (100). Hiraoka

et al. graded TLOs (Table 3), classifying patients as having

intratumoral TLOs (Grades 3 and 4) or peritumoral only TLOs

(Grades 1 and 2). The mean survival of PC patients with intratumoral

TLOs was notably greater than that of PC patients without

intratumoral TLOs (median 42.67 vs. median 15.53 months), and

intratumoral TLO presence was an independent predictor for the OS

and DFS of patients. In addition, tumor-infiltrating CD4+ and CD8+
Frontiers in Immunology 06
T cells were significantly elevated in TLO+ tumor tissues, providing

an antitumor immune microenvironment (87). Kuwabara et al.

divided 140 patients into a surgery-first (SF) group and a group

receiving neoadjuvant chemotherapy (NAC). Immunohistochemical

analysis found that the NAC group had a higher proportion of

antitumor immune components within TLOs (CD8+ T lymphocytes,

HEVs, CD163+ macrophages, etc.) compared to the SF group; in

contrast, immunosuppressive cellular components were significantly

lower. Patients in the NAC group had a better prognosis. The TLO-

to-tumor ratio was shown by multivariate analysis to act as an

independent prognostic factor (107). TLOs may also be biological

indicators to assess prognosis after radiotherapy. The presence of

TLOs in tissues of Grade 1 or 2 (G1/G2) NF-PanNETs also predicts a

good prognosis (103). There are few studies on the relationship

between peritumor TLSs and prognosis, and the formation of PDAC

TLSs in the peritumor stroma may be associated with better

prognosis in patients. In conclusion, although there are few clinical

studies related to TLSs in PC, TLSs are associated with multiple

clinical outcomes (lymph node metastasis, vascular infiltration, and

TNM stage). The number of TLSs does not affect patient prognosis.
4 Potential clinical applications

Because TLS formation is associated with good patient

prognosis, it has potential use in antitumor therapy. Some studies

have suggested that induction of TLSs may become a new avenue

for tumor immunotherapy (93). In colorectal cancer, T-lymphocyte

infiltration is induced by injection of DCs expressing the

transcription factor T-bet, with TLS formation (108). CCL21 may

serve as a target for TLS formation in hepatocellular carcinoma, and

its combination with an anti-CD25 monoclonal antibody may

improve antitumor efficacy for this cancer (109).

An HEV acts as a channel for delivering TILs to the tumor and

is equally capable of acting as a pathway for delivering antitumor

drugs. As the monoclonal antibody MECA79 recognizes HEV-

expressing peripheral node addressin (PNAd) proteins, some

investigators have used MECA79 NP to recognize HEVs in

PDAC tissues to deliver the chemotherapeutic drug paclitaxel to

tumor tissues, resulting in a significant reduction in tumor size and

abnormal intratumor angiogenesis. In the future, using MECA79

NP to identify HEVs can be employed for the delivery of multiple

drugs (110). Combination treatment with anti-VEGFR2 and anti-

PDL-1 successfully induces HEV formation in the Rip1-Tag2
TABLE 3 The grade of TLOs in PC.

Grade Main localization of TLO Frequency

Grade 0 No TLO 0

Grade 1 Peritumoral TLOs 0–0.4%

Grade 2 Peritumoral TLOs >0.4%

Grade 3 Intratumoral TLOs 0.1–1.0%

Grade 4 Intratumoral TLOs >1.0%
TLO, tertiary lymphoid organ; PC, pancreatic cancer.
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pancreatic neuroendocrine tumor model (111). HEVs enhance the

extent and activity of lymphocyte infiltration by activating the LTbR
signaling pathway. Johansson et al. found that LIGHT-VTP

normalizes the intratumor vascular system and induces a large

number of effector T cells and memory T cells, which enter the

tumor through the normal vascular system, thus contributing to the

formation of TLSs in the tumor (112). The combination of low-dose

cyclophosphamide and allogeneic PDAC vaccine (GVAX) resulted

in the depletion of Tregs in the TME, thereby altering its

immunosuppressive properties. Of 39 patients treated with this

therapy, 33 developed vaccine-induced intratumor TLSs after 2

weeks of vaccine treatment (101). Upregulation of Th17 cells in

TLSs with Treg cell inhibition resulted in improved survival. Thus,

by inducing the formation of intratumoral TLSs, there is hope that

“cold tumors” will be transformed and immunotherapy will be

effective (101).

