& frontiers | Research Topics

Tertiary lymphoid
structures (TLS) in
the tumor iImmune
microenvironment

Edited by
Ying Ma and Hui Zhao

Published in
Frontiers in Immunology
Frontiers in Oncology



https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/47039/tertiary-lymphoid-structures-tls-in-the-tumor-immune-microenvironment
https://www.frontiersin.org/research-topics/47039/tertiary-lymphoid-structures-tls-in-the-tumor-immune-microenvironment
https://www.frontiersin.org/research-topics/47039/tertiary-lymphoid-structures-tls-in-the-tumor-immune-microenvironment
https://www.frontiersin.org/research-topics/47039/tertiary-lymphoid-structures-tls-in-the-tumor-immune-microenvironment
https://www.frontiersin.org/journals/oncology

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-5971-0
DOI 10.3389/978-2-8325-5971-0

Frontiers in Immunology

February 2025

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

&® frontiers | Research Topics February 2025

Tertiary lymphoid structures
(TLS) in the tumor immune
microenvironment

Topic editors
Ying Ma — Tianjin Medical University Cancer Institute and Hospital, China
Hui Zhao — University of Texas MD Anderson Cancer Center, United States

Citation

Ma, Y., Zhao, H., eds. (2025). Tertiary lymphoid structures (TLS) in the
tumor immune microenvironment. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-8325-5971-0

Frontiers in Immunology 2 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-5971-0

& frontiers | Research Topics

Table of
contents

Frontiers in Immunology

05

11

24

40

52

72

83

96

106

February 2025

Editorial: Tertiary lymphoid structures (TLS) in the tumor
immune microenvironment

Xinbo Gao, Xianggin Zhao, Xuesong Li, Jin Zhang, Hui Zhao and
Ying Ma

Tertiary lymphoid structures predict the prognosis and
immunotherapy response of cholangiocarcinoma

Taiyu Shang, Tianyi Jiang, Tao Lu, Hui Wang, Xiaowen Cui, Yufei Pan,
Mengyou Xu, Mengmiao Pei, Zhiwen Ding, Xiaofan Feng, Yunkai Lin,
Xin Li, Yexiong Tan, Feiling Feng, Hui Dong, Hongyang Wang and
Liwei Dong

Antigen presentation by clonally diverse CXCR5+ B cells to
CD4 and CD8 T cells is associated with durable response to
immune checkpoint inhibitors

Lizhong Ding, Lu Sun, Melissa T. Bu, Yanjun Zhang, Lauren N. Scott,
Robert M. Prins, Maureen A. Su, Melissa G. Lechner and Willy Hugo

The prognostic value of the tertiary lymphoid structure in
gastrointestinal cancers

Aoyang Yu, Menghan Cao, Kaile Zhang, Yule Yang, Luyao Ma,
Xinran Zhang, Yang Zhao, Xiao Ma, Zhixiang Fan, Zhengxiang Han
and Hongmei Wang

Heterogeneity of tertiary lymphoid structures in cancer
Xin You, Kristina Koop and Andreas Weigert

Combined inflammatory parameters and tertiary lymphoid
structure predict prognosis in patients with resectable
non-small cell lung cancer treated with neoadjuvant
chemoimmunotherapy

Fuhao Xu, He Zhu, Yinjun Dong, Li Li, Ning Liu and Shuanghu Yuan

Translational and oncologic significance of tertiary lymphoid
structures in pancreatic adenocarcinoma

Zachary Gao, Joseph Azar, Huili Zhu, Sophia Williams-Perez,

Sung Wook Kang, Celia Marginean, Mark P. Rubinstein,

Shalini Makawita, Hyun-Sung Lee and E. Ramsay Camp

Effects of immunogenic cell death-inducing
chemotherapeutics on the immune cell activation and
tertiary lymphoid structure formation in melanoma

Hua Zhao, Yu Zhao, Siyuan Zhang, Zhe Wang, Wenwen Yu,

Nan Dong, Xuena Yang, Xiying Zhang, Qian Sun, Xishan Hao and
Xiubao Ren

Immune checkpoint ligands expressed on mature high
endothelial venules predict poor prognosis of NSCLC: have a
relationship with CD8* T lymphocytes infiltration

Jing Luo, Xiuhuan Shi, Yumeng Liu, Jian Wang, Hao Wang,

Xuena Yang, Qian Sun, Zhenzhen Hui, Feng Wei, Xiubao Ren and
Hua Zhao

3 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Immunology

119

129

131

144

159

179

February 2025

Intratumor tertiary lymphatic structure evaluation predicts
the prognosis and immunotherapy response of patients with
colorectal cancer

Huijing Feng, Siyuan Zhang, Qiuru Zhou, Fei Han, Gang Du, Lin Wang,
Xuena Yang, Xiying Zhang, Wenwen Yu, Feng Wei, Xishan Hao,
Xiubao Ren and Hua Zhao

Corrigendum: Intratumor tertiary lymphatic structure
evaluation predicts the prognosis and immunotherapy
response of patients with colorectal cancer

Huijing Feng, Siyuan Zhang, Qiuru Zhou, Fei Han, Gang Du, Lin Wang,
Xuena Yang, Xiying Zhang, Wenwen Yu, Feng Wei, Xishan Hao,
Xiubao Ren and Hua Zhao

Exploiting tertiary lymphoid structures gene signature to
evaluate tumor microenvironment infiltration and
immunotherapy response in colorectal cancer

Zhu Xu, Qin Wang, Yiyao Zhang, Xiaolan Li, Mei Wang,

Yuhong Zhang, Yaxin Pei, Kezhen Li, Man Yang, Liping Luo,
Chuan Wu and Weidong Wang

Density of tertiary lymphoid structures and their correlation
with prognosis in non-small cell lung cancer
Shuyue Xin, Shuang Wen, Peipei He, Yulong Zhao and Hui Zhao

Exploring the impact of tertiary lymphoid structures maturity
in NSCLC: insights from TLS scoring

Julie Berthe, Pawan Poudel, Felix J. Segerer, Emily C. Jennings,
Felicia Ng, Michael Surace, Alma Andoni, Marco Testori,

Megha Saraiya, Miljenka Vuko, Harald Hessel, Mari Heininen-Brown,
Jorge Blando, Emma V. Jones, Sophie E. Willis, Jérédme Galon,
Rieneke van de Ven, Tanja D. de Gruijl and Helen K. Angell

Associations between tertiary lymphoid structure density and
immune checkpoint inhibitor efficacy in solid
tumors: systematic review and meta-analysis
Bin Jiang, Zhuo Wu, Yang Zhang and Xueying Yang

4 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/

8 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Peter Brossart,
University of Bonn, Germany

*CORRESPONDENCE
Ying Ma
yingma@tmu.edu.cn;
yingma_maying@hotmail.com
Hui Zhao
huizhao_liu@yahoo.com;
huizhao@mdanderson.org

RECEIVED 05 January 2025
AccepTeED 08 January 2025
PUBLISHED 23 January 2025

CITATION
Gao X, Zhao X, Li X, Zhang J, Zhao H and
Ma Y (2025) Editorial: Tertiary lymphoid
structures (TLS) in the tumor

immune microenvironment.

Front. Immunol. 16:1555677.

doi: 10.3389/fimmu.2025.1555677

COPYRIGHT
© 2025 Gao, Zhao, Li, Zhang, Zhao and Ma.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Immunology

Tvpe Editorial
PUBLISHED 23 January 2025
po110.3389/fimmu.2025.1555677

Editorial: Tertiary lymphoid
structures (TLS) in the tumor
iImmune microenvironment

Xinbo Gao*, Xianggin Zhao®, Xuesong Li? Jin Zhang?,
Hui Zhao™ and Ying Ma™

‘Department of Pancreatic Cancer, Tianjin Medical University Cancer Institute and Hospital, National
Clinical Research Center for Cancer, Tianjin's Clinical Research Center for Cancer, Tianjin Key
Laboratory of Digestive Cancer, Key Laboratory of Cancer Prevention and Therapy, Tianjin, China,
2Department of Pediatric Oncology, Shandong Cancer Hospital and Institute, Shandong First Medical
University and Shandong Academy of Medical Sciences, Jinan, Shandong, China, *Department of
Orthopedics, Nanjing First Hospital, Nanjing Medical University, Nanjing, Jiangsu, China, “*Department
of Health Services Research, The University of Texas MD Anderson Cancer Center, Houston,

TX, United States

KEYWORDS

tertiary lymphoid structures (TLSs), tumor microenvironment (TME), immunotherapy,
immune checkpoint inhibitors (ICl), solid tumors (ST), biomarkers, prognosis

Editorial on the Research Topic
Tertiary lymphoid structures (TLS) in the tumor immune microenvironment

Tertiary lymphoid structures (TLSs) (1, 2) are organized clusters of immune cells that
develop within non-lymphoid tissues under specific conditions, including autoimmunity,
chronic infections, and cancer. These structures resemble lymphoid follicles, typically
featuring a core of B cells surrounded by T cells, along with dendritic cells, a supporting
network of extracellular matrix, and specialized high endothelial venules facilitating
lymphocyte entry. TLSs are thought to recruit and activate naive T and B cells within
the tumor microenvironment (TME) via chemokine signaling, contributing significantly to
the complex interplay of immune cells and tumor cells within the TME.

The TME in solid tumors comprises a complex ecosystem of tumor cells, stromal
components, blood vessels, and immune cells. This environment plays a crucial role in
tumor progression and its interaction with surrounding tissues. Tumor-infiltrating
lymphocytes (TILs) exert a powerful influence within the TME, with cytotoxic TILs
inhibiting tumor growth while certain suppressive or exhausted lymphocyte populations
can promote it. TLS have been recognized as a significant source of TILs, and their
presence often correlates with improved patient prognosis. However, our understanding
of TLS function within the TME remains incomplete. Factors like TLS location, density,
and maturity likely influence clinical outcomes, including survival and treatment
response, across different cancer types. Furthermore, research into methods of
manipulating TLS for therapeutic benefit is an area of active investigation, exploring
their potential as immune niches to enhance existing and future cancer therapies. This
Research Topic introduces a collection of articles in our Research Topic focused on TLS
in solid tumors, exploring their anatomy, key features, immunological roles, and future
research directions.
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The fourteen articles in this Research Topic explore TLS across
a range of solid tumors, including non-small cell lung cancer (Xu F.
et al., Xin et al., Berthe et al., and Luo et al.), melanoma (Zhao et al.),
gastrointestinal cancers (Yu et al.), colorectal cancer (Feng et al. and
Xu Z. et al.), pancreatic adenocarcinoma (Gao et al.),
cholangiocarcinoma (Shang et al.), and a meta-analysis across
many types of solid tumors in 19 clinical trials (Jiang et al.).
Several articles provide broader perspectives: You et al. and Ding
et al. offer a comprehensive overview of TLS formation, maturation,
localization, and heterogeneity, emphasizing the clinical
implications of TLS heterogeneity in cancer patients. Zhao et al.
elucidate the impact of immunogenic cell death-inducing
chemotherapeutics on immune cell activation and TLS formation
in melanoma.

These studies collectively highlight three key areas: the
significance of TLS in predicting immunotherapy response and
patient prognosis; the importance of assessing TLS maturity and
density across different tissue types and spatial locations; and the
crucial link between immune checkpoint pathways and TLS
formation and maturation, with implications for understanding

the mechanism of immune checkpoint inhibitors.

1 TLS in predicting immunotherapy
response and patient prognosis

1.1 TLS and prognostic value in
cholangiocarcinoma and pancreatic cancer

Cholangiocarcinoma (CCA), a malignancy of the biliary
epithelium, carries a poor prognosis, hampered by the lack of
reliable biomarkers for predicting treatment response and
survival. Recognizing the role of tertiary lymphoid structures
(TLS) as crucial microenvironments for anti-tumor immunity,
Shang et al. investigated their prognostic value in a cohort of
471 CCA patients. Using H&E and immunohistochemical (IHC)
staining to assess TLS maturity and composition, they observed
varying degrees of TLS maturity and identified a four-gene
signature (PAX5, TCL1A, TNFRSF13C, and CD79A) strongly
expressed within TLS regions. High intratumoral TLS density
correlated with improved overall survival (OS), while,
interestingly, high peritumoral TLS density was associated with
shorter OS. Similarly, a previous study (3) analyzed pancreatic
cancer samples, identifying TLS-associated marker genes and
developing a risk score model. This model stratified patients
into high- and low-risk groups, with the low-risk group
exhibiting increased immune cell infiltration and

improved prognosis.
1.2 TLS in colorectal cancer: challenges
and opportunities

While TLS are generally associated with favorable outcomes in

several cancers, their role in colorectal cancer (CRC) is more
nuanced. Although some studies have linked TLS presence to
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improved OS, progression-free survival (PFS), disease-free
survival (DFS), and recurrence-free survival (RFS), Yu et al.
highlight the lack of significant association between TLS and OS
in CRC-specific subgroup analyses. This discrepancy may stem
from the presence of pre-existing lymphoid tissues like GALT or
Peyer’s patches, which could be misidentified as TLS. This approach
could potentially enhance the prognostic utility of TLS in CRC.
Furthering this line of inquiry, Xu Z. et al. developed a 14-gene TLS-
related prognostic risk model, validated in TCGA and GEO
datasets. They identified TLS-related subclusters and
characterized hub genes, including PRRX1, a potential
immunomodulatory factor and therapeutic target, whose
expression was elevated in the TLS-positive CRC group. Their
work showcases the combined power of bioinformatics, IHC, and
multiplex immunofluorescence (MIF) for characterizing TLS and
identifying clinically relevant markers.

1.3 TLS in non-small cell lung cancer:
prognostic value and immunotherapy

Non-small cell lung cancer (NSCLC) remains a leading cause of
cancer-related death, and while immunotherapy offers promising
treatment avenues, robust prognostic markers are needed. Xin et al.
revealed TLS in the current landscape of NSCLC and emerging
immunotherapy strategies. Focusing on neoadjuvant
chemoimmunotherapy, Xu F. et al. identified the platelet-to-
lymphocyte ratio (PLR) as an independent predictor of TLS
expression, with lower PLR correlating with higher TLS levels.
Both systemic immune-inflammation index (SII) and TLS were
independent prognostic factors, with high TLS and low SII
associated with improved prognosis. Combining SII and TLS
provided greater prognostic accuracy than either alone. Berthe
et al. developed a multiplex IF panel to evaluate TLS maturity in
NSCLC, finding that TLS relative area and CD21 positivity were
strong prognostic indicators. Their TLS scoring system,
incorporating TLS relative area, B cell density, and CD21+CD23-
FDC density, demonstrated significant prognostic value.

1.4 TLS in pancreatic ductal
adenocarcinoma and the complexity of
TLS characterization

Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive subtype of pancreatic cancer, characterized by an
immunosuppressive TME that contributes to immunotherapy
resistance. While immune checkpoint inhibitors (ICIs) have
shown limited efficacy in PDAC, other immunotherapeutic
approaches are under development. Interestingly, the density of
small nerve fibers within TLS aggregates has been linked to
improved OS in PDAC. The complex architecture of TLS,
comprising diverse immune and stromal cell populations, is
essential for effective anti-tumor immune responses. However, the
lack of a standardized TLS definition and the variety of assessment
methods (H&E, IHC, MIF, gene expression profiling) contribute to
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variability in TLS classification and clinical interpretation.
Characterizing TLS at a higher resolution, considering their
functional, compositional, and spatial heterogeneity, is crucial for
understanding their impact on patient survival.

2 TLS maturity and density across
different tissue types and
spatial locations

2.1 TLS formation, maturation,
and characterization

TLS development is a multi-stage process involving fibroblast
activation, immune cell recruitment, and maturation, as detailed by
Gao et al. (4) Cytokines like IL-13, IL-17, and IL-22 play a role in
the initial fibroblast priming by immune cells under
inflammatory stress (5, 6). Histologically, TLS maturity was
primarily distinguished by the presence or absence of germinal
centers (GCs), crucial sites for B cell maturation and affinity
maturation. Mature TLS, containing GCs, exhibit proliferating B
cells, follicular dendritic cells (FDCs) expressing DC-LAMP, and
markers like Ki67, AID, and BCL6. More recently, a three-tiered
maturity model for lung cancer TLS has been proposed,
classifying TLS as early (dense lymphocytic clusters without
FDCs or GCs), intermediate (“primary follicle-like” with CD21
+CD23- FDCs), and mature (“secondary follicle-like” with GCs)
(7). This model underscores the importance of B cell maturation
and humoral immunity in anti-tumor responses. However, TLS
definitions vary across studies, with some relying on basic
histological examination (H&E staining) and markers like
PNAd or Ki67 (8, 9), while others employ more rigorous
characterization based on distinct T and B cell zones, FDCs,
and high endothelial venules (HEVs) (10, 11). This lack of
standardization highlights the need for consistent criteria for
defining and classifying TLS maturity.

2.2 Spatial heterogeneity of TLS in NSCLC

Xin et al. investigated the spatial distribution of TLS in non-
small cell lung cancer (NSCLC), dividing tumor samples into
intratumoral (IT), invasive margin (IM), and peritumoral (PT)
regions. They further categorized TLS as early (E-TLS) or
follicular (F-TLS). TLS density and the proportion of F-TLS were
highest in the IT region, decreasing towards the IM and PT regions.
Surprisingly, lower E-TLS density in the IM region correlated with
better prognosis, possibly due to the suppressive immune
environment at the tumor margin inhibiting TLS maturation. The
IM region also showed increased infiltration of B cells, T cells,
cytotoxic T cells, and macrophages, potentially explaining the
correlation between these cell types and E-TLS density. E-TLS
density in the IM region and TNM stage emerged as independent
prognostic factors.
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2.3 Contrasting TLS distribution and
prognostic significance

In contrast to the findings in NSCLC, Feng et al.’s
immunotherapy response scoring model in colorectal cancer
revealed a different pattern of TLS distribution and maturation. A
higher proportion of patients with higher scores, based on TLS
characteristics, was observed in the peritumoral region compared to
the intratumoral region. This scoring system, incorporating TLS
distribution, quantity, and maturity, positively correlated with
immunotherapy efficacy. This highlights the context-dependent
nature of TLS and its prognostic significance. Furthermore, the role
of TLS can vary across cancer types. While increased intratumoral
TLS density is often associated with improved outcomes in
intrahepatic cholangiocarcinoma, studies in other liver cancers have
reported conflicting results. Both for hepatocellular carcinoma,
Finkin et al. suggested that intratumoral TLS (12) could promote
tumor progression, while Li et al. (25) linked peritumoral TLS to
better prognosis. Similar discrepancies exist in breast cancer, bladder
cancer, and gastric cancer, emphasizing the functional heterogeneity
of lymphoid aggregates and the need for refined criteria to define
functional TLS.

2.4 Spatial distribution and functional
significance of TLS in different
cancer types

The maturation state and density of TLS vary based on tumor
type and spatial location, leading to diverse prognostic implications.
This spatial heterogeneity is further exemplified in melanoma, where
increased peritumoral mature TLS density is associated with
improved survival (13). In PDAC, TLS are more frequently found
at the invasive margin than in the tumor core (14). While one study
showed a predominance of peritumoral TLS in PDAC samples (8), a
more recent study highlighted the enhanced maturity, immune cell
infiltration, and pro-inflammatory profile of the less abundant
intratumoral TLS, associating them with improved survival (8). The
dense, fibrotic stroma characteristic of PDAC may necessitate the
close proximity of TLS to tumor cells for effective anti-tumor activity
(15-17). These findings underscore the complex interplay between
TLS location, maturation, and the tumor microenvironment in
shaping clinical outcomes. Further research is needed to fully
elucidate the factors influencing TLS function and their
relationship with tumor progression in different cancer types.

3 Link between immune checkpoint
pathways and TLS

3.1 The interplay between immune
checkpoints and TLS formation

Immune checkpoint inhibitors (ICIs) targeting pathways like
PD-1/PD-L1 and CTLA-4/CD80 have shown promise in cancer
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https://doi.org/10.3389/fimmu.2024.1324093
https://doi.org/10.3389/fimmu.2024.1423775
https://doi.org/10.3389/fimmu.2024.1302903
https://doi.org/10.3389/fimmu.2025.1555677
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

Tertiary Lymphoid Structure and Prognosis

Prognosis

FIGURE 1

mature TLS

10.3389/fimmu.2025.1555677

LS Location

Leg

O
{\i%

. -

Cell Pattern

~.

(2 T
@ §
B Cells / “\\
(CD20)
Follicular Dendriti
(o) Cells (fDCs)

GC B Cells (CD21)

T Cells

4
Stroma
(MSCs)

Schematic representation of tertiary lymphoid structures (TLSs): the structure of a mature TLS (center), the formation of TLS (top left), the relative
positional relationship with tumor tissue (top right), TLS score with tumor prognosis (bottom left), and cell components involved in TLSs

(bottom right).

treatment. Studies have linked TLS abundance and spatial
distribution to ICI response in cholangiocarcinoma (CCA). A
previous study (3) stratified pancreatic cancer patients into high-
and low-risk groups based on TLS marker gene expression. The
low-risk group exhibited higher expression of both co-stimulatory
immune checkpoints (e.g., CD28, TNFRSF4, CTLA4, CD40LG,
ICOSLG, LAG3, PDCDI, TIGIT) and the inhibitory checkpoint
CD276. This suggests that patients with abundant and well-
distributed TLS might respond more favorably to ICIs.

3.2 TLS as a predictive biomarker and
target for ICl therapy

Feng et al’s work supports the link between TLS and ICI
response. TLS presence could predict anti-PD-1 immunotherapy
response in various cancers, including esophageal carcinoma,
bladder cancer, melanoma, and head and neck squamous cell
carcinoma (HNSCC), and may even be a direct target of PD-1
blockade (18-20). The association between high PD-1 expression at
the invasive margin and TLS presence further suggests that context-
specific PD-1 targeting within the tumor microenvironment may
enhance efficacy (21). Xu Z. et al. also discussed a positive
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correlation between TLS and PD-LI expression in colorectal
cancer (CRC). These findings, along with evidence linking TLS to
improved outcomes and immunotherapy efficacy in melanoma and
breast cancer (22, 23), suggest that TLS can convert “cold” tumors
to “hot” by enhancing immune recognition and clearance (24).
Furthermore, recent research suggests that combining
immunotherapy with strategies to promote TLS formation or
maturation could amplify treatment efficacy.

3.3 Mechanisms of ICl| influence on TLS

The abundance and maturity of TLS reflect a patient’s immune
infiltration status, and ICIs have been shown to increase TLS
abundance in several cancers. Ding et al. found that ICI response
is linked to CXCL13-mediated recruitment of CXCR5+ B cells with
high clonal diversity. Their in vitro data showed increased CXCL13
production in human peripheral blood mononuclear cells after anti-
PD-1 treatment. This enhanced B cell infiltration and B cell receptor
(BCR) diversity facilitates tumor antigen presentation, activating
follicular helper CD4 T cells (Tth) and tumor-reactive CD8 T cells.
This influx of immune cells into the tumor microenvironment
contributes to TLS abundance, maturation, and spatial organization.
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In essence, one mechanism of ICI action involves promoting antigen
presentation by CXCR5+ B cells to activate CD4+ and CD8+ T cells.

3.4 The role of HEVs and immune
checkpoint ligands

Luo et al. ‘s research on NSCLC revealed another ICI
mechanism related to high endothelial venules (HEVs). Mature
HEVs facilitate CD8+ T cell trafficking into the tumor, but immune
checkpoint ligands (ICLs) expressed on these HEVs can hinder this
process. Their ICL total score model demonstrated that HEV ICL
expression predicts both CD8+ T cell infiltration and patient
survival, with higher scores indicating poorer infiltration and
prognosis. This suggests that ICIs can restore the function of
specialized vasculature within TLS, enabling lymphocyte delivery
into the tumor microenvironment and supporting TLS formation.

4 Future directions and limitations

Further research with large, prospective cohorts is needed to
validate these findings and address limitations of previous
retrospective studies, such as limited sample sizes and potential
biases. Future studies should also incorporate more
immunotherapy subgroups and address the challenge of
comprehensively assessing TLS across the entire tumor. Larger
sample sizes will help provide robust prognostic data and
minimize the influence of individual differences and geographic
variation. These efforts will advance the understanding of the
complex relationship between TLS and ICI therapy, paving the
way for more effective cancer immunotherapies.

5 Summary

The articles in this Research Topic provide a meaningful
overview of the crucial relationship between TLS and ICI
immunotherapy, highlighting the clinical significance of TLS in
promoting anti-tumor immunity and predicting its prognostic
value in solid tumors (Figure 1). Future mechanistic studies are
needed to further explore this complex interplay.
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Introduction: Cholangiocarcinoma (CCA) is a malignant tumor of the biliary
epithelium with a poor prognosis. The lack of biomarkers to predict therapeutic
response and prognosis is one of the major challenges for CCA treatment.
Tertiary lymphoid structures (TLS) provide a local and pivotal microenvironment
for tumor immune responses. The prognostic value and clinical relevance of TLS
in CCA remain unclear. We aimed to explore the characteristics and clinical
significance of TLS in CCA.

Methods: We investigated the prognostic value and clinical relevance of TLS in
CCA using a surgery cohort containing 471 CCA patients (cohort 1) and an
immunotherapy cohort containing 100 CCA patients (cohort 2). Hematoxylin
and eosin (H&E) and immunohistochemical (IHC) staining were used to evaluate
the maturity of TLS. Multiplex IHC (mIHC) was employed to characterize the
composition of TLS.

Results: Different maturity of TLS were observed in CCA tissue sections. Strong
staining of the four-gene signature including PAX5, TCL1A, TNFRSF13C, and
CD79A were found in TLS regions. A high density of intra-tumoral TLS (T-score
high) were significantly correlated with longer overall survival (OS) both in CCA
cohort 1 (p = 0.002) and cohort 2 (p = 0.01), whereas a high density of peri-
tumoral TLS (P-score high) were associated with shorter OS in these two cohorts
(p = 0.003 and p = 0.03, respectively).
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Conclusion: The established four-gene signature efficiently identified the TLS in
CCA tissues. The abundance and spatial distribution of TLS were significantly
correlated with the prognosis and immune checkpoint inhibitors (ICls)
immunotherapy response of CCA patients. The presence of intra-tumoral TLS
are positive prognostic factors for CCA, which provide a theoretical basis for the
future diagnosis and treatment of CCA.

KEYWORDS

cholangiocarcinoma, tertiary lymphoid structures, tumor microenvironment, immune
checkpoint inhibitors, prognosis

Introduction

Cholangiocarcinoma (CCA) is an epithelial cell malignancy
arising from varying locations within the biliary tree, with rising
mortality worldwide over the past few decades (1, 2). It can be
classified as intrahepatic, perihilar and distal carcinomas in terms of
the anatomical location of the tumor in the bile duct tree. Despite
the tremendously high postoperative recurrence rate of CCA,
surgery remains the prior treatment for patients diagnosed at an
early stage. Unfortunately, most CCA patients are afflicted with
advanced-stage diseases at initial diagnosis, and neither
radiotherapy nor chemotherapy regimens (Gemcitabine and
Cisplatin) can significantly improve survival (3). Currently,
several studies have attempted to identify the molecular subtypes
of CCA and have revealed the critical role of the tumor immune
microenvironment (TME) in CCA progression (4-6). Therefore,
the direct characterization of TME may contribute to developing
novel and effective personalized therapeutic approaches.

A typical histopathological feature of CCA is the presence of
abundant stroma, which surrounds and infiltrates tumor structures
containing lymphatics, fibrogenic cells, and several immune cells
(7). The crosstalk between tumor cells and cells populating the
TME contributes to the progression and metastases of CCA.
Immunotherapy using antibodies to target immune checkpoints
(immune checkpoint inhibitors, ICIs), including the PD-1/PD-L1
and CTLA-4/CD80 pathways, has shown promising anti-cancer
effects in a variety of cancers (8-10). Tertiary lymphoid structures
(TLS) have been recognized as ectopic aggregated lymphocytes which
develop in inflammatory tissues or tumors. TLS is composed of a B-
cell zone containing germinal centers and a surrounding T-cell zone
comprising several types of T cells, dendritic cells, and high endothelial
venules (HEVs) (11, 12). Generally, TLS represents a state of local
immune infiltration in the TME since it provides a privileged site for
lymphocyte differentiation and antigen presentation, thus providing a
crucial environment for both humoral and cellular immune responses
against cancer. By modulating immune trafficking and immune
response, TLS participates in regulating immune microenvironment
and has been associated with better prognosis and elevated
immunotherapeutic response in several tumors, such as melanoma,
breast cancer, and lung cancer (13-15). However, few studies have
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demonstrated the prognostic value and immunotherapy relevance of
TLS in CCA.

In this study, we aimed to explore the characteristics and
clinical significance of TLS in CCA. We investigated and
classified TLS in two CCA cohorts, cohort 1 contained 471 cases
who received surgery and were treated with standard chemotherapy
after postoperative progress, and cohort 2 contained 100 cases who
received first-line chemotherapy combined with immune
checkpoint inhibitors (ICIs) to prevent postoperative recurrence.
Our findings reveal the opposite roles of intra-tumoral and peri-
tumoral TLS in predicting the prognosis of CCA and establish new
biomarkers for TLS identification.

Materials and methods
CCA surgery cohort

The CCA surgery cohort was composed of 471 patients with
histologically verified CCA who were surgically resected from 2012
to 2017 at the Eastern Hepatobiliary Surgery Hospital (EHBH), the
Naval Medical University, Shanghai, with the approval of the
EHBH Research Ethics Committee. All diagnoses were confirmed
by pathological analyses. Informed consent was obtained from all
patients. The inclusion criteria were as follows: 1) no history of
other malignant tumors within 5 years before surgery; 2) no other
history of anti-tumor therapy before surgery; 3) between 20 and 75
years of age; 4) no history of immunotherapy and chemotherapy; 5)
no perioperative death occurred. The exclusion criteria were: 1)
incomplete clinicopathological data; 2) incomplete follow-up
information. The data cutoff date for the final analysis was May 3,
2020. Patient characteristics, including age, gender, primary tumor
size, primary tumor number, and other tumor parameters relevant
to the study, are shown in Supplementary Table S1.

CCA immunotherapy cohort

The CCA immunotherapy cohort was composed of 100 patients
who received first-line chemotherapy combined with ICIs to prevent
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postoperative recurrence from 2017 to 2020 at EHBH, with the
approval of the EHBH Research Ethics Committee. All of the patients
received R1 and R2 resection, none patients received radical
resection. All diagnoses were confirmed by pathological analyses.
Patients with Karnofsky Performance Scores (KPS) > 70 were
enrolled for further treatment. The first-line chemotherapy was a
regimen of GC treatment (1000 mg/m2 gemcitabine and 25 mg/m2
cisplatin in a three-weekly cycle with administrations on days one
and eight). The PD-1 inhibitor (anti-PD-1, Sintilimab, Daboshu) is a
recombinant fully human monoclonal antibody against programmed
death receptor 1, which is independently developed by Innovent
Biologics (Suzhou) Co. Ltd. Sintilimab was administered by
intravenous infusion at a recommended dose of 200 mg once every
three weeks for up to 2 years or until disease progression, intolerable
toxicity. Clinical information is shown in Supplementary Table S2.

Evaluation of tumor microenvironment
composition

Transcriptomic data were downloaded from the Gene
Expression Omnibus (GEO) database (accession code: GSE26566)
for a total of 70 samples, including 32 CCA tissues, 32 surrounding
liver (SL) tissues, and 6 normal intrahepatic bile duct tissues. The
raw microarray data were normalized using R-package limma (16).
The tumor immune microenvironment (TME) of each sample was
then estimated using the MCP-counter tool (17), giving abundance
scores of eight immune cells (B cells, T cells, CD8" T cells, NK cells,
cytotoxic lymphocytes, neutrophils, myeloid dendritic cells, and
monocyte lineage) and two stromal populations (fibroblasts and
endothelial cells). Cell composition scores are based on the analysis
of specific transcriptomic markers that are specifically and stably
expressed in unique cell populations. The relevant characteristics of
the cell populations estimated by the MCP counter have been
reported in a previous study (18). In addition, the expression of
TLS-associated chemokines was explored between CCA and
surrounding liver and normal intrahepatic samples. These data
sets displayed transcriptional estimates at the gene level, as in log, (x
+1) transformed RSEM normalized counts. Genes were mapped to
human genome coordinates.

Differential gene expression analysis of
TCGA data, genetic mutation analysis

The mRNA-seq and clinical information of the TCGA CHOL
cohort were downloaded from the UCSC Xena platform (http://
xena.ucsc.edu/). Data used for tumor genetic mutation analysis
were downloaded from cholangiocarcinoma (TCGA, PanCancer
Atlas) datasets of cBioPortal (http://www.cbioportal.org/datasets).
TLS was quantified using H&E images of the TCGA CHOL cohort
(https://portal.gdc.cancer.gov/repository). Tissues containing TLS
were considered as “TLS-positive” cases, while tissues with no TLS
observed were considered as “TLS-negative” cases. Differential gene
analysis was performed between TLS-positive and TLS-negative
cases by DESeq2 (version 1.34.0).
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Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were sectioned
(4 um) and stained with hematoxylin and eosin (H&E) for
histological analysis or used for immunohistochemistry (IHC).
For THC, endogenous peroxidases were inactivated by 3%
hydrogen peroxide and nonspecific signals were blocked by 1%
BSA. Sections were incubated with the primary antibody: CD20
(1:200, #¥MA5-13141, Invitrogen), CD3 (1:200, #ab16669, Abcam),
MECA-79 (1:100, #sc-19602, Santa Cruz), CD21 (1:100, #sc-13135,
Santa Cruz), CD23 (1:100, #MAS5-14572, Invitrogen), TCL1A
(1:500, #ab108978, Abcam), PAX5 (1:1000, #ab109443, Abcam),
TNFRSF13C (1:300, #ab168389, Abcam), CD79A (1:200, #ab79414,
Abcam) at 4°C overnight, HRP-conjugated secondary antibody at
37°C for 1 h, and subsequently stained with DAB substrate.
Counterstaining was performed with hematoxylin and mounted
with a mounting medium.

Multiplex immunohistochemistry
(mIHC) staining

The slides were dewaxed in xylene, rehydrated through a
decreasing ethanol series and fixed in NBF (10% neutral buffered
formalin) for 10 min. Slides were stained to enable the simultaneous
visualization of four markers: anti-CD23, anti-CD20, anti-CD68,
and anti-CD56. At the beginning of each staining cycle, the slides
were immersed in Tris-EDTA buffer to perform heat-induced
antigen retrieval. After blocking proteins for 10 min, these four
primary antibodies were sequentially incubated for 60 min at 37°C.
Then the incubation of HRP-conjugated secondary antibody and
tyramide signal amplification (TSA) with Opal was followed.
Microwave treatment was performed at each cycle of staining to
remove the Ab TSA complex. Finally, all slides were stained with 4’-
6’-diamidino-2-phenylindole (DAPI, SIGMA-ALDRICH) for 8 min
and enclosed with a mounting medium. A full slice scan was
performed using Scanner (Pannoramic MIDI, 3DHISTECH).

Characterization and quantification of TLS

The H&E staining sections of each patient were scanned for
whole slide images (WSIs), including tissues from both the tumor
and adjacent surrounding liver. TLS was blindly quantified by two
pathologists without the knowledge of clinicopathological data. The
presence and location of TLS were assessed based on morphology in
H&E staining sections. To determine the spatial distribution of TLS,
each WSI was subdivided into 2 subregions: intra-tumor (T) and
peri-tumor (P) regions. Different abundances and heterogeneous
arrangements of TLS were observed in different subregions, and
TLS were divided into intra-tumoral TLS and peri-tumoral TLS
based on their location to tumor invasive margins. The TLS scoring
system was performed as described previously (19). 4 categories for
characterization of TLS in the T region (T-score): 1) score 0 for no
TLS in the T region (TLS negative CCA); 2) score 1 for 1 or 2 TLS
within T region; 3) score 2 for at least 3 TLS in the T region but does
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not meet the criteria of score 3; 4) score 3 for massive TLS
distributed throughout the T region which converges with each
other. TLS abundance in the P region (P-score) was scored as
follows: 1) score 0 for no TLS in the P region; 2) score 1 for TLS
distributed in a localized area of the P region (less than 50%); 3)
score 2 for TLS distribution in the majority of the P region (more
than 50%); 4) score 3 for massive TLS distributed in the P region
(encompassing the entire P region). Granulocytes in necrotic areas
were excluded in the assessment. In this study, T-score 0-1 cases
were considered as the “T-score low” group, while T-score 2-3 cases
were considered as the “T-score high” group. Similarly, P-score 0-1
cases were considered as the “P-score low” group, and P-score 2-3
cases were considered as the “P-score high” group.

TLS maturation stages were investigated using IHC staining.
Especially, early TLS contained primary clusters of B and T cells
without FDC network and germinal centers (GC centers); primary
TLS contained FDC network (CD21) without GC centers;
Secondary TLS was identified by CD20* B cells and CD23"
FDC cells.

Statistical analysis

Statistical analyses were performed using SPSS version 21 (IBM,
Armonk, NY, USA), GraphPad Prism (version 9.3.0), and Rstudio
(version 4.1.3). Categorical variables were compared using Chi-
square or Fisher’s exact tests. Kaplan-Meier and log-rank survival
analyses were used to compare overall survival (OS) and
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progression-free survival (PFS). All statistical analyses were two-
sided and p-value < 0.05 was considered statistically significant.

Results

Immune microenvironment composition
of CCA

We first performed an immune infiltration analysis of 32 CCA
and 32 surrounding liver (SL) tissues (GSE26566) with overtly
available gene expression profiles by MCP counter. The results
showed significant differences in the composition of the immune
microenvironment between CCA and SL tissues (Figure 1A).
Specifically, most samples in the CCA group were enriched with B
cells, T cells, monocytic lineage, and cytotoxic lymphocytes,
suggesting that TLS may exist. Since multiple chemokines are
associated with the presence of TLS, we also investigated the
expression of chemokines in the two groups. As expected,
chemokines and TLS-related factors including CCL5, CCL8, CCL18,
CCL19, CXCL11, LTB, CD79A, and CD79B were remarkably up-
regulated in the CCA group compared to the SL group (Figure 1B). In
addition, higher expression of CCL5, CCL18, CXCL9, and CXCLI11
was also detected in CCA tissues compared with the other 6 normal
intrahepatic bile duct tissues enrolled in this cohort (Figure 1C). In
conclusion, these results indicate a high aggregation of tumor-
infiltrating immune cells in CCA tissues and also suggest CCA
tumor has an immune microenvironment adapted to TLS.
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Immune microenvironment (IME) compositions of CCA, surrounding liver, and normal intrahepatic bile duct tissues in GSE26566. (A) IME compositions
between CCA and surrounding liver tissues detected by MCP-counter. (B, C) Expressions of TLS-related factors and chemokines in CCA, surrounding
liver, and normal intrahepatic bile duct tissues. Indicators for P values: **** P < 0.0001, ** P < 0.01, * P < 0.05.
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Patient 2

Features of TLS in CCA. (A) H&E and IHC staining for a typical TLS in CCA tissue. TLS appeared as clusters of B-cell follicles surrounded by T-cell
zones. Scale bars, 100 pum. (B) Multiplex immunohistochemistry (mIHC) staining for TLS identification. Markers for follicular dendritic cells (CD23), B
cells (CD20), macrophages (CD68), and natural killer cells (CD56) are used. (C) H&E staining for intra-tumoral (T) and peri-tumoral (P) regions.

Triangles indicate TLS

Different maturity of tertiary lymphoid
structures in CCA

Hematoxylin and eosin (H&E) and immunohistochemical
(IHC) staining were performed to validate the presence of TLS in
CCA tissues. The results showed that TLS consisted of clusters for a
CD20" B cell zone and a CD3" T cell zone, with follicular structures
formed by B cells as the main TLS component (Figure 2A). Then,
TLS was identified using multiplex immunohistochemistry staining
(mIHC) in tissue sections of CCA patients. The agglomeration of
CD23" follicular dendritic cells (FDCs) and CD20" B cells indicated
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the presence of TLS, along with CD68" macrophages and CD56"
natural killer cell (NK cells) sparsely distributed around the
aggregates (Figure 2B). TLS were found in both intra-tumoral (T)
and peri-tumoral (P) tissues in CCA (Figure 2C).

TLS has been reported to present in multiple solid tumors and
evolves through different stages of maturation (20). Generally,
lymphoid aggregates were considered the typical structure of TLS.
The presence of multistage maturation of TLS (early TLS, primary
TLS, and secondary TLS) could be observed in the H&E-staining
sections of CCA (Figure 3A). Subsequently, we confirmed the
immune cells with cell type-specific surface markers by ITHC
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Primary TLS

Secondary TLS

FIGURE 3

Different maturity and corresponding features of TLS in CCA. (A) Different maturity of TLS present in CCA. GC center can be found in the secondary
TLS in H&E staining sections. (B) Primary TLS. CD20" B cells were diffusely distributed without CD23* follicular structures formation. (C) Secondary
TLS. CD20" B cells and CD23* FDCs were formed into a follicular structure, with many T cells aggregated around and within the follicles. Scale bars,

200 pm.

staining. The results showed that CD20" B cells, CD3™ T cells, and
MECA-79" HEV were distributed on both primary and secondary
TLS in CCA (Figures 3B, C). A follicular structure centered on B
cells in the network of CD21*CD23" FDCs was found in secondary
TLS, with multiple T cells clustered around the follicles. In contrast,
T cells were dispersed in the TLS without CD23" follicular
structures formation, so they were classified as primary TLS.

Discovery of potential TLS markers for CCA

Next, we quantified TLS using H&E-stained tissue sections
from the Cancer Genome Atlas (TCGA) cholangiocarcinoma
cohort (Figure 4A). We divided samples into two groups (TLS-
negative group and TLS-positive group) and the relationship
between the existence of TLS and genetic mutations was explored.
However, no significant difference in genetic mutations was
enriched within these two groups harboring distinct TLS status
(Figure 4B). Consistently, a previous study also showed immune
subtypes were irrelevant to genetic mutations (5), suggesting that
gene mutation may not be the main factor affecting the presence of
TLS in tumors.

To explore the potential markers for TLS, we analyzed the
differential gene expression profiles of TLS-positive and TLS-
negative CCA cases in the TCGA database. The results showed a
higher expression of genes related to B and T cell immunity in the
TLS-positive group (Supplementary Table S3). The expression of
four genes was remarkably elevated in the TLS-positive group:
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PAXS5, TCL1A, TNFRSF13C, and CD79A (Figure 4C). We further
evaluated the ability of these four molecules to characterize TLS by
IHC and found that they all displayed strong staining in the TLS
region, indicating a broad application prospect of these four
molecules in characterizing TLS (Figures 4D, E). These four
molecules were also observed in early TLS and primary TLS
(Supplementary Figure 1).

TLS in different regions predicts a distinct
prognosis of CCA

We next set out to explore the relevance between TLS and
clinical features in CCA. A total of 471 CCA patients were enrolled
and the clinical characteristics are shown in Tables 1 and 2. The
median age of the cohort was 56, ranging from 20 to 85 years old,
with 160 female patients (34.0%) and 311 male patients (66.0%).
The majority of patients had tumors with a diameter of more than
5 cm (303, 64.3%), and a single tumor was observed in most cases
(314, 66.7%).

