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Abstract: Tumor-associated tertiary lymphoid structures (TLSs) are ectopic lymphoid formations within tumor tissue, with
mainly B and T cell populations forming the organic aggregates. The presence of TLSs in tumors has been strongly associated
with patient responsiveness to immunotherapy regimens and improving tumor prognosis. Researchers have been motivated to
actively explore TLSs due to their bright clinical application prospects. Various studies have attempted to decipher TLSs
regarding their formation mechanism, structural composition, induction generation, predictive markers, and clinical utilization.
Meanwhile, the scientific approaches to qualitative and quantitative descriptions are crucial for TLS studies. In terms of
detection, hematoxylin and eosin (H&E), multiplex immunohistochemistry (mIHC), multiplex immunofluorescence (mlF), and
12-chemokine gene signature have been the top approved methods. However, no standard methods exist for the quantitative
analysis of TLSs, such as absolute TLS count, analysis of TLS constituent cells, structural features, TLS spatial location, density,
and maturity. This study reviews the latest research progress on TLS detection and quantification, proposes new directions for
TLS assessment, and addresses issues for the quantitative application of TLSs in the clinic.
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1 Introduction

The immune system is a key player in the response
to tumorigenesis. Therefore, in addition to surgery, chemo-
therapy, radiotherapy, and targeted therapy, immuno-
therapy has also been a key tumor treatment method,
which reduces the toxicity of other treatments. How-
ever, limitations to the use of immunotherapy include
low response rate to single agents, the onset of immune-
related adverse side effects, and the lack of predictive
markers of treatment response (Wang et al., 2018, 2019;
Ramos-Casals et al., 2020). Researchers have focused
on the tumor microenvironment (TME), where multiple
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immune cells regulate tumor growth and progression
(Galon et al., 2006; Fridman et al., 2017). Recent
studies have shown that activated lymphocyte subpopu-
lations in the TME interact through co-stimulation,
co-localization, and aggregation processes under tumor
antigen exposure conditions to develop advanced
and specific structures of immune cells called tumor-
associated tertiary lymphoid structures (TLSs). TLSs
are ectopic lymphoid formations that develop in non-
lymphoid tissues at chronic inflammation sites, such
as tumors (Drayton et al., 2006) and autoimmune dis-
eases (Manzo et al., 2010), reflecting the lymphoid cell
accumulation after prolonged exposure to inflammatory
signals from antigen stimulation, chemokines, and
cytokines (Dieu-Nosjean et al., 2016). The morpho-
logical, cellular, and molecular characteristics of TLSs
resemble secondary lymphoid organs (SLOs), but differ
from those in lacking a capsule and the ability to form
in non-lymphoid tissues (Neyt et al., 2012; Pimenta
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and Barnes, 2014; Koenig and Thaunat, 2016; Rodri-
guez and Engelhard, 2020). TLS formations drive
various immune functions through complex immune
responses in various pathological settings, including
autoimmune diseases (Manzo et al., 2010; Lucchesi and
Bombardieri, 2013), infectious diseases (Neyt et al.,
2012), organ transplant rejection (Thaunat et al., 2010),
and malignancies (Dieu-Nosjean et al., 2014; Pitzalis
et al., 2014; Colbeck et al., 2017). Due to its promis-
ing clinical value in tumor therapy, researchers have
developed high interest in exploring TLSs. Firstly, the
presence of TLSs has indicated positive clinical impli-
cations for tumors. Most tumor-associated TLS studies
suggest that TLSs are related to longer patient survival
time (Table 1). This has been described for oral squa-
mous carcinoma (Li QX et al., 2020), non-small lung
cancer (Dieu-Nosjean et al., 2008; Germain et al., 2014;
Tang et al., 2020), breast cancer (Liu et al., 2017; Prab-
hakaran et al., 2017; Song et al., 2017), colorectal ade-
nocarcinoma (Posch et al., 2018; Trajkovski et al.,
2018), hepatocellular carcinoma (Calderaro et al., 2019;
Li H et al., 2020, 2021), endometrial cancer (Horeweg
et al., 2022; Qin et al., 2022), cervical cancer (Zhang
et al., 2022), melanoma (Ladanyi et al., 2007; Cabrita
et al., 2020), and esophageal squamous cell carcin-
oma (Deguchi et al., 2022; Li RT et al., 2022). Secondly,
TLSs were shown to improve the responsiveness of
some tumor therapies, such as chemotherapy (Ben-
zerdjeb et al., 2021; Delvecchio et al., 2021; Deguchi
et al., 2022) and immunotherapy (Cabrita et al., 2020;
Helmink et al., 2020; Petitprez et al., 2020; Zhou et al.,
2021). A study on the clinical relevance of TLSs by
Deguchi et al. (2022) in esophageal carcinoma indi-
cated that II1-IVa stage patients with effective neoad-
juvant chemotherapy possessed more TLSs of the ger-
minal center (GC) than those with lower treatment
efficacy (P=0.0224). Thirdly, TLSs could be a candi-
date marker for immune checkpoint inhibitor therapy
(Dieu-Nosjean et al., 2014; Sauteés-Fridman et al., 2019;
Rodriguez and Engelhard, 2020). This pan-cancer study
analyzed 11 different tumor types to verify the robust-
ness of the predictive value of TLSs in immune check-
point inhibitor therapy. Despite programmed death-
ligand 1 (PD-L1) expression, mature TLS status sig-
nificantly enhanced immune response and survival
in both PD-L1-positive and PD-L1-negative patients.
Therefore, mature TLSs could objectively predict
immune response efficacy (Vanhersecke et al., 2021).