KRAS mutations are present in 90% of PCs, and TILs can target

mutant KRAS and inhibit tumor growth. As discussed above, B cells

exhibit a dual role in tumor development: a favorable prognostic role

associated with promoting TLS formation and a protumor-

development role. Tumor-infiltrating B (TIB) cells produce KRAS

mutation-specific IgG, and IgG1 monoclonal antibodies are able to

interfere with the growth of tumors with KRAS mutations (113).

Thus, TIB cells are a potential antitumor antibody molecule targeting

neoantigens in the future. Pearce et al. explored immune checkpoint

blockade therapy in PDAC patients. TIGIT ligands are widely

expressed, with PDL-1 and CD155 expressed within the T-cell

compartment of TLSs and colocalized with PD-1+TIGIT+CD8+ T

cells in TLSs. CD155 is a TIGIT ligand that inhibits cytokine

production, and TIGIT may be a therapeutic target. Combined

application of anti-PD-1 and TIGIT blockade therapy promote

IFN-g secretion and T-cell proliferation and inhibit tumor

progression (114). Thus, dual immune checkpoint blockade may

become a new avenue of immunotherapy for PC. Oncolytic

adenovirus (TILT-123) produces immunostimulatory effects on T

cells, and TILs are able to deliver TILT-123 to tumor tissues to exert

antitumor effects (115).
5 Factors influencing formation
of TLSs

TILs in the microenvironment play an indispensable role in TLS

formation, and they are able to regulate the development of disease

by secreting chemicals. They are also influenced by a variety of

factors and pathways.

Multiple components of the TME and signaling pathways are

capable of influencing TILs. USP22 in PC cells interacts with

SAGA/STAGA to affect the immune microenvironment, and

USP22 deficiency promotes T-cell and NK cell infiltration and

inhibits tumor metastasis (116). Lipid metabolism can also affect

TILs, and forced expression of ACADVL can metabolically

reprogram tumor-specific T cells and improve the survival and

persistence of intratumor T cells in a PDAC-engineered mouse

model (117). Knockdown of PAK1 increases intratumor CD4+ and

CD8+ TILs and eliminates the protective effect of pancreatic stellate
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cells (PSCs) on tumor cells, allowing them to be killed by the

immune system (118). Overactivation of cholinergic signaling in PC

can promote tumor growth by suppressing intratumor T-cell

responses (119). The role of various chemokines and receptors in

regulating TILs cannot be ignored. Blockade of CXCR4 promotes

T-cell infiltration in tumors, reduces circulating Treg cells, and acts

synergistically with anti-PD-1 to exert immune-promoting effects

(120). Multiple chemokines are significantly overexpressed in PC

tissues (CXCL5, CXCL9, and CXCL10). CXCL9 reduces CD8+ TILs

in the TME, and STAT3 inhibition is able to restore proliferation,

activation, and antitumor cytokine secretion of CXCL9-suppressed

CD8+ TILs (121). Upregulation of CCL5 enables tumor FOXP3+

Treg cell aggregation in PDAC (122). Neoadjuvant or

immunotherapy can also have an effect on TILs. Increased

infiltration of CD3+ T cells is observed in CRT-treated tumors,

including CD3+CD8+ T cells and CD3+CD4+FOXP3+ Treg cells

but with no difference in CD68+ macrophages (123). Abraxane

in combination with hIL15-ABD causes CD8+ T cells to

secrete increased IFN-g and suppresses the production of

immunosuppressive markers (FOXP3, VEGF, etc.) (124). The

combination of CCKR blockade results in a significant decrease in

tumor FOXP3+ Tregs and an increase in CD4+ and CD8+

lymphocytes (125). Tumor tissues of PC patients who undergo

neoadjuvant therapy have elevated CD4+ and CD8+ TILs and a

lower postoperative recurrence rate.

Estrogen signaling plays a role in a variety of tumors (126);

therefore, some investigators have explored the potential role of

estrogen signaling in TLS formation in PC. Estrogen receptors are

expressed in PC tissues, such as ERa, ERb, and GPER, all of which

are associated with reduced tumor malignancy and good prognosis.