A TLS scoring system was employed to characterize the TLS in
this cohort according to the scoring criteria described before. The
TLS scores of the intra-tumoral region (T-score) and peri-tumoral
region (P-score) were assessed in each case. TLS abundance in
intra-tumoral tissues (T-score) was graded into 4 categories, and the
TLS in peri-tumoral tissues (P-score) was also scored by another
quaternary category. As a result, TLS was found in 438/471 (93.0%)
CCA tissues. According to the TLS scoring system, 471 CCA cases
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FIGURE 4
Discovery and validation of four-gene signature for TLS identification. (A) Representative H&E image of TLS in CCA. (B) Correlation between TLS
presence and genetic mutation. The p values were assessed by chi-square tests. (C) Differential gene expression of TLS-positive versus TLS-negative
CCA cases in the TCGA database. (D, E) Representative images of PAX5, TCL1A, TNFRSF13C, and CD79A staining in CCA sections. Scale bars in D,
300 pm. Scale bars in E, 100 pm.

could be classified into four groups: T pigh P high group (Group 1, 31/
471, 6.6%), T high P 10w group (Group 2, 79/471, 16.8%), T 1oy P pigh
group (Group 3, 152/471, 32.3%), and T 1o P 10, group (Group 4,
209/471, 44.4%).

The correlations between the TLS score and the
clinicopathological characteristics were listed in Tables 1 and 2.
The results showed that the tumor diameter of the samples with
high T-scores was smaller than those with low T-scores (p = 0.010).
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There were no significant differences in tumor metastasis and
differentiated pathology grade between the high T-score and low
T-score groups. Patients with high P-score possessed higher
incidences of satellite lesions (p = 0.048) and lymphatic
metastasis (p = 0.040) than those with low P-score. A higher P-
score was also found to be positively associated with fatty liver in
patients in this cohort (p = 0.022). Taken together, we discovered
that T-score was associated with reduced tumor size, whereas the P-
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TABLE 1 Correlation analyses between the T-score and the clinicopathological characteristics of 471 CCA patients.

TLS T-score
Characteristics P value
High n (%) Low n (%)

Gender Female 160(34.0) 36(32.7) 124(34.3) 0.099 0.423
Male 311(66.0) 74(67.3) 237(65.7)

Age <65 350(74.3) 86(78.2) 264(73.1) 1.127 0.175
>65 121(25.7) 24(21.8) 97(26.9)

Fatty liver Negative 411(87.3) 94(85.5) 317(87.8) 0.421 0.308
Positive 60(12.7) 16(14.5) 44(12.2)

Tumor size(cm) <5 168(35.7) 50(45.5) 118(32.7) 5.989 0.010*
>5 303(64.3) 60(54.5) 243(67.3)

Tumor number Single 314(66.7) 76(69.1) 238(65.9) 0.380 0.310
Multiple 157(33.3) 34(30.9) 123(34.1)

Satellite lesions Absent 311(66.0) 77(70.0) 234(64.8) 1.009 0.187
Present 160(34.0) 33(30.0) 127(35.2)

Lymphatic metastasis Absent 390(82.8) 90(81.8) 300(83.1) 0.098 0.427
Present 81(17.2) 20(18.2) 61(16.9)

Distant metastasis Absent 448(95.1) 104(94.5) 344(95.3) 0.101 0.458

Present 23(4.9) 6(5.5) 17(4.7)

Differentiation Poorly 25(5.3) 7(6.4) 18(5.0) 0.318 0.361
Well 446(94.7) 103(93.6) 343(95.0)

Portal vein invasion Absent 438(93.0) 102(92.7) 336(93.1) 0.016 0.522

Present 33(7.0) 8(7.3) 25(6.9)

*P < 0.05

score was associated with a high occurrence of satellite lesions,
lymphatic metastasis, and fatty liver (all p < 0.05). These different
clinicopathological correlations between T and P scores suggested
an essential discrepancy between intra- and peri-tumoral TLS.

Next, we asked whether TLS score affected the survival of CCA
patients. Since TLS in different locations showed distinct functions,
we assessed the predictive effects of the T-score and P-score,
respectively. We found that a higher P-score was significantly
related to reduced PFS (p = 0.001) and OS (p = 0.003) in CCA
patients, as the median PFS was 5 months (95% CI: 4.562-5.438)
and the median OS was 14 months (95% CI: 12.103-15.897) in the
P-score high group, while the median PFS was 6 months (95% CI:
4.845-7.155) and the median OS was 22 months (95% CI: 19.036-
24.964) in the P-score low group (Figures 5A, B). In contrast, a
higher T-score was significantly related to increased PFS (p = 0.038)
and OS (p = 0.002), as the median PFS was 7.567 months (95% CI:
5.454-9.679) and the median OS was 29 months (95% CI: 24.931-
33.069) in the T-score high group, whereas the median PFS was 5
months (95% CI: 4.297-5.703) and the median OS was 17 months
(95% CI: 14.735-19.265) in the T-score low group (Figures 5C, D).
These data suggest that a diverse abundance of TLS in different
regions predicts a distinct prognosis for CCA patients.
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A high T-score was associated with better
prognosis in patients with immune
checkpoint inhibitors therapy

Next, we examined whether TLS can predict the response to
ICIs therapy from a cohort of 100 patients who received first-line
chemotherapy combined with immune checkpoint inhibitors (ICIs)
to prevent postoperative recurrence. H&E staining and THC
staining were performed and the TLS scores were evaluated in the
resected tumor sections. Here we discovered that patients in the P-
score high group had a relatively shorter PFS (p = 0.042) and OS (p
=0.003) than those in the P-score low group, with a median PFS of
5 months (95% CI: 3.734-6.266) and a median OS of 7 months (95%
CI: 5.621-8.379) (Figures 6A, B). However, patients in the T-score
high group had a significantly longer PES (p = 0.021) and OS (p =
0.010) compared to those in the T-score low group, with a median
PFS of 14 months (95% CI: 10.038-17.962) and a median OS of 23
months (95% CI: 19.917-26.083) (Figures 6C, D). The expression of
four-gene TLS signature was found not to correlate with patient
survival, and there was no significant relevance between tumor cell
PDL1 expression and the spatial distribution and abundance of TLS
(Supplementary Figures 2, 3). In summary, these data indicate that a
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TABLE 2 Correlation analyses between the P-score and the clinicopathological characteristics of 471 CCA patients.

TLS P-score
Characteristics P value
High n (%) Low n (%)

Gender Female 160(34.0) 63(34.4) 97(33.7) 0.028 0.472
Male 311(66.0) 120(65.6) 191(66.3)

Age <65 350(74.3) 140(76.5) 210(72.9) 0.754 0.224
>65 121(25.7) 43(23.5) 78(27.1)

Fatty liver Negative 411(87.3) 152(83.1) 259(89.9) 4.752 0.022*
Positive 60(12.7) 31(16.9) 29(10.1)

Tumor size(cm) <5 168(35.7) 68(37.2) 100(34.7) 0.289 0.330
>5 303(64.3) 115(62.8) 188(65.3)

Tumor number Single 314(66.7) 114(62.3) 200(69.4) 2.574 0.067
Multiple 157(33.3) 69(37.7) 88(30.6)

Satellite lesions Absent 311(66.0) 112(61.2) 199(69.1) 3.110 0.048*
Present 160(34.0) 71(38.8) 89(30.9)

Lymphatic metastasis Absent 390(82.8) 144(78.7) 246(85.4) 3.557 0.040*
Present 81(17.2) 39(21.3) 42(14.6)

Distant metastasis Absent 448(95.1) 172(94.0) 276(95.8) 0.819 0.244
Present 23(4.9) 11(6.0) 12(4.2)

Differentiation Poorly 25(5.3) 8(4.4) 17(5.9) 0.522 0.309
Well 446(94.7) 175(95.6) 271(94.1)

Portal vein invasion Absent 438(93.0) 170(92.9) 268(93.1) 0.004 0.543
Present 33(7.0) 13(7.1) 20(6.9)

*P < 0.05

high T-score of pre-treatment tumor tissues predicts a better
prognosis in patients with immunotherapy, as the presence of
intra-tumoral TLS was associated with a prolonged OS and PFS.

Discussion

CCA are aggressive tumors characterized by highly connective
tissue hyperplasia and genetic heterogeneity with a high risk of
morbidity and mortality. Available evidence suggests that TME
plays a crucial role in CCA progression and metastasis (21, 22).
Targeting the components of TME or the crosstalk between CCA
cells and TME may create a novel therapeutic approach (23). As an
ectopic lymphoid structure, TLS has been detected in multiple
tumors and has shown favorable prognostic values (24, 25).
Therefore, TLS may be a practicable biomarker to assess the
prognosis and immunotherapeutic efficacy of CCA.

By performing the immune infiltration analysis from the
GSE26566 database using MCP-counter, a high level of immune
cell infiltration was observed in CCA, accompanied by a remarkable
up-regulation of chemokines associated with TLS. Then we assessed
the features of TLS in CCA sections by H&E and IHC staining.
Consistent with previous reports, we found different maturity of
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TLS presented in CCA such as immature TLS, primary TLS, and
secondary TLS. For immature TLS, it is still unknown whether these
lymphoid aggregates can participate in further TLS maturation or
only remain in an immature state. Fully mature TLS has been
reported to contain CD21*CD23" FDCs, which distinguishes them
from immature or primary TLS (20). Antigen presentation and
maturation of B cells may occur in the mature TLS in CCA, leading
to the immune response in situ. Indeed, the participation of TLS
within anti-tumor immune responses has been reported in recent
studies (13, 26, 27).

By quantifying TLS using H&E-stained sections from the
TCGA cholangiocarcinoma cohort, we found that 28.9% (13/45)
cases contained significant clusters of lymphoid aggregates, some of
which contained GC centers, which we defined here as “TLS-
positive” samples. We further explored the correlation of TLS
with high-prevalent genetic mutations, but the results showed no
significant relevance, which was consistent with a previous report
(5). However, considering the limited number of cases available for
analysis, the role of genetic mutations in tumor immunity and TLS
maturation requires further investigation. Through profiling the
differential gene expression in TLS-negative and -positive groups,
we identified four genes, including TNFRSF13C, PAX5, CD79A,
and TCLI1A, as potential molecules for TLS identification. Among
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them, TNFRSF13C and PAX5 were associated with B cell lineage
commitment (28, 29), and PAX5 also reportedly participated in
CCA progression (30). CD79A was suggested to be a marker of
activated B cells (31). TCL1A was considered an oncogene, whose
up-regulation was observed in B cell malignancies (32). However,
the anti-tumor role of TCLIA has also been reported recently (33).
In our study, these molecules displayed strong staining in the TLS
regions, indicating the feasibility of using them to characterize TLS
in CCA. Whether these genes influence the presence and
maturation of TLS is currently unknown, but this four-gene
signature may contribute to TLS identification by combining with
other available markers of TLS.

Studies have shown that TLS is associated with longer overall
survival and serves as a prognostic marker in pancreatic cancer and
colorectal cancer (34, 35). Our study revealed the prognostic role of
TLS based on spatial localization and density in CCA patients.
Intra-tumoral TLS is a potent predictor of good prognosis, whereas
the presence of peri-tumoral TLS is associated with poor prognosis
in CCA. This discrepancy of TLS has been verified in hepatocellular
carcinoma and breast cancer (36-38), but the underlying
mechanisms remain unclear.

Recent studies have shown that B cells and TLS significantly
affected the efficacy of immune checkpoint inhibitors (ICIs).
Specifically, the presence of TLS along with B cells in the tissues
of non-small cell lung cancer (39), melanoma (13), and urothelial
carcinoma (40) increased the efficacy of ICIs. Our result confirmed
that intra-tumoral TLS is usually associated with better efficacy of
anti-PD-1 treatment. In contrast, a high abundance of peri-tumoral
TLS is associated with low immune response and poor prognosis.
The different maturation and function of TLS located in different
regions in CCA may contribute to this discrepancy. A reliable
explanation is that B cells and TLS in the tumor microenvironment
were complex, which would exert pro- or anti-tumorigenic
functions depending on their maturity to secret antibodies,
regulate T cell functions, or present antigens. In immature TLS, B
cells secrete molecules that inhibit immune responses and reduce
interactions with T cells. In contrast, mature TLS may activate T
cells, release antibodies, and further induce antibody-dependent
cellular cytotoxicity (ADCC) of tumor cells (20). Actually, intra-
tumoral TLS were usually tended to oval-shaped with well-formed
maturation, while the peri-tumoral TLS usually displayed as
squished, slender, or simply lymphatic aggregates in our H&E
staining sections.

In summary, our study established a four-gene TLS signature as
practicable biomarker for TLS identification and demonstrated that
the spatial distribution and abundance of TLS profoundly affect the
prognosis and the immunotherapy response in CCA, providing new
perspectives for TLS function and possible clinical intervention.
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IHC staining of four-gene signature in early TLS and primary TLS. Scale bars,
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Introduction: Increased T cell infiltration and interferon gamma (IFNYy) pathway
activation are seen in tumors of melanoma patients who respond to ICI (immune
checkpoint inhibitor) or MAPK pathway inhibitor (MAPKI) therapies. Yet, the rate
of durable tumor control after ICl is almost twice that of MAPKIi, suggesting that
additional mechanisms may be present in patients responding to ICl therapy that
are beneficial for anti-tumor immunity.

Methods: We used transcriptional analysis and clinical outcomes from patients
treated with ICl or MAPKi therapies to delineate immune mechanisms driving
tumor response.

Results: We discovered response to ICl is associated with CXCL13-driven
recruitment of CXCR5+ B cells with significantly higher clonal diversity than
MAPKi. Our in vitro data indicate that CXCL13 production was increased in
human peripheral blood mononuclear cells by anti-PD1, but not MAPKi,
treatment. Higher B cell infiltration and B cell receptor (BCR) diversity allows
presentation of diverse tumor antigens by B cells, resulting in activation of follicular
helper CD4 T cells (Tfh) and tumor reactive CD8 T cells after ICI therapy. Higher
BCR diversity and IFNy pathway score post-ICl are associated with significantly
longer patient survival compared to those with either one or none.
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Conclusions: Response to ICl, but not to MAPKI, depends on the recruitment of
CXCR5+ B cells into the tumor microenvironment and their productive tumor
antigen presentation to follicular helper and cytotoxic, tumor reactive T cells. Our
study highlights the potential of CXCL13 and B cell based strategies to enhance the
rate of durable response in melanoma patients treated with ICI.

KEYWORDS

melanoma, immunotherapy, checkpoint inhibitors, interferon gamma pathway, tertiary
lymphoid structure (TLS), T cell, B cell, antigen presentation

Introduction

Metastatic melanoma used to have a dismal median overall
survival of only nine months after diagnosis (1, 2). However, the
advent of immune and targeted therapies (3, 4) has significantly
improved the survival of patients with metastatic melanoma. The
highly immunogenic nature of melanoma has made it the model
cancer to study response to immune checkpoint inhibitors (ICI),
such as the blocking antibodies against T cell inhibitory receptors (T
cell “checkpoints”) such as cytotoxic T lymphocyte antigen
(CTLA)-4 and programmed death protein (PD)-1 (5-8). Despite
the remarkable success of ICIs in many patients with melanoma,
their clinical response remains difficult to predict (9-12). Previous
work highlighted the association of T cell infiltration and patient
response to ICI; ICI-treated tumors displayed a higher number of
infiltrating T cells accompanied by expression of genes related to
interferon pathway activities, demonstrating increased production
of interferon gamma (IFNYy) of these T cells (13-17).

The discovery of constitutive activation of RAF/MEK/ERK
signaling via the BRAF V600 mutation in nearly half of all
cutaneous melanoma cases also revolutionized cancer therapy
(18). MAPK pathway inhibitor (MAPKi) treatment significantly
prolonged the survival of metastatic melanoma patients
with BRAF V600 mutation (BRAFY®*’ mutant melanoma) (19—
21). In addition to its direct tumor suppressive effect
through MAPK pathway inhibition, MAPKi treatment also
increases the infiltration of antitumor T cells into the tumor
microenvironment (TME), suggesting immune modulatory
effects (22, 23).

Intriguingly, despite MAPKi therapy having a higher rate of
initial response than ICI (MAPKi (dabrafenib+ trametinib): 67%
(19), MAPKi (vemurafenib+cobimetinib): 68% (20) vs ICI
(nivolumab and ipilimumab): 58% (8)), the 5-year survival rate of
BRAFV**° mutant subset of melanoma patients treated with MAPKi
is only around half that of ICI (34% using dabrafenib and
trametinib (24), 31% using vemurafenib and cobimetinib (25) vs.
60% after nivolumab and ipilimumab (26)). Furthermore, a
matching-adjusted study found that ICI treatment improved
overall survival (OS) of BRAF-mutant melanoma patients when
compared to MAPKi (27). While acknowledging some differences
among these studies, this consistent and significant difference in
durable survival between ICI and MAPKi treated melanoma
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patients suggests that there may be fundamental differences in the
anti-tumor responses induced by these therapies.

To discover such differences, this study analyzes the changes
in immune related gene expressions that are significantly
associated with survival of melanoma patients after ICI or
MAPKI treatment. Previous work compared on-treatment
tumors (i.e., these tumor samples were biopsied after treatment)
of patients responding to ICI (ICI OT-R) compared with those
from patients not responding to ICI (ICI OT-NR) to nominate
immune factors/pathways associated with response to ICI (15—
17). However, this comparison is not necessarily informative.
Since ICI OT-NR tumors generally have less immune
infiltration compared to ICI OT-R, most immune cell-related
markers will be upregulated in ICI OT-R group. Which of these
are drivers of ICI’s durable response vs. insignificant bystanders is
therefore unclear. Since MAPKi OT-R tumors also have more
immune infiltration than MAPKi OT-NR tumors, yet MAPKi OT-
R patients are less likely to achieve a durable response than ICI
OT-R patients, we posit that immune genes/pathways that are
upregulated/enriched in ICI OT-R, but not in MAPKi OT-R
tumors, can help explain the higher rate of durable responses in
ICI treated patients.

In this report, we used transcriptional analysis and clinical
outcomes from patients treated with ICI or MAPKi therapies to
delineate immune mechanisms driving tumor response. We
discovered higher expression of genes related to B cell
recruitment in the ICI OT-R tumor, such as the ligand/receptor
pair CXCL13 and CXCR5. Anti-PD1 antibody treatment of human
immune cells upregulated CXCL13 while MAPKi inhibited
CXCL13 production, suggesting that differential regulation of
CXCL13 by these two treatments may dictate treatment
outcomes. Single cell RNA-seq analysis of ICI-treated melanoma
confirmed that response to ICI increased the number of germinal
center-like B cells and its associated T follicular helper CD4 T cells,
indicative of tertiary lymphoid structure (TLS) formation as
reported previously (28-31). These cells were recruited into the
TME by CXCL13-producing, cytotoxic CD8 T cell population that
was specific to ICL. Importantly, BCR diversity, but not clonality,
was significantly associated with extended overall survival after ICI
but not MAPKIi. The significant association between BCR diversity
and survival after ICI suggests that ICI-induced B cells serve as
antigen presenting cells, which will be able to cover more tumor
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antigens with more diversified BCR clones. Indeed, patients whose
tumors display both higher BCR diversity and IFNY signaling
pathway scores after ICI, which suggest successful antigen
presentation by B cells to T cells, have significantly longer overall
survival than those with either one or none. Our results suggest a
combination of ICI with therapies that enhance immigration of and
antigen presentation by clonally diverse B cells can result in a more

durable antitumor immune response.

Materials and methods

Datasets used

In order to perform a comparative analysis on transcriptomic
response to ICI and MAPKi, we analyzed two batches of
immunotherapy data and two batches of targeted therapy data.
The two immunotherapy datasets are from Riaz N, et al. (32)
(named 2017_Cell_NR) and Abril-Rodriguez G, et al. (16) (named
2020_NC_GA). The patients from the two cohorts were treated
with antibodies against PD-1 receptor (anti-PD-1) including
nivolumab and pembrolizumab. The two targeted therapy
datasets are derived from Hugo W, et al. (23, 33) (named
2015_Cell_WH) and from Kwong LN, et al. (34) (named
2015_JCI_LK). Two microarray datasets of MAPKi-treated
tumors were used as validation cohort (35, 36). Patients in the
targeted therapy datasets were treated with either BRAF inhibitor
monotherapy or BRAF and MEK inhibitors combination therapy
(BRAFi: vemurafenib, dabrafenib, encorafenib; MEKi: cobimetinib,
trametinib, binimetinib; one patient was treated with trametinib
monotherapy). All samples were classified into three groups: pre-
treatment (PT), on-treatment responding (OT-R), and on-
treatment non-responding (OT-NR). OT-R is defined by clinical
benefit after therapy (CR, PR, or SD by RECIST criteria). OT-NR is
defined by no clinical benefit (PD) (Supp. Table 1A). For single cell
transcriptome analysis, we utilized the data from Sade-Feldman
et al. (37). The data profiled 16,291 immune cells (CD45+ cells)
from 48 tumor samples of melanoma patients treated with ICI. All
samples were classified into four groups: pre-treatment responding
(PT-R), pre-treatment non-responding (PT-NR), on-treatment
responding (OT-R), and on-treatment non-responding (OT-NR).
The PFS and OS data of MAPKi treated patients were extracted
from the above-mentioned two microarray datasets (Supp. Table 2).

The bulk RNA-seq data were downloaded from the following
online repositories. 2017_Cell_NR (ICI) was from PRINA356761;
2020_NC_GA (ICI) was from PRJNA578193; 2015_Cell WH
(MAPKi) was from PRJNA273359, PRINA303170, PRINA403850;
2015_JCI_LK (MAPKi) was from EGAD00001001306. The single
cell RNA-seq data were downloaded from the GEO database
(accession ID: GSE120575). Instead of the TPM normalized
expression values, we started from the raw counts provided by
the authors in personal communications. The raw count expression
values were included in the source code of this study. Two
microarray data sets of MAPKi-treated melanoma were
downloaded from GEO (accession ID: GSE61992 and GSE50509).
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Gene expression analysis

The bulk RNA-seq data was re-aligned to hg38 human
reference genome using HiSAT2 (v2.1.0), then processed using
samtools (v1.10, RRID : SCR_002105) and picard (v2.25.0). The
gene expression count was calculated using htseq-count (v0.11.2).
The gene expression was normalized using trimmed mean of M-
values (TMM) and converted to count per million (cpm) expression
value using the R package edgeR (v3.32.1, RRID : SCR_012802).
Batch effect was corrected using removeBatchEffect function in the
R package limma (v3.46.0).

Differential gene expression analysis

We first computed the expression change of each gene (in log,
FC) between the PT and OT samples of each patient (the OT
samples can be OT-R or OT-NR). Thus, each gene will have a list of
log, FC values associated with therapy response (OT-R with respect
to their respective PT) and resistance/non-response (OT-NR w.r.t
their respective PT) (Figure 1A). Differentially expressed genes
(DEGs) between the OT-R and OT-NR groups were defined by:

1. two-fold difference between the arithmetic average of log,
FCs in OT-R and arithmetic average of log, FCs in OT-NR
(Alog, FC = 1 where Alog, FC = mean(log, FC(OT-R)) -
mean(log, FC(OT-NR))), and,

2. FDR-adjusted t-test p value < 0.05 between the log, FCs of
the OT-R and OT-NR groups.

The sets of DEGs upregulated in the OT-R groups of either
therapy were shown in Figure 1B. The gene sets/ontologies that are
enriched in the ICI-specific, MAPKi-specific and ICI and MAPKi
shared DEGs were computed using Enrichr (38) (see the gene set
analysis section). Other than comparing the list of DEGs, we also
directly computed the difference of log, FC difference between the
OT-R and OT-NR groups across the two therapies. For instance, to
find the genes that are upregulated at least two-fold higher in ICT’s
responder when compared to MAPKi responders (after adjusting
with their respective non-responder groups), we selected
genes satisfying:

1. AAFCicimarki 2 1, where AAFCicrmapki = Alogz FCcr -
Alogz FCmarpxi> and,
2. A10g2 FCICI >1

Conversely, the genes upregulated in MAPKi’s responders were

computed in the same manner.

Gene sets analysis
Shortlisted genes from DEG analysis were analyzed for overlap-

based gene set enrichment using Enrichr (38). Top enriched gene
sets from Human_Gene_Atlas and HuBMAP_ASCT_plus_B_
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Response to ICI or MAPKi therapy is associated with increased T cell infiltration and enhanced interferon gamma (IFNy) pathway activity in the tumor.
(A) Schematic of comparative analysis between transcriptomic response to ICl or MAPKi therapy. (B) The number of differentially upregulated genes
in ICI OT-R (on treatment-responding) tumors (red), MAPKi OT-R (black) or both (blue). The differentially expressed genes (DEGs) are computed with
respect to the OT-NR (on treatment-non responding) tumors of each group. (C) Enriched cell marker genes (based on Human Gene Atlas using
Enrichr tool) in IClI-specific, MAPKi-specific, and ICl and MAPKi-shared upregulated DEGs in (B). (D) Normalized expression of T cell marker genes
CD3D and CD8B in the PT (pre-treatment), OT-R and OT-NR tumors of patients treated with ICl or MAPKi therapy. (E) T cell enrichment scores
computed by MCPcounter in the PT, OT-R and OT-NR tumors of patients treated with ICI or MAPKi therapy. (F) GSVA gene set enrichment scores
of hallmark interferon gamma downstream gene set from the Molecular Signature database. (G) Kaplan-Meier survival curves of ICI- or MAPKi-
treated melanoma patients stratified by either CD8B expression (left) or hallmark interferon gamma response gene set scores (right) in their OT
tumors. (H) CD8B-normalized normalized expression of T cell cytotoxicity genes GZMB and PRF1 in the PT, OT-R and OT-NR samples of patients
treated with ICI or MAPKi therapy.
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augmented_w_RNAseq_Coexpression collections are visualized in
Figure 1C and listed in Supp. Table 1C. Score based, single sample
gene set enrichments was computed using Gene Set Variation
Analysis (GSVA) (39) through R packages GSVA (v1.38.2),
GSVAdata (v1.26.0), and GSEABase (v1.52.1).

We used the interferon gene sets from the Molecular Signatures
Database (MSigDB) (40, 41). Specifically, we collected gene sets
containing the keyword “IFN” or “interferon” from the H: hallmark
gene sets, C2 CGP: chemical and genetic perturbations, Cé:
oncogenic signatures, and C7: immunologic signatures (Supp.
Table 1E). The gene set of TLS signatures were manually curated
in gmt file format. Cabrita et al. developed two gene sets that
reflected the presence of TLS in melanoma. One TLS signature of
nine genes (CD79B, CDID, CCR6, LAT, SKAP1, CETP, EIFIAY,
RBP5, PTGDS) was found using differential expression analysis. The
other TLS signature of seven genes (CCL19, CCL21, CXCL13, CCR?,
CXCR5, SELL, LAMP3) was constructed from a compendium of
TLS hallmark genes (29).

Clonotype analysis

As for the TCR clonotyping, the raw output of clonotypes was
derived from the raw FASTQ reads of the bulk RNA-seq data using
TRUST4 (v1.0.4) (42) with default settings. Nonproductive CDR3aa
were removed from the raw output. Clonotypes are separated by
chain names such as TRA, TRB, TRD, TRG, IGH, IGK, IGL.
Convergent clonotypes, which possess the same amino acid
sequences but different nucleotide sequences, were merged. As for
the BCR clonotyping, considering the somatic hypermutation
(SHM) mechanism of germinal center (GC) B cells, productive
IGH chains were selected from the raw AIRR standard format
output derived from the bulk RNA-seq data using TRUST4 (v1.0.4).
Then the hierarchicalClones() function in the R package SCOPer
(43) (v1.2.0) was used to infer—based on the nucleotide sequence—
the germline BCR clones that arise from V(D)]J recombination (in
the bone marrow) and mature (SHM-generated) BCR clones that
are derived from germline BCR clones after somatic hypermutation
process in the germinal center (44). The R package SHazaM (45)
(v1.1.0) was used to automatically calculate the threshold for the
bimodal distribution from the hierarchicalClones() function as
defined by the SCOPer pipeline. Consequently, the SHM
occurrence frequency can be calculated using the count of
germline BCR clones associated with more than one mature BCR
clone divided by total count of the germline BCR clones. The
clonotype repertoire metrics of TCR and BCR, including count,
diversity, and clonality were calculated using the custom R package
rTCRBCRr (v0.1.0) and other custom R scripts.

Cell population abundance estimation

The R package MCPcounter (v1.2.0) was applied to the
normalized log, cpm expression matrix from the bulk RNA-seq
data in order to estimate the absolute abundance of eight immune
and two stromal cell populations in each sample, including T cells,
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CD8 T cells, cytotoxic lymphocytes, B lineage, NK cells, monocytic
lineage, myeloid dendritic cells, neutrophils, endothelial cells, and
fibroblasts (Supp. Table 1D).

Overlap-based gene set enrichment

The enrichment of specific biological process or gene ontologies
were analyzed using Enrichr, which is implemented in enrichR R
package (v3.0) (38). Specifically, lists of DEGs were tested for
significant overlaps with pre-curated gene sets within the Enrichr
based on fisher exact test. The P values we utilized were the ones
adjusted for multiple tests using the FDR method and the cutoft of
enriched gene set term is adjusted P value < 0.05.

Survival analysis

The Kaplan-Meier curves were used to visualize differences in
survival between patient groups. Cox proportional hazard (Cox PH)
regression was used to assess the effect of single or multiple variables
on hazard ratio. These analyses were performed using the R
packages survival (v3.2.13) and visualized using survminer
(v0.4.9), and survivalAnalysis (v0.3.0). For PFS analysis in the
MAPKi-treated cohort, we only included OT tumors biopsied
prior to progression (giving a total 25 OT tumors from 19
MAPKi-treated patients).

Single cell analysis

The single cell data was processed using the R package Seurat
(v4.0.2). The raw count data were provided by the authors. We first
normalized the raw counts using the NormalizeData() function with
normalization.method=“LogNormalize” and scale.factor=10000. 17
clusters were identified at resolution=0.5. Cell types of the clusters
were manually annotated based on each cluster’s gene markers, which
were computed using FindAllMarkers() (min.pct=0.25 and
logfc.threshold=0.585). The R package AUCell (v1.12.0) was used
to identify gene set enrichments in the single cell transcriptome. The
R package CellChat (v1.1.3) was used to visualize cell-cell
communication network, grouped by different signaling pathways,
among different cell types.

Statistical analysis

All the statistical analysis were performed using R programming
language version 4.0.5. Unless otherwise stated, all the statistical
tests were two tailed. In all boxplots, including gene expression,
GSVA score, and gene expression ratio, P values were calculated
using a two-sided Wilcoxon rank sum test. In all boxplots, the
median is indicated by the line within the box and the 25th and 75th
percentiles indicated by the lower and upper bounds of the box. The
upper and lower lines above and below the boxes represent the
whiskers. Pearson’s R correlation coefficient was computed using
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R’s cor.test function. The P values of the Pearson’s R correlation
coefficient were computed using two-sided t-test as described in the
documentation. In the Kaplan-Meier survival curves, the P value is
the log-rank test P value. In the Cox PH analysis, the P value shown
for each variable in the graph is the result of Wald test.

In vitro assessment of primary human
immune cells

Peripheral blood mononuclear cells (PBMC) from healthy
donors were isolated from blood by density gradient
centrifugation (Ficoll-Hypaque). PBMC were cultured at 10° cells/
well in 12 well plates in complete media with 2ME. Stimulation was
provided by anti-CD3/CD28 Dynabeads (Invitrogen), as well as
anti-human PD-1 (clone pembrolizumab, BioXcell, RRID:
AB_2894731), MEKi trametinib (LSBiosciences) and BRAFi
dabrafenib (BioVision), or vehicle. Supernatants were collected on
day 5. Secreted CXCL13 was quantified in supernatants by ELISA
(R&D Systems). The concentrations chosen for dabrafenib and
trametinib was based on reported maximum plasma concentration
in patients, which were 2.4 uM and 0.03 uM, respectively (46). To
avoid overactivation of the T cells in the PBMC, we chose a lower
PD-1 antibody concentrations (1 and 10 pug/mL) than the median
Cinax and Cyrougn of pembrolizumab (89.1 and 27.6ug/mL) (47).

Results

ICI and MAPKi treatment induce
comparable levels of T cell infiltration

To perform a comparative analysis of transcriptomic response
to ICI and MAPKIi, we analyzed three separate immunotherapy
datasets (16, 32, 37) and three targeted therapy datasets (23, 33, 34)
(Supp. Figure 1A; Supp. Table 1A). All samples were classified into
three groups: pre-treatment (PT), on-treatment responding (OT-
R), and on-treatment non-responding (OT-NR). OT-R is defined
by clinical benefit after therapy (CR, PR, or SD by RECIST criteria).
OT-NR is defined by no clinical benefit (PD) (Supp. Table 1A).
Gene expression in samples across the datasets were integrated and
batch normalized (see Methods).

We asked whether the set of differentially expressed genes
(DEG) between ICI and MAPKIi could reveal any cell populations
or biological processes that may explain ICI’s more durable
antitumor response. To this end, we selected genes upregulated in
the OT-R compared to the OT-NR samples for each therapy
(Figure 1A, see Methods for details). The upregulated DEG were
grouped into either ICI-specific, MAPKi-specific, or ICI and
MAPKi-shared (Figure 1B; Supp. Table 1B), and gene sets
enriched by these DEGs were computed using Enrichr (38). We
first noted gene sets related to T cells being enriched in the OT-R
groups of both therapies (Figure 1C; Supp. Tables 1C, D). Indeed,
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increased T cell infiltration and activity are important for both ICI
and MAPKi response (13, 15, 17, 22, 32, 37, 48) and the levels of
general T cell marker (CD3D), cytotoxic CD8 T cells (CD8B), T cell
signature and IFNYy pathway score were significantly higher in the
OT-R tumors of MAPKi or ICI compared to PT and OT-NR
tumors (Figures 1D-F; Supp. Tables 1D, E). T cell marker
expressions and IFNYy pathway score were not significantly
different between ICI and MAPKi] in either PT, OT-R or OT-NR
samples (Supp. Figures 1B, C). Our data suggests that response to
ICI or MAPKIi induces a robust increase in T cell infiltration and
IFNYy pathway activation in the TME.

Intriguingly, only higher normalized expression of CD8 T cell
marker CD8B or higher IFNY gene set enrichment in ICI OT
tumors, but not MAPKi OT tumors, was significantly correlated
with longer survival (Figure 1G). Neither CD8B expression nor
IFNYy pathway score in PT biopsies was significantly correlated with
survival (Supp. Figure 1D), indicating the importance of T cell
infiltration and activity after therapy. Using a separate microarray
dataset of MAPKi OT tumors (35, 36), we confirmed that neither
higher CD8B nor higher IFNYy gene set enrichment was correlated
with OS and PFS after MAPKi therapy (Supp. Figure 1E). Since the
MAPKi RNA-seq datasets only have progression free survival (PES)
information available and since melanoma patients’ PES is
significantly correlated with their OS in the MAPKi microarray
data (Supp. Figure 1F), we will use PFS differences in the MAPKi
cohort as a surrogate of OS differences in later analysis of the
MAPKi RNA-seq datasets.

We noted higher total expression of T cell cytotoxicity-related
genes, GZMB and PRFI, in ICI OT-R than MAPKi OT-R (Supp.
Figure 1G). We further estimated the levels of these cytotoxicity-
related genes on a per T cell basis by computing the ratio between
normalized expression of the markers and CD8B. On this
approximated per-CD8 basis, MAPKi-treated responders had
lower GZMB and PRFI expression than their patient-matched PT
tumors while ICI-treated responders did not show such a decrease
(Figure 1H). Overall, our analysis demonstrated that ICI treatment
induces the infiltration of more cytotoxic CD8 T cells into the TME
compared to MAPKi and such increase in T cell activity is
significantly correlated with patient OS after ICI therapy.

B cells are more abundant in ICI On
Treatment Responding tumors and are
correlated with improved survival after ICI
therapy

We next examined ICI-specific DEGs to discover additional cell
populations or pathways that are significantly associated with
response to ICI therapy. On one hand, genes related to B cells
and DC gene sets (Figures 1C; 2A; Supp. Table 1C) were
upregulated in ICI OT-R tumors compared to MAPKi OT-R
tumors (after adjusting against the average expression of the same
genes in the respective OT-NR groups, see Methods). On the other
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FIGURE 2

Relative increase of B cell and tertiary lymphoid structure (TLS) marker genes in response to ICI therapy compared to MAPKi. (A) Enriched tissue
specific gene sets in DEGs upregulated in ICI OT-R tumors with respect to MAPKi OT-R tumors (after adjustment by respective therapy group’'s OT-
NR tumors; see Methods). (B) Normalized expression of B cell marker genes and enrichment of B cell lineage gene set among the PT, OT-R and
OT-NR tumors in the ICI or MAPKi therapy group. (C) Normalized expression of TLS-related genes, CXCR5 and BCL6, among the PT, OT-R and OT-
NR tumors in the ICl or MAPKi therapy group. (D) Kaplan-Meier survival curves of ICI- or MAPKi-treated melanoma patients stratified by either CD19
expression (left) or TLS gene set enrichment score (right) of their OT tumors. (E) Pairwise expression comparison of the listed B cell-related genes
between PT (top) or OT (bottom) samples of melanoma patients stratified by response (R) or no response (NR) to ICI. (F) Normalized expression of
CXCL13 among the PT, OT-R and OT-NR tumors in the ICl or MAPKi therapy group. (G) CXCL13 secretion by human peripheral blood mononuclear
cells is increased by anti-PD-1 antibody treatment but decreased by trametinib (MEK inhibitor) + dabrafenib (BRAF V60O0E inhibitor) in vitro. The six
points in each bar graph across represent the same PBMC samples from six donors; these were treated with the indicated amount of antibody/
inhibitor or vehicle. Significance of pairwise comparisons was computed using t-test, * p<0.05, ****p<0.0001, ns, not significant.
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hand, MAPKi OT-R tumors showed enrichment of non-immune
related gene sets such as neuron, melanocyte and adipocyte related
genes (Supp. Figure 2A; Supp. Table 1C).

There were more prominent upregulations of B cell gene
markers, B cell signature and immunoglobulin genes in OT-R
tumors, with respect to either OT-NR or PT tumors after ICI
compared to MAPKi therapy (Figure 2B; Supp. Figure 2B; Supp.
Tables 1C, D). Importantly, the expression of TLS-associated,
germinal center B cell (GC B cells) and follicular helper T cell
(Tth) markers, CXCR5 and BCL6, were significantly upregulated
only in response to ICI but not MAPKi (Figure 2C). The presence of
TLS has been correlated with improved survival after ICI therapy in
melanoma (28, 29) and other cancers (30, 31). ICI treatment also
induced a more significant increase of gene set scores of two TLS
signatures (29) compared to MAPKi (Supp. Figure 2C; Supp.
Table 1E). The magnitude of CDI9 expression and TLS signature
score both significantly correlated with survival after ICI but not
MAPKIi therapy (Figure 2D; Supp. Figure 2D). On the other hand,
the level of B cell marker or the TLS signature in the PT samples is
not associated with survival after ICI treatment (Supp. Figure 2E).
In agreement with the survival data, B cell marker expression was
positively correlated with tumor response to ICI in OT but not PT
tumors (Figure 2E), suggesting that the expression of B cell and TLS
marker genes pre-therapy are relatively weak predictors of ICI
response and survival in melanoma patients.

Among ICI-specific differentially expressed of cytokines and
chemokines was CXCL13, which is the ligand for CXCR5 and a key
chemokine for the formation of TLS (Figure 2F). The upregulation
of CXCL13 after ICI treatment is expected to recruit CXCR5+ B cells
and CXCR5+ Tth cells. We tested if ICI can directly increase
CXCL13 expression in human immune cells. Incubation of anti-
CD3/28 activated peripheral blood mononuclear cells (PBMC) with
anti-PD-1 antibody increased the secretion of CXCLI3 protein
(Figure 2G, left). In contrast, treatment with BRAF and MEK
inhibitors (MAPKi) significantly inhibited CXCL13 secretion
(Figure 2G, right). Thus, CXCL13 production is promoted by
anti-PD1 antibody, but impaired by BRAF and MEK inhibitors.
The increase in CXCL13 was associated with increased expression
of B cell and TLS-associated markers (CXCR5, BCL6) in ICI OT-
R tumors.

Enrichment of B cell and Tertiary Lymphoid
Structure gene markers in single cell
transcriptome of ICl responding melanoma

To analyze potential connections between enhanced CD8 T cell
cytotoxicity and increased presence of TLS-associated B cells in ICI
OT-R tumors, we examined single cell transcriptomic data of
tumors from an independent cohort of ICI-treated melanoma
patients (37). Since this scRNA-seq is done on a sampling of
sorted CD45+ cells, we can only compare the relative abundances
of immune populations within the samples. Nonetheless, we were
able to analyze significantly increased/decreased expression of gene
markers within each immune population, allowing us to identify the
cellular source of DEGs in the bulk RNA-seq analysis.
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After normalization and scaling of the gene expression values (see
Methods), we re-clustered the single cells and identified the cell types
based on differentially upregulated immune gene markers in each
cluster (Figures 3A-C; Supp. Table 3A). Clusters of known immune
populations, such as memory T cell (CD4/8+ CCR7+ TCF7+), activated
CD8 T cell (IFNG+ or high in interferon downstream genes (ISGs)),
activated/exhausted CD8 T cell (PDCDI1+ CTLA4+ TOX+) with high
expression of CXCL13, B cell (CD19+ MS4A1+), plasma cell (SDCI+
IGHG/A+), NK cell (FCGR3A+ GNLY+), Treg (FOXP3+ CTLA4+),
monocyte/macrophage (M@) (CDI14+ CDI163+), monocyte-derived
dendritic cells (monocytic DC: CDI14+ CLECI0A+), plasmacytoid
DC (LILRA4+) and proliferating immune cell (MKI67+), were
marked accordingly. We identified a CXCR5+ BCL6+ CXCLI3+
follicular helper T cell (Tth) population in a subset of PDCDI+
CXCL13+ CTLA4+ TOX+ TCF7+ CD4+ T cells (Figure 3B). We also
noted the expression of BCL6 and REL in the B cell population
(Figure 3C); along with BCL6, REL is a transcription factor that is
upregulated in GC B cells (44).

Corroborating the B cell marker up-expression in ICI OT-R tumors
in bulk RNA-seq, we noted a significantly higher proportion of B cells in
ICI OT-R samples compared to OT-NR samples (Figure 3D, red
boxplots, bottom, Supp. Table 3B). We also noted that, in this
scRNA-seq cohort, the proportion of B cells was already higher in the
PT-R samples (Figure 3D, red boxplots, top, Supp. Table 3B). However,
only B cell abundance in ICI OT tumors was significantly correlated
with the patients’ OS (Figure 3E; Supp. Table 3C).