The above findings are still far from the repro-
ducibility and robustness required for tumor treatment
and fail to address the accompanying problems. The
induction of TLS formation in animal models (Delvec-
chio et al., 2021; van Hooren et al., 2021; Clubb et al.,
2022), their structural composition, and the mechanism
of action in the TME are being gradually explored;
however, detection and quantification could be more
challenging. The lack of standardized TLS quantifica-
tion and convenient detection method limits a deeper
understanding of these structures and hinders their
clinical application. This study reviews the latest pro-
gress in TLS detection and quantification and propos-
es new directions for TLS assessment.

2 Formation and structural composition of
TLSs

2.1 TLS formation

Because of the complexity of TLS formation, the
precise mechanism behind tumor-associated TLSs still
needs to be deciphered. Referring to the SLO forma-
tion process and preliminary mechanism studies in
mouse models of TLSs, the formation process of TLSs
could involve multiple co-existing signaling pathways
that interact with each other (Rodriguez et al., 2021;
Chaurio et al., 2022). TLS formation can be summar-
ized into four main steps: (1) antigen exposure, (2) stro-
mal cell activation, (3) lymphocyte recruitment, and
(4) TLS maturation (Drayton et al., 2006; Gago da
Graga et al., 2021) (Fig. 1). The presence of tumors
indicates a form of chronic inflammation. The release
of tumor antigens and immunogenic tumor cell death
causing the emergence of inflammatory cytokines are
essential factors in developing TLSs. For example,
tumor necrosis factor-lymphotoxin (TNF-LT) stimulates
lymphoid tissue inducer (LTi) cells with lymphotoxin-
a,B, (LTa,B,) (Eberl et al., 2004; Drayton et al., 2006;
Rodriguez et al., 2021). For example, T helper 17 (Th17)
cells, T follicular helper (Tth) cells, B cells, group 3
innate lymphoid cells (ILC3), and M1 macrophages,
although their roles have not been clarified (Bénézech
et al., 2015), interact with lymphoid tissue organizer
(LTo) cells being stromal cells, lymphocytes, or endo-
thelial cells. In a mouse melanoma model, cancer-
associated fibroblasts (CAFs) could act as LTo cells
with lymphotoxin-3 receptor (LTBR) to involve in TLS
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Table 1 Initial studies on TLSs with clinical prognosis

Cancer type Author (year) Patients Main findings Outcome
Lung cancer Germain et al. 74 (early stage); B-cell density within TLSs represents a new Positive
(2014) 122 (advanced stage); prognostic biomarker for NSCLC patient survival.
61 (prospective study)
Tang et al. (2020) 133 Greater area of TLSs and proportion of B cells were  Positive
associated with longer survival rates.
Breast cancer Song et al. (2017) 108 A valuable tool for predicting the pathologic complete ~ Positive
response of triple-negative breast cancer.
Liuetal. (2017) 248 An essential favorable prognostic indicator in HER2"  Positive
breast cancer patients.
Prabhakaran et al. 366 The presence of TLSs within the TME results in better ~ Positive
(2017) survival outcomes.
Sofopoulos et al. 167 Patients with peritumoral TLSs had worse disease-free ~ Negative
(2019) survival and overall survival outcomes.
Colorectal Posch et al. (2018) 109 The TLS maturation process harbors important Positive
adenocarcinma prognostic information on the risk of disease
recurrence.
Trajkovski et al. 103 The density of TLSs influences the control of tumor  Positive
(2018) progression.
Hepatocellular ~ Calderaro et al. 273 Intra-tumoral TLSs may reflect sustained anti-tumor  Positive
carcinoma (2019) response.
Li H et al. (2021) 240 High TLS density improved patient survival outcomes  Positive
and represented a promising prognostic biomarker
for HCC.
Finkin et al. 82 A high TLS was associated with increased recurrence  Negative
(2015) risk and decreased overall survival after HCC
resection.
Endometrial Qin et al. (2022) 104 TLS and B cell infiltration into tumors were associated Positive
cancer with favorable survival outcomes in patients with EC.
Horeweg et al. 660 Favorable solid prognostic impact of TLSs. Positive
(2022)
Melanoma Ladanyi et al. 82 TLSs were associated with a better disease outcome.  Positive
(2007)
Cabrita et al. 186 TLSs have a key role in the TME in melanoma. Positive
(2020)
Esophageal Deguchi et al. 236 TLS maturation may be a useful target for predicting Positive
carcinoma (2022) the efficacy of immunotherapy.
LiRT et al. (2022) 185 TLSs can be used as a new prognostic biomarker. Positive
Cervical cancer Zhang et al. 93 TLSs are a potentially valuable prognostic predictor ~ Positive
(2022) for cervical cancer.
Oral squamous  Li QX etal. 168 TLSs are an independent positive prognostic factor. ~ Positive
cell carcinoma  (2020)
Clear cell renal ~ Xu et al. (2022) 232 CXCL13 expression significantly predicted Negative

cell carcinoma

aggressive disease progression and poor prognosis.

CXCL13: CXC-chemokine ligand 13; EC: endometrial cancer; HCC: hepatocellular carcinoma; HER2": human epidermal growth factor

receptor-2 positive; NSCLC: non-small-cell lung carcinoma; TLS: tertiary lymphoid structure; TME: tumor microenvironment.