Among them, ERa+ and ERb+ expression is upregulated in tumor

cells. In addition, the positivity of all these ERs can affect the TME

and promote active immune cells as well as the formation of

intratumoral TLSs (127). Nerve fiber density (NFD) is the

number of small nerve fibers invaded by tumor cells. According

to one study, high NFD in the TME is linked to increased survival in

PDAC patients. Lymphoid aggregates surround these small nerve

fibers. Patients with five or more lymphoid aggregates and a high

NFD have a better prognosis (128). The presence of TLSs is

associated with higher levels of IL-2 in the stroma and lower

levels of IL-2 in the tumor compartment. Low circulating IL-2

levels are associated with the formation of local TLSs, and therefore,

serum IL-2 levels may serve as a marker for TLS prediction (129). In

contrast to chemotherapy, which enables the production and

development of TLOs in tumor tissue, stereotactic body

radiotherapy (SBRT) can induce immunogenic tumor cell death,

initiate cytotoxic T cells, increase the ratio of PD-1+ T cells, and

decrease TLSs in PC. Its effect on TLSs can revert after the

termination of SBRT treatment (130, 131) (Table 4).
6 Summary and discussion

TLS formation, as an important link in the antitumor immune

response, may alter the response. TLSs are present in and around

PC, and PC patients have a better prognosis when intratumoral
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TLSs are present. In addition to being a prognostic marker, it is

possible to assess the effect of different treatment modalities by

detecting the formation or reduction of TLSs. Induction of TLS

formation may become a new target for immunotherapy and

provide new ideas for the treatment of “cold tumors”. In addition

to TLS formation in PC, TLS formation is also a hallmark of

pancreatic-associated immune disease autoimmune pancreatitis

(AIP), which is currently considered to be T cell-mediated

chronic pancreatitis, and research on the long-term treatment and

management of patients with AIP is currently limited and needs to

be expanded (132). Some studies have found TLS formation in the

pancreatic tissue of AIP patients, in addition to overexpression of

LTa, b, and LTbR target genes and elevated expression of CXCL13,

CCL19, CCL21, CCL1, and B-cell activating factors in serum

samples (133, 134). P21 is involved in inflammatory effects in

AIP. Its deficiency prevents early pancreatic injury and reduces

inflammation in AIP. Suppressed activation of the NF-kB pathway

was observed in pancreatic follicular cells. P21+ and P21− mice

have similar TLOs, autoantibody levels, and elevated IgG levels

(135). In addition to the conventional application of corticosteroids,

some investigators have treated AIP by targeted inhibition of the

LTbR pathway. Application of LTbR-Ig and anti-CD20 treatment

results in significant improvement in AIP, and blockade of LTbR
signaling leads to a decrease in tissues with TLSs (136). In 1996, an

investigator found that in rat insulin promoter-LT (RIP-LT)-

transgenic mice, chronic inflammatory lesions in the kidney and

pancreas were similar to lymph nodes in terms of cellular

composition, T- and B-cell areas, and morphological features of

HEVs (68). Similar lymph-like structures could be found in

transgenic mice expressing BLC in pancreatic islets. These
Frontiers in Immunology 08
features are dependent on B lymphocytes and LTa1b2, and

blocking LTa1b2 reverses this phenomenon (137). TLS promotes

autoimmunity as well as chronic inflammation in autoimmune

diabetes. In early diabetic mice, progression from peri-insulitis to

endo-insulitis is characterized by local upregulation of LTa/b,
CXCL13, and CCL19 and infiltration of follicular B cells into

lymphoid aggregates with T/B-cell partitioning, the FDC network,

and GC B-cell differentiation. In contrast, the incidence of TLS in

pancreatic tissues of advanced diabetic mice is significantly reduced

(138). Silke et al. reported a case of large lymphocyte infiltration

similar to TLSs found in the islet tissue of a patient with chronic

type 1 diabetes (T1D) (139).

Although TLSs have advantages, their practical application in

the clinical setting still faces some challenges. The number of TILs

within TLSs is much higher than the number of TILs outside TLSs.

There is a lack of criteria that clearly distinguish TLSs from TILs,

and more research is needed to define TLSs, including the

minimum area, the minimum number of lymphocytes in TLS,

and the minimum value of density. As research on TLSs in PC

remains limited, more large-scale multicenter clinical trials are

required to investigate in depth the relationship between TLSs in

different locations (intratumor and peritumor) and different states

(early-stage and mature) and patient prognosis. Further exploration

of whether peritumor TLSs can be converted to intratumor TLSs is

also needed. At present, the detection of TLSs can only be

performed at the tissue level, and the lack of standardized

detection tools and subjectivity of TLS determination by different

pathologists may lead to somewhat different detection. In addition

to invasive tests, the cost and time required for patients to be

examined are also problems. Therefore, in the future, there is a need
TABLE 4 The factors regulating TILs and TLSs.