Looking at the other cell populations, the proportion of CCR7+
TCF7+ memory T cells per sample were higher in the PT-R and
OT-R samples (Figure 3D, leftmost boxplot, Supp. Table 3B), in line
with the original publication (37). Populations with a higher
proportion in the OT-NR biopsies were the proliferating cluster
and CD14+ CD163+ Mg clusters (Supp. Figure 3A; Supp.
Table 3B). The proliferative cluster showed high expression of
CD3D, CD8A, PDCDI, CTLA4 and TOX (Figure 3B, rightmost
boxplot); this population matches the phenotype of an intermediate
exhausted cytotoxic T cells, which are expected to differentiate into
terminally exhausted T cells (49). The CD14+ CD163+ Mg fraction
was associated with worse OS after ICI (Supp. Figure 3B),
suggesting that this is an immunosuppressive M@ population.

In each cell population, we analyzed genes increased in
expression in ICI OT-R tumors compared to OT-NR tumors
(Supp. Table 3D). Consistent with evidence for GC B cells and
Tth in ICI-responders from the bulk RNA-seq cohort above,
CXCR5+ B cells in OT-R showed increased expression of BCL6
and REL (Figure 3F). We also confirmed that expression of CXCR5
was significantly increased in Tth/Tph population of ICI OT-R
patients (Figure 3G, green boxplots), implying a higher proportion
of Tth cells in ICI OT-R tumors. The bulk RNA-seq cohorts showed
an increased overall expression of CXCLI3, which is the
chemotactic factor for the CXCR5+ GC B and Tth cells in ICI
OT-R tumors. The scRNA-seq data allowed us to trace the source of
CXCL13 expression; CXCL13 was significantly upregulated in the
PDCDI+ TOX+ CD8 T cell in ICI OT-R tumors (Figure 3G). Of
note, CXCLI13+ PDI+ TOX+ CD8 T cell population was recently
reported to comprise a high fraction of tumor antigen-specific CD8
T cells (50).
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FIGURE 3

Increased B cell proportion is associated with TLS marker enrichments and improved OS in an independent cohort of IC| treated melanoma.

(A) UMAP projection of intratumoral CD45+ cells of ICI-treated melanoma. The cell type annotation of each cell cluster was inferred from the DEGs
of each cluster. Mono/DC: monocytic DCs, Mono/Mg: monocytes/macrophages. (B, C) Normalized expression of markers of cell type/activity
among different T and NK cell (B) or B cell and myeloid cell populations (C). (D) The fraction of the T, NK, B and plasma cell populations in stratified
by response vs. non-response to ICl in PT (top) and OT tumors (bottom). The boxplots are colored to match the cell clusters in (A). (E) Kaplan-Meier
survival curves of ICl-treated patients stratified by the proportion of B cells within either their PT (top) or OT tumors (bottom). (F, G) Normalized
expression of germinal center (GC) B cell markers, BCL6 and REL, or follicular helper T cell (Tfh) markers, CXCR5 and CXCL13, within the listed T/B
cell populations from the scRNA-seq. (H) Predicted enrichment of receptor-ligand interaction involving the CXCL chemokine signaling in the ICI OT
samples (left; the color of the connecting edge is the source cell’s) and the normalized expression of the chemokine and their receptors in each
immune population (right). The interaction involving the CXCL13-CXCR5 pair between tumor reactive PDCD1+ TOX+ CD8 T cells and B cells was

more enriched in ICI OT-R tumors.
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CXCL chemokine-receptor interaction analysis using CellChat
predicted that CXCL13 expressed by PDI+ TOX+ CD8 T cells
(source) mainly engaged CXCR5+ B cells (target) (Figure 3H, left).
On the other hand, ICI OT-NR tumors show a mixture of CXCL16-
CXCR6 and CXCL13-CXCR3 interaction among the monocytic
DCs, macrophages and T cells (with weak CXCL13-CXCR5
interaction involving B cells). Although the relative fractions and
normalized expression of CXCL13 and CXCR5 were similar
between ICI OT-R and OT-NR (Figure 3H, dot plots), the
CXCL13-CXCR5 interaction is expected to be stronger in ICI
OT-R group since it has a larger fraction of CXCR5+ B cells
among the CD45+ immune cells. Finally, AUCell analysis (51)
showed enrichments of TLS gene sets specifically in B and Tth cell
clusters (Supp. Figure 3C), indicative of TLS formation within
which CD8+ T, CD4+ Tth and GC B cells interact with one
another. Overall, our analyses illustrate ICI-mediated release of T
cell checkpoint engagement of tumor-specific, PD1+ TOX+ CD8 T
cells upregulates CXCL13, which subsequently recruits CXCR5+ B
cells and Tth to form TLS in the TME.

B cells and Tfh in ICl-responding
tumors upregulate markers of
productive antigen presentation

Using their B cell receptor (BCR), B cells can selectively capture
antigens and present them to Tth cells in through the MHC II
antigen presentation pathway (52-54). For this interaction to
happen, antigen-specific B cell clones must encounter cognate
antigen-specific T cells in the T cell zones of the lymphoid follicle
in secondary lymphoid organs or TLS. Indeed, our receptor-ligand
interaction analysis suggests that intratumoral B cells in ICI OT-R
tumors present antigens to CXCR5+ Tth and Tregs through MHC II
pathway (Figure 4A; Supp. Figure 4A). In OT-NR tumors, MHC II
interaction was observed mostly between Tregs and multiple MHC
11+ populations, including B cells, DC and the immunosuppressive
Mo (Figure 4A; Supp. Figure 4A).

Antigen recognition by Tth results in the activation of their T
helper function, providing stimulatory signal to CD40+ B cells
through upregulation of CD40L (52). BCR ligation and CD40/
CD40L pathway activation of B cells stimulates expression of APC
maturation marker, CD83, which further strengthen the antigen
presentation activity of B cells (55). Accordingly, we observed the
upregulation of CD40LG and CD83 transcripts in the Tth and B cell
populations, respectively (Figure 4B; Supp. Table 3D). Receptor-
ligand interaction analysis on the genes in CD40 pathway also
showed enrichment of the pathway only in ICI OT-R tumors
(Figure 4C; Supp. Figure 4A). CD40L and IFNYy-induced
activation can drive B cells to cross present antigens to CD8
T cells (56). Indeed, we confirmed that both CD40L and IFNy
pathways were active in the TME of ICI OT-R tumors and CellChat
analysis predicted a significant MHC I pathway interaction between
B cells and the tumor reactive CXCL13+ PDI+ TOX+ CD8 T cells
(Supp. Figure 4B).

Taken together, our single cell transcriptome analysis of ICI-
treated melanoma demonstrated upregulation of gene markers and
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enrichment of pathways associated with a productive antigen
presentation by B cells to T cells in the TME of ICI OT-R tumors.

Diversity but not clonality of B cell
population correlates with survival
after ICl therapy

After a productive antigen presentation to T cells, antigen
specific B cells can undergo class switch recombination (CSR),
somatic hypermutation (SHM) and differentiation into long-lived
plasma cells or memory B cells (52). It is unclear if ICI response in
melanoma is associated with the formation of tumor-specific,
antibody producing cells, as seen in clear cell renal cell carcinoma
(31). We did not observe association between the relative
abundances of plasma cells and response to ICI in the scRNA-seq
cohort (Figure 3D). There were also very few cells expressing CD19
or MS4A1 within the KI67+ proliferating cell cluster, indicating a
rarity of proliferating B cells in this dataset (Figure 3C, based on the
levels of the CDI9 or MS4Al in the rightmost proliferating
cell cluster).

We applied TRUST4 to reconstruct the CDR3 regions within
mRNA transcripts of immunoglobulin heavy (IGHA/M/G) chain
in the bulk RNA-seq and scRNA-seq data (42). By defining each
distinct IGH CDR3 sequence as a B cell clone, we can obtain an
estimate of the B cells’ clonal dynamics after ICI or MAPKi
therapy. Response to ICI exhibited statistically significant
increase of BCR diversity in ICI OT-R tumors (with respect to
both PT and OT-NR) but not in MAPKi OT-R tumors
(Figure 4D; Supp. Table 4A). SCOPer (43) analysis predicted an
increased somatic hypermutation (SHM) in ICI OT-R tumors,
which may have contributed to the increase of BCR diversity in
ICI OT-R tumors (Figure 4E). We observed that most B cell
clones in the ICI OT-R tumors were newly infiltrating clones after
the therapy (Supp. Figure 4C). The same predominance of OT
tumor specific clones can also be observed in the T cell
populations (Supp. Figure 4D). The clonal dynamics of both T
and B cells after ICI treatment matches the “T cell clonal
replacement” event reported in basal/squamous cell carcinoma
patients who responded to ICI (57).

Higher BCR diversity was associated with improved survival after
ICI but not MAPKIi therapy (Figure 4F). The significant correlation
between BCR diversity and OS after ICI therapy was also confirmed
in the scRNA-seq cohort (Figure 4G and Supp. Table 3E; Supp.
Table 4B). BCR clonality was not associated with patient survival after
ICI nor MAPKIi therapy (Figures 4F, G). The observation of increased
BCR diversity in response to ICI therapy suggests that B cells’ role in
the TME is to present T cells with a broad variety of tumor antigens.
Since B cells present tumor antigens to T cells through BCR-specific
internalization of extracellular tumor antigens (54), a more diverse
BCR repertoire will improve the chance of a successful antigen
presentation. The strong association between patient survival after
ICI and BCR diversity, but not clonality, further implies that ICI
response depends on successful tumor antigen presentation to T cells
and not on the subsequent clonal expansion and differentiation of B
cells into long lived antibody producing plasma cells.
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B cells in ICI OT-R tumors present antigens to PDCD1+ TOX+ tumor-reactive CD8 T and CD4 Tfh cells via the MHC | and Il pathways. (A) Predicted
enrichment of cell-to-cell interaction through MHC Il antigen presentation pathway (left) and the normalized expression of MHC |I-related genes
(right). The expressions of MHC Il genes are similar between ICl OT-R and OT-NR but, because of the higher proportion of B cells in ICI OT-R, the
predicted MHC Il interaction is (relatively) dominated by B cells in ICI OT-R. The interaction is more evenly distributed among the monocytic DCs,
macrophages, and B cells in ICI OT-NR tumors. (B) Normalized expression of CD40LG and CD83 in follicular helper T cell (Tfh) and CXCR5+ B cell
populations, respectively. (C) Predicted enrichment of cell-to-cell interaction through CD40L/CD40 pathway specific to ICI OT-R tumors (left) and
the normalized expression of CD40 pathway related genes (right). (D) BCR clonotype diversity and clonality among the PT, OT-R and OT-NR tumors
in the ICI or MAPKi therapy group. The BCR clones are based on TRUST4's predicted CDR3 sequences of the immunoglobulin heavy (IGH) chains in
each RNA-seq sample (see Methods). (E) Somatic hypermutation (SHM) frequencies based on predicted germline (i.e., prior to SHM) BCR clones by
SCOPer (see Methods). (F) Kaplan-Meier survival curves of ICI- or MAPKi-treated melanoma patients in the bulk RNA-seq datasets stratified by either
the BCR diversity (left) or clonality (right) of their OT tumors. (G) Kaplan-Meier survival curves of ICl-treated patients in the scRNA-seq dataset
stratified by either the BCR diversity (left) or clonality (right) of their OT tumors.
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Combined increase in BCR diversity
and IFNy pathway activity correlates
with the greatest long-term survival
after ICI therapy

Successful antigen recognition by CD8 T cells increased the
overall IFNYy expression (Supp. Figure 5A), which subsequently
induced IFNYy pathway activation in the TME of ICI OT-R tumors
(Figure 1F). IFNYy expression by multiple CD8 T cell populations
mostly activated the IFNY pathway in B cells and monocytic DCs
from ICI OT-R tumors (Figure 5A). The activation of IFNy pathway
in these immune populations is expected to boost their antigen
presentation activity, resulting in additional Tth and CD8 T cell
activation. In OT-NR tumors, IFNy pathway interaction mainly
involved the immunosuppressive CD14+ CD163+ M@ and
monocytic DCs (Figure 5A).

When stratified by the enrichment of hallmark interferon
gamma gene set and BCR diversity of their tumors (high: median
and above, and, low: below median), ICI-treated patients with the
best survival were those with high hallmark interferon gamma gene
set and BCR diversity in their OT samples (Figure 5B, log-rank
P=0.0072). Cox proportional hazard analyses suggested that
hallmark interferon gamma gene set score and BCR diversity in
the OT samples are independent predictors of survival in ICI
treated patients (Figure 5C; Supp. Table 4C). Stratification of the
patients by the expression of CD8 T cell marker CD8B and B cell
marker CDI19 show a similar trend where patients with high
expression of both CDI9 and CD8B had better survival after ICI
treatment (Supp. Figure 5B), which is in agreement with a recent
report on a separate cohort of melanoma patients (29). Curiously,
our analysis also revealed an interaction/dependency between BCR
diversity and hallmark interferon gamma gene set scores in relation
with the patients’ OS (Supp. Figure 5C; Supp. Table 4D, HR of
interaction = 0.55, P = 0.054). Indeed, the combined positive effect
of clonally diverse B cells and high IFNY signaling pathway activity
(indicating successful antigen presentation to T cells) on patients’
OS is significantly greater the sum of their individual effects
(Figure 5B). Thus, higher clonal diversity of intratumoral B cells
and IFNYy signaling pathway activity in the TME may act
synergistically to drive a durable ICI response.

Discussion

To discover immune factors and pathways associated with
durable response to ICI-based immunotherapy, we analyzed the
transcriptomic profiles of melanoma biopsies taken before and after
ICI treatment. Unique to our study is the use of transcriptomic
profiles of melanoma biopsied pre- and post-MAPKi therapy. Since
MAPKi therapy also induces significant immune infiltration, yet
MAPKi-treated patients are less likely to achieve a durable response
than ICI-treated patients, comparing immune infiltration
associated with ICI against MAPKi allowed us to separate drivers
of durable response from immune “bystanders” in ICI OT-R
tumors. Genes that are upregulated in ICI OT-R tumors
highlighted enrichment of B cell and Tfh gene markers, strongly
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hinting the presence of TLS in the tumor. This observation confirms
previous studies reporting positive association between TLS and ICI
response in multiple cancer histologies (28-31).

In ICI OT-R tumors, the increase of TLS-associated CXCR5+ B
and Tth cells were correlated with increased mRNA expression of
CXCRS5’s ligand, CXCL13, by activated, tumor reactive CXCL13+
CD8 T cells (50). We propose a model where an effective response to
ICI is marked with CXCL13+ CD8 T cell-driven recruitment of
highly diversified, CXCR5+ B cell clones whose subsequent (tumor)
antigen presentation activities induce and sustain the activation of
tumor-reactive CD4 Tth and CD8 T cells (Figure 5D). Notably, our
model resembles the cancer-immunity cycle initially proposed by
Chen and Mellman (58) with the important distinctions of the cycle
happening directly in the TME and CXCR5+ B cells functioning as its
major APC.

Our cell-cell interaction analysis highlighted CXCR5+ B cells as
the dominant antigen presenting cells in ICI OT-R TME, presenting
antigens to both tumor-reactive CD8 T cells and CD4 Tth cells and
through MHC I and MHC II pathways, respectively. We observed a
concomitant overexpression of CD40LG in the Tfh population,
reflecting a productive antigen presentation by B cells to Tth (53,
54). CD40L up-expression in Tth then activated the CD40 signaling
pathway in B cells, as shown by upregulation of CD83 in the B cells
(55). CD83 is a marker of light zone-specific, antigen presenting GC
B cells (52) and its expression is crucial for B cell longevity after
antigen stimulation (59). Overall upregulation of IFNy expression
in ICI OT-R tumors (bulk RNA-seq) was predicted to significantly
activate the IFNYy pathway of B cells and DC in ICI OT-R tumors.
Notably, simultaneous activation of IFNy and CD40 signaling
pathways in B cells can increase their antigen cross presentation
to CD8 T cells (56, 60). Successful cross-presentation to tumor
reactive CD8 T cells is expected to drive their cytotoxic activity
against the tumor.

Another support of B cells’ antigen presenting role in ICI
response comes from the clonal dynamics of B cells in ICI OT-R
tumors. Higher BCR diversity, which is expected to increase the
chance of tumor antigen uptake and presentation to T cells, is
significantly correlated with longer OS after ICI therapy both in the
bulk and single-cell RNA-seq cohorts of melanoma patients.
However, higher BCR clonality is not associated with improved
OS after ICL This suggests that B cells’ subsequent clonal expansion
and differentiation into long-lived plasma/memory B cells are less
correlated with response to ICI than the diversity of their presented
antigens. Finally, we demonstrated that BCR diversity and IFNy
signaling pathway scores are both significant and synergistic
variables that are correlated with patient survival after ICI therapy.

Our study has several limitations. First, it is a correlative,
retrospective study of combined cohorts of ICI-treated tumors.
To overcome this, we ensured that the most important observations
from one dataset are corroborated an independent dataset. For
instance, the increased expression of TLS markers in ICI OT-R
tumors and the association between BCR diversity/clonality with
survival were confirmed in both bulk and scRNA-seq datasets of ICI
treated melanoma. We also validated the differential effects of ICI
(using a PD-1 antibody) and MAPKi on CXCL13 expression by
activated T cells, albeit in an in vitro context. Another limitation is
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that the use of RNA-seq to reconstruct the CDR3 regions of the
TCR or BCR may have limited sensitivity. Additional studies using
more samples in general and using direct TCR/BCR sequencing of
ICI-treated tumors to measure T/B cell diversity and clonality are
necessary to confirm our observations.

Our results demonstrate that an effective immune response to
ICI involves activation of tumor reactive CD4 and CD8 T cells by
antigen presenting B cells, in the context of TLS in the TME. Our
finding is in line with a recent scRNA-seq study of ICI-treated triple
negative breast cancer patients, which highlighted an enrichment of
antigen presentation activity, rather than antibody production, in B
cells of ICI-responding tumors (61). The next logical question is
how to leverage this observation in the clinic. Several studies have
attempted direct TLS formation using secreted factors such as
CXCL13 (62). However, TLS formation may not be sufficient to
ensure B cell and T cell activation and the subsequent antitumor
immunity (63). Strategies to pre-load tumor antigens on B cells to
generate B cell vaccine may be more promising as a combinatorial
therapy with ICI. B cell-based tumor antigen vaccine was reported
to promote ICI efficacy in animal models of melanoma (60), lung
cancer (54) and glioblastoma (56). Thus, there is a pressing need for
additional pre-clinical and, ultimately, clinical studies to test the
most optimal B cell-vaccine approach that can enhance the rate of
durable ICI response.
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SUPPLEMENTARY FIGURE 1

Shared and therapy-specific transcriptomic changes after ICl or MAPKi therapy.
(A) Schematic of the bulk RNA-seq data sets of ICI- and MAPKi-treated
melanoma used in this study. (B, C) Normalized expression of T cell marker
genes (CD3D, CD8B) (B) and GSVA gene set enrichment scores of interferon
gamma gene sets from the Molecular Signature database (C) in the PT, OT-R
and OT-NR samples of patients treated with ICl or MAPKi therapy (inter therapy
comparison). (D) Kaplan-Meier survival curves of ICI- or MAPKi-treated
melanoma patients stratified by either CD8B expression (left) or hallmark
interferon gamma response gene set scores (right) in their PT tumors. (E)
Kaplan-Meier survival curves of overall (top) or progression free survival
(bottom) of MAPKi-treated melanoma patients stratified by either CD8B
expression (left) or hallmark interferon gamma response gene set scores
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(right) in their OT tumors (two independent microarray datasets of MAPKi-
treated melanoma patients). (F) Correlation between PFS and OS after MAPKi
therapy across two separate melanoma microarray datasets. (G) Normalized
expression of T cell cytotoxicity genes GZMB and PRF1 in the PT, OT-Rand OT-
NR samples of patients treated with ICl or MAPKi therapy.

SUPPLEMENTARY FIGURE 2

Characterization of B cell and TLS-related gene expression changes after ICl
and MAPKi therapy. (A) Enriched tissue specific gene sets in DEGs upregulated
in MAPKi OT-R tumors with respect to ICI OT-R tumors (after adjustment by
respective therapy group’s OT-NR tumors). (B) Normalized expression of the
listed B cell-related genes among the PT, OT-R and OT-NR tumors in the ICI
or MAPKi therapy group. (C) Enrichment scores of a recently published TLS 7-
gene and 9-gene gene sets among the PT, OT-R and OT-NR tumors in the ICI
or MAPKi therapy group. (D) Kaplan-Meier survival curves of overall (top) or
progression free survival (bottom) of MAPKi-treated melanoma patients
stratified by either CD19 expression (left) or TLS gene set enrichment score
(right) in their OT tumors. (E) Kaplan-Meier survival curves of ICI- or MAPKi-
treated melanoma patients stratified by either CD19 expression (left) or TLS
gene set enrichment score (right) in their PT tumors.

SUPPLEMENTARY FIGURE 3

Single cell analysis of ICl-treated melanoma. (A) The fraction of the myeloid
and proliferating cell populations in stratified by response vs. non-response to
ICl in PT (top) and OT tumors (bottom). (B) Kaplan-Meier survival curves of
ICl-treated patients stratified by the proportion of monocyte/macrophages
within either their PT (left) or OT tumors (right). (C) Single cell-based gene set
enrichment score of the TLS 7-gene and 9-gene signatures projected on the
UMAP (left) or presented in boxplot across all cell types (right). The scores
were separated into quartiles to assist the visualization of high and low gene
set enrichments in different cell populations.

SUPPLEMENTARY FIGURE 4

B cell-associated antigen presentation and clonotype analyses. (A) Inferred
cell-cell communication among intratumoral immune populations of pre-
and post-ICl treated melanoma across curated signaling pathways in
CellChat. The interactions are grouped based on response vs. no-response
to ICl in either PT or OT tumors. (B) Predicted enrichment of cell-to-cell
interaction through MHC | antigen presentation pathway. (C, D) Change in
BCR (C) or TCR (D) clonal fraction in grouped by clones found only in the OT
sample (OT-specific), only in the PT (PT-specific) and both in the PT and OT
samples (overlapping, see illustration on the left). These fractions are
calculated with respect to the union of all BCR/TCR clones found in the PT
and OT samples of each patient; this analysis is done only on patients with PT
and OT tumors.
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Background: Numerous studies and research papers have provided evidence
suggesting that tertiary lymphoid structures (TLS) play a crucial role in combating
and suppressing tumor growth and progression. Despite the wealth of
information on the significance of TLS in various types of cancer, their
prognostic value in gastrointestinal (Gl) cancers remains uncertain. Therefore,
this meta-analysis investigated the prognostic value of TLS in Gl cancers.

Methods: We searched Web of science, Pubmed, Embase and Cochrane Library
for studies that met the requirements as of May 1, 2023, and the hazard ratio (HR)
and the corresponding 95% confidence interval (Cl) were included in the analysis.
The bioinformatics analysis results based on the TCGA database are used to
supplement our research.

Results: The meta-analysis included 32 studies involving 5778 patients. The
results of comprehensive analysis showed that TLS-High is associated with
prolonged OS (HR=0.525,95%Cl:0.447-0.616 (P < 0.001), RFS (HR=0.546,95%
Cl:0.461-0.647, P < 0.001), DFS (HR=0.519,95%Cl.0.417-0.646, P < 0.001) and
PFS (HR=0.588,95%Cl:0.406-0.852, P=0.005) in Gl cancer. Among the patients
who received immunotherapy, TLS-High is associated with significantly
prolonged OS (HR=0.475, 95%CI:0.282-0.799, P=0.005) and PFS(HR=0.576,
95%Cl:0.381-0.871, P=0.009). It is worth noting that subgroup analysis showed
that there was no significant relationship between TLS and OS(HR=0.775, 95%
Cl:0.570-1.053,P=0.103) in CRC. And when Present is used as the cut-off criteria
of TLS, there is no significant correlation between TLS and OS (HR=0.850, 95%
Cl:0.721-1.002, P=0.053)in HCC.

Conclusion: TLS is a significant predictor of the prognosis of Gl cancers and has
the potential to become a prognostic biomarker of immunotherapy-related
patients.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/
#recordDetails, identifier CRD42023443562.

KEYWORDS

tertiary lymphoid structure (TLS), gastrointestinal (Gl) cancers, meta-analysis,
prognosis, biomarkers
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Introduction

Gastrointestinal (GI) cancers, including esophageal, gastric, liver,
biliary system, pancreatic, and colorectal tumors, account for more
than a quarter of all cancer incidences worldwide. These types of
cancers are responsible for one-third of all cancer-related deaths (1).
Some previous studies have indicated that there is a correlation
between the occurrence of GI cancers and factors such as smoking,
diet, and potential pathogens like EBV (Epstein-Barr virus) and
Escherichia coli that produces colibactin (2-5). These factors are
linked to the escalating burden of GI cancers. In the past decade,
immunotherapy such as anti-PD-1/PD-L1 has greatly improved the
prognosis of cancer patients. However, this efficacy is largely limited to
patients who have high microsatellite instability (MSI-H) or positive
PD-L1 expression. Patients with GI cancers have a relatively low overall
response rate to current immunotherapy, and the existing prognostic
markers are insufficient to determine which patients can benefit from
immunotherapy (6, 7). In addition, the heterogeneity of GI cancers has
led to a wide range of clinical, pathological, and molecular
characteristics. This diversity poses greater challenges in
personalized diagnosis and treatment (8). TLS are formed as ectopic
lymph node-like structures within non-lymphoid tissues. Typically,
TLS consists of T cells, B cells, fibroblastic reticular cells (FRC)
network, high endothelial venules (HEV), and follicular dendritic
cells (FDC) (9). Recent literature suggests that the presence of TLS is
associated with the prognosis of various gastrointestinal (GI) cancers
(10-13). However, there is currently no unified way to evaluate TLS.
Some studies classify TLS as positive or negative based on density (11,
14,15), while other studies consider the presence or absence of TLS asa
criterion for evaluation (14, 16). Furthermore, some studies assess the
maturity level of TLS (17). These different grouping approaches based
on TLS may impact the predictive value of TLS for prognosis. In
addition, it has been observed that TLS (Tumor-Localized Immune
Response) is not correlated with patient prognosis in certain advanced
colorectal cancer cohorts (14, 18). Due to the existence of these
controversial conclusions, it is necessary to conduct an analysis to
elucidate the role of TLS in GI cancer under different grouping
methods. This study performed a systematic review and meta-
analysis on the relationship between TLS and the survival outcomes
of patients with GI cancer.

Methods
Literature search strategies

The meta-analysis was designed and conducted based on the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) reporting guidelines, which are considered
the gold standard for reporting systematic reviews and meta-
analyses. The specific search strategy is Tertiary Lymphoid
Structures OR Lymphoid Structure, Tertiary OR Lymphoid
Structures, Tertiary OR Tertiary Lymphoid Structure OR Ectopic
Lymphoid-Like Structures OR Lymphoid-Like Structure, Ectopic
OR Ectopic Lymphoid Tissues. The protocol for this meta-analysis
study can be found in PROSPERO (19).
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Inclusion and exclusion criteria

The eligible studies should meet the following criteria (1): GI
cancers confirmed by pathological diagnosis (2); Detection of the
expression levels of TLS in human tumor tissues (3); Providing
survival data, including hazard ratio (HR) and 95% confidence
interval (CI) measurements for OS, RES, PFES, or PFS, or providing
Kaplan-Meier curves based on TLS grouping (4); Providing the
methods for TLS detection and evaluation. The following studies
have been excluded from consideration due to various reasons (1):
Comment, animal studies, letter, edit, reviews and meta-analysis
(2); Conducting multiple studies using the same set of samples or
participants (3); No insufficient data or no prognostic information.

Data extraction and quality assessment

Extract the following data from the included studies: year of
publication, region, sample size, sex, cancer type, TLS cut-off
criteria, follow-up time(months), survival analysis (OS, RFS, DES
or PFS), HR and 95%CIL If HR and 95% CI are not provided,
Engauge Digitizer software version 4.1 was used to plot the Kaplan-
Meier curves and extract the multiple survival rates to estimate the
HRs and 95% ClIs (20). Quality assessment was performed using the
Newcastle-Ottawa quality assessment scale (NOS). NOS criteria
scores range from 0 (lowest) to 9 (highest), and a NOS score 26 is
considered a high-quality study. Two reviewers (Kaile Zhang and
Yule Yang) independently assessed the quality of the eligible studies
and extracted the data, and any disagreement was resolved through
discussion with the third (Menghan Cao) (21).

Bioinformatics analysis

In this study, the gene expression and clinical information of
gastrointestinal cancer patients were downloaded from the TCGA
database (https://portal.gdc.cancer.gov/). The patients were divided
into two groups based on the scores of 9 TLS-related genes (CCRS6,
CD1D, CD79B, CETP, EIF1AY, LAT, PTGDS, RBP5, and SKAP1),
namely the TLSscore high group (upper tertile) and the TLSscore
low group (lower tertile) (22). The ESTIMATE algorithm was used
to analyze the immune, stromal, and ESTIMATE scores. The
differences in survival between the two groups were compared
using the logarithmic rank test, and visualized using Kaplan-Meier.

The proportion of 28 immune cells in the tumor
microenvironment is determined using the single-sample gene set
enrichment analysis (ssGSEA) method.

Statistical analysis

The statistical analysis was performed using Stata 15.0. It
involved calculating the correlations between TLS and OS, RFS,
PFS, and DFS. If P<0.05 and I*> >50%, it indicated high
heterogeneity, and a random-effects model was applied.
Otherwise, a fixed-effects model was used. Egger’s and Begg’s tests
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were employed to assess publication bias. If significant publication
bias was detected, the trim and fill method was utilized to adjust the
results. Additionally, a sensitivity analysis was conducted by
systematically excluding individual studies in order to evaluate
the robustness of the meta-analysis. P<0.05 was considered
statistically significant.

Results
Characteristics of studies

After the initial search, we eliminated a total of 4435 duplicate
articles. Then, we carefully read the titles and abstracts of the
remaining articles and excluded 3286 of them. Subsequently, we
obtained the full text of the remaining 64 articles and conducted a
thorough evaluation. Finally, we selected and included 25 articles
for our study (12-18, 23-40). These 25 articles encompassed 32
individual studies and involved a total of 5778 patients. The
PRISMA flowchart depicting the entire selection process can be
seen in the provided (Figure 1).

The included studies in this research are summarized in
(Table 1), which consists of 8 studies on gastric cancer (GC), 6
studies on colorectal cancer (CRC), 7 studies on hepatocellular

10.3389/fimmu.2023.1256355

carcinoma (HCC), 4 studies on esophageal cancer (EC), 4 studies on
pancreatic cancer (PC), and 3 studies on intrahepatic
cholangiocarcinoma (ICC). Among these studies, 20 were conducted
in China, 7 were from Japan, and 2 each were from Finland, the United
States, Australia, and Germany. Moreover, 10 studies only provided
overall survival (OS) data, 1 study reported only disease-free survival
(DFS) data, 1 study solely focused on relapse-free survival (RFS) data,
and another study presented progression-free survival (PES) data
exclusively. Interestingly, 11 studies provided both OS and RFS data,
while 4 studies included both OS and DFS data, as well as OS and PES
data. The incorporated studies employed four cut-off criteria to
designate TLS: namely, Presence, Density, Degree of maturation, and
Maximum dimension. The NOS scores of the 32 studies ranged from 6
to 8, signifying an exceptional standard of the encompassed research.
Every study embraced pertinent insights regarding TLS within
malignant growths in this article.

TLS is divided into TLS-high and TLS-low based on different
cut-off criteria. Among the 31 studies included in this paper,
different cut-off criteria correspond to different HR. In the
subsequent investigation of the relationship between TLS and OS,
RES, PFS, and DFS, we have established inclusion criteria. When a
study includes two different TLS cut-off criteria, we prioritize the
HR corresponding to Density, Degree of maturity, or Maximal
diameter. If a study simultaneously uses Density and Degree of

FIGURE 1
The flow diagram of identifying eligible studies
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TABLE 1 Characteristics of included studies.

region Sample Male/ Cancer Cut-off crite- = Follow-up time Survival NOS
size Female types ria (months) analysis score

Cheng N.2021 (16) China 846 585/261 GC Presence 22.1 (1-99) (6N 8
Yu J.2022 (15) China 118 82/36 GC Density (0-120) OS,DFS 7
Kemi N.2023 (23) Finland 583 425/296 GC maximal diameter 28(1,432) (O] 8
Yin Y.2022(Training) China 148 131/17 GC Degree of maturity (0-60) oS 8
(17)

Yin Y.2022 China 76 NR GC Degree of maturity NR 0os 8

(Validation) (17)

Mori Y.2021 (24) Japan 261 182/92 GC Density (0-70) [6N] 7

Mori Y.2022(ICIs) Japan 19 12/7 GC Density (0-27) OS,PFS 7

(25)

Yamakoshi Y.2020 Japan 226 162/64 GC Density (0-90) DFS 8

(12)

Ahmed A.2020 (18) German 21 14/7 CRC Density (0-70) (O 6

Zhan Z.2023 (26) China 203 128/75 CRC Density 50(0-70) OS,DFS 8

Schweiger T.2016 Austria 57 33/24 CRC Presence (1-140) OS,RFS 7

(14)

Karjula T.2023 (27) Finland 67 34/33 CRC Density, maximal 40.2(5-233) (6N 7
diameter

Wang Q. 2022 China 114 65/49 CRC Presence (0-60) OS,RFS 8

(Training) (40)

Wang Q. 2022 China 60 37/23 CRC Presence (0-60) OS,RFS 8

(Validation) (40)

Wen S.2021 (28) China 85 75/13 HCC Density 44(0-60) (6N 8

Li H.2021(Training) China 240 202/38 HCC Density, Presence 60.3(2.4-111.7) OS,RFS 8

(29)

Li H.2021 China 120 99/21 HCC Density, Presence NR OS,RFS 8

(Validation) (29)

Li J.2022 (30) China 150 125/25 HCC Presence (0-80) OS,RFS 7
Li H.2020(Training) China 303 251/52 HCC Presence 61.3(1.5-119.4) OS,RFS 8
(31)

Li H.2020 China 159 132/27 HCC Presence NR OS,RFS 8

(Validation) (31)

Zhang T.2022 (32) China 170 143/27 HCC Density (0-70) OS,DES 7
Hayashi Y.2023 (33) Japan 316 255/61 EC Density (0-120) OS,PES 7
Hayashi Y.2023(ICIs) Japan 34 2717 EC Density (0-41) PES 7
(33)

Deguchi S.2022 (35) Japan 84 NR EC Presence 51(0-100) RFS 7
Li R.2022(Training) China 122 102/20 EC Density, Presence (0-50) OS,DFS 8
(39

Zhang W.(Training) China 182 87/95 PC Presence 39 (1.5-95) OS,RFS 7
(13)

Zhang China 125 60/65 PC Presence 58 (10-96) OS,RFS 7

W.(Validation) (13)

Gunderson A.2021 America 63 37/26 PC Density (0-64) oS 8
(36)

(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1256355

region Male/ Cancer
Female types
Tanaka T.2023 (37) Japan 162 90/72 PC
Shang T.2023 (38) China 471 160/311 ICcC
Shang T.2023(ICIs) China 100 NR ICC
(38)
Zhang P.2022 (39) China 93 53/40 ICC

Cut-off crite- Follow-up time Survival

ria (months) analysis

Presence 26 (1-122) [oN 8
Density (0-80) OS,PFS 8
Density (0-50) OS,PFS 8
Degree of maturity, (0-108) OS,RFS 8
Presence

GC Gastric cancer, CRC Colorectal cancer, EC Esophageal cancer, HCC Hepatocellular carcinoma, PC Pancreatic cancer, ICC Cholangiocarcinoma.

Follow-up time(months):medians(ranges).
NR, Not available.

maturity or Density and Maximal diameter as the grading methods
for TLS, we select the HR corresponding to Density.

TLS and OS

Based on a comprehensive analysis of 29 studies evaluating
the association between TLS and OS in GI cancer, it was found
that TLS-high is significantly correlated with longer OS
(HR=0.525, 95%CI:0.447-0.616, P<0.001)(Figure 2A). However,
it should be noted that this analysis showed significant
heterogeneity, and a random effects model was used to account
for this(I* = 65.7%, P<0.001)(Figure 2A). Moreover, subgroup
analysis based on different cancer types revealed that TLS-high is
closely associated with extended OS in GC(HR=0.422, 95%
CI:0.283-0.627,P<0.001), HCC(HR=0.532, 95%CI:0.391-0.726,
P=0.003), EC(HR=0.393, 95%CI:0.271-0.570,P<0.001), PC
(HR=0.390, 95%CI:0.290-0.525,P<0.001), and ICC(HR=0.493,
95%CI:0.421-0.577,P<0.001), while no significant relationship

was found between TLS and OS in CRC(HR=0.775, 95%
CI:0.570-1.053,P=0.103) (Figure 2B). Interestingly, significant

heterogeneity was observed in GC(I* = 80.6%,P<0.001) and
HCC(I* ~ 78.0%,P<0.001) (Figure 2B).

TLS and RFS, DFS, PFS

Moving on to the assessment of TLS in relation to RFS, DFS,
and PFS, 12, 6, and 5 studies were included, respectively. The
analysis showed a significant association between TLS-high and
extended RFS(HR=0.546, 95%CI:0.461-0.647, P<0.001)(Figure 3A),
DFS(HR=0.519, 95%CI:0.417-0.646, P<0.001)(Figure 3B), and PFS
(HR=0.588, 95%CI:0.406-0.852, P=0.005)(Figure 3C). Notably, the
analysis of RES(I* = 16.8%, P=0.279)(Figure 3A)and DFS I* = 5.7%,
P=0.380)(Figure 3B) did not exhibit significant heterogeneity, and a
fixed effects model was used, whereas significant heterogeneity was
observed in the analysis of PFS[? = 61.2%, P=0.036)](Figure 3C),
requiring the use of a random effects model.
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FIGURE 3
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Forest plot showing the relationship between TLS and RFS, DFS, PFS in Gl cancers. (A) RFS; (B) DFS; (C) PFS.

TLS and ICls

In addition, two studies assessing the relationship between TLS
and OS in the context of using ICIs for treatment were included, as
well as three studies evaluating the relationship between TLS and
PES. The study conducted by Mori Y et al. and Hayashi Y et al.
included patients who received treatment with anti-PD-1
monoclonal antibodies. On the other hand, the study conducted
by Shang T et al. did not explicitly specify the type of ICIs used in
their research. The results consistently showed a significant
association between TLS-positive and extended OS[HR=0.475,
95%CI:0.282-0.799, P=0.005)](Figure 4A) and PFS[HR=0.576,
95%CI:0.381-0.871, P=0.009)](Figure 4B). No significant
heterogeneity was found in any of these studies, and a fixed
effects model was applied(l2 = 0.0%, P=0.352)(Figure 4A), (=
33.4%, P=0.223)(Figure 4B).

TLS and cut-off criteria

Notably, in previous studies examining the relationship
between TLS and OS, significant heterogeneity was still observed
in the GC and HCC subgroups. This may be attributed to the use of
different TLS cut-off criteria in some studies, resulting in different
conclusions. Therefore, to ascertain the potential impact of cut-off

FIGURE 4

criteria on the evaluation of TLS prognosis, studies using different
criteria such as Presence, Density, Degree of maturity, and Maximal
diameter were included. However, due to the limited number of
included studies, further investigation on the impact of cut-off
criteria on DFS and PFS was not possible. Firstly, we included 15
studies that used presence as a cut-off criterion to study the
relationship between TLS and OS. The evaluation showed a
significant correlation between TLS-high and prolonged OS in the
included studies(HR=0.590, 95%CI:0.474-0.733, P<0.001)(Figure
S1A). However, there was significant heterogeneity observed, so a
random-effects model was used(I* = 62.7%, P=0.001)(Figure S1A).
Subgroup analysis based on cancer types revealed no significant
association between TLS and OS in HCC(HR=0.850, 95%CI:0.721-
1.002, P=0.053)and CRC(HR=0.731, 95%CI:0.417-1.282, P=0.272),
while a significant correlation was found in PC (HR=0.351, 95%
CI:0.248-0.498, P<0.001)and other tumors(HR=0.629, 95%
CI:0.508-0.778, P<0.001)(Figure S1B). Next, we included 15
studies that used density as a cut-off criterion to study the
relationship between TLS and OS. The evaluation showed a
significant correlation between TLS positivity and prolonged OS
in the included studies(HR= 0.516, 95%CI:0.450-0.591, P<0.001)
(Figure S1C). No significant heterogeneity was found, so a fixed-
effects model was used(I* = 23.3%, P=0.195)(Figure S1C). Subgroup
analysis based on cancer types showed a close correlation between
TLS-high and OS prolongation in GC(HR=0.466, 95%CI:0.302-

Forest plot showing the relationship between TLS and OS, PFS in Gl cancers undergoing treatment with immune ICls. (A) OS; (B) PFS.
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0.719,P<0.001), HCC(HR=0.401, 95%CI:0.307-0.524, P<0.001),EC
(HR=0.393, 95%CI:0.271-0.570,P<0.001),PC(HR=0.510, 95%
CL:0.291-0.893,P=0.019) and ICC(HR=0.612, 95%CI:0.479-0.781,
P<0.001) (Figure S1D). However, no significant relationship was
observed in CRC(HR=0.794, 95%CI:0.550-1.145,P=0.217) (Figure
S1D). Furthermore, after including 3 studies that used maturity as a
criteria to study the relationship between TLS and OS, we found a
similar significant correlation between TLS-high and prolonged OS
(HR=0.222, 95%CI:0.068-0.0730, P=0.013)(Figure SIE). Due to
significant heterogeneity observed in the studies, a random-effects
model was used(I* = 84.7%, P=0.001)(Figure S1E). Moving on to the
relationship between TLS and RFS, we included 10 studies that used
presence as a cut-oft criterion. We found a significant correlation
between TLS and prolonged RES in these studies(HR=0.591, 95%
CI:0.495-0.705, P<0.001)(Figure S2A). No significant heterogeneity
was observed, so a fixed-effects model was used [(I* = 33.5%,
P<0.122](Figure S2A). Subgroup analysis based on cancer types
revealed no significant association between TLS and RFS in CRC
(HR=0.874, 95%CI:0.527-1.450, P=0.602)(Figure S2B), while a
significant correlation was found in HCC(HR=0.638, 95%
CI:0.518-0.787, P<0.001), PC(HR=0.260, 95%CI:0.137-0.496,
P<0.001), and other tumors HR=0.365, 95%CI:0.200-0.665,
P=0.001)(Figure S2B). In the 2 studies that evaluated the
relationship between TLS and RFS using density as a cut-off
criteria, we found a significant correlation between TLS and RFS
(HR=0.457, 95%CI:0.327-0.640, P<0.001)(Figure $2C). No
significant heterogeneity was found in these studies, so a fixed-
effects model was used(I* = 0.0%, P=0.442)(Figure S2C).

We found that different studies have used various criteria such
as ROC curves, medians, and other ambiguous methods to divide
the Density of TLS into two parts, namely TLS-high and TLS-low,
when using Density as the cut-off for TLS. We conducted a meta-
regression to determine if different criteria would affect the
predictive value of TLS. The different criteria used to divide
Density can affect the predictive value of TLS(P=0.023). Further
sub-analysis demonstrates that TLS has a significant correlation
with OS across various criteria (Figure S3).

Sensitivity analysis and publication bias

To assess sensitivity, we employed the leave-one-out method for
statistical analysis. After systematically excluding each individual
study, the overall (HR) for OS, RES, DFS, and PFS did not show any
significant changes, indicating the stability and reliability of our
findings (Figure S4).