formation (Rodriguez et al., 2021). LTa,B, from LTi
cells binds to LTPR from LTo cells (Colbeck et al.,
2017), which leads to the development of TLSs (Loch-
ner et al., 2011; Peters et al., 2011; Guedj et al., 2014;
Jones et al., 2016). LTi cells also secrete chemokines
(e.g., CXC-chemokine ligand 13 (CXCL13)) (Meier

et al., 2007) and cytokines (e.g., interleukin (IL)-17,
IL-7, and IL-21) (Deteix et al., 2010; Jones et al., 2016;
Chaurio et al., 2022), and selectively recruit more LTo
cells and immunocytes (Rodriguez et al., 2021). This in
turn leads to the secretion of vascular endothelial growth
factor C (VEGFC) and adhesion molecules, such as
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Fig. 1 General process of TLS formation and growth. The initiation mechanism of TLS formation is antigen exposure
(Kang et al., 2021). Tumor-associated inflammation factors (e.g., TNF-LT and TGF-p) stimulate LTi cells, including Th17
cells, Tth cells, T cells, B cells, ILC3, M1 macrophages, etc., which secrete chemokines CXCL13 and cytokines (e.g., IL-17,
IL-7, and IL-21), as well as LTa,p, to recruit LTo and immunocytes to the local TME. These processes lead to the
secretion of VEGFC, adhesion molecules, cytokines, and chemokines, all of which promote more lymphocyte recruitment
and the development of HEVs (Schumacher and Thommen, 2022). Moreover, Tth recruitment is mediated by TGF-
suppressing the expression of SATB1. The decreased expression of SATB1 leads to an increase in inducible T cell
co-stimulator (ICOS), which promotes T cell recruitment (Chaurio et al., 2022). The aggregation of lymphocytes forms
early TLSs, that is, structurally defined ectopic dense lymphoid tissue aggregates. The development of mature TLSs
depends on continuous antigenic stimulation and induction (Rodriguez et al., 2021). CAF: cancer-associated fibroblast;
CCL21: CC-chemokine ligand 21; CCR7: chemokine CC-motif receptor 7; CD4": cluster of differentiation 4-positive;
CXCL13: CXC-chemokine ligand 13; CXCRS: chemokine C-X-C-motif receptor 5; DC: dendritic cell; FDC: follicular
dendritic cell; HEV: high endothelial venule; ICAM1: intercellular adhesion molecule 1; IL: interleukin; ILC3: group 3
innate lymphoid cells; LTa,p,: lymphotoxin-a,f,; LTPR: lymphotoxin-f receptor; LTi: lymphoid tissue inducer; LTo:
lymphoid tissue organizer; MADCAMI1: mucosal addressable cell adhesion molecule 1; SATB1: special AT-rich binding
protein-1; Tth: T follicular helper; TGF-f: transforming growth factor-p; Th17: T helper 17; TLS: tertiary lymphoid
structure; E-TLS: early TLS; PFL-TLS: primary follicle-like TLS; SFL-TLS: secondary follicle-like TLS; TNF-LT: tumor
necrosis factor-lymphotoxin; TME: tumor microenvironment; VCAM1: vascular cell adhesion molecule 1; VEGFC:
vascular endothelial growth factor C.

vascular cell adhesion molecule 1 (VCAM1), intercel-
lular adhesion molecule 1 (ICAMT1), and mucosal ad-
dressable cell adhesion molecule 1 (MADCAMI1),
chemokines such as CXCL12, CXCL13, CC-chemokine
ligand 19 (CCL19), and CCL21, and cytokines by LTo
cells and immunocytes (Wang et al., 2002; Furtado
et al., 2007; Vondenhoff et al., 2009), which promote
the recruitment and aggregation of lymphocytes and
the development of high endothelial venules (HEVs).
HEVs are also thought to mediate lymphocyte recruit-
ment (di Caro et al., 2014). The recruitment of B cells is
more likely to occur because of the actively involved
CXCLI13. A recent study indicated that the promo-
tion of T cell differentiation into Tth is mediated by

transforming growth factor-f3 (TGF-f) suppressing the
expression of special AT-rich binding protein-1 (SATB1)
(Chaurio et al., 2022). This study, while exploring the
recruitment of B cells by T cells through IL-21 and
CXCL13, revealed that low expression of SATB1 pro-
motes T cell differentiation into Tth. Furthermore,
chemokine CC-motif receptor 7 (CCR7) on Tth via the
CCL21 axis recruited more T cell aggregation. These
aggregated lymphocytes assemble into early TLSs
without GC (Luther et al., 2002; Daum et al., 2021).
Studies of lung and colorectal cancers have demon-
strated that the process from the early to the mature
TLS stage is sequential maturation (Posch et al., 2018;
Silina et al., 2018a). Therefore, continuous antigenic



stimulation is important during TLS maturation. Mean-
while, relevant experimental evidence indicated that
chemokines, immunotherapy, and vaccines can induce
TLS maturation (Delvecchio et al., 2021; Rodriguez
et al., 2021; van Hooren et al., 2021; Clubb et al., 2022)
(Fig. 1). TLS formation is a complex phenomenon
that different cytokines and cells can regulate under
various disease conditions (Mueller et al., 2018). How-
ever, the molecular and cellular mechanisms of TLS
formation are unclear, and the processes leading to
TLS formation in tumors should be further explored.