Regulatory Factors Target cell/tissue Regulation results Reference

USP22/SAGA/STAGA T cells and NK cells Inhibit tumor metastasis (116)

ACADVL Tumor-specific T cells Improve survival and persistence of intratumor T cells (117)

PAK1 knockdown CD4+ and CD8+ TILs Eliminate the protective effect of PSCs on tumor cells (118)

CXCR4 blockade T cells Promote T-cell infiltration
Reduce circulating Treg cells

(120)

Cholinergic signaling T cells Suppress the intratumor T-cell response (119)

CXCL9 CD8+ TIL Reduce CD8+ TILs in the TME (121)

CCL5 Treg cells Treg cell aggregation (122)

CRT-treated CD3+/CD8+ T and Treg cells Increase T-cell infiltration (123)

Abraxane in combination with hIL15-ABD CD8+ T cells Increase IFN-g and suppress production of immunosuppressive markers (124)

CCKR blockage CD4+/CD8+ T and Treg cells Decrease FOXP3+ Tregs
Increase CD4+ and CD8+ TILs

(125)

ERa+ and ERb+ TLS Promote immune cell activation
Intratumoral TLS formation

(127)

Low circulating IL-2 TLS TLS formation (129)

SBRT T cells and TLS Induce tumor cell death
Increase the ratio of PD-1+ T cells
Decrease TLSs

(130)
f

TILs, tumor-infiltrating lymphocytes; TLS, tertiary lymphoid structure; SBRT, stereotactic body radiotherapy.
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to develop cheaper and faster markers for the non-invasive

detection of TLSs through human body fluids (serum, saliva,

urine, etc.). Finally, because of the heterogeneous and dynamic

nature of both the human TME and TLSs, the findings obtained

from in vivo experiments in mouse models do not represent their

applicability in patients with PC. Therefore, scientists need to

conduct more in vitro and in vivo experiments to fully explore

the mechanisms.

In conclusion, the emergence of TLSs brings some hope for PC

patients in the current situation in which immunotherapy for PC is

facing certain dilemmas. TLS antitumor effects have been

demonstrated in many tumors. Inducing the production of TLSs

may become a new avenue for individualized immunotherapy for

PC patients.
Author contributions

XLZ and CG contributed to the idea for this review article. The

literature search and analysis were performed by XLZ, CG, JG, and

WS. Further collection, analysis, and arrangement were accomplished

by XLZ and CG. The first draft of the manuscript was written by XLZ.

YC and XYZ helped with the final revision of this manuscript. All

authors reviewed and approved the final manuscript.
Frontiers in Immunology 09
Funding

The work was supported by the National Natural Science

Foundation of China (no. 82270599).

Acknowledgments

The authors would like to express their gratitude to all

participants and relevant personnel for their contribution to

this study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Paget S. The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev (1989) 8(2):98–101.

2. Pitt JM, Marabelle A, Eggermont A, Soria JC, Kroemer G, Zitvogel L. Targeting
the tumor microenvironment: removing obstruction to anticancer immune responses
and immunotherapy. Ann Oncol (2016) 27(8):1482–92. doi: 10.1093/annonc/mdw168

3. Corn KC, Windham MA, Rafat M. Lipids in the tumor microenvironment: from
cancer progression to treatment. Prog Lipid Res (2020) 80:101055. doi: 10.1016/
j.plipres.2020.101055

4. Osipov A, Saung MT, Zheng L , Murphy AG. Smal l molecule
immunomodulation: the tumor microenvironment and overcoming immune escape.
J For Immunotherapy Cancer (2019) 7(1):224. doi: 10.1186/s40425-019-0667-0

5. Lei X, Lei Y, Li J-K, DuW-X, Li R-G, Yang J, et al. Immune cells within the tumor
microenvironment: biological functions and roles in cancer immunotherapy. Cancer
Lett (2020) 470:126–33. doi: 10.1016/j.canlet.2019.11.009

6. Roy P, Orecchioni M, Ley K. How the immune system shapes atherosclerosis:
roles of innate and adaptive immunity. Nat Rev Immunol (2022) 22(4):251–65. doi:
10.1038/s41577-021-00584-1