Next, we employed a funnel plot (Figure S5), Begg’s test (Figure
S6), and Egger’s test (Figure S6) to evaluate publication bias in the
included studies. We found evidence of publication bias in OS
(Begg’s test:P=0.063, Egger’s test: P=0.001)(Figures S6 A, H).
However, no publication bias was observed in RFS(Begg’s test:
P=0.732, Egger’s test:P=0.430)(Figures S6 B, I), DFS(Begg’s test:
P=0.060, Egger’s test:P=0.063)(Figures S6 C, J), and PFS(Begg’s test:
P=1.000, Egger’s test: P=0.364)(Figures S6 D, K). Further analysis of
the cut-off criteria for TLS revealed publication bias in OS (Begg’s
test:P=0.322, Egger’s test:P=0.033)in the “Density group”(Figures
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S6 F, M). There was no publication bias in OS(Begg’s test:P=0.235,
Egger’s test:P=0.064) in the “Presence group”(Figures S6 E, L), and
RES(Begg’s test:P=0.210, Egger’s test:P=0.125) in the “Presence
group”(Figures S6 F, N). All remaining studies from the
subgroups mentioned above were included in our analysis.
Subsequently, we applied the trim and fill method to fill in the
missing data from studies that had zero items missing. This
approach ensured that our results remained robust and reliable.

TLS and bioinformatics analysis

We studied the relationship between TLSscore and the immune
microenvironment. In the ESTIMATE algorithm, patients in the
high TLSscore group showed higher immune, stromal, and
ESTIMATE scores (Figure S7). Single-sample gene set enrichment
analysis (ssGSEA) revealed a significantly higher degree of
infiltration of various immune-related cells in the TLSscore high
group compared to the TLSscore low group (Figures 5, 6).
Additionally, we further investigated the relationship between
TLSscore and prognosis. In HCC, we found a significant
improvement in overall survival (OS) associated with TLSscore
high, while no significant association between TLSscore and OS was
found in other gastrointestinal cancers (Figure S8).

Discussion

Compared to TLS-low tumors, TLS-high tumors exhibit
overexpression of a set of genes that promote T cell activation, T
helper 1 (TH-1) cell skewing, T cell chemotaxis, and T cell
cytotoxicity (41). Moreover, the unique spatial structure of TLS
facilitates the presentation of antigen peptides by mature dendritic
cells (DC) and potential B cells in the T cell zone, activating them to
generate a response against tumor cells presenting the same antigen
(9, 42). The Phase 2 PEMBROSARC trial cohort has provided
evidence that TLS serves as a novel biological biomarker improving
treatment selection for patients with advanced soft tissue sarcoma
(STS) undergoing pembrolizumab therapy (43). This reflects the
important predictive role of TLS in tumor immunotherapy
response. Some studies suggest that the presence of TLS may be
associated with the activation of anti-tumor immune responses and
further contribute to the anti-tumor effects (44-48). There is a
significant variation in clinical prognosis among patients with GI
cancer, even within the same TMN stage. Additionally, there is a
scarcity of prognostic markers for cancer immunotherapy and they
are often difficult to meet clinical needs (49). Therefore, the search
for biomarkers that can be used for early detection and prognosis
assessment in cancer is of urgent importance.

The purpose of this study is to investigate the relationship
between TLS (Tertiary Lymphoid Structures) and prognosis of GI
(Gastrointestinal) cancer (50). While previous literature has
explored the association between TLS and prognosis of solid
tumors, there is still relatively limited information regarding GI
cancer. In this study, we updated the information on GI cancer and
conducted subgroup analysis to clarify the relationship between
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FIGURE 5

The abundance of infiltrating cells in each tumor microenvironment based on ssGSEA analysis of two groups of TLSscore. (A) GC, (B) CRC, (C) EC. *:

P<0.05, **: P<0.01, ***: P<0.001, ns: P>0.05 non-significant.

TLS and overall survival (OS), progression-free survival (PES),
disease-free survival (DFS), and recurrence-free survival (RFS).
The results indicated that TLS was significantly associated with
prolonged OS, PFS, DFS, and RFS. However, in the subgroup
analysis specifically focusing on colorectal cancer, TLS was not
significantly associated with OS. A possible explanation may be due
to the presence of GALT tissue or Peyer’s patches that preexist TLS
and are considered as TLS due the inclusion of these genes in those
normal lymphoid tissues (51, 52). Wang Q and colleagues suggested
that the higher proportion of regulatory T cells (Treg) within TLS in
tumors might be one of the mechanisms that undermine its
prognostic value in CRC (40). Additionally, TLS was significantly
associated with OS and PES in patients receiving immunotherapy.
Furthermore, we investigated whether different cut-off criteria
would affect the predictive value of TLS for prognosis in GI
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cancer. In hepatocellular carcinoma (HCC), TLS positivity did
not improve patient OS when using “Presence” as the cut-off
criteria, whereas it was significantly associated with prolonged OS
when using “Density” as the cut-off criteria. This suggests that
different cut-off criteria can influence the predictive value of TLS for
prognosis in GI cancer, especially in HCC where “Density” is more
suitable as the cut-off criteria for TLS. Moreover, in CRC, three
studies using “Density” as the cut-off criteria showed no significant
association between TLS and OS, and three studies using “Presence”
as the cut-off criteria also did not yield meaningful results. Wang Q
and colleagues found that TLS density in the surrounding normal
tissue could predict the prognosis of CRC patients (40).
Additionally, Yamaguchi K and colleagues’ research indicated
that a T helper (Th) cell-dominant composition within TLS was
an independent risk factor for postoperative recurrence of CRC
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FIGURE 6

The abundance of infiltrating cells in each tumor microenvironment based on ssGSEA analysis of two groups of TLSscore. (A) HCC, (B) PC, (C) ICC.

*: P<0.05, **: P<0.01, ***: P<0.001, ns: P>0.05 non-significant.

(53). Li Q and his team have linked the presence of TLS with the
density of tumor-infiltrating lymphocytes, and discovered that this
combination acts as a prognostic biomarker for oral cancer. The
results of their research, as depicted by the Receiver Operating
Characteristic (ROC) curve, demonstrated that this combined
marker exhibits a remarkably high predictive accuracy for 5-year
OS (54). These novel detection methods have the potential to
expand the prognostic value of TLS and make TLS a biological
marker for CRC prognosis.

In addition, due to significant heterogeneity among TLS
identification methods, we further investigated the relationship
between the immune microenvironment and TLS in
gastrointestinal cancer in the TCGA database using the method
proposed by Cabrita et al. to quantify TLSscore based on 9 TLS-
related genes. We found that patients in the TLSscore high group
had higher levels of immune cell infiltration compared to those in
the TLSscore low group. Recent studies have shown that the
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formation of TLS is mediated by certain pro-inflammatory
cytokines and TNF receptor family members, and involves the
participation of fibroblasts, perivascular myofibroblasts, and
stromal cells (55). However, in gastrointestinal cancer, a large
number of patients have low tumor mutation burden and lack
immune cell infiltration, making their tumor microenvironment
“cold” and resulting in poor response to emerging therapies
targeting the tumor immune microenvironment, such as
immunotherapy (56, 57). Hooren et al. discovered the formation
of TLS during the process of transforming the solid tumor immune
microenvironment from “cold” to “hot” using a CD40 agonist, and
TLS was found to be correlated with increased infiltration of T cells
(58). We speculate that appropriate immune cell infiltration may be
associated with the formation of TLS, and the presence of TLS also
promotes the infiltration of local immune cells. Numerous studies
have shown a significant prolongation of survival time with high
density of immune cell infiltration (59-61), which partially explains

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1256355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

the improvement in prognosis with TLS. However, our survival
analysis based on the TCGA database showed that only liver cancer
exhibited a predictive value of TLSscore for prognosis in
gastrointestinal cancer, which suggests that we need to consider
the applicability of the “9-gene method” in gastrointestinal cancer
and further investigate the consistency of different methods such as
THC, HE, and gene markers in TLS evaluation in gastrointestinal
cancer in real-world studies. Jiang et al. divided gastric cancer
patients in the GSE84437 and TCGA cohorts into two groups based
on unsupervised clustering analysis of 39 TLS-related genes, and
significant differences in prognosis and immune scores were
observed between the two groups (62). We look forward to future
validation of the accuracy of the TLS biomarker assessment
proposed by them in the real world.

There are several limitations in this meta-analysis. Firstly, some
articles did not provide sufficient prognostic data, and some survival
statistics data calculated from survival curves using Engauge
Digitizer may have biases. Secondly, the majority of included
studies were from Asia, which may result in a publication bias to
some extent. Additionally, there were fewer studies included in
some subgroup analyses, especially in the subgroup of
immunotherapy, with only 3 immunotherapy studies included in
the analysis and a relatively small sample size (153 cases in total),
which may affect the evaluation of the role of TLS in prognosis.
Lastly, this meta-analysis only included data related to intratumoral
TLS, which cannot fully reflect its predictive role in prognosis.

Conclusion

Despite its limitations, we can conclude that TLS can serve as an
excellent prognostic factor for GI cancer, and appropriate cut-off
criteria should be selected for different cancer subtypes. In CRC, the
focus can be on TLS in the surrounding normal tissue of the tumor
or in combination with other predictive indicators to serve as
prognostic markers. Furthermore, high-quality and multicenter
clinical studies, especially in immunotherapy cohorts, are needed
to further elucidate the impact of TLS on the survival outcomes of
GI cancer.
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SUPPLEMENTARY FIGURE 1

Forest plot showing the relationship between TLS and OS in Gl cancers under
different cut-off criteria. (A) OS when presence is used as a cut-off criterion;
(B) OS subgroup analysis for different cancer types when presence is used as a
cut-off criterion. (C) OS when density is used as a cut-off criterion. (D) OS
subgroup analysis for different cancer types when density is used as a cut-off
criterion. (E) OS when maturity is used as a cut-off criterion.

SUPPLEMENTARY FIGURE 2

Forest plot showing the relationship between TLS and RFS in Gl cancers under
different cut-off criteria. (A) RFS when presence is used as a cut-off criterion;
(B) RFS subgroup analysis for different cancer types when presence is used as
a cut-off criterion. (C) RFS when density is used as a cut-off criterion

SUPPLEMENTARY FIGURE 3
Forest plot showing the relationship between TLS and OS in Gl cancers under
different criteria.

SUPPLEMENTARY FIGURE 4

Sensitivity analysis. (A)OS; (B)RFS; (C)DFS; (D)PFS; (E) OS when presence is
used as a cut-off criterion;(F) OS when density is used as a cut-off criterion;
(G) RFS when presence is used as a cut-off criterion.

SUPPLEMENTARY FIGURE 5

Funnel plots for detecting publication bias in terms of survival data. (A) OS; (B)
RFS; (C) DFS; (D) PFS; (E) OS when presence is used as a cut-off criterion; (F)
OS when density is used as a cut-off criterion; (G) RFS when presence is used
as a cut-off criterion.

SUPPLEMENTARY FIGURE 6

Begg's and Egger's funnel plots for detecting publication bias in terms of
survival data. (A) Begg's test of OS;(B) Begg's test of RFS; (C) Begg's test of
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DFS; (D) Begg's test of PFS; (E) Begg's test of OS when presence is used as a
cut-off criterion; (F) Begg's test of OS when density is used as a cut-off
criterion; (G)Begg's test of RFS when presence is used as a cut-off criterion;
(H) Egger’s test of OS; (1) Egger’s test of RFS; (J) Egger’s test of DFS; (K) Egger’s
test of PFS; (L) Egger’s test of OS when presence is used as a cut-off criterion;
(M) Egger’s test of OS when density is used as a cut-off criterion; (N) Egger’s
test of RFS when presence is used as a cut-off criterion.
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The success of immunotherapy approaches, such as immune checkpoint
blockade and cellular immunotherapy with genetically modified lymphocytes,
has firmly embedded the immune system in the roadmap for combating cancer.
Unfortunately, the majority of cancer patients do not yet benefit from these
therapeutic approaches, even when the prognostic relevance of the immune
response in their tumor entity has been demonstrated. Therefore, there is a
justified need to explore new strategies for inducing anti-tumor immunity. The
recent connection between the formation of ectopic lymphoid aggregates at
tumor sites and patient prognosis, along with an effective anti-tumor response,
suggests that manipulating the occurrence of these tertiary lymphoid structures
(TLS) may play a critical role in activating the immune system against a growing
tumor. However, mechanisms governing TLS formation and a clear
understanding of their substantial heterogeneity are still lacking. Here, we
briefly summarize the current state of knowledge regarding the mechanisms
driving TLS development, outline the impact of TLS heterogeneity on clinical
outcomes in cancer patients, and discuss appropriate systems for modeling TLS
heterogeneity that may help identify new strategies for inducing protective TLS
formation in cancer patients.

KEYWORDS

immunity, cancer, antigens, mouse models, tertiary lymphoid structures

Introduction

Cancer development is an evolutionary, multi-step process that can take several
decades in humans. Throughout this period, the transformed cells continually interact
with their local microenvironment, including the immune system. It is now firmly
established that this interaction comprises several hallmarks of cancer that initially
appear contradictory, as tumor-associated immune responses can either result in the
rejection or progression of tumors (1, 2). On one hand, chronic inflammation triggered by
environmental and lifestyle factors can give tissues enough plasticity to suppress their
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default tumor-suppressive nature and induce somatic mutations in
local cells (3-5). Moreover, continuous low-grade inflammation
may sustain tumor growth. Through this, several processes,
including hypoxia, metabolic adaptations, interaction with dying
cells or cellular debris, and negative feedback signals that
physiologically limit autoimmunity during infection, educate
immune cells to actively support tumor growth (4, 6, 7). On the
other hand, altered self-cues, including neo-epitopes and stress-
related cell surface molecules, can be recognized by the immune
system, leading to tumor rejection (8-10). This process is likely
the rule rather than the exception in humans, leading to the
eradication of early cancerous lesions or keeping them in check.
Tumors that survive these interactions often develop a highly
immunosuppressive phenotype, enabling them to progress
towards clinically relevant stages (8, 9, 11-15).

Evidence of active anti-tumor immunity was long debated but is
now unchallenged due to clinical efficacy of immune checkpoint
blockade (ICB), at least in some tumor entities (16, 17). Even in
tumors where ICB shows low efficacy, bioinformatic analyses have
demonstrated the prognostic and predictive relevance of the
immune response in cancer patients (18, 19). Here, immune cell
populations and activation states that correlate with positive or poor
prognosis across different tumor types have been defined (20). Both,
the density and anti-tumor activity of cytotoxic lymphocytes such
as Y0 T cells, CD8+ T cells, T helper 1 (TH1)-polarized CD4+ T
cells, memory T cells or NK cells, as well as tumor-associated B cells,
and some activated myeloid cell subsets, are associated with a
favorable outcome for patients. In contrast, immunosuppressive
myeloid cells including macrophages and immature myeloid-
derived suppressor cells, as well as lymphocytes such as
regulatory T cells (Treg) or TH17-polarized CD4" T cells,
often indicate poor prognosis (21-23). Given this association
of immune quality with patient prognosis, mechanisms that
shape protective versus tumor-promoting immunity are being
intensively investigated. Besides counteracting tumor-promoting
immunosuppressive cells, it is crucial to understand the
characteristics determining if protective immunity is induced and
persists in cancer patients. It is undisputed that cancer is a systemic
disease and that the education of the immune system by cancer
antigens in the periphery is an important requirement to induce
anti-tumor adaptive immune responses both at baseline and during
immunotherapy (24, 25). The generation of an efficient adaptive
immune response against cancer typically occurs in secondary
lymphoid organs (SLO), where antigens are presented to CD4+ T
and CD8+ T cells by mature dendritic cells (DCs) (26, 27).
However, when applying spatial analysis criteria to the determine
prognostic role of immune cells in cancer, the concept emerged that
adaptive immunity can, to a significant degree, also develop locally
in newly formed TLS (27, 28). Understanding the principles guiding
the formation of these structures and understanding their
heterogeneity across cancer types may, thus, be instrumental to
harness the full power of the immune system in the fight against
cancer. This will be particularly important in patients that currently
do not benefit from cancer immunotherapy.
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What are TLS

TLS are ectopic hematopoietic aggregates that emerge in sites
normally lacking lymphoid organs. TLS have certain developmental
and structural similarities with SLO such as lymph nodes, the
spleen, tonsils, Peyer’s patches, and mucosa-associated lymphoid
tissues, but they also exhibit important differences (Figure 1). SLO
are encapsulated, and therefore physically separated from their
neighborhood, while TLS lack a solid capsule and are directly
exposed to the inflammatory milieu in which they develop.
Additionally, TLS development pathways seem to be more
versatile. Unlike SLO, TLS form in response to chronic
inflammation though a process called lymphoid neogenesis (29).
This occurs in various disease settings including infection, anti-
transplant immunity, autoimmunity and cancer, usually in an
antigen-dependent manner. Importantly, TLS seem to necessitate
sustained inflammation and may disassemble once inflammation
resolves (30-32). Antigen-dependent immune responses within
TLS, under the conditions described above, can be both protective
and detrimental for the host, depending on the quality of the
immune response within TLS. However, the latter seems to
dominate during auto-immunity and anti-transplant immunity
(33). Particularly in cancer, this contrast seems to hinge on the
balance between regulatory T cells and effector lymphocytes,
although this relationship is not yet fully understood (34-37).
TLS exhibit varying cellular compositions, even within a single
tissue, reflecting their maturation status, which appears to be
disease-relevant, as outlined in more detail below (32, 38). TLS
predominantly consist of B cells, T cells, DCs, follicular dendritic
cells (FDCs), and sometimes high endothelial venules (HEVs).
Their composition can range from loose clusters of lymphocytes
and occasional myeloid cells to highly organized structures with
distinct T and B cell zones and the formation of germinal centers
(GCs), where high-affinity antibodies are generated (39). There is
still much left to be understood regarding the processes guiding TLS
formation and composition, and how the outcome of these
processes is associated with disease activity and therapy response.
Various challenges, such as limited human tissue availability,
especially during the early stages of TLS formation, and the
scarcity of robust and reproducible mouse models of TLS
development, complicate investigations into these matters. These
issues impede the design of longitudinal studies to precisely
monitor the stages of TLS formation in cancer. Furthermore,
there is still a lack of standardized markers useful for determining
disease-relevant determinants of TLS heterogeneity. Additionally,
while their role as disease biomarkers and their prognostic value for
therapy response is evident, it is not fully understood if they directly
impact on disease activity, particularly in cancer. Despite these
limitations, TLS appear to exemplify the connection between auto-
inflammation and anti-tumor immunity. Therefore, understanding
TLS formation in cancer may not only benefit cancer patients by
serving as biomarkers and therapeutic targets but may also be
essential in modulating their formation during infection and
chronic inflammatory reactions. In the following pages, we will
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FIGURE 1

Mechanisms of secondary lymphoid organ (SLO) versus tertiary lymphoid structure (TLS) formation. The development of SLO (left) requires
interaction between initial lymphoid tissue organizer (LTo) cells and lymphoid tissue inducer (Lti) cells, followed by activation of further LTO cells,
and feed-forward recruitment of LTi cells. This ultimately leads to the establishment of a reticular and vascular structure that is populated by
lymphocytes. In the case of TLS, diverse cells can fulfill the task of LTi cells, triggered by factors in the tumor microenvironment. These cells interact
with diverse other cells that show LTO functionality and recruit lymphocytes. Eventually, such lymphoid aggregates may or may not be

supplemented with follicular dendritic cells

(FDC) and high endothelial venules (HEV) that are instrumental for the formation of a germinal center

reaction. DAMPs, danger-associated molecular patterns; TH17, T helper 17; ILCs, innate lymphocytes; NK cells, natural killer cells; FRC, fibroblastic

reticular cells, TGF, transforming growth factor; TNF, tumor necrosis factor

summarize the current knowledge concerning TLS development,
the impact of TLS heterogeneity on cancer development and
therapy, and outline and discuss suitable models to study
lymphoid neogenesis in cancer.

TLS development

To understand the degree of heterogeneity observed in recent
studies regarding TLS formation, a comparison with SLO formation
can be instrumental. While there are evident similarities in the
sequential events leading to SLO and TLS formation, the diversity at
each stage is notably amplified in the case of TLS 31, 32) (Figure 1).
This is illustrated by findings showing that TLS can develop in mice
and humans, even in the absence of SLO (40-42).

Even though SLO formation is not uniform due to variations in
the tissue environment where they develop, common patterns
haven been identified by studying genetically modified mice
lacking SLO (43-46). Elaborate mechanistic hypotheses
explaining SLO development have been extensively reviewed
elsewhere (47-49). In brief, SLO formation requires a stepwise
interaction between lymphoid tissue organizer (LTo) and lymphoid
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tissue inducer (LTi) cells. The latter belong to the innate
lymphocyte lineage and differentiate from CD3- CD4+/- CD127+
CD45+ innate lymphoid progenitors in the fetal liver, regulated by
the nuclear hormone receptor retinoic acid related orphan receptor
vt (RORyt) and the transcription inhibitor Id2 (45, 50). During
embryogenesis, LTi cells are initially recruited to lymph node
Anlagen by CCL21-expressing lymphatic endothelial cells and/or
mesenchymal cells that produce CXCL13 under the influence of
retinoic acid, which can itself be produced by nerve cells (46, 51).
Juxtacrine signaling between lymphotoxin expressed on LTi cells
and the LT-P receptor expressed on LTo cells further induces
chemokine production and adhesion molecule expression by LTo
cells, leading to the recruitment of more LTi cells. This initiates a
positive feedback loop, resulting in the remodeling of the lymphatic
vasculature (52) and the stromal compartment, along with the
formation of a capsule. Only after these structures are formed,
lymphocytes are abundantly recruited through newly formed high
endothelial venules (HEV), and a stable cellular architecture is
established (31, 51).

The initial stages of TLS formation parallel SLO development in
the sense that interaction between inducer and organizing cells,
which then recruit lymphocytes, appears critical. However, both
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inducer as well as organizing cells are not as strictly defined as
during SLO generation. In TLS, the role of organizing cells is often
assumed by activated local fibroblasts producing chemokines such
as CCL19, CCL21, CXCL12, and CXCL13, along with adhesion
molecules that recruit B cells and T cells to form initial loose
aggregates (31, 32, 53, 54). Moreover, other cells, including
macrophages, DCs, and CD8+ T cells, have been shown to
produce CXCL13 for recruitment of lymphocytes as well (55-57).
Additionally, CCL19+ DCs have been correlated with the presence
of TLS and other lymphoid aggregates in breast cancer (58). The
activation of these diverse LTo-like cells in TLS can occur via
various sources and mediators other than specialized innate
lymphocyte LTi cells. Several mediators derived from such cells
have been identified, although what triggers the activation of LTi-
like cells initially remains largely unknown. Factors in the tumor
micromilieu, such as DAMPs and mediators from dying cells, likely
play a role. Various cytokines such as IL-13, IL-17, IL-22, and type 1
interferons from cells substituting for LTi can activate stromal cells
to support TLS formation (53, 59-62). In colorectal tumor models,
IL-36 production by macrophages and endothelial cells has been
shown to be involved in TLS formation (63, 64). IL-36 activates
fibroblasts during intestinal inflammation (65). Whether IL-36 acts
via fibroblasts to promote TLS development is yet to be determined.
Conversely, fibroblasts were observed to induce CXCL13 in T cells
through TGF-B production (66, 67).

Finally, similar to SLO formation, activation of the LT-f
receptor on stromal cells by both, lymphotoxin and and
alternative ligand, LIGHT, promote TLS development (61, 68-
73). However, the early events during lymphoid neogenesis can
occur independently of LT-f receptor signaling (53, 61, 74). Similar
to SLO, signals from nerve cells may play a role in activating stromal
cells (74). LT-B receptor signaling seems particularly necessary for
later stages of TLS maturation. For instance, a combination of
antiangiogenic and immune-modulating therapies provoked the
generation of HEV via lymphotoxin/LT-f} receptor interaction (75).
The formation of HEV is viewed as a sign of TLS maturation
(31). However, the maintenance of HEV can occur independently of
LT-B receptor, requiring the presence of T and NK cells and/or
cytokines such as IL-36 (63, 75, 76). Also the generation of FDCs,
involved in GC reactions for optimized antibody production (77),
was found to depend on LT-f receptor signaling (78).

These findings indicate that key principles and cellular
interactions are similar between TLS and SLO formation. The
relative heterogeneity of involved cells and mechanisms for TLS
formation in cancer may still be underestimated, given the diversity
of immune environments even within a single tumor. Although TLS
were shown to form 3D intercommunicating networks in colorectal
tumors, individual networks within a single tumor exhibited
different cellular compositions (38). Given the multitude of
signals that are able to induce TLS formation, the question
remains why TLS are not always formed during carcinogenesis.
One explanation would be the presence of TLS-restricting signals in
cancer, as is the case under homeostatic conditions. Identifying such
signals in the future may open new avenues for TLS induction. The
potential predictive and therapeutic value of such strategies is
summarized in the following chapters.
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TLS in cancer

The majority of current literature suggests that a high density of
TLS is associated with favorable outcomes in solid tumors.
However, some investigations have identified TLS density as a
marker of disease progression with adverse prognostic
implications. There is a lack of systemic studies to define the
heterogeneity of TLS, further exacerbated by the absence of
uniform scoring criteria (79), hampering the evaluation of TLS in
cancer. To perform a rigorous assessment of TLS, certain elements
should be carefully considered at the very least: the composition and
maturation of TLS, the size of TLS, the density of TLS, and the
location of TLS.

The cellular heterogeneity of TLS

Typically, TLS are believed to promote anti-tumor immunity by
recruiting immune cells and activating adaptive immunity. As a
result, TLS are highly correlated with improved survival outcomes
in many cancers, such as breast cancer (80-82), hepatocellular
cancer (HCC) (83), colorectal cancer (CRC) (84, 85), melanoma
(86), gastric cancer (87, 88), head and neck squamous cell cancer
(HNSCC) (89, 90), lung cancer (79, 91) and sarcoma (92). However,
it has also been reported that TLS show little correlation with overall
survival or are even correlated with high pathologic grade and poor
outcomes in malignant diseases, such as breast cancer (80) and
HCC (93), posing an obvious contradiction to the previously
mentioned studies in these entities. Recent studies indicated that
the discrepancy was attributed to the heterogeneity and spatial
distribution of TLS in these tumors. As mentioned earlier, unlike
SLO, in most tissues, TLS are characterized by CD20+ B cells (B-cell
zone) surrounded by CD3+ T cells (T-cell zone), with no capsular
involvement (94, 95). This specific anatomical structure facilitates
direct interactions between immune cells and the tumor
microenvironment. The composition of immune cells in TLS may
vary in different tumors or even within single tumors (38). The
complex lymphoid aggregates which make up TLS are composed of
various immune cells and stromal cells. The immune cells include B
cells, T cells, FDCs, and myeloid cells such as other DC subsets and
macrophages. The stromal cells, such as follicular reticular cells,
fibroblasts and vascular cells (e.g. forming HEVs), are believed to
maintain the integrity of the non-capsulated structure and mediate
the recruitment of immune cells. We will primarily focus our
discussion on the role of B cells, T cells and HEVs from TLS in
solid tumors.

B cells and TLS maturation

Extensive clinical and experimental evidence suggests that B
cells play a crucial role in the cancer microenvironment, indicating
a positive correlation with patient outcomes in various tumors (96—
99). It is speculated that B cells in TLS also play a beneficial role by
mediating antigen presentation, facilitating T cell activation and
development, and producing tumor-specific antibodies in GC
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reactions, while contributing to GC formation themselves. GC
formation appears as a potent criterion for predicting if TLS are
prognostically relevant, serving as a marker for TLS maturation.
The maturation of TLS is believed to be essential for activating
immunity in cancer and indicating immune therapy efficiency in
solid tumors (100). The maturation of TLS has been categorized
into three phases: early TLS (eTLS, lymphocyte aggregates),
primary follicle-like TLS (pTLS, immature TLS without GCs),
secondary follicle-like TLS (sTLS, well-developed lymphoid
structures with GCs) (101, 102). An immunostaining panel,
including CD20, CD21 and CD23, has been devised to identify
the status of TLS in metastatic melanoma. Mature TLS were defined
as the presence of CD20+, CD21+ and CD23+ lymphoid aggregates
(101). Recent mass cytometry studies confirmed this classification:
early lymphoid aggregates lacking organization or GC function
were CD20+CD21-CD23-, non-GC TLS were CD20+CD21+CD23-
(organized but lacked GC functionality), and GC-containing TLS
showed GC organization and functionality associated with the
expression of all three markers (CD20+CD21+CD23+) (103).
CD23 was even suggested as a useful single marker for mature
TLS, at least in breast cancer (104). Interestingly, in a lung cancer
cohort, lymph node (LN) metastasis was associated with reduced B
cell infiltration and fewer GC formations in TLS. GC+ TLS, rather
than non-GC TLS, predicted better outcomes in lung cancer (105).
So far, the maturation status of TLS, particularly GC formation (38),
has been investigated in various solid tumors, such as esophageal
cancer (102), CRC (106), lung cancer (107) and melanoma (101,
108), with the presence of GC+ TLS predominantly associated with
a favorable outcome in cancer patients. The relevance of GC
formation indicates a strong contribution of B cells to the
beneficial impact of TLS in cancer. Although growing evidence
suggests an important role of B cells in anti-tumor immunity and
immunotherapy (109-111), the role of B cells in TLS towards
clinical relevance is still understudied. Helmink and colleagues
found that in an immune checkpoint blockade (ICB) trial in
melanoma patients, B cells and TLS were more abundant in
responders than non-responders. Similar B cell enrichment
together with TLS abundancy pattern were validated in a renal
cell carcinoma (RCC) ICB trial (109). In a lung adenocarcinoma
cohort, a TLS-linked B-cell signature predicted beneficial outcomes
in patients treated with PD-1 or PD-L1 inhibitors (112). In
summary, mature TLS correlated with B cell presence appears to
be involved in anti-tumor immunity and may confer beneficial
immunotherapy response and favorable prognosis, although
causality remains to be determined. Further studies investigating
B cell heterogeneity in TLS may yield even better markers compared
to the three-gene (CD20, CD21, CD23) signature. Hereby,
establishment of a memory B cell response is likely required to
confer long-lasting protection (105).

Divergent role of T cells in TLS

In addition to B cells, the presence of TLS is highly associated
with tumor-infiltrating T cells (113). These cells have been extensively
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studied in the context of basic tumor biology and treatment response,
especially in cancers such as CRC (114, 115), breast cancer (116, 117),
and lung cancer (118-120). It is well documented that intraepithelial
CD8+ T cells, in particular, are associated with a favorable prognosis
in solid tumors, including ovarian cancer (121), breast cancer (122),
and CRC (123). Additionally, tumor-infiltrating T cells in the stroma
also correlate with improved survival in cancer patients. A
standardized methodology for assessing stromal tumor-infiltrating
T cells in breast cancer was first proposed in 2014 by the International
TILs Working Group (124). The model was subsequently modified to
evaluate tumor-infiltrating T cells in other cancers as well (125, 126).
These studies demonstrated that the presence of tumor-infiltrating T
cells remained a powerful predictive factor for most malignancies.
Chaurio and colleagues identified that TLS formation was dependent
on the CXCL13 pathway in CD4+ T cells, with blocking CXCL13
hindering TLS assembly and subsequently promoting tumor growth
(127). Additionally, CD8+ T cells were found to be an important
source of CXCL13, mediating immune cell recruitment into TLS and
enhancing the sensitivity to immunotherapy in lung cancer (56).
Similarly, in another six cohorts of human cancer, a high density of
CD8+ tumor-infiltrating T cells was associated with increased B cell
recruitment and TLS formation (128). These studies emphasized that
T cells play a crucial role for TLS formation and anti-tumor
immunity, two phenomena which may, but do not necessarily have
to be functionally connected. However, in a cohort of advanced CRC
(129), a high ratio of tumor-infiltrating T cells in TLS was associated
with tumor recurrence, suggesting a potential deleterious role of
tumor-infiltrating T cells in tumor progression. Interestingly, in
advanced lung adenocarcinoma, Tregs in TLS were found to
suppress anti-tumor immune responses, despite TLS promoting T
cells trafficking and activation of the tumor microenvironment (34).
In non-small cell lung cancer patients, stromal Tregs suppressed the
proliferation of other CD4+ T cells, and a high density of stromal
Tregs and Treg cells in TLS correlated with poor outcomes (36). In a
prospective study on sarcoma, high Treg numbers in TLS predicted
poor responses to ICB treatment, and patients with Treg-enriched
TLS had worse survival outcomes (130). These results suggest that
not only the functional polarization of tumor-infiltrating T cells per se
but also within TLS is an important criterion in tumor
immunogenicity during tumor progression. Comprehensive
quantification of tumor-infiltrating T cell subsets in TLS should be
considered to evaluate their prognostic value in different cancer types.
Additionally, the phenotypes and functional properties of suppressive
Tregs in TLS and their potential association with TLS maturation
require further investigation. Interestingly, in tumors of pancreatic
ductal adenocarcinoma (PDAC) patients that had received
neoadjuvant chemotherapy, a lower proportion of B cells and a
higher proportion of regulatory T cells within intratumoral TLS were
observed. These TLS were smaller with a reduced maturation level
and immune cell activation, leading to a lack of prognostic value of
TLS presence in this cohort. (131). Importantly, not only Tregs but
also T cell exhaustion phenotypes may be linked to TLS maturation.
In breast cancer, while tumors with enhanced exhausted-like T cells
contained higher levels of CXCL13-expressing T cells, their presence
correlated with more immature rather than mature TLS (132).
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Role of HEV in TLS formation

HEVs play an active role in the formation of TLS, boosting anti-
tumor immunity by facilitating immune cell trafficking from the
peripheral blood to the tumor microenvironment (133-136). A
recent study demonstrated that around 40% of lymphocytes entered
tumor sites through HEVs during ICB treatment, highlighting
HEVs as the primary route for lymphocyte entry into tumor
lesions (137). Furthermore, HEVs have been identified as a
positive factor for immunotherapy and have shown correlation
with improved survival outcomes for melanoma patients. Another
study in melanoma and NSCLC indicated that a high HEV score
was among patients responding better to ICB, supporting the
significance of HEV as an important prognostic factor for
immunotherapy (75). However, HEVs also promote tumor
metastasis by providing exit points for disseminating tumor cells
in murine models and human cancers (138-141). LN metastasis is
among the strongest prognostic indicators for clinical outcome of
malignant tumors. Regional LN irradiation improves the survival
outcome for both early-stage and advanced tumors (142, 143). A
recent study indicated that HEV-associated genes were not only
linked to high aggregates of T cells and B cells in TLS but also
correlated with longer survival in breast cancer (144). Zhan and
colleagues performed immunohistochemistry on 203 CRC samples,
categorizing them into high and low HEV/TLS groups based on the
average area of HEV/TLS (145). A high proportion of HEVs in TLS
was associated with a favorable prognosis of CRC suggesting
enhanced anti-tumor immunity in the high HEV/TLS groups.
HEVs remain an important and complex component in TLS, and
further research is necessary to understand the mechanisms of
immune cell trafficking and tumor cell dissemination through
HEVs. Moreover, studies addressing the molecular mechanisms
of HEV generation in TLS are required. In conclusion, markers for
the cellular composition of TLS that are linked to TLS maturation
and offer insights into their prognostic and therapeutic potential are
emerging. However, to utilize to full potential of these markers,
further issues need addressing, including standardized protocols for
TLS quantification.

Quantification of TLS

Numerous studies have attempted to investigate the size and
number of TLS that predict outcomes in solid tumors. However,
most studies face limitations due to inconsistent definitions of TLS,
distinct quantification methods, retrospective approaches, and
single-center experiences. Consequently, the development of an
integrative methodology and standardized scoring system to
identify the size and density of TLS remains a subject of debate.
Pathological evaluations, including Hematoxylin and Eosin (H&E)
staining (102, 146-151), fluorescence immunohistochemistry (f-
THC) (53, 152) and multiplex IHC (101, 109), have been shown to
be the most straightforward and reliable methods to quantify TLS in
tumors. Of note, the majority of studies involved both quantitative
and qualitative analyses (153-156). Rakaee and colleagues
established three models to quantify TLS in NSCLC. The semi-
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quantitative method categorized the TLS into four groups based on
the number of TLS in the tumor. The quantitative method counted
the absolute number of TLS in the tumor and adjacent tissues. The
final model compared the GC+ TLS group with the GC- TLS group
(79). In a human melanoma study, the counts and area of TLS were
normalized to tissue area for quantifying the density of TLS in
tumor sections (157). In a cohort of 1924 gastrointestinal cancer
patients, a machine-learning model was developed based on
histopathology images. The overall TLS score was defined as the
sum of a weighted linear eTLS area, pTLS area and sTLS area
normalized by tumor area (155). Considering the relative value of
maturation of TLS, the final weights of TLS were optimized by Cox
regression analysis in the TCGA stomach adenocarcinoma cohort.
Patients with high TLS scores exhibited significantly improved
overall and disease-free survival compared to those with low
TLS scores.

Recently, large scale gene expression analyses, such as RNA-
sequencing and spatial transcriptomics, have been implemented to
study the landscape of TLS in cancer. TLS-signature genes,
including CD79B, CD1D, CCR6, LAT, SKAP1, CETP, EIF1AY,
RBP5, and PTGDS, were identified through significance analysis of
microarrays, underlining the importance of TLS in melanoma
metastasis and immunotherapy (158). High expression of these
nine-gene TLS signatures correlated with better overall survival and
positive responses to ICB in melanoma. More importantly, the
nine-gene TLS gene signature has been recently validated in high-
grade serous ovarian cancer, demonstrating better disease-free
survival for patients with high TLS scores (159). In CRC and
metastatic CRC, 12 chemokines including CCL2, CCL3, CCL4,
CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11,
and CXCL13, were closely associated with TLS formation. The
geometric mean of the above 12 genes was calculated to evaluate
TLS in tumor (156, 160). Single cell RNA-sequencing combined
with bulk RNA-sequencing of HNSCC revealed CXCR3, CCR7,
CCR6, CXCR5, and CCR1 as TLS-associated chemokine receptors,
largely dentifying the receptor counterparts to the identified
chemokine signature (161). Similar TLS gene signatures have
been defined for other solid tumors to predict survival and
responses to immunotherapy (89, 162-164). Presently, there is no
standardized methodology for quantifying TLS in cancer. However,
it is believed that a combination of histology and gene expression
analysis would provide a better understanding of TLS composition
and function in cancer. Emerging markers, such as the presence of
Tregs or HEVs, might also be considered for such analyses. Yet,
distinguishing “high” and “low” or defining a specific “cut-oft” point
in the data is often not objective and challenging to apply uniformly
across different sites.

Location of TLS

Besides precise quantification, the spatial distribution of TLS
within tumors might add another layer of complexity. Hereby, TLS
can be distributed across tumor nests (T-TLS), the peritumoral area
(P-TLS) and tumor stroma (S-TLS) (95). The prognostic value of
TLS density in solid tumors has been shown, though inconsistently.
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Discordance in prognosis may be partially due to different spatial
distributions of TLS. However, results across multiple studies were
mixed: some studies demonstrated that P-TLS rather than T-TLS
were positively correlated with favorable prognosis, while others
showed contradictory results. Moreover, the exact delimitation of
the three regions remains controversial. An evaluation of the
prognostic value of TLS in patients with non-metastatic CRC
revealed that high P-TLS contributed to favorable outcomes for
patients with CRC, while T-TLS did not significantly correlate with
clinical outcomes. The TLS and tumor stroma percentage,
representing S-TLS, showed a negative correlation with overall
survival for patients (85). Conversely, in CRC liver metastasis, P-
TLS were negatively correlated with relapse-free and overall
survival, whereas T-TLS were significantly correlated with better
outcomes (156). Similarly, Ding et al. found in a cohort of 962
intrahepatic cholangiocarcinomas (CCA) patients from three
cancer centers across China that T-TLS were associated with a
favorable prognosis, whereas P-TLS indicated a worse outcome
(165). Additionally, a high T-TLS score correlated with better
prognosis and response to immunotherapy in CCA patients
(166).For breast cancer patients, the presence of P-TLS was linked
to worse clinical outcomes (167). It has been reported that T-TLS
indicated a lower risk of early recurrence in HCC (83), and an
enhanced response of ICB in resistant tumors (168). In summary,
the majority of literature supports the notion that T-TLS are
associated with positive prognostic effect in cancer. Notably,
variable definitions and cut-offs may cause confusion when
discussing P-TLS and S-TLS. Studies have tended to conflate P-
TLS and S-TLS, resulting in limited reports on S-TLS in tumor-
immune contexture. However, definitions of P-TLS and S-TLS in
cancers remain underexplored. Researchers have adopted a similar
definition of P-TLS in CRC, defining the area up to 7 mm from the
infiltrative edge (106, 156, 169). Sofopoulos and colleagues defined
P-TLS in the area 5 mm away from the tumor invasive margin
(167). In the CCA cohort, the peri-tumor region was defined as a
normal tissue area 5 mm away from the tumor edge (165). In HCC,
the peritumoral area was also considered as the region 5 mm distant
from the invasive tumor border (170). These studies again suggest
that P-TLS do not always play a protective role in solid tumors,
which can be attributed to factors such as tumor types,
heterogeneity, status, and staging.

In summary, T-TLS provide an important niche for supporting
anti-tumor immunity and are associated with improved clinical
outcomes in many tumors. However, the value of P-TLS and S-TLS
in determining prognosis remains a subject of debate. Standardized
scoring systems of T-TLS, P-TLS and S-TLS are critical to evaluate
their functions across different cancer types and cancer stages.
Moreover, the reasons for the association of spatial distribution of
TLS with clinical outcome in cancer patients need to be studied. The
influence of the highly suppressive stromal microenvironment may
be at work. Recent multiplexed 3D reconstructed imaging in CRC
has revealed that TLS can form interconnected, graded networks,
suggesting communication in such larger networks. Additionally,
within a single tumor, these networks show diverse cellular
compositions (38). Thus, not only the 2D localization but also the
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interconnectedness of TLS might become an important criterion in
the future. Whole-body imaging techniques applied to analysis of
TLS in mouse models might aid in studying this aspect (171).
Finally, TLS have been shown not only to form at primary but also
secondary metastatic sites, which likely significantly affects
patient prognosis.