2.2 Structural components of TLSs

The structural composition of TLSs in tumors was
first described in non-small cell lung cancer (Dieu-
Nosjean et al., 2008) and melanoma (Ladanyi et al.,
2007). At the histological level, immature TLSs pos-
sess the morphology of irregular, tightly packed aggre-
gates consisting of various types of immune cells. In
contrast, mature TLSs have a more apparent cellular
zone and GCs with bright and dark zones (Pipi et al.,
2018). TLSs comprise three main components at the
cellular level: the external T cell zone, the internal
B cell zone, and the surrounding HEV zone (Coppola
et al., 2011). The T cell compartment contains clusters
of cluster of differentiation 4-positive (CD4") T cells,
CDS8' T cells, and mature dendritic cells (DCs) express-
ing DC-lysosome-associated membrane glycoprotein-
positive (DC-LAMP") or CD83" (Goc et al., 2014;
Sautes-Fridman et al., 2019). These could be associated
with cellular anti-tumor immunity. The GCs developed
the B cell compartment containing follicular dendritic
cells (FDCs) expressing CD21/CD23 and several B
cells. These also include effector B cells, plasma cells,
and memory B cells, to which most of the anti-tumor
effects of TLSs are associated (Sautés-Fridman et al.,
2019; Helmink et al., 2020; Petitprez et al., 2020;
Delvecchio et al., 2021). Additionally, B cells in TLSs
could be involved in an effective T-cell response after
immune checkpoint inhibitor treatment (Helmink et al.,
2020). Meylan et al. (2022) explored TLSs and the
B-cell development thereof in renal cancer using spa-
tial transcriptomics, bulk RNA sequencing (RNA-seq),
and immunofluorescence. In the TLS-positive group,
gene signatures from the B cell lineage (with genes from
naive cells to plasma cells), T cells (involving different
subtypes), and fibroblasts were preferentially expressed
in the TLS region. Mature TLSs are characterized by
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CD4PD1" T cells, CD4PD1'CXCR5" Tth cells, and
CXCLI13 producing cells. GCs contain a network of
CD23" FDCs in the interior, BCL6'CD20" B cells, and
HEVs with peripheral node addressin (PNAd) (Meylan
etal., 2022). HEVs are developed by full cuboidal endo-
thelial cells expressing PNAd, which could mediate
the rapid recruitment of lymphocytes (Martinet et al.,
2011). Moreover, controlling the type of lymphocytes
in the lymphoid tissue increases the possibility of
recruitment of naive and central memory T lympho-
cytes (Liao and Ruddle, 2006; Martinet et al., 2011,
2013; Girard et al., 2012; di Caro et al., 2014; Ager,
2017). The different states of TLSs can be identified
by multiplex immunofluorescence. TLSs are classified
into three stages depending on the presence of FDCs
and the proliferation of the B-cell component. Early
TLSs (E-TLSs) consist primarily of dense aggregates
of lymphocytes without FDCs and the absence of seg-
regated T and B cell zones. FDCs are present in the
primary follicle-like TLSs (PFL-TLSs), but no GC can
be observed. Secondary follicle-like TLSs (SFL-TLSs)
represent an active GC reaction and resemble the SLOs
(Posch et al., 2018; Silina et al., 2018a; Calderaro
et al., 2019; van Dijk et al., 2020; Wang et al., 2021)

(Fig. 2).

3 Methods for TLS detection

The current methods to detect the presence of
TLSs are H&E staining, multiplex immunohistochem-
istry (mIHC) or multiplex immunofluorescence (mlIF),
and the real-time quantitative polymerase chain reac-
tion (QPCR) of chemokines. H&E and mIHC/mIF are
easy to quantify but there is a bias in determination by
individual physicians. The detection of chemokines by
gPCR is a more accurate approach; however, this only
allows for the indirect determination of the presence
of TLSs but not direct visualization. Meanwhile, the
above methods rely on harvesting tumor samples from
representative areas; therefore, inadequate sampling
in the case of inoperable tumors hinders the precise
evaluation of the TLSs (Silina et al., 2018b). Due to
limitations commonly encountered in clinical situations,
indirect methods of evaluating TLSs, such as predic-
tive markers in the blood circulation or body fluids, as
well as comparable imaging features, are promising
approaches with relevant research underway.
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Fig. 2 Three stages of TLSs in breast cancer. E-TLS consists primarily of dense aggregates of lymphocytes (H&E and
mlF), PFL-TLS is composed of B-cell clusters with FDCs (H&E and mlIF), and SFL-TLS has an active GC (H&E and
mlF). Colored arrows point to areas where the corresponding immunofluorescence staining marked the location of the cells.
CD: cluster of differentiation; FDCs: follicular dendritic cells; GC: germinal center; H&E: hematoxylin and eosin; mIF:
multiplex immunofluorescence; TLS: tertiary lymphoid structure; E-TLS: early TLS; PFL-TLS: primary follicle-like TLS;

SFL-TLS: secondary follicle-like TLS.

3.1 H&E staining

H&E staining can detect TLSs based on their mor-
phological features in formalin-fixed and paraffin-
embedded tumor sections. The presence of TLSs can
be initially determined by identifying dense mature
lymphoid cell aggregates having curved and smooth
outlines within the TME. The main advantages of H&E
staining include simple execution and low cost, although
it can extract limited information, not allowing to
explore the full depth of cellular interactions in the
TME. Using this method, the number of “TLS-like”
structures can be quantitated without qualitative descrip-
tion (cell types, activation, etc.).

3.2 Multiplex immunofluorescence

Tissue immune staining using mIHC of consecu-
tive sections or mIF of a single section can probe more
deeply into the spatial biology of TME, such as cap-
turing intercellular interactions to detect and determine
maturity in spatial relationships (Hoyt, 2021). Espe-
cially, mIF facilitates the simultaneous analysis of
multiple markers (Buisseret et al., 2017); hence, it is
more accurate in evaluating the maturation status and

distribution of cells (Table 2). Antigens are expressed
in the B cell zone, such as CD19 and CD20 by B cells,
or CD138 by plasma cells, whereas the FDC surface
antigens CD21 and CD23 (in the mature TLSs har-
boring GCs where CD21 expression is decreased and
CD23 expression is increased) and Ki67 are directly
associated with cell proliferation (Sautes-Fridman et al.,
2019). Regarding the T cell zone, the surface antigen
CD3 is expressed in all T cells, while CD4 and CD8
in specialized T cells and DC-LAMP" mature dendritic
cells (Goc et al., 2014). PNAd is expressed by HEV
endothelial cells (Martinet et al., 2013). The choice of
antigen marker number and fluorescence spectra is
critical for high-resolution antigen staining. Advances
in multispectral imaging technology have increased the
number of fluorescent probes detected simultaneously
by conventional fluorescence microscopy, enhancing
the efficiency and quality of immunofluorescence stain-
ing (Hoyt, 2021). Silina et al. (2018b) systematically
described the mIF staining technique and multispec-
tral imaging procedure for TLSs. The current applica-
tion of mlF staining allows the simultaneous labeling
of over six TLS marker proteins, which facilitates the
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Table 2 TLS maturity-related markers