7. Gajewski TF, Schreiber H, Fu Y-X. Innate and adaptive immune cells in the
tumor microenvironment. Nat Immunol (2013) 14(10):1014–22. doi: 10.1038/ni.2703

8. Orhan A, Vogelsang RP, Andersen MB, Madsen MT, Hölmich ER, Raskov H, et al.
The prognostic value of tumour-infiltrating lymphocytes in pancreatic cancer: a systematic
review and meta-analysis. Eur J Cancer (2020) 132:71–84. doi: 10.1016/j.ejca.2020.03.013

9. Pitzalis C, Jones GW, Bombardieri M, Jones SA. Ectopic lymphoid-like structures
in infection, cancer and autoimmunity. Nat Rev Immunol (2014) 14(7):447–62. doi:
10.1038/nri3700

10. Noort AR, van Zoest KPM, van Baarsen LG, Maracle CX, Helder B, Papazian N,
et al. Tertiary lymphoid structures in rheumatoid arthritis: NF-kB-Inducing kinase-
positive endothelial cells as central players. Am J Pathol (2015) 185(7):1935–43. doi:
10.1016/j.ajpath.2015.03.012

11. Dieu-Nosjean M-C, Giraldo NA, Kaplon H, Germain C, Fridman WH, Sautès-
Fridman C. Tertiary lymphoid structures, drivers of the anti-tumor responses in
human cancers. Immunol Rev (2016) 271(1):260–75. doi: 10.1111/imr.12405

12. Wen S, Chen Y, Hu C, Du X, Xia J, Wang X, et al. Combination of tertiary
lymphoid structure and neutrophil-to-Lymphocyte ratio predicts survival in patients
with hepatocellular carcinoma. Front Immunol (2021) 12:788640. doi: 10.3389/
fimmu.2021.788640
13. Maibach F, Sadozai H, Seyed Jafari SM, Hunger RE, Schenk M. Tumor-
infiltrating lymphocytes and their prognostic value in cutaneous melanoma. Front
Immunol (2020) 11:2105. doi: 10.3389/fimmu.2020.02105

14. Wang Q, Shen X, An R, Bai J, Dong J, Cai H, et al. Peritumoral tertiary lymphoid
structure and tumor stroma percentage predict the prognosis of patients with non-
metastatic colorectal cancer. Front Immunol (2022) 13:962056. doi: 10.3389/
fimmu.2022.962056

15. Noël G, Fontsa ML, Garaud S, De Silva P, deWind A, Van den Eynden GG, et al.
Functional Th1-oriented T follicular helper cells that infiltrate human breast cancer
promote effective adaptive immunity. J Clin Invest (2021) 131(19):e139905. doi:
10.1172/JCI139905

16. McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS.
Pancreatic cancer: a review of clinical diagnosis, epidemiology, treatment and
outcomes.World J Gastroenterol (2018) 24(43):4846–61. doi: 10.3748/wjg.v24.i43.4846

17. FalascaM, KimM, Casari I. Pancreatic cancer: current research and future directions.
Biochim Biophys Acta (2016) 1865(2):123–32. doi: 10.1016/j.bbcan.2016.01.001

18. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin (2023) 73(1):17–48. doi: 10.3322/caac.21763

19. Neoptolemos JP, Kleeff J, Michl P, Costello E, Greenhalf W, Palmer DH.
Therapeutic developments in pancreatic cancer: current and future perspectives. Nat
Rev Gastroenterol Hepatol (2018) 15(6):333–48. doi: 10.1038/s41575-018-0005-x

20. Ren B, Cui M, Yang G,Wang H, FengM, You L, et al. Tumor microenvironment
participates in metastasis of pancreatic cancer. Mol Cancer (2018) 17(1):108. doi:
10.1186/s12943-018-0858-1

21. Kumai T, Mizukoshi E, Hashiba T, Nakagawa H, Kitahara M, Miyashita T, et al.
Effect of adoptive T-cell immunotherapy on immunological parameters and prognosis
in patients with advanced pancreatic cancer. Cytotherapy (2021) 23(2):137–45. doi:
10.1016/j.jcyt.2020.08.001

22. Lim AR, Rathmell WK, Rathmell JC. The tumor microenvironment as a
metabolic barrier to effector T cells and immunotherapy. Elife (2020) 9:e55185. doi:
10.7554/eLife.55185