TLS in metastatic cancers

Metastases continue to be the primary cause of cancer mortality,
accounting for nearly 90% of cancer-related deaths (172). Studies
have shown the formation of TLS at metastatic sites such as the liver
and lungs (173). While the majority of literature supports the theory
that TLS in metastatic sites contribute to anti-tumor immunity (27),
it remains unclear whether there is TLS heterogeneity between
primary tumors and metastatic sites. Reliable data concerning the
role of TLS at metastatic sites are scarce. In a cohort of CRC and
RCC metastases, metastasis-associated TLS exhibited a high degree
of similarity with TLS in primary tumors, including their density
and cellular composition (174). This suggests either a dominant role
of the primary tumor cells in TLS formation, or alternatively
suggests a prominent role of systemic tumor-associated immunity
in TLS development at different sites. The former assumption is
supported by the fact that CRC lung metastases exhibited more
abundant TLS in lung stroma compared to RCC lung metastases,
which was in line with increased TLS formation in primary CRC
lesions. Furthermore, both CRC and CRC lung metastases displayed
a significant increase of CD3+, CD8+ T cells, and DCs in TLS. In
CRC liver metastases, TLS at the tumor-liver interface,
characterized by CD45+CD20+ B cell aggregates, indicated a
reduced risk of tumor relapse and a favorable overall survival
(175). Similarly, Ahmed and colleagues found that TLS at
invasive margins, rather than tumor lesions, were correlated with
better survival in CRC liver metastases (176). In a cohort of patients
with omental metastases from high-grade serous ovarian cancer, B
cells in lymphoid aggregates showed enhanced anti-tumor
immunity, particularly boosted by chemotherapy (177). In
cutaneous melanoma metastases, patients with positive TLS
exhibited improved overall survival. Interestingly, the maturation
of TLS was not related to survival outcome, while CD20+CD21+ B
cells in TLS correlated with a worse prognosis in metastatic
melanoma (101). In a cohort of patients with breast cancer
metastases consisting of 355 metastatic samples from the lung,
liver, brain, and ovary, no TLS were found in brain and ovarian
metastases. The presence of TLS at metastatic sites was an
independent factor for a favorable prognosis (178). However, two
studies on lung metastases from CRC indicated that the presence of
TLS at metastatic sites had no prognostic value (84, 179). These
studies suggest that the complex immune contexture of TLS in
metastatic cancers is determined by both primary tumor and
metastatic lesions. While the majority of data indicate that TLS
play a beneficial role in metastatic cancers, some uncertainties and
controversies persist. Taken together, TLS formation appears to be

relevant in the tumor microenvironment of metastatic cancers.
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Further research is required to enhance our understanding of the
mechanisms behind TLS formation and their action in metastatic
cancers, and the interrelationship between TLS at primary and
secondary sites.

Clinical trials related to TLS

A range of clinical trials have underscored the viability of
immunotherapy in enhancing patient outcomes, encompassing
ICB, cancer vaccines, adoptive cellular therapy, and small molecule-
based immunomodulators (180, 181). It is well documented and
validated that the combination of immunotherapy and chemotherapy
can lead to an improved pathological complete response and
enhanced surgical feasibility post neoadjuvant treatment (182-185).
Furthermore, adjuvant chemotherapy and immunotherapy
substantially improved postoperative DFS and have been
considered as a standard of care for select patients (186-188). The
induction of TLS during chemoimmunotherapy and its positive effect
on patients has raised particular interest (189, 190). However, the
significance of TLS in cancer treatment has long been overlooked
because studies typically focused on a single cell population, such as
lymphocytes, macrophages, and fibroblasts, rather than lymphoid
aggregates. Although much remains unknown about TLS in cancer
treatment, recent clinical trials suggest TLS as a crucial participant in
the tumor microenvironment and demonstrate a close correlation
between the presence of TLS and sustained clinical benefits (Table 1)
(198, 201, 202).

Lutz and colleagues conducted a phase 2 study of neoadjuvant
and adjuvant vaccines with irradiated, granulocyte-macrophage
colony-stimulating factor-secreting, allogeneic PDAC vaccine
(GVAX) +/- low dose cyclophosphamide. They found that TLS
formed in 85% of participants two weeks after vaccination.
Inhibition of the Treg pathway and activation of the IL-17 pathway
within the TLS were associated with improved survival for PDAC
patiens (191). Notably, PDAC with intratumoral TLS formation
exhibited an enhanced PD-1/PD-L1 pathway, suggesting that
vaccine-treated PDAC was converted into an immunogenic tumor,
potentially benefitting from anti-PD-1/PD-L1 ICB. Similarly, in a
phase 1, open-labeled clinical trial on high-grade cervical
intraepithelial neoplasias, patients received a DNA vaccine targeting
HPV16 E7, followed by a boost injection of vaccinia targeting HPV16
and HPV18 E6 and E7. Abundance of organized TLS was noticed in
the proximity of vaccinated intraepithelial lesions rather than
unvaccinated lesions (192). More importantly, histological
alterations were closely associated with a gene signature of immune
activation, indicating the induction of a robust tissue-localized
immune response. TLS formation was also observed in
neoadjuvant chemoimmunotherapy in patients with operable
malignancies. A pilot study of metastatic RCC showed that
tremelimumab with and without cryoablation increased TLS
formation in patients with clear cell histology compared with
baseline (196). In another study using nivolumab in patients with
metastatic RCC, a significant enrichment of TLS was observed in
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responders rather than non-responders, showing a trend for
improved outcomes (199). Similarly, Ho et al. reported the results
of a single-arm phase 1b trial of neoadjuvant cabozantinib and
nivolumab in patients with locally advanced HCC. They confirmed
that enriched TLS formation was associated with improved responses
to neoadjuvant treatments (197). Cascone and colleagues designed a
neoadjuvant clinical trial comparing nivolumab + chemotherapy
given as a dual therapy or in combination with ipilimumab as a
means to estimate the major pathological response in NSCLC
patients. Among 22 patients in the dual-therapy group, 7 patients
exhibited a major pathologic response (32.1%), whereas 11 patients
had a major pathologic response in the triple-therapy group
consisting of 22 patients (50%). Increased TLS formation was
observed in the triple-therapy group, suggesting immune activity
and a close correlation with enhanced pathologic response (200).
Since the major pathologic response was defined as more than 90%
tumor regression in the context of chemotherapy, Cottrell et al.
proposed to establish novel immune-related pathologic response
criteria that highlighted the quantification of TLS in neoadjuvant
chemoimmunotherapy (193). Importantly, the new criteria were
shown to be reproducible and consistent among pathologists. In a
single-arm trial of advanced urothelial cancer, 24 participants were
treated with 2 doses of ipilimumab and 2 doses of nivolumab, and
were evaluated for surgical resection within 12 weeks after initiation
of neoadjuvant treatment. A pathological complete response occurred
in 46% patients, and TLS were observed upon immunotherapy in
responding patients (190). In-depth analysis of the immune
contexture of resected samples was conducted to assess the
significance of TLS for predicting responses to immunotherapy in
urothelial cancer. Compared with deeper TLS, superficial submucosal
tissue was characterized by enhanced T-helper cell infiltrations,
abundant early TLS, and rare occurence of mature TLS.
Interestingly, an increased enrichment of Foxp3+ T-cell-low TLS
cluster was observed in unresponsive tumors, whereas a high
abundance of macrophage-low TLS cluster was identified in treated
tumors (194). The heterogenic TLS clusters were considered as
promising biomarkers for predicting responses to immunotherapy
in urothelial cancer. Furthermore, the composition of TLS was altered
after neoadjuvant immunotherapy in patients with high-risk prostate
cancer. Both B and T-cell densities in TLS were significantly reduced
in patients receiving one dose of rituximab before prostatectomy
(195). The studies mentioned above determined TLS formation as
one among various parameters. Notably, a multi-cohort phase 2
study of pembrolizumab combined with chemotherapy in patients
with sarcoma specifically assessed the prognostic significance of TLS
and showed substantially improved outcomes in a cohort of sarcoma
patients positive for TLS. The 6-month non-progression rate and
objective response rate were 40% and 30%, respectively, in the cohort
of TLS-positive patients, which were approximately 10-fold higher
than in all-comer cohorts (92). Undoubtedly, the presence of TLS
may provide a new perspective to assess the response to
chemoimmunotherapy and the prognosis of patients. However,
determining TLS formation in cancer patients remains a long way
from being adopted in clinical practice, despite the evidence that it is
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intrinsic to immune responses to neoadjuvant and adjuvant
treatment in clinical trials. A limited number of clinical trials
specifically investigating the role of TLS in cancer are currently
ongoing or under development (Table 1). The data emerging from
these studies are expected to facilitate the clinical translation of TLS
towards patient management. Future trials should consider the
complex aspects of TLS biology outlined above, including TLS
composition, size, maturation, localization, interconnectedness and
appearance at different sites. However, determining which of these
above-mentioned parameters are the most promising will need to be
established in pre-cinical studies, for which reliable mouse models for
studying TLS formation are needed. The currently available models
and their suitability are discussed in the following paragraphs.

TABLE 1 Clinical trials related to TLS.

Patient Phase Trial ID

duration No.

Study

Study
type

10.3389/fimmu.2023.1286850

Modelling TLS formation

The arsenal of experimental models for studying cancer has
significantly expanded in recent years, thanks to improved
mathematical and bioinformatics modeling tools and human
tissue cultures, such as tumor slice cultures or patient-derived
organoids (203-205). However, these techniques currently have
clear limitations when attempting to model the spatiotemporal and
cellular complexity of TLS formation. For instance, modelling TLS
in organoid cultures would not only require the population of these
cultures with patient-derived PBMCs to avoid alloreactions, but
also a pre-population with fibroblasts and potentially endothelial
cells. While these steps have been realized individually, combining

Treatment Cancer type Reference

Concluded trials

2008.07- 87 Interventional | phase 2 NCT00727441 = GVAX vaccine PDAC (191)

2019.02

2008.11- 75 Interventional = phase 1 NCT00788164 = HPV vaccine cervical (192)

2023.08 intraepithelial neoplasia

2014.09- 45 Interventional | phase 2 NCT02259621 = neoadjuvant anti-PD-1 NSCLC (193)

2018.01- 54 Interventional = phase 1 NCT03387761 = neoadjuvant anti-PD-1 and anti- urothelial cancer (190, 194)

2021.09 CTLA-4

2013.07- 18 Interventional = phase 1 NCT01804712 = neoadjuvant anti-CD20 prostate cancer (195)

2019.04

2016.03- 29 Interventional = phase 1 NCT02626130 | anti-CTLA-4 and cryoablation Metastatic RCC (196)

2022.06

2018.05- 15 Interventional | phase 1 NCT03299946 | neoadjuvant anti-PD-1 and tyrosine HCC (197)

2021.10 kinase inhibitor

2015.06- 227 Interventional = phase 2 NCT02406781 | anti-PD-1 and chemotherapy sarcoma (92)

2021.08

2016.11- 45 Interventional = phase 2 NCT02901899  anti-PD-1 and chemotherapy ovarian cancer (198)

2022.03

2016.01- 730 Interventional = phase 2 NCT03013335 | anti-PD-1 Metastatic RCC (199)

2021.06

2017.06- 101 Interventional = phase 2 NCT03158129 | neoadjuvant anti-PD-1, anti-CTLA-4 NSCLC (200)
and chemotherapy

2016.05- 24 Interventional | phase 2 NCT02592551 = neoadjuvant anti-PD-L1 and anti- malignant (201)

2022.09 CTLA-4 pleural mesothelioma

2015.11- 87 Interventional ~ phase NCT02541604  anti-PD-L1 multiple tumors from (202)

2019.06 172 pediatric patients

Ongoing trials

2023.09- 102 Interventional = phase 2 NCT05888857 | anti-PD-1 and anti-CTLA-4 solid tumors N.A.

2024.01- 120 Interventional = phase 2 NCT06084689 ~ MDM2 inhibitor and anti-PD1 solid tumors N.A.

2022.03- 80 Interventional | phase 2 NCT04874311  anti-PD-L1 and chemotherapy sarcoma N.A.

2022.12- 66 Interventional = phase 2 NCT04968106 = anti-PD-1 and chemotherapy sarcoma N.A.

2020.02- 67 Interventional = phase 2 NCT04095208  anti-PD-1 and anti-LAG-3 sarcoma N.A.

2021.07- 173 Interventional = phase 2 NCT04705818 | anti-PD-L1 and EZH2 inhibitor solid tumors N.A.

MDM2, mouse double minute 2 homolog; LAG-3, lymphocyte-activation gene 3; EZH2, enhancer of zeste homolog 2; N.A., not applicable.
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them poses major logistical and technical challenges (206).
Therefore, we focus our attention on mouse models of TLS
formation in the following chapters.

The generation of murine models that mimic the development
of solid cancer is complex. If the tumor cells exhibit rapid growth
kinetics, the tumor burden will likely reach unacceptable levels
before TLS can develop. Conversely, if the mutational burden is low
and tumors develop slower, the availability of tumor antigens
necessary for activation of the adaptive immune system and the
development of TLS is limited (207). Nevertheless, there are
autochthonous tumor models with spontaneous development of
carcinomas, including mature TLS within the tumor or in close
proximity, resembling lung adenocarcinoma (208, 209), PDAC
(210), and HCC (93). To mimic the human situation, such
genetically engineered mouse models (GEMMs) contain multiple
mutations, such as overexpression of oncogenes (e.g. Kras) or
deletion of tumor suppressors (e.g. p53), which are also present in
the corresponding human cancer. Most importantly, tumor growth
in these models can be modified via TLS-associated factors. These
models are also suitable for developing new immune-based therapy
options utilizing the power of TLS, including sensitizing tumors to
ICB or CAR-T cell therapy (73). Autochthonous animal models
that allow a stringent analysis of organized TLS formation for CRC,
breast cancer, and melanoma have not been reported so far.

Besides autochthonous models, orthotopic tumor models have
been used to study TLS development. This involves the injection of
cancer cells from murine or human origin into recipient mice,
either WT or immunodeficient, specifically into the tissue the tumor
originated from. A more frequent approach is the heterotopic
transplantation of tumor cells into recipient mice, such as the s.c.
or i.p. injection of B16 melanoma cells. However, evidence that the
localization or transplantation site of a tumor matters emerged
from the finding that orthotopic transplantation of murine lung
adenocarcinoma cells into C57BL/6 mice resulted in the activation
of the adaptive immune system, while s.c failed to induce activated
CD8+ T cells (208). Moreover, s.c. transplantation of tumor cells led
to the accumulation of immune cells but did not allow the
formation of mature TLS (210). GEMM models have already
enabled the identification of factors necessary for TLS formation
including lymphotoxin and CXCL13 (209, 211). Additionally,
genetic modification of tumor cells in vitro enables the adaption
of (orthotopic) transplantable models to a specific question, for
example, the addition of artificial antigens such as OVA to increase
immunogenicity and/or TLS formation. Through these means,
tailored mouse models specifically for investigating TLS biology
may be developed in the future.

TLS in lung adenocarcinoma models

The investigation of lung adenocarcinoma (LUAD) using
GEMMs showed the necessity for multiple genetic alterations to
resemble the human disease, including TLS formation. Initially, a
mouse model with a Lox-Stop-Lox Kras G12D mutation was used
in combination with an intranasal or intratracheal application of an
adenovirus or lentivirus containing a Cre recombinase for targeted
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mutation in the lung (K mice) (212). DuPage et al. observed
enhanced tumor growth upon an additional deletion of p53 (KP
mice) within 2-3 weeks (213, 214). Using the KP mice, Joshi et al.
detected low- and high-grade lung adenocarcinomas after 20-24
weeks, but without TLS formation or TLS precursor (34). After
depletion of regulatory T cells, the tumor burden was significantly
increased, coinciding with TLS detection, emphasizing the
significance of intrinsic anti-inflammatory mechanisms. In 2022,
Boumelha et al. further developed the KP mice by introducing an
overexpression of the APOBEC family of single-stranded
deaminases (APOBEC3B) to generate mice with enhanced
mutational burden (KPA mice) (208). Increased mutations
produce neoantigens, enabling the immune system to recognize
the tumor. Consistent with Joshi et al., there was no observed
ectopic immune cell accumulation in KP, nor in the KPA mice, at
least in proximity to the tumor. To assess whether immune cells
altered tumor growth, they created a KPA mouse line on a Ragl-/-
background (KPAR mice), but the tumor load remained unchanged
and even led to a lethal tumor load in about 14 weeks without
activating an anti-tumor response (208). The authors attributed the
absent immunogenicity to the subclonal mutations caused by
ectopic APOBEC expression. Therefore, they subsequently
generated single-cell cloned lines from KPAR tumors and found
that upon i.v. injection KPAR tumors developed in the lungs of
C57BL/6 mice. Most importantly, the orthotopic tumors induced an
anti-tumor response, including CD4+ and CD8+ T cells, as well as
NK-cell infiltration. Interestingly, the authors observed the
expression of a viral glycoprotein from the murine leukemia
retrovirus in the KPAR cells and concluded that endogenous
retroviral antigens can trigger effective CD8+ T cell responses.
Finally, the tumor growth of KPAR tumors was reduced upon
ICB. In a recently published study, the KPAR orthotopic model was
used to demonstrate B cell accumulation near the tumor (209). Ng
et al. detected mature TLS containing GCs and serum antibodies
against KPAR cells expressing endogenous retrovirus envelope
glycoproteins. Furthermore, the titer against the virus antigens
increased upon ICB with anti-PD-L1 antibodies, shedding light
on the dependence of effective anti-tumor B cell responses on viral
antigens. The expression of retroviral antigen was also detected in
LUAD npatients as a prerequisite for response to ICB therapy. In
addition, they demonstrated the curative effect of CXCL13 therapy
in combination with ICB to enhance anti-tumor immunity in the
KPAR orthotopic model. In summary, GEMMs, which contain
multiple mutations similar to human LUAD tumors, have been
highly useful in investigating the effect of immunotherapy concepts
such as ICB in combination with soluble factors that enhance TLS
formation. In addition to GEMMs, the i.v. injection of B16
melanoma cells is widely used as a model for melanoma
metastasis in the lung, as most, if not all, injected tumor cells
accumulate in the lung and induce the formation of lymph node-
like structures that include HEVs (215). The B16 melanoma cell line
originated from a spontaneous tumor in a C57BL/6] mouse (216).
Nevertheless, this transplantation model may not actually be a
model for LUAD or lung metastasis, as all B16 tumors should be
considered as primary tumors that do not accurately mimic human
LUAD (217).
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Pancreatic ductal adenocarcinoma
TLS models

To model PDAC, either GEMMs or orthotopic transplantation
models have been employed. Much like the KP model in the lung, a
mouse strain expressing the mutated Kras GI12D in pancreatic
ductal cells (LSL-KrasG12D/+;Pdx-1-Cre; KC mice) was
developed, resulting in a low tumor load after 5 months (218).
Subsequently, after the additional depletion of p53 (LSL-KrasG12D/
+;LSL-Trp53R172H/+;Pdx-1-Cre; KPC mice), KPC mice developed
tumor-associated TLS, including GC B cells (219, 220).
Interestingly, Spear et al. did not observe TLS formation in an
orthotopic PDAC model where a KPC-derived cell line from liver
metastasis was injected into the pancreas (220). This absence was
likely due to the highly proliferative nature of this model, resulting
in tumor formation within two weeks. Tseng et al. implanted KPC-
tumor cells into the pancreas of syngeneic mice without detecting
prominent TLS (221). However, transplantation of KPC-tumor cells
into Rag-deficient recipients resulted in lower survival compared to
immunocompetent mice, suggesting anti-tumor responses by B and
T cells primed in SLOs. The KP model, involving spontaneous
tumor formation, was combined with DNA vaccination against o.-
enolase, whose expression is increased in PDAC cells. This
vaccination induced the formation of GC B cells and recruitment
of T cells into the tumor, thereby fostering TLS formation (222).
Additionally, in a model of s.c. transplantation of a human PDAC
cell line, coupled with intratumoral injection of CCL21, Turnquist
et al. observed increased accumulation of T cells, DCs, and NK
cells, forming a pre-TLS structure. This indicated the importance
of chemokine guided migration into the tumor, which may
show potential for immunotherapy (210). Of note, the
overexpression of lymphotoxin in the pancreas during steady-
state successfully induced the formation of TLS, suggesting
potential for including this construct in KP and KPC models in
the future (223). Using an orthotopic transplantation of KPC tumor
cells, the i.v. treatment with nanoparticles containing the
antifibrotic compound o-mangostin and a plasmid encoding
LIGHT resulted in reduced tumor growth. This was accompanied
by reduced activated fibroblast numbers, decreased collagen
deposition, normalized tumor vasculature, and most importantly,
the induction of organized TLS in the tumor (224). These results
highlight the intriguing role of extracellular matrix organization in
TLS formation. In summary, KP and KPC mice are valuable tools
for studying TLS formation, especially concerning DNA vaccines
and chemokine therapy. Future studies will reveal if these models
can be utilized to study the interplay between TLS and ICB.

Hepatocellular carcinoma
models show immunosuppressive
features of TLS

The tumorigenesis of HCC was investigated in GEMM by
Finkin et al. (93). The authors developed two models of
inflammation-driven HCC in mice with an overactive NF-xB
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signaling pathway, a typical feature of human HCC. IKKB(EE)
Hep mice display a hepatocyte-targeted, constitutively active NF-kB
pathway after breeding them with a suitable deleter strain
(Albumin-Cre mice). Within 7 months, typical hallmarks of liver
inflammation, including an accumulation of macrophages, liver
damage, hepatocyte proliferation, and structured TLS with B and T
cells as well as HEVs, were detected. After 20 months, all mice
developed HCC, indicating that TLS were formed prior to
tumorigenesis. Next, the authors generated Alb-IKKB(EE) mice
with constitutively active NF-kB signaling in hepatocytes without
the requirement of a Cre recombinase. These mice showed
accelerated tumor and TLS growth within 9 months.
Interestingly, on a Ragl-/- immunodeficient background, Alb-
IKKB(EE) mice showed a drastically reduced tumor burden,
illustrating the pro-tumorigenic effect of the adaptive immune
system. In fact, TLS, located in proximity to the tumor but not
within the tumor, served as a niche for forming HCC progenitor
cells that later egressed and developed into HCC. In summary, the
overexpression of the NF-xB signaling pathway in a spontaneous
model of HCC mimicked human disease and was suitable for
analyzing new concepts of immunotherapy, including interference
with TLS formation (225). Future studies are required to develop a
relevant model for intratumoral TLS formation that does not show
the tumor-supportive features discussed above.

TLS formation in colorectal
carcinoma models

To investigate spontaneous tumorigenesis in the intestine, the
APCmin model carrying a mutant allele of the APC locus, similar to
the mutation in humans, is frequently used, and the accumulation
of immune cells in proximity to adenomas and/or tumors is
described (our own observations and (226)). In addition, the
(repetitive) i.p. injection of the carcinogen azoxymethane (AOM)
can be used to induce colon tumorigenesis in mice harboring
different alterations in intestinal epithelial cells, such as the
deletion of p53 (227). However, a targeted analysis of TLS
formation in such models is currently lacking.

The most common model used to investigate inflammation-
driven tumor formation that mimics tumorigenesis in patients with
inflammatory bowel diseases is the AOM/DSS model, where the
animals receive one injection of AOM and three repetitive cycles of
dextran sodium sulfate salt (DSS) in the drinking water (228). Our
own observations (Figure 2A) clearly show the formation of
organized TLS in the AOM/DSS model, but information how TLS
formation occurs and whether it can be manipulated, e.g., by ICB in
this model, is lacking. Interestingly, a recent study showed that the
intestinal microbiota plays an important role during tumorigenesis
and can also affect TLS formation in the AOM/DSS model (229).
The authors detected increased anti-tumor immunity and reduced
tumor growth upon the introduction of Helicobacter hepaticus
(Hhep) into C57BL/6 animals in the AOM/DSS model. In fact,
Hhep induced the expansion of T follicular helper cells, leading to
the formation of organized TLS in proximity to the tumor. These
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results indicate that the microbiota has the power to induce the
formation of TLS in an inflammatory environment. Importantly,
the formation of TLS appeared to be rather independent of
tumorigenesis per se but was still useful in inducing an anti-
tumor immune reaction.

In addition to the models indicated above, the orthotopic
injection or enema of genetically engineered tumor organoids is a
novel approach to mimic the mutational cascade in human CRC.
These models overcome the limitation of AOM and AOM/DSS
tumors, which do not induce metastases (230). Again, TLS
formation in orthotopic colon tumors has not been described so
far. However, patient-derived organoids (PDO) transplanted into
the caecum of humanized mice generated tumors that formed
metastases in the liver and peritoneum, but only the growth of
the primary tumor and liver metastases were diminished upon ICB
treatment (anti-CTLA4, anti-PD-1), a phenomenon also observed
in CRC patients (231). The authors detected structured TLS in the
primary tumor and the liver metastases but not in the peritoneum.
The TLS contained T cells and B cells, showing an IFN-y signature
and CXCLI13 expression. Therefore, alterations in tumor growth
upon ICB were correlated with the presence of TLS. In summary,
although many GEMMs and GEMM-derived organoids are
available to model CRC, they are presently underused to
investigate TLS during tumorigenesis in vivo.

Evidence for early TLS formation in
breast cancer models

For investigating the development of breast cancer an
autochthonous mouse was developed in 1992 by fusing the mouse
mammary tumor virus (MMTV) long terminal repeat promotor
with the polyomavirus middle T antigen (PyMT), resulting in
tumor formation in mammary glands and lung metastasis (232).
While PyMT is not a human oncogene, MMTV-PyMT mice
develop similar features, especially compared to end-stage human
breast tumors: such as the loss of estrogen receptor and
progesterone receptor expression, as well as overexpression of
ErbB2 and Cyclin D1 (233). Our own observations (Figure 2B)
suggest the formation B and T cell aggregates at the tumor margins
but not within tumors. A detailed investigation of structured TLS
formation in this model is currently lacking. Interestingly, a
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combined anti-angiogenic and anti-PD-L1 therapy approach in
PyMT mice induced the formation of intratumoral HEVs, which
might serve as a prerequisite for TLS formation (234). Furthermore,
a more recent detailed analysis of this model with anti-angiogenic
and anti-PD-L1 treatment showed the transition from tumor
endothelial cells into HEVs based on LT-f receptor signaling by
NK and CD8 T cells, thus promoting the expansion of anti-tumor
effector T cells (75). Future investigations are essential to confirm
the formation of TLS in the PyMT model, as well as in other breast
cancer models, such as the inducible expression of viral antigens in
mammary epithelial cells (235), aiming to mimic human breast
cancer. The PyMT model produces immunologically rather cold
tumors that do not respond well to ICB (236, 237), despite frequent
mutations in this model (233). Therefore, strategies to overcome
immunosuppressive mechanisms in this model are likely necessary
to enable the investigation of TLS formation.

TLS formation in models of melanoma

An autochthonous model for melanoma was established in 2009
by inducing the expression of a constitutively active BRAF mutation
at position 600 (BRAEY*°*®*) under the control of the inducible
keratinocyte-specific Cre recombinase Tyr:CreERT2 (238). These
animals showed highly pigmented lesions, but did not develop
malignant melanoma. Therefore, the authors generated a new
mouse line by introducing the tumor suppressor Pten with floxed
Exon 4 and 5 (BRAFY®°™* PTEN-/- Tyr:CreERT2). Upon
repetitive topic application of Tamoxifen, these mice developed
melanoma with metastases in lymph nodes and lungs (238). In
these melanomas, tumor infiltrating lymphocytes, including CD4+
T cells, CD8+ T cells, Tregs, and DCs, were found, but organized
lymphoid structures in situ were not investigated (239). Another
group observed the early influx of Tregs at the onset of melanoma
development, followed by CD8+ T cells (240). Upon the depletion
of Tregs, they observed an increased activity and clustering of
tumor-infiltrating lymphocytes. This illustrates that Tregs can
prevent the development of anti-tumor immunity and the
formation of TLS. For the development of differentiated TLS, the
formation of PNAd+ HEVs is crucial as they enable the influx of
immune cells directly into the TLS. Peske et al. did not detect HEV
formation in the BRAFY*"°*/* PTEN-/- Tyr::CreERT2 mouse model

PyMT breast cancer

TLS heterogeneity in cancer mouse models. (A) TLS in different maturation stages in a tumor-bearing mouse in the AOM/DSS model of CRC.
(B) Early lymphocyte aggregates in the PyMT mouse model of invasive mammary carcinoma.
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(76). In summary, this autochthonous melanoma model in its
current form is not suitable for a comprehensive analysis of TLS.
Integrating a strategy for inducible depletion of Tregs might
optimize the model towards this goal.

Using transplantation models to study
TLS formation

The transplantation of tumor cells i.p, iv., or s.c. into
immunocompetent as well as in immune-deficient animals has
proven to be a useful method for investigating anti-tumor
immune mechanisms, including ICB (241), and the formation of
TLS. Various cell lines have been used, depending on the specific
research question. The most frequently used cancer cell line is the
B16 melanoma cell line that was isolated from a spontaneous
melanoma in a C57BL/6 mouse (216). B16 cells produce melanin,
making them easy to track in the host. Numerous sublines were
created expressing artificial antigens or tumor-associated antigens.
In general, transplantation of tumor cells offers several advantages,
as tumors develop rapidly within two weeks and can be transfected
to induce model antigen expression or harbor mutations that are
similar to human cancers. The choice of the recipient mouse line
allows the investigation of the role of different immune cells. For
example, Ragl-/- mice lack B and T cells, whereas uMT mice lack
only B cells. Furthermore, the choice of immunocompetent mouse
lines harboring a specific knockout, such as deficiency to produce
lymphotoxin, can help analyze the role of individual factors during
TLS formation (211). It may be surprising that such rapid models
are suitable to study TLS formation. However, rapid development of
TLS in mice triggered by chronic inflammation that is not related to
tumor formation is well established (31, 32). Often, s.c. injection of
tumor cells into mice may trigger acute inflammatory reactions
rather than mirror the tumor immune co-evolution seen in
humans. Therefore, it remains to be determined if TLS emerging
under such conditions accurately reflect the situation in human
tumors. Along these lines, the method of application appears to be
crucial in investigating TLS formation in transplantation models.
Two studies reported TLS formation upon B16-OVA melanoma
cell transplantation i.p., but not s.c (76, 242). It was further
described that fibroblasts in B16-OVA ip. and s.c. tumors
showed differential expression of adhesion molecules. When
Icaml+Vcam+ fibroblasts were transplanted together with B16-
OVA cells s.c., TLS formed, but not when Icam1+Vcam- fibroblasts
were used (54). Most importantly, organized TLS were only
detected after ICB, confirming the importance of reducing anti-
inflammatory pathways to induce effective anti-tumor immunity
(54). The importance of CCL21 for TLS formation was
demonstrated in the B16 melanoma model upon s.c.
transplantation with different sublines over- or under-expressing
CCL21 (243). B16 tumors with high CCL21 expression induced TLS
formation but a successful anti-tumor response was prevented due
to the infiltration of suppressive immune cells such as Tregs. This
illustrates the complex interplay of chemokines required for the
formation of immunogenic TLS. In another study, B16 cells were
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modified to express the tumor-specific sphingolipid GD2 and
injected iv. into syngenic mice, resulting in the formation of
pulmonary tumors (215). The authors created a fusion protein of
a chimeric anti-GD2 antibody fused to lymphotoxin and
demonstrated its effectiveness in reducing the growth of lung
tumors by inducing peritumoral TLS, including T cells, B cells,
and HEVs. Interestingly, tumor-specific T cells were detected,
indicating the effective activation of naive T cells within the TLS.
The potency of lymphotoxin was further highlighted by
transplantation of B16 cells expressing GD2 into lymphotoxin-
deficient mice (211). Despite the absence of secondary lymphoid
organs, TLS were formed upon treatment with the fusion protein.

In a different approach, genetic manipulation of DCs to produce
Tbet (DC.Tbet) was reported as a useful tool to induce TLS (63).
The authors induced tumors by s.c transplantation of MCA205
sarcoma cells. After seven days, they performed a therapeutic
injection of DC.Tbet cells i.t. and observed reduced tumor growth
and the development of anti-tumor immunity in association with
TLS formation, including the accumulation of T cells, B cells, NK
cells, DCs, and PNAd+ HEVs. Interestingly, DC.Tbet cells already
secreted CCL19, CCL21, LIGHT/TNFSF14, and lymphotoxin,
thereby inducing TLS formation even in lymphotoxin-deficient
mice transplanted with MCA205 sarcoma cells and treated with
DC.Tbet cells. DC.Tbet cells further produced high levels of IL367,
and upon transplantation of MC38 colorectal cancer cells into IL36
receptor-deficient mice, the formation of TLS was impaired. These
studies indicated a novel role for IL36 in anti-tumor immunity
during TLS formation.

We do not offer a complete list of all transplantable tumor
models that develop TLS, but rather aim at highlighting models that
are particularly useful for investigating TLS formation. While many
studies describe the induction of successful anti-tumor immune
responses without focusing on TLS formation (244, 245), the
diversity of tumor cells and recipient mice, particularly when
considering genetic modification of one or both, makes s.c. and
i.p. transplantation models valuable tools to investigate at least early
mechanisms of TLS formation.

Conclusions

The data summarized above establishes the prognostic
relevance of TLS for cancer patients, while outlining the
challenges that lie ahead when considering TLS formation as a
reliable prognostic and therapeutic goal. While the suitability of TLS
as biomarkers in different tumor entities is solidifying, the signals to
initiate, sustain, but also prevent TLS formation, and the cellular
interactions within TLS, are poorly understood. Such knowledge
would be necessary to envision targeted induction of TLS in cancer
and prevent their undesired formation in other contexts. Along
these lines, an important aspect to consider is the potential auto-
immune reactions that may be triggered when TLS are
therapeutically induced. While the antigen-dependence of TLS
formation may be a limiting factor for such side-effects, recent
studies have indicated that TLS may also form due to chronic
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inflammation and aging without the requirement of specific
antigens (32). The requirement of a sufficient degree of ongoing
inflammation for TLS formation not only emerges from cancer
mouse models, such as the PyMT model discussed earlier, but also
from clinical observations. For instance, tobacco exposure, which
triggers inflammatory reactions, has been connected to increased
TLS abundance and CCL21 in lung adenocarcinoma patients,
correlating with the response to immunotherapy (246). Moreover,
cancer patients undergoing corticosteroid treatment exhibited
impaired TLS maturation or formation (190, 247). Other
inflammatory triggers, such as dying cells or related DAMPs
commonly found in tumors and induced in response to tumor
therapy, may also affect TLS development (69).

There are critical questions in the TLS field that we feel need
specific attention (Figure 3). Particularly TLS heterogeneity
concerning maturation state, location, interconnectivity, and
cellular composition, both globally and in discrete tumor niches
at primary and metastatic sites, needs consideration. The impact of
these parameters on anti-tumor immunity and disease progression
requires further clinical and pre-clinical investigation. Moreover,
standardized, clinically applicable methods of TLS detection need to
be established. Importantly, it is not entirely clear if TLS are simply
indicative of the local immune response in a tumor or if they
represent relevant anti- or pro-tumor entities by themselves.
Understanding this issue is vital not only for targeted TLS
induction but may also be of interest when aiming at avoiding

10.3389/fimmu.2023.1286850

auto-inflammatory side-effects of immune activation against
tumors. Suppressing TLS may, in some cases, reduce auto-
immune side-effects rather than affecting anti-tumor
immune responses.

Addressing these questions requires longitudinal and spatial
analyses to compare intra- and extra-tumoral immune responses,
preferably in suitable mouse models that closely replicate tumor
development in humans. Such experiments would yield strategies to
selectively induce or deplete TLS without hampering local extra-
TLS immune responses as well as SLO-dependent adaptive
immunity. Another pressing question is identifying the signals
and cellular composition that render TLS activating versus
suppressive. Understanding the signals that induce or suppress
Treg formation/activity in TLS and targeting these mechanisms
could potentially revert suppressive TLS into immune-stimulatory
powerhouses. Phenotypes and functional properties of suppressive
Tregs in TLS and their putative association with TLS maturation
require further investigation.

Finally, not all tumors seem permissive for TLS formation,
suggesting that homeostatic signals may limit TLS induction even in
the presence of inflammatory stimuli. Cytokine receptor
antagonists, as shown for IL-36RA (63), or cytokine and
chemokine decoy receptors (248) might be potential candidates.
Blocking these mediators and receptors may, thus, trigger TLS
formation even in non-permissive environments. However, the
potential risk of auto-inflammatory side-effects also requires
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FIGURE 3

Open questions concerning tertiary lymphoid structures (TLS) in cancer. The impact of the intra- and inter-tumor heterogeneity of TLS on anti-
tumor immunity and patient prognosis is not fully understood. Important parameters appear to be not only the number of TLS and their localization.
Cellular composition such as the relative abundance of regulatory T cells (Tregs) and maturation status such as the presence or absence of germinal
centers (GCs) as well as interconnectivity throughout tumors may play a role. Moreover, signals that on the one hand induce and on the other
restrict TLS formation, and the cells providing these signals, need to be identified and/or better characterized. This is also relevant on the context of
organ specificity. Finally, the fundamental question if TLS are causally involved in anti-tumor immunity or represent a bystander phenomenon is still
unanswered. This is only relevant to be able to understand the impact of TLS on anti-cancer therapy responses, and if induction of TLS formation
would induce unacceptable auto-immune side-effects. Research towards answering these open questions will require suitable pre-clinical models.
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investigation. To this end, optimal tumor (mouse) models to study
TLS formation that mimic both, the time scale and cellular
complexity of tumor formation in humans need to be developed
and cross-validated. Such studies will reveal the true benefit of
interfering with TLS formation in cancer patients.
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Introduction: Neoadjuvant chemoimmunotherapy shows great potential for
patients with non-small cell lung cancer (NSCLC), but no clear prognostic
markers have been identified. This study investigates the correlation between
inflammatory parameters and the expression of tertiary lymphoid structures
(TLS) and the predictive ability of inflammatory parameters combined with
TLS for disease-free survival (DFS) in patients with resectable NSCLC
receiving neoadjuvant chemotherapy.

Materials and methods: We retrospectively analyzed the clinical data and
hematological parameters of 117 patients with NSCLC who underwent
neoadjuvant chemoimmunotherapy and radical surgery. TLS were
evaluated by observing H&E stained and immunohistochemically stained
tissue sections. Univariate chi-square and multifactor logistic analyses were
used to determine the correlation between hematological parameters and
TLS. The Kaplan—Meier method, univariate and multivariate Cox regression
analysis and constructed nomogram models were used to assess the
prognostic value of the investigated parameters on DFS. Receiver operating
characteristic (ROC) curves analyses were used to compare the
performances of the three models.

Results: After logistic analysis, it was found that platelet-to-lymphocyte ratio
(PLR) <288.78 (odds ratio OR=0.122, P=0.009) was an independent predictor
of high TLS expression. The Cox regression analyses showed that Histology
(HR=0.205, P=0.002), systemic immune inflammation index (SIl) (HR=2.758,
P=0.042) and TLS (HR=0.057, P<0.05) were independent prognostic factors
in patients with NSCLC. The combined SII-TLS model was better than the
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single-indicator model in assessing the 1-year and 18-months DFS rates in
patients with NSCLC.

Conclusion: Our study showed that PLR was an independent predictor of TLS
and that both TLS and Sl predicted prognosis in patients with neoadjuvant
chemoimmunotherapy-resectable NSCLC; however, combining SIl and TLS
to assess DFS was more accurate than using either parameter alone.

KEYWORDS

inflammatory parameter, tertiary lymphoid structure, tumor immune
microenvironment, immunotherapy, non-small cell lung cancer, prognosis

Introduction

Lung cancer is a global health problem. Approximately 80-85% of
lung cancer cases are non-small cell lung cancers (NSCLCs). The
latest global cancer statistics indicate that over two million people are
newly diagnosed with lung cancer each year. Moreover, recently, lung
cancer has become one of the leading causes of cancer-related deaths
worldwide (1, 2). Tumor immunotherapy has become one of the
most successful approaches in cancer treatment in recent years (3).
Immunotherapies for tumors, such as immune checkpoint blockade
(ICB), can relieve tumor tolerance to immunity and allow immune
cells to recognize and kill the tumor cells. Several ICBs currently
undergoing basic and clinical research. Among them, inhibitors
targeting the immune checkpoint programmed cell death protein 1
(PD-1) molecule are at the forefront of immunotherapy (4).

The tumor immune microenvironment refers to the
microenvironment surrounding a tumor and consists tumor,
immune, and mesenchymal cells. Numerous studies have shown
that the tumor immune microenvironment has a crucial role in
immunotherapy (5). Tertiary lymphoid structures (TLSs) are
structured aggregates of immune cells that form in non-lymphoid
tissues after birth and are important components of the tumor
immune microenvironment (6). TLSs are usually associated with a
positive prognosis in most cancer types, and their prognostic value is
independent of TNM stage. TLSs have also been shown to be
associated with tumor development and progression in certain
cancer types (6). A recent study examined on-treatment tumor
samples and discovered that ICB treatment stimulates the
development of TLSs and that TLSs contribute to the clinical
response to immune checkpoint blocking. After neoadjuvant
immunotherapy for melanoma and uroepithelial carcinoma, patients
who showed immunotherapeutic effects had higher numbers of TLS-
associated immune cells in their tumors than before (7). In addition,
an increase in the number of TLSs was observed in lesions after
neoadjuvant PD-1 blocker treatment for NSCLC (8).

TLSs form in tissues in response to inflammation, require a
continuous inflammatory environment to be maintained, and share
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some structural similarities with lymph nodes; however, TLSs lack a
surrounding sealing structure. This structural characteristic may
allow cellular components to permeate the surrounding tissues
directly, increasing the possibility that immune cells will be
affected by components of the inflammatory environment (9).
However, not all inflammatory stimuli drive the formation of
TLSs, which may depend on specific microenvironmental
components. The Systemic Immune Inflammatory Index (SII) is
based on a prognostic score of inflammation and immunity, which
is calculated as platelet count*neutrophil count/lymphocyte count.
The SII, neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-
monocyte ratio (LMR), and platelet-to-lymphocyte ratio (PLR),
which reflect the balance between inflammatory factors and
immunity in the body, have been shown to be effective in
predicting patient prognosis (10-12). This finding indicates that
the state of the tumor inflammatory microenvironment may be
closely linked to the antitumor immune response and has an
important impact on the prognosis of patients with NSCLC.
Despite effective surgical treatment, a proportion of patients with
resectable stage IB-IITA NSCLC still have poor prognosis due to
recurrence. Neoadjuvant chemotherapy has shown substantial
potential in this group of patients. The use of 2-4 cycles of
neoadjuvant immunotherapy combined with platinum-based and
paclitaxel-liked chemotherapy before surgery can improve long-term
survival, reduce tumor stage, improve resection rates, and provide
timely management of micrometastases. Results of the CheckMate-
816 phase III trial showed a significant improvement in 3-year
disease-free survival with 2-4 cycles of preoperative Nivolumab in
combination with chemotherapy compared to surgery alone (63% vs
50%) (13). However, to date, no clear predictive prognostic markers
for neoadjuvant chemoimmunotherapy have been identified.
Therefore, this study investigated the effect of hematological
parameters (SII, PLR, NLR, and LMR), which represent the
inflammatory state of the tumor microenvironment, on TLSs and
compared the predictive ability of these hematological parameters,
TLSs, and hematological parameters combined with that of TLS alone
on disease-free survival (DFS) in patients with NSCLC treated with
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neoadjuvant chemoimmunotherapy. Notably, our results provide an
accurate model for predicting the prognosis of patients with NSCLC
treated with neoadjuvant chemoimmunotherapy.