Marker Cellular 1§ pRL-TLS  SFL-TLS References
localization

CD20 B cell + + + Boivin et al., 2018; Sautés-Fridman et al., 2019; Schumacher
and Thommen, 2022

CD3 T cell + + + Mueller et al., 2018; Silina et al., 2018b; Cabrita et al., 2020

DC-LAMP/CD83 DC - —/+ + Dieu-Nosjean et al., 2008; Silina et al., 2018b; Sautés-Fridman
etal., 2019

CD21 FDC - + + Posch et al., 2018; Silina et al., 2018b

CD23 FDC - - + Posch et al., 2018; Silina et al., 2018b

PNAd HEV - + + Song et al., 2017; Meylan et al., 2022

BCL6 GC - - + de Silva and Klein, 2015; Meylan et al., 2022

BCL6: B-cell lymphoma 6 protein; CD:

cluster of differentiation; DC: dendritic cell; FDC: follicular dendritic cell; GC: germinal center; HEV:

high endothelial venule; LAMP: lysosome-associated membrane glycoprotein; TLS: tertiary lymphoid structure; E-TLS: early TLS; PFL-TLS:
primary follicle-like TLS; SFL-TLS: secondary follicle-like TLS; PNAd: peripheral node addressin.

characterization of TLS morphology and structure
(Posch et al., 2018; Silina et al., 2018b; Laidlaw and
Cyster, 2021).

3.3 Genomic signature of TLSs

qPCR of fresh tumor biopsy can qualitatively
detect TLSs by assessing the expression of specific
chemokine genes. These genes were clustered using the
Pearson’s correlation distance metric leading to the final
12-chemokine (CK) score, including CCL2, CCL3,
CCL4, CCL5, CCLS, CCLI1S8, CCL19, CCL21, CXCL9Y,
CXCL10, CXCL11, and CXCLI3 (Coppola et al., 2011;
Messina et al., 2012; Prabhakaran et al., 2017; Li R
et al., 2021). Thus, TLSs could be detected and quan-
tified at the gene level, which could prove the existence
of TLSs and provide the means for quantification. The
12-CK score was independent of tumor stage, location,
or treatment received. Furthermore, a strong correl-
ation was observed between the chemokine genes and
TLS-enriched tumors. More importantly, a high 12-CK
score significantly improved the overall survival (Toku-
naga et al., 2020; Li R et al., 2021). Zemp et al. (2021)
highlighted that a group of high 12-CK patients had
improved progression-free survival (P=0.004), disease-
specific survival (P=0.004), and overall survival (P=
0.03). The patients benefited from almost one year of
the Atezolizumab treatment. In addition, high 12-CK
scores had favorable oncologic outcomes across mul-
tiple tumors, including colorectal cancer, melanoma,
hepatocellular carcinoma, and breast cancer (Coppola
et al., 2011; de Chaisemartin et al., 2011; Messina et al.,
2012; Prabhakaran et al., 2017). The 12-CK score
showed excellent robustness and comparability across

multiple tumors based on the pan-cancer gene expres-
sion analysis of TLS markers among 30 types from up
to 9880 tumors. The expression has been quantified as
the mean of log,(TPM+1) (TPM: transcripts per mil-
lion) of the signature of 12 genes, indicating that the dis-
tribution was heterogeneous. For instance, this included
lung tumors with high signature expression, glioblas-
toma of the brain, and uveal melanoma of the eye with
low expression (Sautés-Fridman et al., 2019). Simultan-
eously, next generation sequencing (NGS) provided
a comprehensive analysis of TLS-associated chemo-
kines at the gene level. Nakamura et al. (2022) exam-
ined chemokines of the TME in Merkel cell carcinoma
through NGS, and found that the expression levels
of five chemokine genes, viz., CCL5, CCR2, CCR?7,
CXCLY9, and CXCL13, were significantly higher in the
TLS-positive group than in TLS-negative specimens.
Therefore, there is significant robustness in uncover-
ing TLSs at the gene level, and the relevant genes could
be predictive and prognostic tumor markers for TLSs.
However, the application of such methods in clinical
practice should be combined with additional imaging
methods, such as H&E and mIHC or mlF, to provide
quantitative and qualitative information on the pres-
ence of TLSs.

3.4 Spatial omics of TLSs

Spatial omics is a revolutionary field of spatial
tumor research, which can capture the high-throughput
protein and RNA characteristics of TME at the genome
level. Decoding the spatial structure of tumor-associated
TLSs could be a giant leap forward to understand and
quantify TLSs (Amaria et al., 2018). Spatial omics
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techniques include laser capture microdissection, image-
based in situ transcription, spatial barcoding-based tran-
scriptomics, spatial proteomics, spatial metabolomics,
and spatial multi-omics technologies, with a visualiza-
tion platform for spatial omics developed in 2019.
GeoMx Digital Spatial Profiler is a platform with high
throughput, multi-omics, and a flexible selection of
regions of interest, providing researchers with com-
prehensive and clear information. It can aid our under-
standing of tumorigenesis and the TME (Van and Blank,
2019; Gupta et al., 2020; Wu et al., 2022). Two high-
quality studies have obtained promising results by quan-
tification in TLS detection using the GeoMx Digital
Spatial Profiler. Cabrita et al. (2020) utilized GeoMx
in a study of immunotherapy response and survival in
melanoma to quantify 25 immune-associated proteins
of immune cells in TLSs and explored the molecular
properties of T and B cells. It was revealed that highly
proliferative B cells are present around the GCs. Thus,
mature TLSs were linked to B cells expressing Ki67
and CDA40, supporting the idea that different stages of
TLSs exist within the same TME. A high proportion
of CD4" and BCL2 expressing T cells were present
in TLSs having a high number of Ki67 B cells. In con-
trast, TME without TLSs possessed fewer T cells of
this molecular phenotype. Finally, the researchers iden-
tified novel molecular markers for TLSs (Cabrita et al.,
2020). Helmink et al. (2020) also targeted the protein
expression profiles using spatial multi-omics tech-
niques to decipher the role of B cells in TLSs in the
immune response. It was indicated that the expression
of B cell markers was significantly enhanced during
pre-treatment. On-treatment samples from the immune
checkpoint blockade (ICB) responder group and mem-
ory B cells could act as antigen-presenting cells driv-
ing a progressive increase in memory and naive tumor-
associated T cells. In addition, B cells secrete various
cytokines to activate and recruit immune effector cells
such as T cells (Helmink et al., 2020). Through the analy-
sis of TLS-related proteins, the issues involving detect-
ing and quantifying TLSs, tumor TLS heterogeneity, the
characteristics across different stages of TLSs within the
same tumor, and the response of TLSs to immuno-
therapy will be gradually resolved through future studies.