23. Morrison AH, Byrne KT, Vonderheide RH. Immunotherapy and prevention of
pancreatic cancer. Trends Cancer (2018) 4(6):418–28. doi: 10.1016/j.trecan.2018.04.001

24. Senovilla L, Vacchelli E, Galon J, Adjemian S, Eggermont A, Fridman WH, et al.
Trial watch: prognostic and predictive value of the immune infiltrate in cancer.
Oncoimmunology (2012) 1(8):1323–43. doi: 10.4161/onci.22009
frontiersin.org

https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.1016/j.plipres.2020.101055
https://doi.org/10.1016/j.plipres.2020.101055
https://doi.org/10.1186/s40425-019-0667-0
https://doi.org/10.1016/j.canlet.2019.11.009
https://doi.org/10.1038/s41577-021-00584-1
https://doi.org/10.1038/ni.2703
https://doi.org/10.1016/j.ejca.2020.03.013
https://doi.org/10.1038/nri3700
https://doi.org/10.1016/j.ajpath.2015.03.012
https://doi.org/10.1111/imr.12405
https://doi.org/10.3389/fimmu.2021.788640
https://doi.org/10.3389/fimmu.2021.788640
https://doi.org/10.3389/fimmu.2020.02105
https://doi.org/10.3389/fimmu.2022.962056
https://doi.org/10.3389/fimmu.2022.962056
https://doi.org/10.1172/JCI139905
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.1016/j.bbcan.2016.01.001
https://doi.org/10.3322/caac.21763
https://doi.org/10.1038/s41575-018-0005-x
https://doi.org/10.1186/s12943-018-0858-1
https://doi.org/10.1016/j.jcyt.2020.08.001
https://doi.org/10.7554/eLife.55185
https://doi.org/10.1016/j.trecan.2018.04.001
https://doi.org/10.4161/onci.22009
https://doi.org/10.3389/fimmu.2023.1222719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zou et al. 10.3389/fimmu.2023.1222719
25. Lee N, Zakka LR, Mihm MC, Schatton T. Tumour-infiltrating lymphocytes in
melanoma prognosis and cancer immunotherapy. Pathology (2016) 48(2):177–87. doi:
10.1016/j.pathol.2015.12.006

26. Fukunaga A, Miyamoto M, Cho Y, Murakami S, Kawarada Y, Oshikiri T, et al.
CD8+ tumor-infiltrating lymphocytes together with CD4+ tumor-infiltrating
lymphocytes and dendritic cells improve the prognosis of patients with pancreatic
adenocarcinoma. Pancreas (2004) 28(1):e26–31. doi: 10.1097/00006676-200401000-
00023

27. Ino Y, Yamazaki-Itoh R, Shimada K, Iwasaki M, Kosuge T, Kanai Y, et al.
Immune cell infiltration as an indicator of the immune microenvironment of
pancreatic cancer. Br J Cancer (2013) 108(4):914–23. doi: 10.1038/bjc.2013.32

28. Brummelman J, Pilipow K, Lugli E. The single-cell phenotypic identity of
human CD8+ and CD4+ T cells. Int Rev Cell Mol Biol (2018) 341:63–124. doi:
10.1016/bs.ircmb.2018.05.007

29. Tesfaye AA, Kamgar M, Azmi A, Philip PA. The evolution into personalized
therapies in pancreatic ductal adenocarcinoma: challenges and opportunities. Expert
Rev Anticancer Ther (2018) 18(2):131–48. doi: 10.1080/14737140.2018.1417844

30. Lundgren S, Elebro J, Heby M, Nodin B, Leandersson K, Micke P, et al.
Quantitative, qualitative and spatial analysis of lymphocyte infiltration in
periampullary and pancreatic adenocarcinoma. Int J Cancer (2020) 146(12):3461–73.
doi: 10.1002/ijc.32945

31. Borst J, Ahrends T, Bab̨ała N, Melief CJM, Kastenmüller W. CD4+ T cell help in
cancer immunology and immunotherapy. Nat Rev Immunol (2018) 18(10):635–47. doi:
10.1038/s41577-018-0044-0

32. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types
of murine helper T cell clone. i. definition according to profiles of lymphokine activities
and secreted proteins. J Immunol (1986) 136(7):2348–57.