Materials and methods
Patients and samples

We retrospectively evaluated 117 patients with NSCLC
diagnosed via surgical pathology at the Shandong Cancer
Hospital between January 2020 and June 2022. All patients were
driver gene negative and had not received targeted therapy. All
patients underwent radical surgery and received at least two cycles
of preoperative neoadjuvant therapy. Specific medications: PD-1
ICBs (Pembrolizumab, Sintilimab, Tislelizumab, Camrelizumab)
combined with platinum-based drugs (Cisplatin, Carboplatin) and
paclitaxel drugs (nab-paclitaxel) or pemetrexed disodium.
Administered intravenously on day 1 of a 21-day cycle. RO
resection was obtained in all patients. For early-stage patients, we
performed regular follow-up after surgery. For patients with
advanced stage and high risk of recurrence factors, we performed
immune maintenance therapy after surgery (limited to PD-LI
TC =21%). Patients with active autoimmune disease; a previous
history of autoimmune disease; or congenital or acquired immune
deficiency, such as human immunodeficiency virus infection, active
hepatitis B, or hepatitis C, were excluded from the study. The
included patients underwent regular follow-up at the outpatient
clinic every 3-6 months for 2 years after surgery and annually
thereafter. The time of postoperative pathological diagnosis was
used as the starting point for observation, and each patient was
followed up periodically by outpatient review and telephone until
disease progression or death, with a final follow-up date of May 22,
2023. Written informed consents were provided by all participants.

NSCLC patients who received
neoadjuvant immune-combination
chemotherapy with radical surgery
(n=132)

10.3389/fimmu.2023.1244256

It was carried out in accordance with the Helsinki Declaration and
approved by the Ethics Review Committee of Shandong Cancer
Hospital in China. (SDTHEC2022010006). The process of patient
screening is shown in Figure 1.

Data collection

Tissue wax blocks, general clinical data, postoperative
pathological data, and laboratory test results, such as routine
blood within one week before neoadjuvant immune combination
chemotherapy, were collected from patients with NSCLC who met
the enrollment criteria by reviewing medical records. The primary
data included patient sex, age, type of pathology, TNM stage,
neutrophil, monocyte, lymphocyte, and platelet counts. On the
basis of the eighth edition of the AJCC cancer staging system,
NSCLCs were staged. The tissue wax blocks used in this study were
obtained from the Department of Pathology at Shandong
Cancer Hospital.

Histopathological analysis

Two or three sections were prepared from each wax block.
Sections were stained using hematoxylin and eosin (HE), and the
abundance of TLSs in the tumor tissue was scored as 0, 1, or 2: (a) a
score of 0 indicates no TLS; (b) a score of 1 indicates that the tumor
has less than three TLSs; and (c) a score of 2 indicates that the
tumor has at least three TLSs. Based on previous studies, we defined
TLSs with active germinal centers (GC) as fully mature secondary
follicle-like TLSs (14). We defined patients with an abundance score
of 2 and mature TLS as TLS(+) or otherwise as TLS (-). We
evaluated the TLSs to an extent of 3 mm at the intertumoral and
peritumoral locations. Sections were stained with anti-human

Exclude:
1. Patients with immune disorders (n=4)
.| 2. Patients with incomplete clinical

A 4
Identified NSCLC patients who
received neoadjuvant immune-
combination chemotherapy with
radical surgery (n=117)

A 4 A 4

"| information (n=4)
3. Patients whose postoperative tissue
sections could not be evaluated (n=7)

Training set
(n=78)

Testing set
(n=39)

FIGURE 1

Flow chart for the inclusion and exclusion of NSCLC patients and analysis of tumor information. NSCLC, non-small-cell lung cancer
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antibodies against CD3, CD20, and CD21 to validate the presence of
TLS through T, B, and follicular dendritic cells. TLSs scores were
independently assessed by two senior pathologists under double-
blind conditions for outcome assessment, and when the pathologist
scores differed, the higher score was used.

Statistical analysis

DFS was calculated as the time between postoperative
pathological diagnosis and disease progression or death due to
NSCLC. Major pathologic response (MPR) was defined as the
presence of <10% residual tumor cells in the surgical resection
specimen, while the non-MPR group included patients who did not
achieve MPR. Statistical analyses were performed using RStudio
and SPSS software version 25.0. Receiver operating characteristic
(ROC) curves and Jamovi statistical software version 2.3.21 were
used to determine the optimal cutoff values for blood parameters
(SII, PLR, LMR, and NLR). Chi-square and multifactorial binary
logistic analyses were used to determine the correlation between
blood parameters and TLSs, and Cox proportional hazards
regression analysis was used to determine the indicators
associated with DFS. DFS was compared using the Kaplan-Meier
method, and survival curves were compared using the log-rank test.
Differences with p values <0.05 were considered statistically
significant. Based on the independent predictors identified, the
patients were divided into training and validation sets at a ratio
of 2:1. Furthermore, using R language statistical software,
nomogram models were constructed to predict DFS based on SII,
TLS, and SII combined with TLS. In addition, ROC curves analyses
were used to compare the performances of the three models.

Results
Patient characteristics

A total of 117 patients with NSCLC who received neoadjuvant
chemo-immunotherapy and underwent radical surgery, were
included in the study (96(82.1%) male). The median age at
diagnosis was 63 (44-102) years, and the median follow-up
duration was 15.5 months. Additionally, 71 (60.7%) patients had
squamous cell carcinoma and 46 (39.3%) had adenocarcinoma.
Among all patients, 14 (12.0%), 38 (32.5%), and 65 (55.5%) patients
scored 0, 1, and 2, respectively, for TLS abundance. By observation,
77 (65.8%) patients had mature TLSs; maturation states are shown
in Figure 2. Fifty-eight (49.6%) patients had TLS (+). Other clinical
characteristics are shown in Supplementary Table 1.

Systemic inflammation parameters
with TLS

The ROC curve analysis was used to determine the optimal
cutoft values for the SII, NLR, PLR, and LMR before treatment. This
value was used as the threshold value to group inflammatory
indicators (Supplementary Table 2). The TLS (+) and TLS (-)
subgroups were compared according to cut-off values to investigate
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the relationship between inflammatory parameters and TLSs. The
univariate chi-square analysis indicated that the NLR (}2 = 7.873,
P=0.005), and PLR (}2 = 13.835, P<0.001) significantly correlated
with the TLS expression profile. Further inclusion of NLR and PLR
in a multifactorial binary logistic analysis revealed that PLR
(OR=0.122, 95% CI=0.025-0.592, P=0.009) was an independent
predictor of TLS expression level, PLR < 288.78 was considered a
protective factor for high TLS expression; lower PLR suggested high
TLS expression level (Table 1).

Association between tertiary lymphoid
structures and neoadjuvant therapy
efficacy and prognosis in NSCLC

TLSs were more readily observed in patients responsive to
neoadjuvant immune-chemotherapy; however, were rarely found
in non-responders (Figure 3A). Based on the pathological response
after treatment, patients with NSCLC were divided into MPR and
non-MPR groups. Kaplan-Meier survival curves showed
significantly improved DFS in the MPR group compared to the
non-MPR group (P=0.019), demonstrating an association between
tumor regression induced by neoadjuvant therapy and DFS
(Figure 3B). Additionally, the TLS (+) group demonstrated
markedly improved DFS compared to the TLS (-) group
(P<0.01), validating the advantageous prognostic value of TLSs in
NSCLC patients (Figure 3C).

Prognostic survival analysis combining
systemic inflammation parameters
with TLS

Based on the DFS durations, the optimal cutoft values for
inflammatory parameters in patients with NSCLC were
determined (SII=1014, PLR=175, LMR=2.22, NLR=3.21) (15). As
a result, patients were divided into groups with high and low
inflammatory parameters according to the optimal cut-off values.
A statistically significant difference in survival between the high and
low inflammatory parameters groups was found using Kaplan-
Meier survival curves for SII (P<0.01), NLR (P<0.01), PLR (P<0.01)
and LMR (P<0.01) groups (Figure 4). In the univariate Cox
regression analysis of NSCLC, age, sex, smoking history, T stage,
N stage, histology, systemic inflammation parameters, and TLS
expression were included. Age, histology, T stage, NLR, PLR, SII,
LMR and TLS affected DFS (Table 2). A multivariate Cox regression
analysis was subsequently performed; histology, (HR=0.205,
P=0.002), SIT (HR=2.758, P=0.042) and TLS (HR=0.057, P<0.05)
were independent prognostic factors for patients with NSCLC
receiving neoadjuvant chemo-immunotherapy (Table 2).

Comparison of nomogram
prognostic models

The training set of the combined model included 78 patients,
while the validation set included 39 patients. There were no

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1244256
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al. 10.3389/fimmu.2023.1244256

IS

| Mature

8 g Sl

| & No,h-.m-atu';éﬁi*LS ‘F i

:

FIGURE 2

Levels of TLS maturity. (A) Representative image of CD20 staining of TLSs in a responder after neoadjuvant treatment. (B) Mature TLS, dense
lymphocytic aggregates (CD3+, CD20+) with follicular dendritic cells (CD21+); (C) Immature TLS, dense lymphocytic aggregates (CD3+, CD20+)
without follicular dendritic cells (CD21-). TLS, tertiary lymphoid structure; GC, germinal center.

TABLE 1 Univariate and multivariate logistic analyses on inflammatory parameters and the expression profile of TLSs.

Univariate analysis Multivariate analysis
Variable TLS+ (n=58) TLS-(n=59)
x2 P P OR (95%Cl)
SII
<822.63 40 32 2.681 0.102
>822.63 18 27
NLR
<3.59 44 30 7.873 0.005 0.168 0.543(0.228-1.292)
>3.59 14 29
PLR
<288.78 56 42 13.835 <0.001 0.009 0.122(0.025-0.592)
>288.78 2 17
LMR
<3.04 30 25 1.027 0311
>3.04 28 34

Statistical significance was set at P < 0.05. The expected count should be <5 to follow the Fisher’s exact test results CI, confidence interval; LMR, lymphocyte-to-monocyte ratio; OR, odds ratio;
PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; SII, Systemic Inflammatory Index; TLS, tertiary lymphoid structures.
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(A) Comparison of CT and pathology images of responder (left) and non-responder (right). The black arrow marks the TLSs. (B) DFS curves of MPR
and Non-MPR in NSCLC patients. (C) DFS curves of TLS+ and TLS- in NSCLC patients. CT, computed tomography; DFS, disease-free survival; MPR,
major pathologic response; NSCLC, non-small-cell lung cancer; TLS, tertiary lymphoid structure

significant between-group differences in variables. The validation
set comprised 26 (66.7%) patients with squamous cell carcinoma
and 13 (33.3%) with adenocarcinoma. Eighteen (49.2%) patients in
the validation set tested positive for TLS, while 11 (28.2%) tested
positive for SII. The performance of three constructed nomogram
models SIT (Figure 5A), TLS (Figure 5B), and SII combined with
TLS (Figure 5C) was evaluated; the results are displayed in Table 3.
The calibration curve of the combined model was close to ideal
curve (Figure 5D). A comparison of the area under the ROC curve
of the three models revealed that for the 1-year DFS prediction, the
combined model had a significantly improved performance
compared to the SII- and TLS-based model. Similar results were
obtained for the predictive model comparison of the 18-months
DEFS durations (Table 3). In addition, we perform a validation of the
combined model using an independent validation cohort.
According to the tertile of the model predicted score, patients
were organized into low-, medium-, and high-risk groups. The
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validation set was stratified by risk scores derived from the training
data. Survival curves are presented in Figures 5E, F.

Discussion

In this study, we assessed the immune infiltration status of
patients with neoadjuvant chemoimmunotherapy-resectable
NSCLC using pretreated peripheral blood and TLSs. Our results
indicated that both high expression levels of TLS and low levels of
SII were associated with a positive prognosis in patients with
NSCLC patients, however, limitations of the single-parameter-
based models were observed when predicting the DFS duration of
the patients. Therefore, we combined these two factors with basic
patient clinical information to design a prognostic model from a
more comprehensive perspective. The resulting model was observed
to better predict the DFES of patients with NSCLC and thus, will help
clinicians treat patients more effectively.
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Survival analysis according to patients’ inflammatory parameters. P<0.05 was considered statistically significant. (A) DFS curves of SII"" and SII' in
NSCLC patients. (B) Disease-free survival (DFS) curves of NLRM9" and NLR'®" in NSCLC patients. (C) DFS curves of PLR™" and PLR'" in NSCLC
patients. (D) Disease-free survival (DFS) curves of LMRM9" and LMR'®" in NSCLC patients. DFS, disease-free survival; LMR, lymphocyte-to-monocyte
ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; Sll, Systemic Inflammatory Index.

In recent years, because of the positive predictive performance
of TLS in melanoma (16), esophageal cancer (17), lung cancer (18),
liver cancer (19) and other tumors, the concept of TLS has gradually
become well known to researchers and clinicians and has become a
popular prognostic biomarker independent of TNM staging. TLSs
are immune cells capable of an anti-tumor immune response (TFH
cells, follicular B cells, DC-LAMP+ mature dendritic cells, etc.), and
their formation indicates the presence of continuous anti-tumor T
and B cell immune responses at the tumor site; thus, their
abundance and maturity can reflect the immune infiltration status
of patients with NSCLC (20). ICB has been found to increase the
abundance of TLSs in several cancer types (7, 21, 22). Therefore,
this study was conducted to assess the abundance and maturation of
TLSs in patients with NSCLC after immunotherapy, which could
reflect the immune status of patients more accurately. These results
were consistent with those of the majority of studies, where a higher
abundance and maturity of TLSs represented patients with a
positive prognosis. It has also been hypothesized that the location
of the TLSs affects their prognostic value. A previous study found
that in hepatocellular carcinoma, the presence of peritumoral TLSs
was associated with a higher risk of cancer recurrence and a poorer
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prognosis compared with intratumoral TLSs. However, in most
cancers, there was no clear association between the location of TLSs
and the outcome of treatment (6). Therefore, the location
information of the TLSs was not refined for evaluation in this study.

Tumor-associated inflammatory responses have important
effects on tumor development. Tumor-associated inflammation
can lead to tumorigenesis by inducing genetic mutations, genomic
instability, and epigenetic modifications that promote cancer cell
proliferation and angiogenesis (23). Additionally, the systemic
inflammatory response caused by the tumor accelerates a state of
excessive nutritional depletion, which can increase cachexia. The
results of this study revealed that low SII levels were associated with
favorable DFS in patients with NSCLC who received neoadjuvant
immune combination chemotherapy. There are various reasons for
this outcome: Firstly, the rise in lymphocytes (CD4+ T cells, CD8+
T cells, et al.) enhances the cytotoxic immune response, which
prevents the proliferation, invasion and migration of malignant
cells (24). Secondly, the reduction in neutrophils hinders the
secretion of pro-angiogenic, growth, and anti-apoptotic factors,
thereby suppressing the growth and progression of cancer (25).
Additionally, the decrease in platelets increases the susceptibility of
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TABLE 2 Univariate and multivariate COX analysis for factors associated with DFS in NSCLC patients with neoadjuvant chemo-immunotherapy.

Univariate analysis

Multivariate analysis

Variable
95%Cl P value 95%Cl P value
Age 1.035 1.004-1.006 0.024 1.029 0.991-1.069 0.134
Sex (vs female) 1.960 0.814-4.723 0.134
Smoking history (vs never smoker) 1.541 0.789-3.012 0.206
Histology (vs adenocarcinoma) 0.255 0.113-0.574 0.001 0.205 0.075-0.559 0.002
T Stage (vs 1) 0.023 0.064
2 3.128 0.418-23.387 0.267 1.866 0.217-16.021 0.569
3 8.251 1.063-64.073 0.044 6.032 0.638-57.015 0.117
4 3.630 0.417-31.589 0.243 1.857 0.179-19.220 0.604
N Stage (vs 0) 0.362
1 0.944 0.347-2.568 0.910
2 1.011 0.429-2.382 0.981
3 6.202 0.744-51.727 0.092
NLR* 3.322 1.726-6.393 <0.05 1.937 0.709-5.291 0.198
PLR® 3.056 1.614-5.786 0.001 1.866 0.760-4.579 0.173
LMR® 0.356 0.178-0.710 0.003 1.056 0.428-2.601 0.906
sir¢ 4.818 2.470-9.398 <0.05 2.758 1.039-7.319 0.042
TLS® 0.130 0.054-0.311 <0.05 0.057 0.018-0.182 <0.05

Statistical significance was set at P < 0.05. a.Divided into NLR™" and NLR"". b.Divided into PLR™¢" and PLR*". c.Divided into LMR"" and LMR"". d.Divided into SIT™*¢" and SIT*".

e.Divided into TLS+ and TLS-.

CI, confidence interval; DFS, disease free survival; HR, hazards ratio; LMR, lymphocyte-to-monocyte ratio; OR, odds ratio; PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte
ratio; NSCLC, non-small-cell lung cancer; SII, Systemic Inflammatory Index; TLS, tertiary lymphoid structures.

circulating tumor cells to shear stress while in circulation, which
impedes the initiation of epithelial-mesenchymal transition and
mitigates the metastasis of cancer cells (26).

The inflammatory environment is closely associated with the
formation and maturation of TLSs. Chronic persistent
inflammation caused by tumors leads to the extranodal
implantation of lymphoid tissue, which results in the formation
of TLSs in the tumor and surrounding sites (27). The development
of TLSs is a complicated process in which immune cell-derived pro-
inflammatory signals are considered inducers. In this study, we
found that a reduction in the inflammatory index PLR facilitated
high TLS expression. This may be explained by the fact that the state
of platelets and lymphocytes in NSCLC after neoadjuvant immune
combination chemotherapy creates a specific inflammatory
microenvironment that specifically influences TLSs formation and
maturation. Therefore, this study incorporated both inflammatory
environmental indicators that affect TLS formation, maturation,
and expression into a prognostic model for NSCLC, which
accurately predicted DFS durations in patients with NSCLC.
More research is expected in the future to clarify the connection
between the inflammatory environment of tumors and the anti-
tumor immune response to find targets to enhance the effectiveness
of immunotherapy.

In clinical practice, we can make a preliminary assessment of a
patient’s immune therapy response and prognosis based on their
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inflammatory biomarkers. This assessment can then be combined
with a comprehensive analysis of the patient’s immune scores and
gene expression status to determine if they are suitable for
neoadjuvant immune-chemo combination therapy. To our
knowledge, this is the first study to investigate the relationship
between inflammatory biomarkers with tumor microenvironment
TLSs in patients with NSCLC and identify the easily assessable
inflammatory index, PLR, as a reflection of TLS status. Changes TLS
status, detected through inflammatory biomarkers in the blood,
provides a basis for elucidating specific inflammatory
microenvironments that promote TLS expression and offers novel
insights into immuno-microenvironment research. Additionally,
this study demonstrated that TLSs in the tumor
microenvironment correlate not only with local factors but also
with systemic immune conditions, providing evidence of a novel
mechanism by which systemic inflammation aids in regulating
tumor microenvironment immunity.

This study has some limitations. First, this was a single-center
retrospective study with a small sample size, and the results may
have been influenced by individual differences, the geographic area,
or specific environmental factors. Second, the follow-up period of
this study took place over a limited duration. Therefore, most of the
tumor progression of the patients in this study was dominated by
recurrence and metastasis, and fewer patients died, making it
difficult to study the survival status of the patients. Third, only
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ROC curves to predict DFS. (C) Combined model and ROC curves to predict DFS. (D) The calibration curve was close to ideal. (E) Kaplan—Meier
curve using the tertile of the model-predicted score (Training set). Patients were grouped into low-, medium-, and high-risk groups. (F) Kaplan—
Meier curve using the tertile of the model-predicted score (Validation set) with patients grouped into low-, medium-, and high-risk groups. DFS,
disease-free survival; NSCLC, non-small-cell lung cancer; ROC, receiver operating characteristic; Sll, Systemic Inflammatory Index; TLS, tertiary

lymphoid structure.

patients with resectable NSCLC who were treated with neoadjuvant
immune combination chemotherapy were included in this study,
and the presence of platinum-based and paclitaxel drugs or
pemetrexed disodium interfered with and did not allow accurate
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assessment of the effect of PD-1 inhibitors on TLSs. The PD-1
checkpoint inhibitors and chemotherapeutic drugs used in the
study may also have affected the patients’ prognosis because they
were from different manufacturers. Additionally, the number of
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TABLE 3 Comparison of Nomogram Models.

AUC
Models Training Validation
cohort cohort
1-year DFS Combined 0.901 0.891
model
SII- 0.814 0.743
based model : ’
TLS- 0.858 0.853
based model ’ ’
18- Combined 0911 0.928
months DFS model ’ ’
SI- 0.805 0.841
based model ’ ’
TLS- 0.867 0.897
based model ’ ’

Combined model: a combined nomogram model based on the expression of TLSs with SII
AUCG, area under curve; DFS, disease-free survival; SII, Systemic Inflammatory Index; TLS,
tertiary lymphoid sructure.

tissue sections observed for each patient was small and did not allow
for a comprehensive assessment of TLS abundance and maturation
in and around the entire tumor. Although the study showed a
correlation between the inflammatory environment and TLSs,
expect more basic experimental studies in the future to further
explore their mechanisms.

In conclusion, our study indicated that low PLR was an
independent predictor of TLS(+) and that both TLSs and SII
predicted prognosis in patients with resectable NSCLC receiving
neoadjuvant chemoimmunotherapy. Notably, the combination of
SIT and TLS to assess DFS duration in patients with NSCLC was
more accurate than using either parameter alone.
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Pancreatic adenocarcinoma (PDAC) is an aggressive tumor with poor survival and
limited treatment options. PDAC resistance to immunotherapeutic strategies is
multifactorial, but partially owed to an immunosuppressive tumor immune
microenvironment (TiME). However, the PDAC TiME is heterogeneous and
harbors favorable tumor-infiltrating lymphocyte (TIL) populations. Tertiary
lymphoid structures (TLS) are organized aggregates of immune cells that
develop within non-lymphoid tissue under chronic inflammation in multiple
contexts, including cancers. Our current understanding of their role within the
PDAC TiME remains limited; TLS are complex structures with multiple anatomic
features such as location, density, and maturity that may impact clinical
outcomes such as survival and therapy response in PDAC. Similarly, our
understanding of methods to manipulate TLS is an actively developing field of
research. TLS may function as anti-tumoral immune niches that can be leveraged
as a therapeutic strategy to potentiate both existing chemotherapeutic regimens
and potentiate future immune-based therapeutic strategies to improve patient
outcomes. This review seeks to cover anatomy, relevant features, immune
effects, translational significance, and future directions of understanding TLS
within the context of PDAC.
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1 Introduction

Although pancreatic adenocarcinoma (PDAC) accounts for
approximately 3% of all cancer in the US, it is projected to
become the 2nd leading cause of cancer-related deaths in the US
by 2030 (1). The prognosis for patients with PDAC remains poor
with <10% five-year overall survival and modest survival benefit
from standard treatment regimens (2). Immunotherapy has
changed the paradigm in modern oncologic therapy for cancers
such as melanoma and non-small cell lung cancer (3-6).
Unfortunately, immune checkpoint inhibitor (ICI) therapy has
proven ineffective for PDAC outside of the rare few with high
microsatellite instability (7-12). Additionally, other strategies such
as TCR therapy, CAR-T therapy, tumor-infiltrating lymphocyte
(TIL) therapy, and mRNA vaccines are still in their nascency
(13-15).

Immunotherapy failure has partially been attributed to the
immunosuppressive tumor immune microenvironment (TiME) of
PDAC (16). The PDAC TiME is complex and significant tumor
immune heterogeneity exists both within the tumor, the
peritumoral microenvironment, and across patients (17-20). The
cellular constituents of the PDAC TiME consists of multiple
immunosuppressive cell lines, including regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs) (16, 21-30). These features of the
TiME contribute to PDAC tumorigenesis, suppression of cytotoxic
T cell priming and function (16, 31-34), and T cell exhaustion (29,
35, 36). However, favorable TILs also exist in the TiME such as CD4
+ and CD8+ T cell infiltrates (17, 18, 37). Multiple reports have
identified an association between higher degrees of CD4+ and CD8
+ T cell infiltration with improved survival in PDAC (38-40).
Furthermore, the spatial organization of these immune infiltrates
impact survival (19, 38), suggesting that a deeper understanding of
the architecture and spatial organization of immune cell
populations within the PDAC TiME is required to better
appreciate their clinical and translational relevance. Tertiary
lymphoid structures (TLS) represent an essential component of
this immune spatial organization and are organized aggregates of
immune cells that arise in nonlymphoid tissue. A growing body of
evidence link TLS formation to improved clinical outcomes in a
variety of cancers (41-43). This review will define TLS anatomy, the
clinical significance, and translational implications for PDAC TLS
to establish a deeper understanding of opportunities to harness
anti-tumoral immunity that can translate to improved

patient outcomes.

2 Anatomy of tertiary
lymphoid structures

TLS have been identified in multiple inflammatory disease
states (44) such as rheumatoid arthritis (45), Sjogren’s disease
(46), autoimmune diabetes (47), and various cancers (43). In
contrast to lymph nodes, TLS are non-encapsulated organized
lymphocyte aggregates that can form in non-lymphoid tissues
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undergoing chronic inflammatory stress such as infection,
transplantation, and cancer (48). In human malignancies, TLS
generally contain the major constituents of adaptive immunity,
with zones containing B cells, T cells, and a stromal network of
follicular dendritic cells (FDCs) (49). High endothelial venules
(HEVs) can also surround TLS to allow immune cell trafficking
(50). Interestingly, in PDAC, small nerve fibers have been shown to
exist in these aggregates and the density of such fibers has been
associated with a prolonged overall survival (51).

TLS formation can be broadly defined by three main phases:
fibroblast activation, immune cell recruitment, and maturation (52)
(Figure 1). Several cytokines such as IL-13, IL-17 and IL-22 are
implicated in the initial priming of local fibroblasts by immune cells
undergoing inflammatory stress (53, 54). At this stage, immature
structures are formed, and their maintenance requires the retention
of existing immune cells as well as the recruitment of further immune
populations. Continuous local antigen presentation (55) and
chemokines such as CXCL13 and others play a key role in these
two processes respectively (56). If stressors persist, TLS maturation
progresses with the formation of HEVs and germinal centers (GCs).
Within PDAC, the B lymphocyte chemoattractant CXCL13 may be
of particular relevance, as immunofluorescence studies of PDAC TLS
demonstrate an abundance of CXCLI13 distributed throughout TLS
(57, 58). Furthermore, ectopic CXCLI13 expression triggers TLS
formation in the pancreas in both cancerous (59) and
noncancerous (58) contexts. Other earlier studies also revealed the
critical role of chemokines such as TCA4/SLC and CXCL13 (also
known as B lymphocyte chemoattractant) (60) in pancreatic
lymphoid neogenesis.

3 Mature and immature tertiary
lymphoid structures

The maturation from a loose aggregate of B cells and T cells into
a mature, functional lymphoid structure impacts the TiME and
carries broader clinical significance. TLS can undergo multiple
stages of maturity (Figure 2), which have been defined by
different criteria from different research groups. Earlier
distinctions were typically made based on the presence of GCs
within mature TLS compared to immature TLS, which were vaguely
organized lymphocytic clusters without GCs (61, 62). More
recently, one group defined three phenotypes of TLS maturity in
a lung cancer model based on immune cell constituents and
anatomical organization (63). Early TLS were dense lymphocytic
clusters of CD21~ CD23™ B and T cells without FDCs or GCs
localized near CXCL13-expressing perivascular cells, intermediate-
stage or “primary follicle-like” TLS contained CD21" CD23”~ FDCs
without GCs, and mature or “secondary follicle-like” TLS contained
CD21" CD23" GCs in addition to the features of TLS in earlier
stages of maturation. These maturity phenotypes were later
validated in a colorectal cancer model from 109 patient-derived
non-metastatic tumor specimens (64). Within studies of PDAC
TLS, definitions of immature and mature TLS have varied between
studies. Many groups defining PDAC TLS rely upon histological
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FIGURE 1

Pictorial summary of TLS formation, maturation, and the relevant markers used to identify TLS components. [Shapes and images are imported from
Servier Medical Art by Servier (http://smart.servier.com/), accessed on May 19, 2023. Licensed under a Creative Commons Attribution 3.0 Unported

License (https://creativecommons.org/licenses/by/3.0/)].

examination with hematoxylin and eosin staining to identify TLS
with organized B cell and T cell zones, germinal centers, and HEV,
with immunohistochemical staining of surrogate markers such as
peripheral lymph node addressin (PNAd) or Ki67 implying TLS
maturity (65, 66), but do not directly identify early or intermediate
TLS in comparison to mature TLS. Others fully characterize TLS
based on distinct CD3+ and CD20+ B cell and CD8+ T cell zones
with CD21+ FDCs and (PNAd+) HEVs (59, 67), providing a more
specific definition of PDAC TLS maturity.

GCs are an essential component of peripheral lymphoid organs
and important sites of antigen-driven somatic hypermutation and
memory B cell and plasma cell maturation (68). Similarly, the GCs
of mature TLS contain proliferating B cells and DC-LAMP" FDCs
(69), characterized by Ki67, activation-induced cytidine deaminase
(AID) and BCL6 expression (67, 70). HEV's are also present in these
structures and are classically identified by the presence of an L-
Selectin ligand, MECA-79, and PNAd (71). These HEVs play an
essential role in mature TLS function by mediating immune cell
trafficking (72) via binding of L-Selectin to PNAd (73).

Evidence from diabetic mice with autoimmune insulitis
revealed that functional and mature TLS within the pancreas can
harbor differentiated autoreactive B cells that express the activation-
induced cytidine deaminase (AID) enzyme which mediates
immunoglobulin class switching and affinity maturation (70). As
with other neoplasms, expression of Ki67, BCL6 and CD21 in B cell
zones is indicative of mature PDAC TLS, with GCs containing B
cells undergoing affinity maturation and somatic hypermutation
(67). In murine PDAC models, the presence of HEV's in mature TLS
have been shown to facilitate lymphocytic infiltration (74) and
enhance their activation via LTPR signaling (75).

However, TLS in cancers exhibit significant heterogeneity in
maturation, and can also vary in maturity depending on tumor
stage (76) or metastatic site (77). PDAC may present a unique
challenge in understanding TLS maturity, as the PDAC TiME
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exhibits considerable immune heterogeneity (78, 79) and lower
proportions of TLS are found in PDAC compared to other cancers
(43). Relatively few of TLS found in PDAC are mature and possess
GCs (67). A timeline of TLS maturity has been proposed (63).
Although it remains unclear whether the various phenotypes in
PDAC represent a stepwise progression of maturation or are instead
terminally differentiated and unable to eventually transform into
mature TLS. Understanding these nuances may improve both our
knowledge of the PDAC TLS as well as broaden our understanding
of the PDAC TiME as a whole.

4 Location and density

TLS can be located either intratumoral or peritumoral. TLS
location has significant anatomical and functional implications.
In cancers such as melanoma, increased peritumoral mature TLS
density is associated with longer survival (74). PDAC TLS
formation is more abundant in the invasive front of the tumor
and peritumorally compared to the tumor center (80). One study
conducted on more than 300 PDAC human samples
demonstrated that 84% of the examined samples possessed
only peritumoral TLS, while only 16% contained intratumoral
TLS (65). Interestingly, a more recent study demonstrated that
despite being less plentiful, the intratumoral TLS had a greater B
and T cell infiltration, less immunosuppressive populations, a
significant Th1 and Th17 pro-inflammatory genetic polarization,
and were associated with improved survival (65). The
intratumoral TLS were also more mature with intact nerve
networks and organized vasculature formed by mature
endothelial cells circled by pericytes. PDAC is characterized by
a desmoplastic, fibrotic stroma (81-83), which may necessitate a
spatial adjacency of TLS to tumor for its anti-tumoral effects

to manifest.
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Patterns of Lymphocyte Infiltration in Pancreatic Adenocarcinoma. Tertiary lymphoid structures (TLS) in pancreatic adenocarcinoma display varying
stages of maturation. (A) Mature TLSs comprise B cells, T cells, and follicular dendritic cells, and are distinguished by the presence of germinal
centers containing Ki67(+) B cells. (B) In contrast, the majority of the observed TLSs are in an immature stage, lacking germinal centers but still
exhibiting distinct B cell and T cell zones. (C) Apart from these structured aggregates, there are lymphoid aggregates which represent a disorganized
accumulation of both B and T lymphocytes. (D) Moreover, individual B and T cells can also be observed dispersed within the tumor or surrounding
the tumor cells. Circles in red show lymphoid structures, and arrows in blue display invasive adenocarcinoma with luminal necrosis.

5 Relevant cell populations within
PDAC TLS

As TLS share morphological and cellular similarities with
traditional secondary lymphoid organs, they may also recapitulate
some of their functionality. B cells are an essential component of
TLS and are present at all stages of TLS maturity (66, 69). Data from
the study of TLS in autoimmune disease support the idea that B cells
within the TLS GC undergo somatic hypermutation and clonal
expansion in rheumatoid arthritis (84), Sjogren’s disease (85),
myasthenia gravis (86), and autoimmune diabetes. TLS-associated
B cells are also capable of terminal differentiation into antibody-
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secreting plasma cells (87). Similar to the data from autoimmune
TLS research, cancer TLS-associated B cells are proliferative,
experience somatic hypermutation, and undergo maturation into
antibody-secreting plasma cells (69, 88). These plasma cells also
produce tumor-specific antibodies (69, 88, 89) capable of binding to
tumor cells and enhancing immunotherapy (88), suggesting that the
TLS B cell population fulfills an antitumoral niche within the more
generalized B cell infiltrate in tumors.

Data from retrospective studies and preclinical models in
PDAC highlight the antitumoral function of the TLS-associated B
cell population. One group showed that TLS+ PDAC tumors have a
higher proportion of memory B cells and memory IgGl class-
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switched B cells compared to TLS- tumors (67), while another
group demonstrated that TLS-associated B cell infiltrates in a KPC
PDAC murine model exhibited an immunostimulatory phenotype,
with upregulation of proinflammatory (SPP1, IL6, CSF2, VEGFA,
CCL4, PTGS2) and T cell chemotaxis (CXCL1, CXCL2, CXCL5,
CCL2, CXCL12, CCL20) genes, along with downregulation of
immunosuppressive genes (CD274 and IL12a) (90, 91).

T cells are an essential component of the TLS (49). As higher
CD8 T cell tumor infiltration is associated with increased survival
across cancers (92-94), understanding the interaction of CD8 T cell
populations and TLS is of particular interest. Preclinical
autoimmune diabetes models have linked TLS with naive T cell
recruitment and proliferation (95). Within a cancer-specific
context, LIGHT expression in a fibrosarcoma model induced the
formation of TLS, naive T cell recruitment, T cell proliferation and
priming, and subsequent tumor regression (96). A preclinical
colorectal cancer model showed that TLS were associated with
CD3+ T cell infiltration and mediated GFP+ splenocyte recruitment
(97), and a preclinical melanoma model demonstrated an
association between TLS and tumor-specific T cell responses
independent of secondary lymphoid tissue (98).

Multiple retrospective studies from human PDAC samples
show an association between TLS formation and increased CD8 T
cell infiltration (91, 99, 100). For example, evidence from one group
demonstrated that T cells were enriched in mature TLS with PNAd
+ HEVs, TLS presence correlated with greater intratumoral and
circulation CD8 T cell populations, and the TLS+ tumor stroma had
a higher CD8/Treg ratio (100). Based on a PDAC tissue microarray,
another investigation identified a “TLS rich” immune PDAC
subtype with higher expression of T cells (CD8, CD3, and CD4)
and B cells (CD20) markers and lower in Treg (FOXP3)
markers (101).

The mechanistic interactions between CD8 T cells and the
PDAC TLS in PDAC are just beginning to be explored and
suggest that PDAC TLS are active participants in T cell
maturation and trafficking. Naive T cell infiltration appears
dependent upon PNAd+ CCL21+ HEVs seen in mature TLS
(102). Data from a tumor vaccine-induced human PDAC TLS
cohort demonstrated high expression of the early T cell activation
marker CD69 and T cell trafficking receptor CXCR3 within TLS,
implicating their role in T cell activation (103). Furthermore, V[32-
positive T cells are present in the center of PDAC TLS, suggesting
that TLS are sites of T cell clonal expansion (104).

Additional anti-tumoral efficacy may be related to T follicular
helper cells (Tth), which are a component of TLS (105) associated
with improved prognosis in cancers (43, 106, 107). PDAC Tth from
patients who received neoadjuvant chemotherapy exhibited
increased CD8 T cell and B cell recruitment capability compared
to treatment-naive Tfth (108).

Interestingly, cancer-associated fibroblasts (CAFs) may also
play a role in TLS function. PDAC CAFs are typically associated
with tumorigenic (109) and immunosuppressive roles (110).
However, diverse CAF subpopulations (111, 112) exist within
PDAC. Nonspecific ablation of CAFs induces both immune
remodeling and a more aggressive tumor phenotype (113, 114),
suggesting that an immunologically favorable and tumor
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suppressive CAF subpopulation exists within PDAC. Similar to
other cancers, where CAF subtypes can promote TLS formation
(115), a link between PDAC CAFs and PDAC TLS may exist. A
recent study described associations between CAF-derived TGF-f3
with increased TLS gene signatures within PDAC (57).
Furthermore, the authors observed that the expression of
CXCL13 on CD4 and CD8 T cells occurred in a TGF-f3
dependent fashion, highlighting the interaction between PDAC
TLS and CAFs.

However, this immunologically favorable CAF-TLS interaction
in PDAC is still relatively undefined. For one, if the
immunologically favorable CAF subtype exists, it is not fully
characterized. A potential biomarker of this putative CAF subtype
may be podoplanin (PDPN), a lymphatic endothelial and CAF
marker (116, 117). PDPN expression on fibroblasts can promote
TLS establishment (54), while recent studies in PDAC
demonstrated that a PDPN+ CAF subtype (112, 118) was
associated with improved prognosis and enrichment of immune-
related pathways, However, the role of PDPN in cancer is
controversial, and associated with worse outcomes in multiple
cancers, including PDAC (119, 120). A more thorough
understanding of CAFs and CAF plasticity in PDAC (120) may
provide clarification. 6 Clinical significance of PDAC TLS.

In a variety of cancers, mature TLS are associated with improved
progression-free survival (41-43, 63, 64, 121) and response to
immunotherapy (122). Similarly, a preponderance of data from
human PDAC samples have linked TLS with improved survival
(Table 1) (65, 67, 91, 99-101, 123, 124). Multiple groups
demonstrated a survival benefit with the presence of mature TLS (98,
100, 103). Other have reported the prognostic presence of with
intratumoral TLS (123). One of the first groups to report on TLS in
PDAC examined surgical specimens from 308 treatment-naive PDAC
patients and identified mature TLS based on histopathological
examination (65). Within their study cohort and an additional
validation cohort of 226 patients, 84% of samples contained
peritumoral TLS, while 16% contained intratumoral TLS. The
presence of intratumoral TLS conferred a significant survival benefit,
with a median survival of 42.7 months compared to 29.4 months for
those with only peritumoral TLS. The presence of intratumoral TLS
also correlated with increased CD4 and CD8 T cell infiltration and
decreased Treg and M2 macrophage infiltration in the TiME,
suggestive of a more anti-tumoral and immunogenic TiME. These
findings are corroborated by other retrospective studies examining TLS
in surgical PDAC specimens (67, 99, 101).

Importantly, many of these studies describing mature TLS are
based upon histological examination and identification of TLS
based on the presence of GCs and surrogate markers of maturity
such as PNAd+ HEVs (65, 93, 101, 124) and are likely excluding
early and immature TLS from analysis. Precise characterization of
TLS maturity may have clinical ramifications, as one study reports
early PDAC TLS having greater CD8+ T cell infiltration and being
enriched for IgG1 class-switched memory B cells and memory CD4
+ T cells (67). Using the Cancer Genome Atlas Program PDAC
datasets, early TLS are found to harbor decreased tumor molecular
burden, but mature TLS expressed more neoantigens and increased
B cell somatic hypermutation (78).
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TABLE 1 Retrospective analyses of TLS in PDAC and survival outcomes.

Cancer Types

PDAC

Stage

#
of
Patients

TLS Findings

10.3389/fimmu.2024.1324093

Outcome Measure

Reference

PDAC only Resectable = 534 TLS Grade (based on localization and mOS (42.7months (intratumor TLS+) (65) Hiraoka, N., et al.
frequency): grade 1 (49%), grade 2 (35%), vs 15.5 months (TLSneg); p < 0.05) British Journal of
grade 3 (14.3%), and grade 4 (1.6%) Cancer, 2015. 112(11):

p. 1782-1790.
PDAC only All 140; surgery TLO rate (n=128/140) 91.4%; no 5-year OS: 44.2% (NAC) vs 17.7% (66) Kuwabara et al.
alone n= 93; significant difference between surgery alone (surgery alone); p = 0.0017. Cancer Science, 2019.
NAC n=47 and NAC (p=0.058) In NAC group: high TLO/tumor ratio 110(6): p. 1853-1862.
had better prognosis than low TLS/
tumor; p = 0.0326

PDAC only Resectable = 63 TLS + in n=29 (46%) with at least 2 mOS (26.3 in TLS+ vs 14.4 months in (67) Gunderson,

organized lymphoid aggregates. TLSneg; p = 0.014, HR 1.96) Andrew J., et al.
Oncoimmunology, 2021.
10(1): 1900635.

PDAC only Resectable | 104 CD20-TLT immune reactive area (IRA%) immune signature comprising CD20- (91) Castino et al.
range: 0-23.5% and CD20-TIL IRA% TLT"/CD20-TIL® with mOS 30.9mo | Oncoimmunology, 2016.
range: <0.05-1.89% versus 14.1mo (other combos); p 5(4): p. e1085147

=0.0051

PDAC only Resectable = 55 TSL + in n=38 (69%) TLS + had improved OS compared to (99) Ahmed et al.

TLS neg (HR 0.509, 95% CI (0.29- Oncoimmunology, 2022.
0.89); p = 0.018 11(1): p. 2027148.
PDAC and pNET Resectable =~ 27; n=20 CD20+ TLS in 64% (9/14 PDAC) in tumor mOS TLS+, 755 days; TLSneg, 478 (100) Stromnes et al.
PDAC, stroma (no NAT); TLS infrequent in pNET  days; HR 0.15, Cancer Immunology
n=7 pNET and rare in PDAC who received NAT 95% CI, 0.02-1.19, P = 0.07) Research, 2017. 5(11):
(1/6). p. 978-991.

PDAC Resectable 110 TLT presence (17.5% of PDAC) correlated mOS of Immune-rich with TLTs of (101) Wartenberg et al.
with low-tumor budding and increased OS 23mo vs. 10mo for immune-escape Clinical Cancer
(p<0.0001) and increased DFS (p = 0.0067) Research,

2018. 24(18): p.
4444-4454

PDAC Resectable = 127 75% samples had intermediate (100-300 mOS for TLS+ (n=76) of 27.5mo vs. (104) Poschke et al.
CD3+ cells/mm2) or high (>300 CD3+ 14.6mo (n=51) for TLSneg; p=0.0284 Oncoimmunology, 2016.
cells/mm?2) infiltrating T-cells 5(12): p. 1240859.