3.5 3D imaging of TLSs

Another promising approach to address the high
reliance on pathological tissue for TLS detection and

quantification is three-dimensional (3D) imaging. Ran-
dolph et al. (2016) provided a 3D imaging method to
characterize the lymphatic vasculature in the mesen-
teric tissue of Crohn’s patients. Therein, the surgeon
intraoperatively injected a dye for lymphadenopathy
locally into the ileum. Lymphatic aggregates without
capsules were identified by image scanning with a
light-emitting diode, 3D imaging processing and analy-
sis with ImarisQ13 software. The structure was iden-
tified as TLS after characterization by immunofluores-
cence imaging in 3D, and its volume, the number of con-
stituent cells, and the number of B cells were evaluated
by computer algorithms. With the application of 3D
imaging, information on the 3D structure and spatial
dynamics of TLSs, and even the types, numbers, and
interactions of the constituent cells in TLSs can be
more visually presented. The above data suggest that
there is a highly promising prospect of 3D imaging to
unveil the connection among the development of TLSs,
tumor status, and tumor treatment strategies (chemo-
therapy, immunotherapy, radiotherapy, etc.).

3.6 Potential TLS biomarkers

The identification of TLSs is still limited by sev-
eral challenges. Histopathological observation requires
surgical specimens and is technically demanding. Thus,
readily available and reliable TLS identification markers
are urgently needed in clinical practice. Recent studies
exploring TLS markers yielded preliminary results in
selected tumors only. Chemokines are strongly related
to the presence of TLSs, particularly CXCL13, the most
accepted TLS marker (Groeneveld et al., 2021). In a
study on the prognostic impact of TLSs in endometrial
cancer, Horeweg et al. (2022) inadvertently found
that L1-cell adhesion molecule (L1CAM) expression
was significantly enhanced in TLS-positive tumors. In
L1CAM' TLSs, LICAM/CD21 co-immunofluorescence
analysis showed a co-localization of LICAM with
FDCs-labeled CD21, whereas gene expression analysis
revealed L1ICAM overexpression. This result estab-
lished LICAM as a simple biomarker for endometrial
cancer-associated TLSs. Ahmed et al. (2022) observed
that low levels of serum IL-2 were significantly correl-
ated with the presence of TLSs, suggesting its poten-
tial role as TLS biomarker in pancreatic ductal adeno-
carcinoma TME. Nonetheless, further studies are neces-
sary to establish the IL-2 serum threshold. Also, the
reproducibility of the abovementioned markers still



needs additional validation. As a whole, more research
is required to validate TLS applications in clinical
settings.