33. Deng N, Weaver JM, Mosmann TR. Cytokine diversity in the Th1-dominated
human anti-influenza response caused by variable cytokine expression by Th1 cells,
and a minor population of uncommitted IL-2+IFNg- thpp cells. PloS One (2014) 9(5):
e95986. doi: 10.1371/journal.pone.0095986

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

35. Walker JA, McKenzie ANJ. TH2 cell development and function. Nat Rev
Immunol (2018) 18(2):121–33. doi: 10.1038/nri.2017.118

36. Zhang M-Z, Wang X, Wang Y, Niu A, Wang S, Zou C, et al. IL-4/IL-13-
mediated polarization of renal macrophages/dendritic cells to an M2a phenotype is
essential for recovery from acute kidney injury. Kidney Int (2017) 91(2):375–86. doi:
10.1016/j.kint.2016.08.020

37. Zhu Z, Homer RJ, Wang Z, Chen Q, Geba GP, Wang J, et al. Pulmonary
expression of interleukin-13 causes inflammation, mucus hypersecretion, subepithelial
fibrosis, physiologic abnormalities, and eotaxin production. J Clin Invest (1999) 103
(6):779–88. doi: 10.1172/JCI5909

38. You R, DeMayo FJ, Liu J, Cho S-N, Burt BM, Creighton CJ, et al. IL17A regulates
tumor latency and metastasis in lung adeno and squamous SQ.2b and AD.1 cancer.
Cancer Immunol Res (2018) 6(6):645–57. doi: 10.1158/2326-6066.CIR-17-0554

39. McAllister F, Bailey JM, Alsina J, Nirschl CJ, Sharma R, Fan H, et al. Oncogenic
kras activates a hematopoietic-to-epithelial IL-17 signaling axis in preinvasive
pancreatic neoplasia. Cancer Cel. (2014) 25(5):621–37. doi: 10.1016/j.ccr.2014.03.014

40. Zhang Y, Zoltan M, Riquelme E, Xu H, Sahin I, Castro-Pando S, et al. Immune
cell production of interleukin 17 induces stem cell features of pancreatic intraepithelial
neoplasia cells. Gastroenterology (2018) 155(1):210–223.e3. doi: 10.1053/
j.gastro.2018.03.041

41. Niccolai E, Taddei A, Ricci F, Rolla S, D'Elios MM, Benagiano M, et al. Intra-
tumoral IFN-g-producing Th22 cells correlate with TNM staging and the worst
outcomes in pancreatic cancer. Clin Sci (Lond) (2016) 130(4):247–58. doi: 10.1042/
CS20150437

42. Xu X, Tang Y, Guo S, Zhang Y, Tian Y, Ni B, et al. Increased intratumoral
interleukin 22 levels and frequencies of interleukin 22-producing CD4+ T cells
correlate with pancreatic cancer progression. Pancreas (2014) 43(3):470–7. doi:
10.1097/MPA.0000000000000055

43. Hu L, ZhuM, Shen Y, Zhong Z, Wu B. The prognostic value of intratumoral and
peritumoral tumor-infiltrating FoxP3+Treg cells in of pancreatic adenocarcinoma: a
meta-analysis. World J Surg Oncol (2021) 19(1):300. doi: 10.1186/s12957-021-02420-1

44. Tang Y, Xu X, Guo S, Zhang C, Tang Y, Tian Y, et al. An increased abundance of
tumor-infiltrating regulatory T cells is correlated with the progression and prognosis of
pancreatic ductal adenocarcinoma. PloS One (2014) 9(3):e91551. doi: 10.1371/
journal.pone.0091551

45. Lin X, Ye L, Wang X, Liao Z, Dong J, Yang Y, et al. Follicular helper T cells
remodel the immune microenvironment of pancreatic cancer via secreting CXCL13
and IL-21. Cancers (2021) 13(15):3678. doi: 10.3390/cancers13153678

46. Chaurio RA, Anadon CM, Lee Costich T, Payne KK, Biswas S, Harro CM, et al.
TGF-b-mediated silencing of genomic organizer SATB1 promotes tfh cell
differentiation and formation of intra-tumoral tertiary lymphoid structures.
Immunity (2022) 55(1):115–128.e9. doi: 10.1016/j.immuni.2021.12.007
Frontiers in Immunology 10
47. Cho J-W, Park S, Kim G, Han H, Shim HS, Shin S, et al. Dysregulation of TFH-
B-TRM lymphocyte cooperation is associated with unfavorable anti-PD-1 responses in
EGFR-mutant lung cancer. Nat Commun (2021) 12(1):6068. doi: 10.1038/s41467-021-
26362-0