PDAC Resectable = n=380 TLS in 80/380 (21.1%) of surgery alone Surgery alone: TLS+ had improved (123) Xuan et al.

without and 21/136 (15.4%) with NAT OS 24mo vs 12mo in TLSneg Journal for
NAT; n=136 p=0.0011 ImmunoTherapy
with NAT NAT: no significant difference in OS of Cancer, 2023. 11(6):
based on TLS. p.
€006698.
PDAC only Resectable = 162 TLS+ in n=112 (69.1%) Pancreatic cancer-specific survival (124) Tanaka et al.
with adjuvant S-1: HR 0.37; 95% CI Journal of
0.25 - 0.56; p < 0.0001 Gastroenterology, 2023.
58(3): p. 277-291
Lung, sarcoma, All 328 mature TLS positive: 84 cases (25.6%) anti-PD1 or anti-PDLI treatment: PFS = (124) Vanhersecke et al.

bladder, colorectal,
head/neck, renal,
breast, PDAC

(6.1 vs 2.7 months; p = 0.015), mOS
(24.8 vs 13.3 months; p = 0.016)

Nature Cancer, 2021. 2
(8): p. 794-802.

*NAC, neoadjuvant chemotherapy; TLO, tertiary lymphoid organ; NAT, neoadjuvant therapy; TLS, tertiary lymphoid structures; TLT, tertiary lymphoid tissue; TIL, tumor

infiltrating lymphocytes.

Aside from their impact on CD8 T cells, mature TLS with GCs
were enriched for other immunologically relevant immune cell
phenotypes, including activated CD4+ memory cells, naive B
cells, and NK cells (67). The interaction between TLS and B cells
is noteworthy; in cancers, the role of B cell infiltration is
controversial, and has been linked to both pro-tumorigenic (125-
127) and anti-tumorigenic (69, 91, 97) states. In human PDAC
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samples, the spatial distribution of B cells is predominantly within
either TLS or at the tumor-stromal interface (91). Interestingly, only
TLS-associated B cells were associated with improved prognosis,
while an immune signature associated with increased TLS-
associated B cells and low B cell TILs predicted longer overall
survival (91), supporting the clinical relevance of a TLS-specific
subset of B cells within PDAC.
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6 Preclinical evidence for
targeting TLS

As TLS are associated with favorable TiME characteristics such
as an increased level of CD8+ TILs (43, 128), targeting PDAC TLS
may improve patient outcomes. Multiple studies (129-132) support
the claim that standard of care chemotherapy can favorably alter the
PDAC TiME to create an anti-tumoral immune niche. Evidence
from matched pre- and post-neoadjuvant treated APC germline
mutated hepatoblastoma samples suggested that cisplatin can
induced immature TLS formation (133). Within PDAC, a
preclinical TLS model established that TLS formation can be
induced after intratumor injections of chemokines CXCL13 and
CCL21 in an orthotopic pancreatic cancer mouse model (60).
Furthermore, coadministration of gemcitabine with these
lymphoid chemokines led to significant tumor reduction (60). It
should be noted that the sole administration of gemcitabine within
this study globally reduced immune cell infiltration within the
tumors, while combination chemokine and gemcitabine therapy
ameliorated this effect.

Vaccine-based PDAC immunotherapy trials in PDAC also
highlight the role of TLS in immunotherapy. Vaccinating mice
that spontaneously develop PDAC Kras®'*" Pdx1-Cre (KPC)
tumors with an o-enolase (ENO1) encoding vector led to a
spatial reorganization of the TiME that is marked by TLS
induction. These TLS had a higher number of PD-1" germinal
center and vaccinated mice had an ameliorated infiltration of
antigen-specific T cells (91). A randomized clinical trial with
administration of a granulocyte-macrophage colony-stimulating
factor (GM-CSF)-allogeneic pancreatic tumor cell vaccine
(GVAX) demonstrated the induction of mature TLS formation
alone or in combination with low dose cyclophosphamide (134).
These vaccine-induced TLS possessed multiple antitumoral
attributes such as effector T cell trafficking, T cell activation, and
differential expression of immune-regulating pathways. These
induced TLS also expressed PD-1 and PD-LI, suggesting the
benefit of combination with ICI therapy.

7 PDAC TLS and therapy response

TLS presence is associated with neoadjuvant therapy response in
cancers (96, 135, 136). Data on TLS and response to chemotherapy in
PDAC remains limited. One group compared a total of 140 resected
PDAC specimens from patients who received up-front surgery to
those who received neoadjuvant therapy. The TLS from the
neoadjuvant therapy group possessed higher proportions of CD8 T
cells and lower proportions of PD-1 expressing lymphocytes
compared to those from the up-front surgery group, suggesting the
induction of an antitumoral niche within TLS through neoadjuvant
therapy (66). Another retrospective analysis of 162 patients found
that PDAC patients with TLS had longer cancer-specific survival
when treated with 5FU-based therapy compared to gemcitabine-
based or no adjuvant therapy (124). As platinum-based therapies
such as cisplatin and oxaliplatin can interact with the TiME by
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inducing cytotoxic T cell activity through immunogenic cell death
(137-140), the choice of chemotherapy may impact the predictive
value of TLS. In contrast, a recent study of 380 treatment-naive
PDAC patients and 136 PDAC patients treated with predominantly
gemcitabine-based neoadjuvant chemotherapy demonstrated
significant alterations of the neoadjuvant-treated intratumoral TLS
(123). The neoadjuvant-treated samples possessed fewer intratumoral
TLS compared to the treatment-naive samples, and the TLS within
the neoadjuvant-treated group had significantly lower B cell
proportions and higher Treg and macrophage proportions
compared to their untreated counterparts (123). Furthermore, in
contrast to the treatment-naive group, the presence of intratumoral
TLS within the neoadjuvant-treated group was no longer significantly
associated with survival, suggesting that interactions between PDAC
TLS and chemotherapy may depend on multiple factors such as the
choice of chemotherapy, duration of therapy, or initiation with
adjuncts such as corticosteroids (141).

Recent studies have also evaluated the favorable interaction
between TLS and immunotherapy across a spectrum of cancers
(142-144). As PDAC responds poorly to immune checkpoint
inhibitors (ICIs) (9, 10), understanding the anti-tumoral and ICI-
potentiating benefit of PDAC TLS becomes critical to improving
treatment efficacy. Data from a cohort of 328 patients treated with
immunotherapy, including a subset of patients diagnosed with PDAC,
identified that mature TLS presence was correlated with increased CD8
T cell density, was predictive of response to ICIs, and an independent
predictor of progression free and overall survival (122). These findings
also suggest TLS may serve as marker for favorable outcome with
FOLFIRINOX and can identify patients for future chemo-
immunotherapy trials.

Similarly, as data are beginning to evolve regarding the role of
TLS with immunotherapy responses in several aggressive cancer
types, a number of clinical trials assessing immunotherapy as an
effective treatment strategy for pancreatic ductal adenocarcinoma
have been conducted (NCT03214250, NCT03404960,
NCT02879318, NCT01836432). However, no trials have also
investigated the role of immunotherapy with induction or
presence of TLS or in respect to other modulations of the TiME
in PDAC. This underscores the need for additional translational
studies investigating the role of both TLS and TiME as they relate to
immunotherapy responses in PDAC.

8 Future directions to enhance
TLS function

As our understanding of the role of TLS in cancers improves,
the translational utility of manipulating TLS has become an area of
interest as well. As an initial step within the clinical setting, several
well-known markers could be used to identify TLS. These could
include CD3, CD4 and CDS8 for T cells, CD19 or CD20 for B cells,
CD21 for FDCs, CD138 for plasma cells, DC-LAMP for mature
FDCs, as well as other activation markers (48). Antigen presenting
B cells with a high expression of CD86 and a low expression of
CD21 have been shown to localize in TLS in several cancers (145).
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A chemokine-based “12-CK score” (CXCL9, CXCL10, CXCL11,
CXCL13, CCL2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19 and
CCL21) was initially proposed and developed based on colorectal
cancer samples (146). Subsequently, this score has been validated as
a TLS transcriptomic signature with prognostic significance in
several neoplasms (147). A similar 12-chemokine gene signature
(CCL2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19, CCL21,
CXCL9, CXCL10, CXCLI11, and CXCL13) was derived through
metagene analysis and correlated with enhanced patient survival in
colorectal cancer (146) independent of tumor stage, location,
microsatellite stability status, or treatment. As a single marker, IL-
2 levels could be used as a potential biomarker for PDAC TLS
formation, as analysis of paired blood and tumor samples from
PDAC patients revealed the existence of a “stroma-to-serum”
gradient in patients that lack TLS and an association between
lower serum IL-2 levels and TLS formation (99). These findings
highlight the potential of using serum biomarkers to predict
response to immunotherapy; however, additional work needs to
be done to determine the optimal time of IL2 monitoring.

Looking ahead, preclinical and clinical studies of the molecular
manipulation of TLS may inform PDAC TLS strategies. For
example, Tregs play an important role in TLS maintenance and
can dampen anti-tumor responses in secondary lymphoid organs,
e.g., lymph nodes and spleen. Tregs express high amounts of IL2
receptor as well as immunoinhibitory receptor for PD-1. Infiltration
of Tregs into lung adenocarcinoma mouse models was found to
suppress anti-tumor responses in TLS; ablation of Tregs induces
strong effector T cell responses and tumor destruction (148, 149).
Treg deletion may be another promising therapeutic option.

Lymphotoxins belong to the tumor necrosis factor (TNF)
superfamily and play an important role in lymphoid tissue
organogenesis and may be associated with TLS development
(150). Lymphotoxin beta receptor (LTBR) signaling has been
shown to mediate the formation of HEVs (72) and FDCs (151).
Another lymphotoxin, LIGHT/TNFSF24, increases lymphoid
penetration and lead to changes in the TIME, such as the
development of TLS (152, 153). Evidence from more than two
decades ago revealed that the ectopic expression of chemokines like
CCL19 and CCL21 in pancreatic islets led to small-sized infiltrates
of lymphocytes with stromal cells and HEVs (154, 155). Other
earlier studies also revealed the critical role of chemokines such as
TCA4/SLC (60) in pancreatic lymphoid neogenesis. In an
orthotopic murine mesothelioma model expressing human
mesothelin, treatment with a mesothelin-targeted Fab linked to a
toxin eradicated tumors and induced TLS formation (156).
Knowing that mesothelin is expressed in almost all pancreatic
ductal adenocarcinomas (157), its potential role as a therapeutic
target to induce TLS formation in PDAC warrants
further investigation.

Looking toward evidence from other preclinical cancer models,
other methods to induce TLS formation may be applicable to
PDAC. Stimulator of interferon genes, or STING, is a double-
stranded DNA sensor, that along with STING agonists, can activate
antitumoral immune responses (158). One group demonstrated
that intratumoral injection of ADU S-100, a STING agonist, in a
preclinical melanoma model promoted formation of CCL19+,

Frontiers in Immunology

10.3389/fimmu.2024.1324093

CCL21+, PNAd+ TLS, although these TLS did not contain
significant B cell infiltration or GCs (159). Similarly, oral
administration of an oncolytic virus (160) carrying a vector
expressing IL-15 produced similar results in lung cancer and
melanoma mouse models (161). This is intriguing not only for
the potential of inducing PDAC TLS formation through delivery of
lymphogenic cytokines, but the use of oncolytic viruses in PDAC
(162) may serve as an effective method to overcome barriers to drug
delivery in PDAC (134, 163). This could also be adapted to
potentiate the function of existing TLS by inducing immunogenic
cell death (164) to enhance T cell mediated immune responses that
may originate from pre-existing PDAC TLS.

Other future strategies to potentiate PDAC TLS function may
target specific cell populations found within the TLS. The PDAC
immune microenvironment possesses immune checkpoint
heterogeneity (17), with a distinct subset of exhausted CD8 TILs
expressing T-cell immunoglobulin and ITIM domain (TIGIT)
(165). A recent study demonstrated the presence of CD8 T cells
expressing both PD-1 and TIGIT which were located
predominantly within PDAC TLS (166). PD-1+ TIGIT+ Cd8 T
cells are associated with worse prognosis in cancer (167), and the
relationship between this dual immune checkpoint expressing T cell
phenotype and the PDAC TLS have yet to be elucidated. However,
dual checkpoint blockade against PD-1 and TIGIT partially
restored T cell proliferation and cytokine production (166),
suggesting a potential therapeutic avenue for potentiating a TLS-
mediated T cell response. CAF-specific therapy strategies targeting
CAF plasticity may also be of potential benefit. Multiple
phenotypically diverse CAF subtypes have been described in
PDAC (112, 116, 118, 121). While the majority of CAF subtypes
possess tumorigenic and immunosuppressive capabilities, evidence
suggests that a minority of PDAC CAFs are associated with
upregulation of immune signatures and TLS formation (57, 112,
118). Strategies involving CAF reprogramming (168, 169) may
provide a useful adjunct to TLS-focused strategies in the future.

9 Conclusions

As our understanding of PDAC TLS continues to evolve, it is
becoming increasingly evident that they hold promise as a
prognostic marker and therapeutic target. The manipulation of
TLS may pave the way for novel diagnostic tools, innovative
immunotherapeutic strategies, combination treatments, and
ultimately improving clinical outcomes for a patient population in
need of improved outcomes. Moving forward, further research and
clinical trials are warranted to capitalize on the potential of TLS as
an integral element in the fight against PDAC.
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Background: The infiltration and activation of immune cells in the tumor
microenvironment (TIME) affect the prognosis of patients with cancer. Tertiary
lymphoid structure (TLS) formation favors tumour- infiltrating-lymphocyte (TIL)
recruitment and is regarded as an important indicator of good prognosis
associated with immunotherapy in patients with tumors. Chemotherapy is
currently one of the most commonly used clinical treatment methods.
However, there have been no clear report to explore the effects of different
types of chemotherapy on TLS formation in the TIME. This study examined the
effects of immunogenic cell death (ICD)-inducing chemotherapeutics on
immune cells, high-endothelial venules (HEV), and TLSs in mouse melanomas.

Methods: Doxorubicin (an ICD inducer), gemcitabine (non-ICD inducer), and a
combination of the two drugs was delivered intra-peritoneally to B16F1-loaded
C57BL/6 mice. The infiltration of immune cells into tumor tissues was evaluated
using flow cytometry. HEV and TLS formation was assessed using
immunohistochemistry and multiple fluorescent immunohistochemical staining.

Results: Doxorubicin alone, gemcitabine alone, and the two-drug combination
all slowed tumor growth, with the combined treatment demonstrating a more
pronounced effect. Compared with the control group, the doxorubicin group
showed a higher infiltration of CD8* T cells and tissue-resident memory T cells
(Trm) @and an increase in the secretion of interferon-y, granzyme B, and perforin in
CD8* T subsets and activation of B cells and dendritic cells. Doxorubicin alone
and in combination with gemcitabine decreased regulatory T cells in the TIME.
Moreover, doxorubicin treatment promoted the formation of HEV and TLS.
Doxorubicin treatment also upregulated the expression of programmed cell
death protein (PD)-1in CD8* T cells and programmed cell death protein ligand
(PD-L)1 in tumor cells.
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Conclusions: These results indicate that doxorubicin with an ICD reaction
promotes TLS formation and increases PD-1/PD-L1 expression in tumor
tissues. The results demonstrate the development of a therapeutic avenue
using combined immune checkpoint therapy.

KEYWORDS

immunogenic cell death, chemotherapy, immune cell infiltration, high-endothelial
venules, tertiary lymphoid structure, PD-1

1 Introduction

The tumor immune microenvironment (TIME), which comprises
abundant immune cells, plays an important role in the antitumor
response (1). Tertiary lymphoid structures (TLSs) are organized
aggregates of immune cells that form postnatally in non-lymphoid
tissues of the TIME (2). The structure is composed of high endothelial
venules (HEV) and a variety of immune cells, and is considered the
local site where antigen-specific CD8T cells are generated in the tumor
microenvironment (3, 4). The presence of TLSs is associated with better
prognosis and clinical outcomes in various carcinomas, including non-
small cell lung cancer (5, 6), breast cancer (7, 8), ovarian cancer (9, 10),
colorectal cancer (11, 12), and melanoma (4, 13) and can serve as a
predictive indicator of clinical efficacy in immune checkpoint inhibitor
immunotherapy (14, 15). Currently, chemotherapy is still one of the
most commonly used methods in clinical treatment, and no studies
have explored the effects of different types of chemotherapeutic drugs
on TLS in the tumor microenvironment. Hence, it is clinically
significant to explore chemotherapeutic drugs that can promote the
formation of TLSs to develop a combination approach with immune
checkpoint inhibitors.

Chemotherapeutic drugs can be divided into immunogenic cell
death (ICD) and non-ICD drugs based on whether they trigger an
immune response (16). When ICD occurs, dying cells produce new
antigenic epitopes and release damage-associated molecular
patterns (DAMPs), such as calreticulin (CRT), high mobility
group protein B1 (HMGBI1), and adenosine triphosphate (ATP)
and then recruit antigen-presenting cells (APCs) to recognize and
present antigens on dying cells to T cells (17). A persistent
antitumor immune effect is established by activating the immune
response system to eliminate the tumor antigens (18). However,
whether ICDs induce the formation of tumor-localized HEV and
TLSs remains unclear.

As a representative anthracycline drug, doxorubicin mainly acts
on DNA to exert cytotoxicity and acts as a representative
chemotherapeutic drug for ICD (18). Gemcitabine is a cytidine
analog that inhibits DNA synthesis (19). Although related studies
have found that gemcitabine can increase CRT exposure and
HMGBI release in vitro, it inhibits DAMPs by triggering the
action of prostaglandin E2 in vivo (20). Therefore, gemcitabine is
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still considered a non-ICD inducer. In this study, we observed
different effects of doxorubicin and gemcitabine on immune cells
in the TIME and further discussed the formation of HEV and
TLS, which provided a basis for chemotherapy combined
with immunotherapy.

2 Materials and methods
2.1 Cells and culture conditions

Mouse B16-F1 melanoma cells were obtained from the
American Type Culture Collection (ATCC). Cells were cultured
in RPMI-1640 medium (Cat. L220K]; Basal Media, Shanghai,
China) supplemented with 10% fetal bovine serum (Cat. F801-
500; Biocode Biotechnology, Zhejiang, China). The culture
conditions involved incubation at 37°C in a humidified incubator
containing 5% CO,.

2.2 In vivo mouse tumor model

Female C57BL/6 mice aged between six to eight weeks were
purchased from SPF Biotechnology Co. Ltd. (Beijing, China). BI6F1
cells were inoculated subcutaneously into C57BL/6 mice at a density
of 5x10°. Nine days after inoculation, mice were divided into four
groups (PBS group, doxorubicin group, gemcitabine group, and
combined treatment group) and the corresponding groups
were PBS (volume 100ul/mice), doxorubicin (5 mg/kg),
gemcitabine (25 mg/kg), and a combination of doxorubicin
and gemcitabine for six days, respectively. Doxorubicin (S1208)
and gemcitabine (S1149) were purchased from Selleck Chemicals
(Houston, TX). After initiating the treatment, tumor length and
width were measured daily, and tumor volumes were quantified as
(lengthxwidthxheight)/2. All mice were observed, treated, and
euthanized according to the protocols of the Animal Ethics and
Welfare Committee of Tianjin Medical University Cancer Institute
and Hospital. The animal study protocol was approved by the
Animal Ethics and Welfare Committee of Tianjin Medical
University Cancer Institute and Hospital (protocol code AE-
2021030, September 9, 2021).
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2.3 Tumor tissue preparation and flow
cytometric analysis

The tumor tissues were collected and cut into small pieces of
approximately 1 mm®. The tumor pieces were incubated with a
medium containing DNA hydrolase I and collagenase IV for 30 min
at 37°C. A 70-um filter was used to remove non-digested tissue and
obtain a single-cell suspension for the following flow cytometry
staining. Cells were first stained with Zombie NIR (Fixable Viability
kit, BioLegend) to examine live cells and then surface markers
staining with the following antibodies at 4°C for 20 min in the dark:
anti-CD45-PE (BioLegend, San Diego, CA, USA), anti-CD3-APC
(BioLegend), anti-CD4-FITC (BioLegend), anti-CD19-APC
(BioLegend), anti-CD11c-FITC (BioLegend), anti-CD86-PerCP/
Cyanine5.5 (BioLegend), anti-PD-1-PE/Cyanine7 (BioLegend),
anti-PD-L1-PE/Cyanine7 (BioLegend), anti-CD103- PE/Cyanine7
(BioLegend), anti-PNAd-APC (BioLegend). For intracellular
markers, cells were fixed and permeabilized using the FoxP3
staining buffer set (eBioscience) and then stained with
intracellular antibodies for 30 min at 4°C, including anti-IFN-y-
PerCP/Cyanine5.5 (BioLegend), anti-Granzyme B-APC
(BioLegend), anti-Perforin-PE (BioLegend). Flow cytometry
analysis was performed using a BD FACSCanto II flow cytometer
(BD Biosciences), and the data were analyzed using FlowJo
V10 software.

2.4 Immunohistochemistry and multiple
immunofluorescence staining

For immunohistochemical analysis, after deparaffinization,
rehydration, and antigen repair, tissues were incubated overnight
with the primary antibody PNAd (MECA-79, Novus; Shanghai,
China). The following day, EIVISON plus (kit-9903, MXB, China)
was used for secondary antibody incubation. A DAB kit (ZL1-9019,
ZSGB-BIO, China) was used for tissue coloring, hematoxylin was
used for nuclear staining, and neutral resin was used to seal the
object. Finally, a light-field microscope (Olympus, Tokyo, Japan)
was used to examine the stained tumor slices. For multiple
immunofluorescence staining, the slides were stained with
fluorescently labeled antibodies against CD3 (Abcam, Cambridge,
MA, USA), B220 (BioLegend, San Diego, CA, USA), and PNAd
(Novus) using a tyramide signal amplification multiplex
immunohistochemistry kit (Cat. No. 0004100100; Panovue).
According to the immunofluorescence signals, diverse cell types
were accurately quantified in each sector of the images using the
inForm software (PerkinElmer).

2.5 Statistical analyses

All experimental results were statistically analyzed using
GraphPad Prism 8. One-way analysis of variance and Dunnett’s
test were used to compare the experimental and control groups
individually. One-way analysis of variance and Tukey’s test were
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used for comparisons between any two of the four groups. Values
with P<0.05 were considered statistically significant.

3 Results

3.1 Chemotherapy inhibits tumor growth
and influences the expression of HMGB1

We established a melanoma mouse model by subcutaneously
inoculating B16F1 tumor cells into the groin region of C57BL/6
mice. The detailed administration schedule and tumor harvest
intervals are shown in Figure 1A. Tumor volumes were
monitored daily, the data were plotted (Figure 1C), and harvested
tumors were photographed (Figure 1B).

The results showed that doxorubicin and gemcitabine alone and
the combination of both showed significant tumor growth
inhibition effects compared to the control group (P< 0.001, P<
0.01, and P< 0.001, respectively). The combination treatment group
showed the most significant inhibitory effect, but no statistically
significant difference was noted than that in the other two
groups (Figure 1C).

HMGBI (formerly known as HMG-1), a highly conserved
ubiquitous protein, has been described as a nuclear DNA-binding
protein involved in nucleosome stabilization and gene
transcription. The release of HMGBI from the nucleus into the
surroundings of the dying cells is an important characteristic of ICD
(17). Immunohistochemical staining was used to evaluate the
cytoplasmic expression of HMGBI in tumor tissues after different
treatments. The results showed that doxorubicin treatment
demonstrated an increase in the expression of HMGB1 compared
to the control and gemcitabine treatments (5.2% + 0.45% vs. 3.2% +
0.45%, P=0.0009, 5.2% * 0.45% vs. 4.0% * 1.00%, P=0.0455). In
addition, the expression of HMGBI was also significantly
upregulated in the combination treatment group than in the
control group (4.6% * 0.55% vs. 3.2% + 0.45%,P=0.0175)
(Figures 1D, E).

3.2 Effects of doxorubicin on
lymphocyte subpopulation

To study the changes in the immune microenvironment after
doxorubicin treatment, single-cell suspensions were prepared from
tumor tissues for flow cytometry analysis. The results showed that
the proportion of CD3™ T cells in doxorubicin group and
combination treatment group was significantly higher than that in
gemcitabine group (33.2% * 10.1% vs. 18.1% * 5.54%, P= 0.0259;
31.9% + 8.40% vs. 18.1% + 5.54%, P= 0.0451) (Figure 2A).
Doxorubicin alone can significantly promote infiltration of CD8"
T cells compared to control and gemcitabine treatments (20.9% +
7.77% vs. 11.4% + 2.85%, P= 0.0300; 20.9% =+ 7.77 vs. 9.33% =*
3.02%, P= 0.0080); however, it did not exhibit a significant effect on
CD4" T cells (Figure 2B). Next, we analyzed the levels of cytotoxic
cytokines secreted by CD4" T cells and CD8" T cells. Compared
with the control treatment, both doxorubicin alone and
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Chemotherapy inhibit tumor growth and affect the expression of HMGBL. (A) Schematic diagram of the mice tumor model. First, 5x10° B16F1 cells
were inoculated subcutaneously into C57BL/6 mice. Nine days after inoculation, mice were divided into 4 groups (PBS group, doxorubicin group,
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combination treatment promoted the expression of granzyme B
(25.9% + 8.27% vs. 13.9% + 7.13%, P = 0.0492; 33.1% + 6.39% vs.
13.9% + 7.13%, P = 0.0061) and perforin in CD4" T cells (9.45% +
4.16% vs. 3.13% * 2.35%, P = 0.0494; 12.7% + 5.0% vs. 3.13% +
2.35%, P = 0.0030). However, the results showed no significant
effect on IFN-y expression (Figure 2C). In CD8'T lymphocytes,
compared with the control treatment, doxorubicin increased the
expression of IFN-y (87.5% + 5.75% vs. 74.4% + 6.15%, P= 0.0141),
granzyme B (86.5% * 1.30% vs. 68.9% + 13.3%, P= 0.0142), and
perforin respectively. (50.5% + 10.4% vs. 22.2% + 8.09%, P=
0.0009; Figure 2D).

Foxp3-expressing regulatory T (Treg) cells suppress effective
tumor immunity and are associated with poor prognosis in patients
with cancer (21). In this study, the proportion of Tregs in all
treatment groups was significantly decreased compared than
that in the control group (doxorubicin group:13.6% + 3.38% vs.
40.2% + 4.84%,P< 0.0001; gemcitabine group: 29.4% * 2.49%
vs. 40.2% + 4.84%,P= 0.0078; combined group:15.5% + 6.29% vs.
40.2% + 4.84%,P< 0.0001; Figure 2E).

Furthermore, tissue-resident memory T cells (Try), which are
important components of tumor infiltrating lymphocytes (TILs)
were also evaluated in this study. Try cells mediate anti-tumor
immunity by producing cytolytic mediators and releasing cytokines
and chemokines to recruit and activate immune cells (22).
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Compared with the control treatment, doxorubicin alone and the
combination treatment significantly promoted the infiltration of
CD103" Tgry cells (6.43% + 1.48% vs. 2.24% * 0.80%, P< 0.0001;
4.15% + 0.56% vs.2.24% + 0.80%, P= 0.0186) (Figure 2F).

3.3 Doxorubicin promoted recruitment and
activation of antigen-presenting cells

APCs play key roles in the initiation and regulation of innate
and adaptive anti-tumor immune responses (23, 24). In the present
study, compared with the control treatment, doxorubicin treatment
promoted the recruitment of B cells (30.7% + 5.46% vs. 17.8% +
3.84%, P= 0.0286) and dendritic cells(DCs) (31.9% + 3.23% vs.
15.7% + 5.89%, P= 0.0001) to the tumor tissue site (Figures 3A, C).
Furthermore, both the doxorubicin alone and the combination
treatment increased the proportion of CD86" B cells compared to
the control treatment (13.2% + 2.60% vs. 6.57% * 1.69%, P= 0.0002;
10.8% + 0.94% vs.6.57% *+ 1.69%, P= 0.0105). Gemcitabine
treatment did not increase the infiltration or activation of B cells
(P > 0.05; Figure 3B). The data showed that only doxorubicin group
showed increased proportion of CD11c¢"DC and CD86'DCs
compared to the control group (20.8% * 2.18% vs.15.1% * 3.57%,
P=0.0350; Figure 3D).
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Effects of doxorubicin on T cell Subsets. Mice with melanoma were treated with doxorubicin, gemcitabine, and combination of both, and tumors
were harvested to produce a single-cell suspension at day 17, which was analyzed by flow cytometry. (A) Representative plots of CD3™" cells gated
on CD45" cell population, and histogram of percentage of CD3" cells in CD45" cells from the four groups (n=5). (B) Representative plots of CD4*
cells, CD8" cells gated on CD3™ cell population, and histogram of percentage of CD4" cells and CD8™ cells in CD3™" cells from the four groups
(n=5). (C, D) Histogram of positive percentage of IFN-vy, granzyme B and perforin in CD4 and CD8 cells, respectively. (E) Representative dot plot of
Foxp3™ cells within the CD4* gate and histogram of percentage of Foxp3™ cells in CD4* cells from the four groups (n=5). (F) Representative dot plot
of CD103* cells within the CD3* gate and histogram of percentage of CD103* cells in CD3™ cells from the four groups (n=5).

3.4 Doxorubicin promotes HEV and
TLS formation

The HEV is the main portal for lymphocytes entering the tumor
tissues and is the most important component of TLSs (25). We
measured the proportion of PNAd" HEV in CD45 cells by flow
cytometry. The proportion of PNAd"™ HEV in the doxorubicin
group was significantly higher than that in the control, gemcitabine,
and combination treatment groups (P< 0.0001, P= 0.0002, and P=
0.0016, respectively; Figure 4A).

Multiple immunofluorescence staining was used to evaluate the
formation of TLSs (Figure 4B). Five fields were randomly selected
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from multiple immunofluorescence-stained samples, and the
proportion of T and B cells was quantified using the inForm
software. The proportion of CD3" T cells was significantly increased
in the doxorubicin group than in the control and gemcitabine groups
(1.55% =+ 0.83% vs. 0.31% + 0.35%, P< 0.0001; 1.55% + 0.83% vs.
0.31% =+ 0.35%, P< 0.0001, Figure 4C). Moreover, the combination
treatment group showed similar increase in T-cell infiltration
compared with the control group (1.13% + 0.65% vs.0.31% + 0.35%,
P< 0.0001, Figure 4C). The proportion of B220"B cells was
significantly increased in the doxorubicin group than in the control,
gemcitabine and combination treatment groups (2.67% #* 1.01%
vs.0.55% + 0.42%,P< 0.0001; 2.67% = 1.01% vs.0.68% = 0.67%,P<
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FIGURE 3

Doxorubicin promoted antigen-presenting cells recruitment and activation. B cells, and DCs were gated by CD19, and CD11c respectively. The
activated cells were labeled with CD86. (A) Representative dot plot of CD19" cells within the CD45" gate and histogram of percentage of CD19*
cells in CD45" cells from the four groups (n=5). (B) Representative dot plot of CD86" cells within the CD19" gate and histogram of percentage of
CD86" cells in CD19* cells from the four groups (n=>5). (C) Representative dot plot of CD11c* cells within the CD45" gate and histogram of
percentage of CD11c* cells in CD45" cells from the four groups (n=5). (D) Representative dot plot of CD86" cells within the CD11c* gate and
histogram of percentage of CD86™ cells in CD11c" cells from the four groups (n=5).

0.0001; 2.67% * 1.01% vs.1.16% =+ 0.79%,P< 0.0001, Figure 4D). We
also measured the density of PNAd" HEV in the samples to quantify
the TLS formation. The results showed that doxorubicin treatment
significantly promoted TLS formation compared with the control,
gemcitabine, and combination treatment (0.91% + 0.40% vs.0.14% +
0.07%, P=0.0008; 0.91% =+ 0.40% vs.0.17% =+ 0.09%, P=0.0011; 0.91%
+ 0.40% vs.0.28% + 0.26%, P= 0.0050, Figure 4E). These data are
consistent with the flow cytometry results.

3.5 Doxorubicin upregulates PD-1/PD-
L1 expression

Finally, we analyzed the changes in PD-1 expression in CD4"
and CD8" T cells after different treatments. The flow cytometry
results showed that doxorubicin significantly increased the
expression of PD-1 on CD8" T cells compared with the control
and combination treatments (41.9% + 7.17% vs.22.1% + 9.27%, P=
0.0046; 41.9% + 7.17% vs.17.1% + 7.66%, P= 0.0006, Figure 5A). No
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statistically significant differences were noted in the expression PD-
1 in CD4" T cells among the four groups.

Next, we observed the expression of PD-L1 on CD45  tumor
cells. The results showed that the doxorubicin significantly
increased the PD-L1 expression compared with the control and
the gemcitabine treatments (15.3% * 4.83% vs.7.53% * 1.29%,P=
0.0022; 15.3% + 4.83% vs. 7.10% + 2.06%,P= 0.0013, Figure 5B). The
combination treatment group also showed increased proportion of
PD-L1 on tumor cells compared with the control and the
gemcitabine group (13.0% * 1.26% vs.7.53% *+ 1.29%,P=
0.0290;13.0% #+ 1.26% vs.7.10% * 2.06%,P= 0.0178, Figure 5B).
These findings indicate that combining doxorubicin treatment with
anti-PD1 immunotherapy may yield potential benefits.

4 Discussion

The immune system plays a crucial role in the elimination of
tumors. In the TIME, TLSs, which include B-cells- and T-cell-
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FIGURE 4

Doxorubicin promotes HEV and TLS formation. (A) Representative dot plot of PNAd* cells within the CD45" gate and histogram of percentage of
PNAd™ cells in CD45™ cells from the four groups (n=5). (B) Representative images of multiple immunofluorescence staining (magnification, x200) in
control group, doxorubicin group, gemcitabine group, and combination treatment group, respectively. The slide was stained with CD3 (red), B220
(green), PNAd (yellow), and DAPI (blue). (C-E) Five fields were randomly selected for each sample, and the proportion of T and B cells occupying
nuclear cells was quantified using inForm software (PerkinElmer) based on immunofluorescence signals. (E) The density of PNAd" HEV was used to

quantify TLS formation.

enriched areas, may be the local site of initiation and maintenance
of humoral and cellular immune responses against cancers (26, 27).
Numerous studies have evaluated the formation of TLSs in different
cancers and their association with patient prognosis (5-13).
Moreover, the presence of TLS in the TIME is an important
indicator of the effectiveness of immune checkpoint therapy (28).
Therefore, exploring strategies that can induce TLS formation is
crucial for proposing combination therapies to improve the efficacy
of immune checkpoint therapy.

ICD induction in tumor cells is a promising approach for
activating anti-tumor immune responses (16). Chemotherapeutics
that can promote ICD can recruit and promote DC maturation and
cross-initiation of tumor-specific CD8" T cells via DAMP release
(29, 30). HMGBI plays a crucial role in this process. Via binding to
toll-like receptor 4 (TLR-4) on DCs, HMGB1 promotes DC
maturation and releases pro-inflammatory cytokines to trigger an
effective immune response (31). Another study showed that
HMGBI, synergistically with ATP, could induce DCs to release
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interleukin-1f (IL-1B), and HMGBI-specific antibodies can block
the ability of IL-1PB production in DCs after exposure to dying
tumor cells (32). In the present study, doxorubicin as a
representative chemotherapeutics of ICD was used as the study.
Doxorubicin treatment promoted the infiltration and activation of
DCs and enhanced the function of infiltrated CD8* T cells, such as
the expression of IFN-y, granzyme B and perforin, which is
consistent with the previous reports (33).

The role of B cells in cancer immunity and their implications in
new immunotherapies have garnered significant interest. B cell
function includes not only antibody secretion but also antigen
presentation to T cells. In human cancers, antigen-presenting
B cells are defined as a subset of CD86"CD21" B cells (34).
CD86" B cells colocalize with T cells in TLSs and are enriched in
tumors with increased numbers of TLSs (35). Compared to CD8"
T cells alone, the co-localization of B cells with CD8" T cells
increases patient survival (14, 36). One study showed that
oncolytic viruses acting as ICD inducers can increase the
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Doxorubicin upregulate PD-1/PD-L1 checkpoint expression. (A) Representative dot plot of PD-1" cells within the CD4 and CD8 gates and histogram
of percentage of PD-1* cells in CD4" and CD8" cells from the four groups (n=>5). (B) Representative dot plot of PD-L1" cells within the CD45- gate
and histogram of percentage of PD-L1" cells in CD45" cells from the four groups (n=>5).

expression of CD86 in B cells; however, it is unclear whether this is
related to ICD (37). In this study, the flow cytometry data showed a
significant increase in the total number of B and CD86" B cells after
doxorubicin treatment.

Furthermore, the present results showed that doxorubicin
treatment can significantly increase the proportion of CD103" Tr.
They can conveniently perform local immune monitoring functions
in tumors and exhibit tumor-specific immune protective effects.
CD103" Tgry cells can directly kill epithelial-derived tumor cells by
producing a large number of cytotoxic particles and cytokines, such
as granzyme-B, perforin, and IFN-y (38). Try cells may also produce
chemokines, leading to the recruitment of XCR1"BATF3"DC and
activation of T cells (39). These results further indicate that
chemotherapeutics with the capacity of ICD induction might be
more beneficial for combination immunotherapy.

PNAJ is a hallmark of HEV that facilitates the recruitment of
lymphocytes to lymphoid organs and serves as a marker of TLS
formation (40). DCs promote the maturation of HEV endothelial
cells via lymphotoxin-f3, which plays an important role in
monitoring the entry of lymphocytes into TLS (41, 42). Whether
chemotherapeutics with an ICD induction impact the formation of
TLS remains unclear. In the present study, we compared the levels
of HEV formation between doxorubicin and gemcitabine and found
that doxorubicin induced high PNAd expression and promoted TLS
formation. The increased proportion and maturity of DCs in the
doxorubicin treatment group confirmed the positive effects of
doxorubicin on TLS formation. This may be the link between the
onset of ICD and TLS induction.

Additionally, PD-1 expression in CD8" T cells and PD-L1
expression in tumor cells was elevated after doxorubicin treatment.
The high expression of PD-L1 on tumor cells in the TIME may
be related to the inflammatory signals, such as IFN-y, generated
during the anti-tumor immune response (43). Our results verify
the aforementioned conclusions and provide a theoretical basis
for combined anti-PD-1/PD-L1 therapy. In addition, some
chemotherapeutics inhibit Treg production with ICD (44-46),
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which is consistent with our results. This suggests that therapeutics
mediating ICD reaction can disrupt the immunosuppressive state of
the tumor microenvironment.

Although our experiment showed that doxorubicin promoted
the infiltration of immune cells and the formation of TLS
simultaneously, this study still has some limitations. First, only
one ICD inducer was used. Secondly, the results were examined
only using a mouse model of melanoma. Therefore, additional
chemotherapeutics with ICD reactions and additional experimental
models should be used for further confirmation. In conclusion, the
results elucidated that doxorubicin, with an ICD reaction, promoted
TLS formation and increased PD-1/PD-L1 expression in tumor
tissues, which may be advantageous for combined immune
checkpoint therapy.
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Immune checkpoint ligands
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endothelial venules predict poor
prognosis of NSCLC: have a
relationship with CD8* T
lymphocytes infiltration
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Cancer, Tianjin, China, ?Tianjin's Clinical Research Center for Cancer, Tianjin, China, *Key Laboratory
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Hospital of Inner Mongolia Medical University, Huhhot, China, The Affiliated Jiangning Hospital of
Nanjing Medical University, Nanjing, China, "Haihe Laboratory of Cell Ecosystem, Tianjin, China,
8Department of Biotherapy, Tianjin Medical University Cancer Institute and Hospital, Tianjin, China

Background: An insufficient number of intratumoral CD8" T lymphocytes is a
major barrier to antitumor immunity and immunotherapy. High endothelial
venules (HEVs) are the major sites through which lymphocytes enter tumors;
however, the molecular mechanism through which HEVs mediate CD8" T
lymphocyte infiltration remains poorly understood.

Methods: Forty-two patients with stage IlIA lung adenocarcinoma, who
underwent surgery, were recruited. Multiplex immunohistochemical staining
was conducted on tumor tissues to detect the immune checkpoint ligands
(ICLs) expressed in the HEVs, blood vessels, and lymphatics. A new ICL score
model was constructed to evaluate ligand expression. The relationship between
ICL score, tumor-infiltrating CD8" T cell frequency, and survival of patients
was investigated.

Results: Mature HEVs, but not blood vessels or lymphatics, mediated CD8" T cell
infiltration. However, the ICLs expressed on mature HEVs could negatively
regulate CD8" T cell entry into tertiary lymphoid structures (TLSs). In addition,
according to the results obtained using our ICL, SCOre model, the expression
of ICLs on HEVs was observed to be a predictor of both CD8" T cell infiltration
and survival, in which a high ICLi score > 1 represent a weak CD8' T cell
infiltration and a high ICL, score > 2 predicts poor survival.
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Conclusion: Using the ICL score model, we discovered that ICLs expressed on
HEVs are indicative of CD8" T cell subset infiltration in TLSs, as well as of patient
survival with lung cancer.

KEYWORDS

lung cancer, immune checkpoint ligands, high endothelial venules, lymphocytes
infiltration, tertiary lymphoid structures

1 Introduction

Since the early 2010s, immunotherapy has achieved
monumental breakthroughs in cancer therapy and has revitalized
the field of antitumor immunology (1). The clinical responses to
immunotherapy have been strong, and the prognosis of patients has
improved (1, 2). However, the efficacy of immunotherapy varies,
and only specific subsets of patients benefit (3). Immune cell
recruitment into the tumor microenvironment (TME) may be a
critical factor in antitumor immunity and influence the clinical
response and prognoses of cancer patients (4-6). Thus, obtaining an
in-depth understanding of the immune infiltrates would be helpful
in increasing clinical response and creating new therapeutic
strategies for cancer prevention and treatment.

Lymphocyte delivery to tumors is essential for TME and
antitumor immunotherapy (7-10). The high infiltration of T cells,
especially CD8" T subsets, into the TME is associated with a clinical
response to immunotherapy in several types of cancer (11). Thus,
further exploring the mechanisms governing immune cells delivery
to tumors is critical. There are several ways in which blood vessels
restrict lymphocyte extravasation (12); however, the mechanism of
lymphocyte recruitment remains unclear. The chemokines C-X-C
motif chemokine ligands 9 and 10 play important roles in T cell
infiltration (13-16); however, the exact mechanisms of lymphocyte
entry into the TME remain poorly defined.

High endothelial venules (HEVS), structurally and antigenically,
are blood vessels that mediate lymphocyte delivery to the lymph
nodes and other secondary lymphoid organs (4, 17, 18). HEVs play
a critical role in the recruitment of lymphocytes as well as in
immune surveillance of foreign invaders (bacteria or viruses) as
they facilitate lymphocyte extravasation from the blood (19). The
HEV system develops in the immune-stimulated lymph nodes
during inflammation and is completely reconstructed in the
tumor-draining lymph nodes. HEVs that exist extranodally are
characteristically surrounded by lymphocytic forming lymph-
nodes-like structures with distinct germinal centers and CD3" T-
and CD20"B-cell-rich areas, referred to as tertiary lymphoid
structures (TLSs) (20). The development of TLSs in peripheral
tissues is indicative of lymphoid neogenesis that occurs in response
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to long-term inflammation and they are very common to be found
in many types of tumor tissues, according to most solid
malignancies investigated thus far, the presence of mature TLSs is
associated with a favorable prognosis, however, the degree of TLS
maturation can affect immune function significantly, therefore,
exploring the TLS maturation is crucial for immunotherapy (21).
The periphery of TLSs is located by HEV's, which are the major sites
through which lymphocytes enter tumors, govern the delivery of
lymphocytes from the blood into the TME and providing
specialized vasculature for TLS. HEVs are essential for the
immune function and maturation of TLSs (22). As HEVs
continue to mature, they mature becoming peripheral-node-
addressin (PNAd) expressing HEVs (20), the presence of PNAd is
regarded as a sign of maturity. The presence of TLSs with HEVs in
human tumors are drawing increased attention owing to the
therapeutic potential (22, 23). Both TLSs and HEVs play essential
roles in regulating the recruitment of lymphocytes into the TME;
however, there are many problems remain to be addressed. As
mature HEVs, they have different capacities for delivery T cells, this
may contribute to the differences in therapeutical response of
immunotherapy between individuals, but the molecular and
functional mechanisms remain poorly defined.