4 Quantitative analysis of TLSs

The standardized quantitative assessment of tumor-
associated TLSs aims to provide a reproducible quan-
tification method in tumors. However, the scientific
quantification of TLSs is currently facing many chal-
lenges. The present techniques can be broadly divided
into two categories: (1) Genomic level, such as 12-CK
score and spatial histology (refer to Sections 3.3 and
3.4). This quantitative approach has demonstrated
advantages in pan-cancer studies and can uncover the
secrets at the gene level of TLSs, but it is expensive.
(2) Histological level, where histology-based quantifi-
cation methods are explored for clinically-driven pur-
poses. The quantitative studies of tumor-associated
TLSs at the histological level could be roughly sum-
marized into three aspects: (1) Absolute TLS count.
The total TLSs present inside and outside the tumor
area, and the density is expressed as the number of
TLSs per mm’ area. This basic quantitative approach
is applied to all types of tumor research with stability
and interpretability (Helmink et al., 2020). Further-
more, some studies have quantified TLS size, spatial
distribution, and constituent cell counts (Barmpoutis
et al., 2021; Hoyt, 2021; Werner et al., 2021). (2) Nor-
malization of the total area occupied by TLSs based
on the total area of the tumor analyzed (Helmink et al.,
2020). (3) TLS grade scores. TLS scoring models were
inspired by the previous “immune score” analysis,
including the quantification of tumor-infiltrating T cells.
The categories that can be determined range from
low to high immune cell density (Pages et al., 2018;
Marliot et al., 2020b). For instance, the tumor node
metastasis-immune (TNM-I) score in colorectal can-
cer has been accepted in the clinical setting (Marliot
et al., 2020a). The determination of immune score
has given some insight into the quantification of TLSs
and aided the development of quantitative criteria for
TLSs. TLS scoring includes two types: grade scor-
ing for the number of TLS distributions (Rakaee et al.,
2021) and grade scoring based on TLSs and distribu-
tion features under the subdivision of TLSs relative
to tumor location (Ding et al., 2022). For type one,
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Rakaee et al. (2021) developed three strategies of TLS
scoring to optimize conventional TNM staging in
non-small cell lung cancer for prognostic prediction.
The first strategy is a semi-quantitative scoring model
that divides TLSs into four levels of score (0-3), viz.,
absent, mild, moderate, and severe TLS distribution
(while the researcher’s specific criteria are unclear).
The second strategy of the TLS scoring model is a
four-level score using a manual count for the total
number of lymphoid follicles and lymphocyte aggre-
gates inside and outside the tumor. The third strategy
is the manual quantification of GC+TLS. In terms of
applicability, the first strategy is limited by subjectiv-
ity, is prone to variability, and is therefore not recom-
mended. For the second strategy, the number of cut-off
values for each TLS grade should be explored, and its
stability needs verification. Regarding the third strategy,
some studies have shown a promising prognosis for
mature TLSs. In general, these models could enhance
the power of TNM staging in prognosis prediction
among non-small cell lung cancer patients by adding
a scoring of the tumor-associated immune compart-
ment to the TNM staging system. For type two, Ding
et al. (2022) constructed a four-level scoring system
based on a T (intra-tumor) score within the tumor and
a P (peri-tumor) score around the tumor for intrahepat-
ic cholangiocarcinoma. The T and P scores had four
levels from 0 to 3: Score 0, no TLS; Score 1, one or
two TLSs; Score 2, at least three TLSs; Score 3,
massive TLSs involving the T or P region and con-
verging. This study classified intrahepatic cholangio-
carcinoma into four immune subtypes and revealed that
the abundance and spatial distribution of TLSs were
significantly related to patient prognosis. Type two is
similar to that in the second strategy with a matching
problem. On a positive note, the two types of quantita-
tive scoring provide meaningful data to establish a
correlation between TLSs and tumor prognosis. TLS
analysis could help distinguish between patients with
histologically similar tumors but presents differences
in their clinical prognosis. Thus, while it improves
patient management, its performance mainly depends
on the TNM staging system (Cadiz et al., 2018; Hattori
etal., 2019). However, the quantitative histological level
requires highly informative manual counting, whether
performed under the microscope or by whole slide
imaging (WSI, a scanner produces a whole slide image).
Manual counting could decrease the TLS positivity
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rate and inherently includes subjectivity. Quantifying
the histological level is at a distinct disadvantage com-
pared to the genomic level, and further research is
required to understand whether it applies to other can-
cer types.

5 Al in the assessment of TLSs

Integrating artificial intelligence (AI) with clin-
ical medical practice has allowed the mining of large
volumes of medical data and the extraction of signifi-
cantly valuable information. Imaging data, including
radiology and pathology images, are integral to med-
ical data. In recent years, numerous Al studies have
expanded the deep learning of graphic data, applying
medical imaging analysis and computer-aided diagno-
sis to provide decision support to clinicians (Chan
et al., 2020). Moreover, deep learning has made not-
able achievements in oncology research. The WSI of
the lung cancer cohort was classified into one of the
categories, including normal, lung adenocarcinoma,
and lung squamous carcinoma, and the classification
and mutation prediction of non-small cell lung cancer
histopathological images using deep learning could
reach a prediction effectiveness of 0.97 (Coudray et al.,
2018). In radiology, the classification of textural pat-
terns (e.g., ground glass cloudiness and micronodules)
in the lung using deep convolutional neural networks
achieved an average accuracy of 85% (Anthimopou-
los etal., 2016). Deep learning was further employed
to predict tumor grade (low or high) from the mag-
netic resonance imaging (MRI) images of liver cancer
patients, with a reported prediction effectiveness of
0.83 (Zhou et al., 2019). Deep learning based on Al
has also shown promising results in early screening,
diagnosis, treatment, prediction of recurrence, and sur-
vival for various types of tumors.

5.1 Advantages of deep learning in TLS identifica-
tion and quantification

The digital imaging of pathology slides using pan-
oramic section digital scanning technology integrates
cellular, tissue, and structural dimensions with Al to
further explore histological features and perform quali-
tative and quantitative analyses of digital pathology
slides. Preliminary attempts have been made at the
detection and quantification of TLSs. Barmpoutis et al.

(2021) identified TLS regions from lung cancer tis-
sues by the deep convolutional neural network algo-
rithm. In this report, the authors first defined the math-
ematical criteria of TLSs (i.e., the number of lympho-
cytes within TLSs), the TLS minimum area, and the
density of lymphocytes within a given region with
high stability and specificity, providing a basis for the
standardization of TLS definition and quantification
based on H&E images, thus facilitating the integration
of TLS identification into clinical workflows. However,
the algorithm generated by these authors failed to
distinguish between different TLS stages and correlate
TLS density with prognostic outcomes. The multi-
resolution convolutional neural networks of HookNet
(van Rijthoven et al., 2021) can automatically identify
mature TLSs with GCs at a higher accuracy based on
previous TLS identification; correspondingly, it has
been used for pathological detection of lung cancer,
providing advantages for the prognosis and treatment
efficacy. Moreover, some digital imaging analysis plat-
forms for quantifying TLSs in lung cancer are being
developed. Future studies must demonstrate that this
approach can be translated to other cancer types and
ensure interlaboratory reproducibility.

The presence of GCs might be a determinant fac-
tor of the prognostic value of TLSs (Posch et al., 2018).
Thus, a systematic quantitative approach was developed
that described in detail the detection of different stages
of TLSs (Silina et al., 2018b). This involved using a
heptachromatic immunofluorescence technique with
tyramine signal amplification combined with multi-
spectral microscopy to acquire histological images,
and finally, a tissue and cell segmentation algorithm
for histological images to quantitatively analyze the
data and detect mature TLSs. Similar computer-based
readouts have been gradually developed, with deep
learning allowing quantitatively and spatially assess-
ing TLSs in tissue sections. Therefore, we propose that
identifying TLS regions, automatically detecting the
cells of interest within the tumor mesenchyme, and
classifying immune cell clusters according to their dif-
ferentiation degree may provide a fast and reliable
method for TLS quantification.