48. Overacre-Delgoffe AE, Bumgarner HJ, Cillo AR, Burr AHP, Tometich JT,
Bhattacharjee A, et al. Microbiota-specific T follicular helper cells drive tertiary
lymphoid structures and anti-tumor immunity against colorectal cancer. Immunity
(2021) 54(12):2812–24.e4. doi: 10.1016/j.immuni.2021.11.003

49. Schmidleithner L, Feuerer M. Tfh cells induce intratumoral tertiary lymphoid
structures. Trends Immunol (2022) 43(4):274–6. doi: 10.1016/j.it.2022.02.010

50. Gorchs L, Fernández Moro C, Bankhead P, Kern KP, Sadeak I, Meng Q, et al.
Human pancreatic carcinoma-associated fibroblasts promote expression of Co-
inhibitory markers on CD4(+) and CD8(+) T-cells. Front Immunol (2019) 10:847.
doi: 10.3389/fimmu.2019.00847

51. Li Q, Yu J, Zhang H, Meng Y, Liu YF, Jiang H, et al. Prediction of tumor-
infiltrating CD20(+) b-cells in patients with pancreatic ductal adenocarcinoma using a
multilayer perceptron network classifier based on non-contrast MRI. Acad Radiol
(2022) 29(9):e167–e77. doi: 10.1016/j.acra.2021.11.013

52. Gunderson AJ, Kaneda MM, Tsujikawa T, Nguyen AV, Affara NI, Ruffell B, et al.
Bruton tyrosine kinase-dependent immune cell cross-talk drives pancreas cancer.
Cancer Discovery (2016) 6(3):270–85. doi: 10.1158/2159-8290.CD-15-0827

53. Pylayeva-Gupta Y, Das S, Handler JS, Hajdu CH, Coffre M, Koralov SB, et al.
IL35-producing b cells promote the development of pancreatic neoplasia. Cancer
Discovery (2016) 6(3):247–55. doi: 10.1158/2159-8290.CD-15-0843

54. Lee KE, Spata M, Bayne LJ, Buza EL, Durham AC, Allman D, et al. Hif1a
deletion reveals pro-neoplastic function of b cells in pancreatic neoplasia. Cancer
Discovery (2016) 6(3):256–69. doi: 10.1158/2159-8290.CD-15-0822

55. Tahkola K, Ahtiainen M, Kellokumpu I, Mecklin JP, Laukkarinen J, Laakkonen
J, et al. Prognostic impact of CD73 expression and its relationship to PD-L1 in patients
with radically treated pancreatic cancer. Virchows Arch (2021) 478(2):209–17. doi:
10.1007/s00428-020-02888-4

56. Peng X, Luo Z, Kang Q, Deng D, Wang Q, Peng H, et al. FOXQ1 mediates the
crosstalk between TGF-b and wnt signaling pathways in the progression of colorectal
cancer. Cancer Biol Ther (2015) 16(7):1099–109. doi: 10.1080/15384047.2015.1047568

57. Nielsen MFB, Mortensen MB, Detlefsen S. Key players in pancreatic cancer-
stroma interaction: cancer-associated fibroblasts, endothelial and inflammatory cells.
World J Gastroenterol (2016) 22(9):2678–700. doi: 10.3748/wjg.v22.i9.2678

58. Barnes TA, Amir E. HYPE or HOPE: the prognostic value of infiltrating
immune cells in cancer. Br J Cancer (2017) 117(4):451–60. doi: 10.1038/bjc.2017.220

59. Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras M-C, et al.
Genomic analyses identify molecular subtypes of pancreatic cancer. Nature (2016) 531
(7592):47–52. doi: 10.1038/nature16965

60. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pagès C,
et al. Type, density, and location of immune cells within human colorectal tumors
predict clinical outcome. Science (2006) 313(5795):1960–4. doi: 10.1126/
science.1129139

61. Alataki A, Zabaglo L, Tovey H, Dodson A, Dowsett M. A simple digital image
analysis system for automated Ki67 assessment in primary breast cancer.
Histopathology (2021) 79(2):200–9. doi: 10.1111/his.14355
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