5.2 Radiomics and TLS characterization

Radiomics is an emerging non-invasive method
with immense application potential in tumor diag-
nosis and treatment (Xu et al., 2021). It utilizes the



computerized high-throughput extraction and quantifi-
cation of high-order imaging features of tumors, and
then integrates the obtained data with other clinical
information to find associations with tumor diagnosis,
tumor efficacy evaluation, molecular markers, and prog-
nosis among others (Tumeh et al., 2014; Braman et al.,
2017; Vaidya et al., 2020; Zhang et al., 2020). For
example, this approach can extract clinically signifi-
cant features of the TME and construct models by Al
algorithms that predict the anti-tumor response of
immune cells and the efficacy of programmed cell
death protein-1 (PD-1) inhibitors (Tumeh et al., 2014;
Braman et al., 2017). Another methodological innov-
ation is the correlation of microscopic pathology with
macroscopic images to predict the presence of TLSs.
Exploring the association between tumor images and
TLS status through imaging histology to predict the
presence of TLS constitutes a breakthrough in the rou-
tine pathological tissue diagnosis of TLSs, providing a
new direction in the detection and quantification of
TLSs. For instance, Li PX et al. (2022) found image
features associated with TLSs by radiomics for pre-
operative non-invasive prediction of TLSs within
hepatocellular carcinoma. They constructed a preopera-
tive prediction model of TLS with an average predic-
tion effectiveness of 0.75, improving TLS prediction
in hepatocellular carcinoma. In addition, Ren et al.
(2022) studied the characteristics of TLSs in lung
adenocarcinoma and associated factors. They classi-
fied the computed tomography (CT) imaging features
of lung adenocarcinoma into pure ground-glass nod-
ules (pGGNSs), part-solid nodules (PSNs), and solid
nodules (SNs). TLS density was significantly higher
in PSNs and SNs than in pGGNs, having P-values
of 0.008 and 0.046, respectively. Their study correl-
ated the CT imaging features with TLS density and
maturation. These emerging approaches, including
the indirect association of radiomics to the presence
of TLSs and deep learning for the identification, detec-
tion, and quantification of TLSs, extended the scope
of TLS diagnostics from qualitative to quantitative
description and have attracted the interest of an in-
creasing number of researchers. Many relevant studies
are still investigating the relationship between tumor
imaging features and TLS-specific imaging features
to accurately predict the presence of TLSs within
tumors and provide options for TLS detection and
quantification.
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6 Conclusions and future prospects

Recently, the discovery of TLS formation in tumor
tissues opened up a window of research opportunities
for developing new immunotherapeutic approaches,
and the prognostic value of tumor-associated TLSs has
been extensively explored. The latest research focuses
on the relationship between the structure and the regu-
lation of tumor-specific immune responses and their
induction and genetic characteristics. Importantly, the
standardization of TLS detection and quantification is
a prerequisite for the in-depth study of TLSs. The avail-
able data suggest that mIF and mIHC are beneficial
for distinguishing between different stages of TLSs with
high reproducibility, even if the relevant procedures
are technically challenging. As for TLS quantification,
manual scoring presents advantages, whereas the repro-
ducibility of current methods remains to be improved.

Emerging Al approaches have overcome the limi-
tations of manual TLS identification regarding quanti-
fication variability and other shortcomings. Mean-
while, the combination of immune scoring and Al has
the potential to develop standardized quantification
methods applicable to multiple cancer types. Al-based
computational pathology can identify otherwise un-
raveled substructures at the cellular, structural, and tis-
sue levels, further allowing for the quantification of their
structural features (Nawaz and Yuan, 2016; Abels et al.,
2019; Cui and Zhang, 2021). This approach further inte-
grates additional clinical information, building models
for TLS identification and tumor prognosis. The organic
combination of Al and genomics or space omics facili-
tates powerful functions: it enables investigators to
explore the differences in TLSs across tumors, lead-
ing to stable quantification at the genetic level.

In view of the above, Al could be a reliable TLS
detection and quantification method. TLSs can be rec-
ognized in pathology images with high detection effi-
cacy using Al algorithms. If different stages of TLSs
could be distinguished, its description could be more
accurately described. The number of TLSs, their cell
composition, density, and genetic characteristics have
been analyzed, providing preliminary results. However,
for these techniques to be applied in clinical practice,
cooperation between pathologists and computer scien-
tists is fundamental. Moreover, standards and items for
detection and quantification need to be developed, scan-
ners for scanning pathology slides should be installed
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in every pathology center, and a sufficiently large data
repository needs to be established. Designing a com-
plete workflow for detection and quantification should
be an easy task for computer scientists (Fig. 3).

We expect that future studies will report on the
status of TLSs, for example, in patients with treated
tumors where multiple biopsies are clinically difficult
to perform. Moreover, less invasive alternative identi-
fication method is yet to be developed. Several studies
have explored novel TLS biomarkers in peripheral
blood and other body fluids. In addition, TLSs can be
imaged by positron emission tomography (PET) and
quantified by Al after patients have been injected with
an appropriate targeted tracer. This non-invasive radio-
logical approach will clearly facilitate the reproducible
assessment of TLSs. The difficulty of this method,
however, is finding the ideal tracer (Fig. 3).

In summary, TLS identification and quantifica-
tion have multiple utilities within oncological clinical
practice. The discussed studies provide preliminary
results on using TLSs in the clinical setting; however,
additional research is needed to fully unravel TLS
biology and to develop standard criteria for TLS iden-
tification and quantification.
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