In this study, we found the expression of immune checkpoint
ligands (ICLs) on mature HEV's negatively regulate the infiltration
of CD8" T cells into the TLSs. In addition, the presence of ICLs on
HEVs may be a predictor of CD8" T cells infiltrating the TLSs as
well as of patient survival. This study provides a novel
understanding of the HEVs governing lymphocyte delivery into
the TLSs, and an index for predicting patient prognosis based on the
total ICL (ICLyo) score model developed in the study.

2 Materials and methods
2.1 Patients and tumor samples

A total of 49 patients with stage IIIA primary lung
adenocarcinoma who had underwent surgery at our hospital

between January 2015 and May 2016 were recruited, tumor
tissues were collected, and immunohistochemical staining was
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performed to detect the TLS. All patients were classified into grades
1-3 based on the maturity level of TLSs as reported in our previous
work (24), TLSs in patients of grade 3 were considered the most
mature, whereas TLSs in patients of grade 1 were considered naive.
Given that naive TLSs are PNAd-negative, we exclude patients with
TLS maturity grade 1. Only patients with TLS maturity grade 2-3
were recruited. Every patient received 4 cycles of platinum doublet
chemotherapy with pemetrexed after surgery, at a frequency of 21
days per cycle. No other treatment was administered. The eligibility
criteria were as follows: (I) complete clinical data; (II) age 18-75
years; (III) pathologically confirmed lung adenocarcinoma; (IV)
TLS maturity grade 2-3; (V) clinical stage IIIA; (VI) surgical
resection of RO; and (VII) received standardized postoperative
treatment. Finally, a total of 42 patients are recruited, the clinical
characteristics of these patients are provided in Table 1.

TABLE 1 Clinical characteristics in patients with stage IIIA LUAD (n=42).

Characters N (%)
Age, y
> 60 18 (42.9)
<60 24 (57.1)
Gender
Male 18 (42.9)
Female 24 (57.1)
Smoking
Yes 17 (40.5)
No 25 (59.5)
KPS
> 60 40 (95)
<60 2(5)
T stage
T1 26 (61.9)
T2 13 (31)
T3 3(7.1)
N stage N1 3(7.1)
N2 39 (92.9)
Micropapillary
Yes 18 (42.9)
No 24 (57.1)
Tumor volume
>10 cm® 15 (35.7)
<10 cm’ 27 (64.3)
Type of resection
Lobectomy 30 (71.4)
sleeve lobectomy 12 (28.6)

y year; KPS, Karnofsky performance status.
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2.2 Multiplex immunohistochemistry and
multispectral analysis

Tumor tissues were collected from 42 patients, and multiplex
immunohistochemical staining was conducted using a PerkinElmer
Opal 7-color Technology Kit, according to the manufacturer’s
instructions. Five staining panels were designed and applied to
each panel to target different markers. HEVs were defined as
PNAd", while blood vessels and lymphatics were defined as
CD31" or PDPN". Details of the panels and the relative
antibodies are provided in Table 2. Each stained slide was
visualized and quantified using a TissueFAXS Spectra System and
StrataQuest analysis (TissueGnostics), according to previously
described methods (25). The immune checkpoint molecule
expression analysis is performed using the contextual tissue
cytometry image analysis. Multispectral images were scanned
using a 20x objective lens, and 10 fields were randomly selected
for each slide. We collected all TLSs from all tumor sections; in total,
821 fields were collected, including 692 TLSs.

The spatial distribution between the cells was quantified using
the Dilate algorithm, which defines the cell sociology for each
selected area. Finally, we developed the corresponding algorithms
based on the analysis requirements, and for each channel, we
applied a unified algorithm and threshold to all samples to
standardize the expression and fluorescence levels of each marker.

TABLE 2 Details of antibodies used in the multiplex
immunohistochemistry staining.

Antibodies Source Identifier Dilution
Recombinant Anti-CD3 antibody abcam ab135372 1:400
Anti-CD4 antibody abcam ab133616 1:400
Anti-CD8 alpha antibody abcam ab101500 1:1000
Anti-CD20 antibody abcam ab9475 1:600
Anti-LAG-3 antibody abcam ab180187 1:500
Anti-TIM 3 antibody abcam ab241332 1:250
Anti-PD1 antibody abcam ab137132 1:100
Peripheral Node Novus NB100- 1:100
Addressin Antibody Biologicals = 77673

Anti-CD31 antibody abcam ab9498 1:500
Anti-Podoplanin antibody abcam ab236529 1:200
Anti-galectin 9/Gal-9 antibody abcam ab153673 1:100
Anti-HMGBI antibody abcam ab79823 1:1200
Anti-CEACAMI antibody abcam ab108397 1:50
Anti-LSECtin antibody abcam ab181196 1:200
Anti-FGLI antibody abcam ab275091 1:400
Anti-Galectin 3 antibody abcam ab76245 1:1200
Anti-MHC Class II antibody abcam ab55152 1:800
PD-L1 (CD274) Recombinant Invitrogen MAS5-27896 1:300

Rabbit Monoclonal Antibody
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Based on previous studies (26, 27), spatial distance was analyzed for
radius (r) = 30 um, representing the proximity distance as the
average number of cells distributed from the nuclear center of any
reference cell.

2.3 Statistical analysis

Analyses of the results was conducted using SPSS (version 22.0).
Kaplan-Meier analyses were used to analyze and compare
differences in survival. The clinical characteristics of the patients
were analyzed using the chi-square test. Disease-free survival (DFS)
was defined as the date of tumor recurrence or diagnosis of
metastasis. Statistical tests were two-sided, and a P-value < 0.05
was considered statistically significant.

10.3389/fimmu.2024.1302761

3 Results

3.1 Frequency of CD8™ T cells is high in
mature TLSs

Patients with TLS maturity grade 2-3 were recruited in this
study, the infiltration of the immune population in the TLSs
was evaluated for patients with different TLS maturity grades,
and the data indicated that infiltration did not differ among
CD3" T, CD4" T, and CD20" B cells, representative images
showing T lymphocytes and TLS (defined by B cells) were
provided in Supplementary Figure S1. The proportion of only
CD8" T cells was higher in patients with grade 3 TLS maturity
than in those with grade 2 TLS maturity (Figures 1A-D). Next, we
evaluated the infiltration of CD8" T cells in whole tumor samples,
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FIGURE 1

From grade 3 patients

From total patients

Mature HEVs positively affect CD8" T cell entry into TLSs. The infiltration of (A) CD3* T-, (B) CD4" T-, (C) CD8" T-, and (D) CD20* B-cells into TLSs
of patients with different TLS maturity grades. The infiltration of (E) CD8" T cells into tumors of patients with different TLS maturity grades.

(F) Illustration of spatial analysis methodology. Densities of cells of interest within a certain radius (30 um) to a reference cell were calculated.
Densities of CD8" T cells and exhausted CD8" T cells within 30 um of CD20* B-cells in patients with (G) grade 2, (H) grade 3, and (I) in all patients.
HEVs, high endothelial venules. TLSs, tertiary lymphoid structures. Data are presented as mean + SD. *P < 0.05; *** P < 0.01; ns, not significant

according to unpaired two-tailed Student’s t-test.
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it was observed that the percentage of CD8" T cells was higher in
patients with grade 3 TLS maturity than in those with grade 2 TLS
maturity (Figure 1E). These findings suggested that higher the
maturity of the TLSs, higher is the number of CD8" T cells that
infiltrate the TLS or the TME. Based on these results, we analyzed
the spatial relationship between CD8" T/exhausted CD8* T
subsets and the TLSs. The spatial distributions of exhausted
CD8" T cells (TIM-3*/LAG-3"/PD-1" CD8" T cells) (28) and
TLSs (CD20™ B cells) were explored. The bivariate K(r) function
(29) was used to describe the spatial distribution of the two cell
phenotypes. The radius used (30 pm) is generally considered ideal
for calculating the spatial relationship between two cell
populations (Figure 1F). In patients with grade 2 TLS maturity,
compared with normal CD8" T cells, only PD-1" CD8" T
exhausted cells were found a few reductions around B cells,
while other exhausted T cells remained unchanged. However, in
patients with grade 3 TLS maturity, a marked decrease in the levels
of all exhausted CD8" T cells around B-cells compared with those
of CD8" T cells was observed, suggesting that exhausted CD8" T
cells were far from mature TLSs (Figures 1G-I). Altogether, these
results suggest that the maturity of TLSs is positively correlated
with CD8" T lymphocytes delivery into TLSs.

3.2 Checkpoint ligands expressed in
mature HEVs are negatively related to
CD8* T cells infiltrating the TLSs

Next, TIM-3, LAG-3, and PD-1 were chosen as they were the
most common immune checkpoints and are very critical for
immune regulation (30, 31); we then analyzed their ligands
expressed on mature HEVs (PNAd was used as the marker of
mature HEVs), blood vessels, and lymphatics, representative images
were provided in Figures 2A, B and Supplementary Figures 52, S3. A
negative relationship was found between the ligands expressed on
mature HEVs and the TLS-infiltrating CD8" T cell frequency,
especially for Gal-9 (ligand of TIM-3), MHC II, Gal-3 (ligand of
LAG-3), and PD-L1 (ligand of PD-1) (P < 0.05) (Figures 3A-C).
When ligands were highly expressed in mature HEVs, the frequency
of TLS-infiltrating CD8" T cells decreased. Notably, these results
were observed only for mature HEVs; ligands expressed on blood
vessels or lymphatics did not impact TLS-infiltrating CD8" T cell
frequency (Supplementary Figures S4A-C and Supplementary
Figures S5A-C). These data indicate the importance of the
checkpoint ligands expressed on mature HEVs, which may
negatively affect CD8" T cell entry into tumors. Additionally, not
every ligand expressed on HEVs has the ability to substantially
affect tumor-infiltrating CD8" T cells; only Gal-9, MHC II, Gal-3,
and PD-L1 play important roles in mediating CD8" T cell subsets’
entry into the TLSs. To further confirm the importance of ICL
expressed on mature HEVs, we analyzed the expression of all ICL in
the TME and found that patients with high ICL score have a
relatively higher expression of ICL in TME than those with low ICL
score, but the differences are not statistical (Supplementary Figure
S6A). We then investigated the relationship between the 4
important checkpoint ligands (Gal-9, MHCII, Gal-3 and PD-L1)
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expressed on HEVs and those expressed in TME. Results showed
that for the 3 important ligands (MHCII, Gal-3 and PD-L1),
correlations were found between their expression levels on HEV's
and in TME (Supplementary Figure S6B). Nevertheless, the ICL
expressed on other sites of tumors except HEVs might have
minimal effects on CD8'T cell delivery (Supplementary
Figure S6C).

Considering these results, we constructed an ICL score model to
convert the eight ligands into three indices and evaluated the
integrative ligand expression level of each immune checkpoint.
First, the median value of the expression of each ligand was
calculated. When a ligand expression value was larger than its
median value, the ligand expression status was defined as “high
expression;” otherwise, the status was defined as “low expression.”
Next, considering the differences in the impacts of each ligand’s
expression on tumor-infiltrating CD8" T frequency, for the four
important ligands (Gal-9, MHC 11, Gal-3 and PD-L1), the item is
scored as “2” when any one of them is defined as “highly
expression”; otherwise, it is scored as “0”. Although the
expression of the other four ligands (HMGB1, CEACAM-1,
LSECtin, and FGL-1) did not considerably affect the frequency of
tumor-infiltrating CD8" T cells, the negative relationship was
consistent for the four important ligands. Thus, when a patient
had a high expression of any of the less important four ligands, the
patient was assigned an score for the item of “I;” otherwise, the
score was “0”. The ICL score for each checkpoint was the sum of its
ligands scores. The higher the score, the higher the checkpoint
ligands expression in the HEVs. We classified patients into three
categories (low, moderate, and high checkpoint ligand expression)
by their total checkpoint ICL score. The details of the scoring model
are shown in Figure 4A. We investigated the frequency of TLS-
infiltrating CD8" T cells for various checkpoint ligand levels. We
found that higher expression of TIM-3, LAG-3, or PD-1 ligand on
the HEVSs, representing a lower percentage of TLS-infiltrating CD8"
T cells; and, lower the ligand expression, higher was the CD8" T cell
infiltration into the TLSs (Figures 4B-D). Differences were
statistically significant. According to the maturity level of the
TLSs, patients were classified into one of the three grades, as
described above (24); the expression of checkpoint ligands for the
patients classified as different grades was measured. We found that
for patients with grade 3 TLS maturity, who had the most mature
TLSs, the expression of checkpoint ligands on HEV's was lower; and
for patients with grade 2 TLS maturity, who had less mature, the
expression of checkpoint ligands on HEV's was higher (Figures 4E-
G). Based on these data, we speculated that the less mature HEV's
express a higher number of checkpoint ligands and potentially
decrease CD8" T cell infiltration in TLS, whereas the mature HEVs
express fewer ligands, which may increase CD8" T cell infiltration.

To comprehensively evaluate the checkpoint ligands expressed
on mature HEVs, we used the developed ICL score model to convert
the three checkpoint ligand expression indicators (TIM-3, LAG-3,
and PD-1) into one index representing total checkpoint ligand
expression levels. The details are shown in Figure 5A. According to
the ICL; scores, we classified patients into three classifications:
high, moderate, and low total ligand expression. The effect of total
ligand expression on the frequency of TLS-infiltrating CD8" T cells
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Gal-9

PD-L1

Representative multiplex immunohistochemistry staining image (20x) showing ligands expressed on mature HEVs. (A) Ligands of MHC Il, CEACAM-1,
Gal-9 and Gal-3 expressed on mature HEVs. (B) Ligands of HMGB1, LSECtin, PD-L1, FGL-1 expressed on mature HEVs

was investigated, total tumor-infiltrating CD8" T cells and the
exhausted CD8'T cells (TIM-3"/LAG-3"/PD-1*/PD-1"TIM-
3'CD8'T cells) were analyzed, results showed that a higher total
checkpoint ligand expression in HEVs represented a lower
percentage of TLS-infiltrating CD8" T cells, whereas a lower total
ligand expression indicated increased CD8" T cell infiltration
(Figure 5B), with the differences being statistically significant. The
significant associations between the ligands expression levels and
clinicopathological parameters were not observed (Table 3). And
for the exhausted CD8"T cells, 2 kinds of exhausted CD8"T cells
(PD-1"/PD-1"TIM-3"CDS8"T cells) were observed an increase in
high ICL expression patients (Supplementary Figure S7). This may
due to the ICL high expression patients has a weak ability to deliver
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CD8'T cells into tumors, and those CD8'T cells have to fight
against more tumor cells which causing exhaustion. Furthermore,
for patients with grade 2 TLSs maturity, the expression of
checkpoint ligands was higher in HEVs, whereas for patients with
grade 3 TLS maturity, the expression was lower in HEVs
(Figure 5C). These results provide evidence that less mature
HEVs have higher checkpoint ligand expression, which may
negatively affect the CD8" T cells delivery into TLSs. As the
HEVs mature, the ligand expression decreases, and CD8" T cells
can more easily infiltrate the HEVs, as we speculated.

To quantify the negative effect of the ICLs of HEVs on the
delivery of CD8" T cells into TLSs, receiver operating
characteristic (ROC) analysis was conducted to assess the
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accuracy of ICL scores in predicting TLS-infiltrating CD8" T
cell frequency (Figure 5D). Patients with a TLS-infiltrating
CD8" T cell frequency lower than the median value were
considered to have “weak CD8* T cell infiltration;” otherwise,
patients were considered “strong CD8" T cell infiltration.” The
data showed that all four indices had large area under the curve
(AUC) values, especially the ICL;, score indicator, which had
an AUC value of 0.914 (P < 0.001), indicating that the ICLoa
score could accurately predict TLS-infiltrating CD8" T cell
frequency. The cutoff value for the ICL.y, score was
evaluated, and a value of one was identified as the cutoff value
that conferred 91.3% sensitivity and 78.9% specificity,
indicating that an ICLyy, score > 1 leads to weak CD8" T cell
infiltration (P < 0.001).

3.3 High ICL expression on HEVs predicts
survival loss

After confirming the effects of HEV-expressed ICLs on tumor-
infiltrating CD8" T cells, we analyzed the prognostic predictive
ability of ICL levels in patients. The median age of the entire
population (57.1% women, 42.9% men) was 57 years, and 95% of
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the patients had a Karnofsky performance status score > 80. All
patients had stage IITA disease; the median DFS was 15.3 months
for the whole population. The results of the survival analysis showed
that the survival of patients with higher ICL expression was
substantially worse (Figures 6A-D). The median DES of patients
for the low, moderate, and high TIM-3 ligand expression groups
was 22.8 months (95% confidence interval (CI), 12.8-32.7), 17.0
months (95% CI, 9.4-24.7), and 7.2 months (95% CI, 5.2-9.1),
respectively. The difference between the moderate & low and high
TIM-3 ligand expression levels was significant (P = 0.011). The
median DFS of patients for the low, moderate, and high LAG-3
ligand expression groups was 20.5 months (95% CI, 13.9-27.1), 18.1
months (95% CI, 12.4-23.7), and 7.4 months (95% CI, 0.5-14.4),
respectively. The difference between the moderate & low and high
LAG-3 ligand expression groups was significant (P = 0.037).
Additionally, the median DFS of the patients for the low and high
PD-1 ligand expression groups was 17.6 months (95% CI, 11.6—-
23.5) and 7.4 months (95% CI, 0-17.0), respectively. We found no
significant difference between the low and high PD-1 ligand
expression groups (P = 0.393). Finally, we analyzed the total
ligand expression; the results indicated that the median DFS of
patients for the total low, moderate, and high ligand expression
groups was 20.5 months (95% CI, 13.8-27.2), 13.5 months (95% CI,
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2.7-24.2), and 7.4 months (95% CI, 0.3-14.6), respectively. The
difference between the low and high ligand expression groups was
significant (P = 0.014).

To further understand the ICLs expressed on HEVs, we selected
four important ligands—Gal-9, MHC II, Gal-3, and PD-L1, which
were found to be significantly related to CD8" T cell entry into the
TLSs, and each of which was considered a risk indicator. In patients
with a high expression of one or more of the four ligands, the risk
level was higher. For patients with a high expression of 1-2 ligands,
the risk level was I-II; and for those with a high expression of 3-4
ligands, the risk level was III-IV. For patients with a low expression
of all four ligands, the risk level was zero. The survival of patients
with different risk levels was studied. We observed that the median
DES of patients for the risk 0, I-II, and III-IV groups was 20.5
months (95% CI, 14.2-26.8), 13.5 months (95% CI, 5.0-21.9), and
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7.2 months (95% CI, 3.5-14.6), respectively. The differences
between the risk 0 and III-IV groups, and the risk 0 & I-II and
II-IV groups were significant (P = 0.002, respectively; Figure 6E).
Together, these data provide evidence that low ICL expression in
mature HEVs is positively associated with better DFS compared
with that associated with a high expression on these ligands.

To quantify the negative effect of ICLs of HEVs on survival, the
ROC was analyzed to assess the accuracy of ICL scores in predicting
survival (Figure 6F). Patients with a DFS shorter than the median
(15.3 months) were considered to have survival loss, whereas patients
in whom the DFS was longer than the median DFS were considered
to have survival benefits. The data showed that among the five
indices, only the ICLy score had large AUC values (AUC =
0.705) with a P-value < 0.05 (P = 0.029), indicating that the ICLu
score had a strong prognostic predictive power. The cutoff value for
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the ICLy, score was evaluated, and a score of two was identified as
the cutoff value that conferred 66.7% sensitivity and 66.7% specificity.
Therefore, an ICL;y, score > 2 predicted poor survival.

4 Discussion

In this study, we found that mature HEVs are participated in
regulating the CD8" T subsets delivery to the TLSs, but the ICLs
expressed on mature HEVs (not blood vessels or lymphatics) are
capable of affect CD8" T lymphocytes infiltration negatively.
Furthermore, the expression of ligands on HEVs may be an
indicator of both CD8" T cell infiltration and survival, according
to our ICL score model, in which a high ICL;4, Score > 1 represent
a weak CD8" T cell infiltration and a high ICL, score > 2 predicts
poor survival. Novel foundings of the HEVs controlling lymphocyte
delivery into the TLSs are presented in this study, along with a
model of the total lymphocyte load (ICLtotal) score that is
indicative of patient prognosis. Additionally, an overview was
provided to illustrate the present study (Figure 7).
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There have been considerable improvements in antitumor
immunotherapy due to the immune checkpoint blockade (ICB).
However, many patients fail or relapse after ICB treatment,
indicating the limitations of antitumor immunotherapy (32, 33).
Furthermore, the outcomes of ICB treatment are influenced by the
quality and magnitude of the lymphocytes response within the TME
(12). In cancer patients, prognosis and outcomes of therapeutic
interventions are predicted by tumor-infiltrating lymphocyte levels
(34, 35), and increased tumor-infiltrating lymphocyte infiltration
may improve patient prognosis. Therefore, the entry of immune
cells into the TME has attracted increasing attention. In tumors,
lymphocytes are mainly extravasated through HEVs (4). Assia et al.
(4) revealed that the maturity of HEVs plays a critical role in their
molecular function. The maturity of HEV endothelial cells, in
addition to their number, is critical for the lymphocyte delivery
mediated by HEVs. Increasing the frequency and maturity of HEV
endothelial cells can increase the outcomes and clinical response of
ICB treatment. In our study, we uncovered the relationship between
TLS maturity and CD8" T cell infiltration: patients with mature
TLSs had higher percentages of TLS-infiltrating CD8" T, whereas
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TABLE 3 Associations between ICL expression levels and important clinicopathological parameters.

Total ICL expression level P value
Moderate

Gender ‘ 0.313
Male 7 3 8
Female 6 9 9

Age, y ‘ 0.475
> 60 4 5 9
<60 9 7 8

Smoking ‘ 0.395
Yes 4 4 9
No 9 8 8

Micropapillary ‘ 0.433
Yes 5 7 6
No 8 5 11

Tumor volume ‘ 0.331
>10 cm® 5 6 4
<10 em’ 6 8 13

y, year; ICL, immune checkpoint ligand.

patients with less mature or naive TLSs had fewer CD8" T in the
TLSs, suggesting mature HEVs can positively affect CD8" T cell
delivery to the TLSs. Furthermore, the results of our previous study
(24) demonstrated that patients with mature TLSs had a longer
DEFS. Taking our results together, we conclude that the maturity of
HEVs/TLSs strongly affects tumor immunity and survival via
regulating CD8" T cell entry. However, the mechanism through
which the maturity of HEVs/TLSs influences CD8" T cell entry into
tumors remains unknown, and the underlying molecular
mechanisms remain poorly understood.

The results of the multiplex immunohistochemistry analyses in
this study revealed that the checkpoint ligand expression on HEV's
of mature TLSs is lower, which may be a key factor affecting CD8" T
cell entry into the TLS. There are immune checkpoints that regulate
inhibitory or stimulating immune responses through ligand-
receptor pairs (31). Immune cells, particularly the T cells express
immune checkpoints and their ligands can be found in the TME
(36). Ligand expression is essential for triggering signals via
immune checkpoint receptors. Immune evasion is the primary
function of tumor-associated immune checkpoints, and their
suppressive functions mostly depend on ligand-induced signaling
(37, 38). When engaged with their ligands, checkpoint signaling can
be triggered (37); however, their activity can be easily stopped by
preventing ligand-receptor engagement using blocking antibodies
(36). Admittedly, a negative relationship was observed between the
expression of checkpoint ligands on HEVs and the CD8" T cell
infiltration, this is mostly due to the decrease of CD8" T cell
infiltration, however, the inhibition of the proliferation and
activation of CD8" T cells caused by the expression of the ligands
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on the HEVs maybe another potential reason. Concerning the
HEVs are major vessels that mediate lymphocyte trafficking, and
few studies report the HEV's has the ability to affect the proliferation
and activation of lymphocyte, we speculate that the HEV's with high
expression of checkpoint ligands have a primary effect on negatively
influencing the entry of CD8" T cells into tumors, although they
might also inhibit the CD8" T cells proliferation at the same time.
The deep mechanism that how ligands expressed on HEVs affect the
CD8" T cell infiltration is ongoing.

In recent years, many researchers have uncovered the
sophisticated regulation of checkpoint-ligand engagement, where
different ligands show distinct signaling mechanisms that impact
antitumor immunity (37), the molecular functions of immune
checkpoints and their ligands remain poorly understood. In this
study, we selected TIM-3, LAG-3, and PD-1, the three most
common immune checkpoints which are also critical for immune
regulation, and analyzed the expression of their corresponding
ligands in mature HEVs. Not every ligand was included in the
analysis: a ligand of LAG-3, oi-syn, was not observed because it is
mainly involved in intercellular synaptic transmission and does not
substantially participate in immune-related activities (39, 40).
Another ligand not included was PD-L2, a PD-1 ligand. The
functions of PD-L2 are more sophisticated than those of PD-L1,
which is the primary ligand of PD-1; by binding to PD-1, PD-L2
also facilitates the inhibitory functionality of PD-1 (36). In addition,
PD-L2 can engage another receptor, RgmB (41), which can activate
T cells (41, 42). Considering the uncertainty regarding the function
of PD-L2, we excluded PD-L2 in our study. Finally, we found that
the ICLs expressed on mature HEVs negatively affect CD8" T cell
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FIGURE 6

High expression of immune checkpoint ligands on mature HEVs predicts poor survival in patients with tumors. Comparison of DFS for patients with
different (A) TIM-3, (B) LAG-3, (C) PD-1, and (D) total ligand expression levels. (E) Comparison of DFS of patients with different risk levels. (F) The
ROC curve between DFS and the immune checkpoint ligands scores as well as the risk levels. HEVs, high endothelial venules. DFS, disease-free
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entry into the TLSs, which has not been previously reported.
Regardless of the ligand expression at the exact checkpoint or the
total ligand expression, we observed that lower TLS-infiltrating
CD8" T cell percentages were associated with higher ligand
expression, the differences were statistically significant.
Additionally, not every ligand was involved in the CD8" T cell
delivery to TLSs; only Gal-9, MHC II, GAL-3, and PD-L1 negatively
regulated CD8" T cell entry into tumors, which also demonstrates
the complicated functions of ICLs. Additionally, from the results of
survival analysis, we found that DFS was shorter for patients with
high ICL expression on HEVs, whereas patients with low expression
of these ligands had significantly better DFS. Until now, this is the
first study to reveal an association between the expression of ICLs in
HEVs and survival. Thus, the value of the ICLs expressed in HEV's
was determined.

To quantify the influence of ICL expression on TLS-infiltrating
CD8" T cells and survival, we constructed an ICL score model and
performed ROC curve analysis. The AUC of each ICL score was
measured, we identified the cut-off value of “1”, where an ICL
score greater than “1” predicts weak CD8" T cell infiltration (P <
0.001). Moreover, another cutoff ICL;.,; score was calculated: an
ICLyoa Score greater than “2” indicates shorter survival (P = 0.029).
Based on the ROC curves and their cutoff values, we consider that
the ICLyo score will help clinicians predict the ICB treatment
response and partly predict the DFS of patients.

The present study has several limitations. Only three ICLs were
investigated; other immune checkpoints such as TIGIT and CTLA-
4 were not considered. Accordingly, further investigations are
needed that include ligands of other immune checkpoints. Our
study provides preliminary evidence supporting the importance of
ICLs expressed on HEVs. Moreover, only 42 patients were
recruited; relevant large-scale clinical research is ongoing.

In summary, our study highlights the importance of ICLs in
mature HEVs. Mature HEVs (not blood vessels or lymphatics) can
positively affect the infiltration of CD8" T subsets. Additionally, the
ICLs expression on mature HEVs may negatively regulate the
delivery of CD8" T population to TLSs. Besides, according to our
ICLyora1 Score model, the expression of ICLs on HEVs can predict
patients’ survival, where a high ICL, score predicts a
poor prognosis.
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Background: Immune checkpoint therapy, involving the programmed cell death
1 (PD-1) monoclonal antibody, has revolutionized the treatment of cancer.
Tertiary lymphatic structure (TLS) serves as an immune indicator to predict the
efficacy of PD-1 antibody therapy. However, there is no clear result whether the
distribution, quantity, and maturity of TLS can be effective indicators for
predicting the clinical efficacy of anti-PD1 immunotherapy in patients with
colorectal cancer (CRC).

Methods: Fifty-seven patients who underwent surgical resection and thirty-nine
patients who received anti-PD-1 immunotherapy were enrolled in this
retrospective study. Immunohistochemical staining and multiple fluorescence
immunohistochemistry were used to evaluate the mismatch repair (MMR)
subtypes and TLS distribution, quantity, and maturity, respectively.

Results: A comprehensive patient score system was built based on TLS quantity
and maturity. We found that the proportion of patients with score >1 was much
higher in the deficient mismatch repair(dMMR) group than in the proficient
mismatch repair(pMMR) group, and this difference was mainly due to
intratumoral TLS. Patient score, based on the TLS evaluation of whole tumor,
peritumor, or intratumor, was used to evaluate the efficacy of anti-PD1
immunotherapy. Based only on the intratumor TLS evaluation, the proportion
of patients with a score >1 was higher in the response (PR + CR) group than in the
non-response (PD) group. Multivariate analysis revealed that patient scores were
positively correlated with the clinical efficacy of immunotherapy. Further analysis
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of immune-related progression-free survival was performed in patients with CRC
who received anti-PD-1 immunotherapy. Patients with score >1 based on the
intratumor TLS evaluation had significantly better survival.

Conclusions: These results suggest that the patient score based on intratumor
TLS evaluation may be a good immune predictive indicator for PD-1 antibody
therapy in patients with CRC.

KEYWORDS

TLS, CRC, dMMR, pMMR, anti-PD1 immunotherapy

1 Introduction

Colorectal cancer (CRC) is a malignant tumor of the colon or
rectum that is characterized by poor prognosis and high metastasis
(1). According to global cancer statistics, CRC ranked third and
second in terms of cancer incidence and mortality, respectively, in
2020 (2). Early CRC can be treated with radical surgical resection;
however, surgery and adjuvant chemotherapy are not ideal for the
treatment of advanced CRC (1). In recent years, novel immune
checkpoint inhibitors (ICIs) have emerged as key therapeutics for
patients with metastatic CRC with mismatch repair-deficient
(dMMR) and -proficient (pMMR) subtypes according to MMR
gene status (3). Although programmed cell death 1 (PD-1)
inhibitors have been approved as the first-line treatment for
advanced CRC with dMMR as a predictive biomarker for PD-1
ICIs, less than half of the patients with dMMR CRC respond
favorably to anti-PD-1 therapy (3). Therefore, exploring the much
accurate immune predictive indicators for PD-1 antibody therapy is
necessary to guide treatment more accurately in patients with CRC
with different MMR subtypes.

Tertiary lymphoid structures (TLSs), also known as ectopic
lymphoid organs, develop in non-lymphoid tissues at sites of
chronic inflammation, including tumors (4). Tumor-infiltrating
lymphocytes, which may originate from the aggregation of
ectopic immune cells at the tumor site, have drawn considerable
interest because they play an important role in improving anti-
tumor immunity (5, 6). Increasing evidence indicates that the
presence and maturity of TLSs are correlated with tumor
prognosis and can serve as novel prognostic biomarkers (7-10).
Furthermore, TLSs can predict the responses to anti-PD-1
immunotherapy and might be a target of PD-1 blockade in
several tumors including esophageal carcinoma, bladder cancer,
melanoma and head and neck squamous cell carcinoma (HNSCC)
(7-9, 11). It has also been demonstrated that high PD-1 expression
in the invasive margin of patients was significantly associated with
the presence of TLSs, which implies that targeting PD-1 in the
immune context might be more effective (12). A recent study in
mouse models of spontaneous multi-organ metastasis in MSI-H
CRC tumors showed that ICIs of anti-PD-1 treatment significantly
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reduced the growth of primary tumors and liver metastases, and
therapy efficacy correlated with the formation of TLSs in ICI-
responding tumors. However, the utility of TLSs as predictive
biomarkers for anti-PD-1 treatment of CRC remains unclear (13).

Efficacy of tumor immunotherapy is closely related to the MMR
genotype. Greco et al. reported that patients with dMMR CRC have
higher objective response rates and longer progression-free survival
(PES) after receiving immunotherapy than patients with pMMR
(14). A recent study reported that patients with dMMR bladder
cancer with increased tumor-resident memory T cells (Trp)
infiltration contributing to TLS formation had improved response
rates to neoadjuvant chemotherapy (15). However, the relationship
between MMR status and TLS remain unclear.

In this study, we aimed to assess the correlation between MMR
status and TLSs in CRC and explore TLSs as predictive biomarkers
for anti-PD-1 immunotherapy to facilitate more personalized
treatment of patients with CRC with different MMR subtypes.

2 Materials and methods
2.1 Patients and tumor specimens

Fifty-seven patients with CRC who underwent surgical resection
between 2016 and 2019 at the Tianjin Medical University Cancer
Hospital were enrolled in this retrospective study. Pathological TNM
staging was based on the 8™ edition of the Union for International
Cancer Control TNM classification. Formalin-fixed paraffin-
embedded tumor tissue samples of these patients were collected for
subsequent multiple immunofluorescence staining, in which 19
patients were dMMR positively expressing mismatch repair
proteins, such as MLH1, PMS2, MSH2, and MSH6, and the 38
patients had pMMR-matched basic clinicopathological features with
the former. None of the patients had received any therapy before
surgery. Thirty-nine patients, comprising 10 dMMR patients and 29
PMMR patients, who received anti-PD1 immunotherapy between
2015 and 2021 at the Shanxi Provincial Cancer Hospital were
enrolled in this study. None of the 39 patients ever underwent
surgery or other treatments before pathological puncture biopsy.
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Specimens from all patients were approved by the Ethics
Committee of the Tianjin Medical University Cancer Institute
and Hospital (Ek2020214) and the Shanxi Provincial Cancer
Hospital (SBQLL-2022-028).

2.2 Multiple immunofluorescence staining
and TLS quantification and scoring

A PerkinElmer Opal 7-color Technology Kit (NEL81001KT)
was used to conduct immunofluorescence staining according to the
manufacturer’s protocol. Antibodies against CD20 (1:800, ab9475,
Abcam), CD21 (1:800, ab75985, Abcam), CK (1:800, ab215838,
Abcam), BCL-6 (1:100, NBP3-07540, NOVUS), and GP2(1:400,
D277-3, MBL) were used. Then, 4’,6-diamidino-2-phenylindole was
used to stain the nuclei after completing all the staining cycles. An
Automated Quantitative Pathology Imaging System (Vectra
Polaris) was used to scan and visualize the stained slides, and the
inForm image analysis software (v2.4.4; PerkinElmer) was used for
quantification and scoring.

The method of evaluating TLS quantity and maturity was as follow:

Firstly, according to HE staining results, wax blocks with both
normal and tumor tissues were selected to slice. Secondly, mIHC
was performed to determinate the number and maturity of TLS.

We collected all TLSs of every tumor section and randomly
collected three to five fields from areas outside the TLSs. The early
TLS (Grade 1 TLS) was characterized by dense lymphocytic
aggregates without CD21 and Bcl-6 expression; primary follicle-
like TLS(Grade 2 TLS) was characterized by lymphocytic clusters

TABLE 1 Baseline characteristics of patients (n=96).

10.3389/fimmu.2024.1302903

with central network CD21 expression, but no GC reaction (Bcl-6-);
and secondary follicle-like TLS (Grade 3 TLS) was characterized by
lymphocytic clusters with GC reaction (CD20+Bcl-6+).

2.3 Statistical analyses

Statistical analyses were performed using SPSS 23.0 and
GraphPad Prism (v.9.0). Shapiro Wilktest was used to test the
normality of continuous variables, and the data normal distributing
was described by mean * standard deviation; data not subject to
normal distribution was described by median and quartile.
Comparisons of unpaired numerical variables between the two
groups were assessed using Student’s t-test or Mann-Whitney test.
X2 tests or Fisher’s exact test were used for comparisons between
groups. Statistical significance was set at P value <0.05. When
comparing the prognostic differences between the two subgroups
after combining TLS quantity and maturity, P value and HR ratio
were calculated using the log-rank test in GraphPad Prism software.

3 Results

3.1 Associations between CRC MMR state
and TLS quantity and maturity

To explore the TLS difference between dMMR and pMMR, 96
mIHC staining samples of patients with CRC were analyzed
(Table 1). TLS with CD20"CD21 BCL6 was defined as grade 1,

dMMR, n=28 (%) PMMR, n=68 (%) P value
Age 0.385
<65 24 (86.0) 53 (78.0)
>65 4 (14.0) 15 (22.0)
Gender 0.095
Male 20 (71.0) 36 (53.0)
Female 8 (29.0) 32 (47.0)
Tumor location 0.202
Right hemicolon 18 (64.0) 34 (50.0)
Left hemicolon 10 (36.0) 34 (50.0)
T stage 0.394
T1+T2 2 (8.0) 9 (15.0)
T3+T4 23 (92.0) 52 (85.0)
N stage 0.777
NO 15 (60.0) 34 (57.0)
NI1+N2 10 (40.0) 26 (43.0)
(Continued)
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TABLE 1 Continued

_ dMMR, n=28 (%) PMMR, n=68 (%) P value

TNM stage 0.855
I 2(7.0) 7 (10.0)
Il 12 (44.0) 24 (36.0)
111 10 (37.0) 26 (39.0)
v 3 (12.0) 10 (15.0)
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FIGURE 1

Comparison of the tertiary lymphatic structure (TLS) quantity and maturity between patients with dMMR and pMMR CRC (n=96). (A) Representative
images of TLS number of dMMR and pMMR patient samples (magnification, x100). The slide was stained with CK, CD21 (red), CD20 (green), Bcl-6
(red), GP2 (orange), and 4',6-diamidino-2-phenylindole (DAPI; blue). (B) Comparison of TLS number between dMMR and pMMR patients in three
levels: whole tumor (P<0.0001), peritumor (P<0.0001), and intratumor (P<0.0001) levels. (C) Representative images of TLS maturity (magnification,
%x100). The slide was stained with GP2 (orange), CD21 (purple), CD20 (green), CK (yellow), Bcl-6 (pink), and DAPI (blue). Gradel-TLS, both CD21 and
Bcl-6 markers were negative and GP2 was negative. Grade2-TLS, CD21 was positive and Bcl-6 and GP2 were negative. Grade3-TLS, both CD21 and
Bcl-6 markers were positive and GP2 was negative. (D) Comparison of the patient proportion between dMMR and pMMR patients based on the TLS
grade in the whole tumor (P=0.1155), peritumor (P=0.8568), and intratumor (P<0.05) groups, respectively. (E) Establishment of the new patient score
system integrating TLS quantity and maturity grade.
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TLS with CD20"CD21"BCL6™ was defined as grade 2, and TLS
with CD20"CD21"BCL6" was defined as grade 3 (16). In addition,
the GP2" lymphoid tissue represented a payer patch that was
excluded, and CK was used to differentiate the intratumoral and
peritumoral regions (Figure 1C). We found that, regardless of the
level of intratumor, peritumor, or whole sample, TLS quantity was
higher in dMMR than in pMMR (P<0.0001, P<0.0001, P<0.0001;
Figures 1A, B), while TLS maturity was higher in dMMR than in
pPMMR only at the intratumor level (P<0,05; Figures 1C, D).

Therefore, a comprehensive patient scoring system was built
based on the TLS quantity and maturity. Scores based on the TLS
number were defined as 0 (TLS number=0) or 1(TLS number >0).
The score based on TLS maturity was defined as 0 (TLS grade 1) or
1 (TLS grade 2 or 3). Based on the sum of these two scores, the
patient scores were calculated and divided into 0, 1, and
2 (Figure 1E).

3.2 Comparison of patient score
differences between dMMR and
pPMMR patients

The proportions of patients with different scores based on the
peritumor, intratumor, and whole tumor microenvironment were
analyzed separately. Based on the whole tumor, the proportion of
patients with a score >1 in the dMMR group was much higher than
that in the pMMR group (P=0.0459; Figure 2A). Continuing the

A Patient score based on the whole tumor B
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@
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FIGURE 2

Patient score based on peritumor

P=0.1510
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E
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analysis, we found that this difference was mainly due to
intratumoral TLS, but not peritumoral TLS (P=0.0459, P=0.1510;
Figures 2B, C).

In addition, we compared the proportion of peritumor and
intratumor patient scores between the dMMR and pMMR groups.
In both the dMMR and pMMR groups, the proportion of patients
with a score >1 based on the intratumor was much lower than that
in the peritumor group (P=0.004, P<0.0001; Figures 2D, E). Since
the proportion of patients scoring >1 based on intratumor TLS was
very similar to the previously reported clinical response rate (17), it
indicated that the patient score based on intratumor TLS might be
an effective indicator in anti-PD1 immunotherapy.

3.3 Association between the anti-PD-1
response and patient score

In the present study, 39 patients with CRC received anti-PD-1
immunotherapy were enrolled to further validate the predictive role
of the TLS score in the efficacy of PD-1 inhibitor therapy (Table 2).
The patients were divided into two groups according to their
therapeutic responses. Patients with a partial response (PR) and
complete response (CR) were assigned to the response group, and
those with progressive disease (PD) were assigned to the non-
responsive group. The results showed that based on the intratumor
TLS score, the proportion of patients with a score >1 in the PR+CR
group was much higher than that in the PD group (P<0.0001;

Patient score based on intratumor

(o

= patient score=:1
BE= patient score >1

= patient score=1

80 P=0.0030

B patient score >1

count of cases
» (=]
3 3

N
=3

dMMR pMMR

pMMR patient score based on peritumor vs. intratumor

i <
- P<0.0001 =3 patient score=1
— E= patient score >1

o
3

count of cases

Comparing the differences in patient scores between patients with dMMR and pMMR CRC (n=96). (A—C) Comparison of patient score between patients with
dMMR and pMMR CRC at the whole tumor (P<0.05) (A), peritumor (P=0.1510) (B), and intratumor (P<0.005) (C) levels. (D, E) Comparison of patient score at
the peritumor and intratumor levels between patients with dMMR (P<0.005) (D) and pMMR (P<0.0001) (E) CRC, respectively.
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TABLE 2 Baseline characteristics of patients (n=39).

10.3389/fimmu.2024.1302903

dMMR, n=10 (%) PMMR, n=29 (%) P value
Age 0.086
<65 10 (100.0) 22 (76.0)
=65 0 (0.0) 7 (24.0)
Gender 0.164
Male 8 (80.0) 16 (55.0)
Female 2 (20.0) 13 (45.0)
Tumor location 0.105
Right hemicolon 6 (60.0) 9 (31.0)
Left hemicolon 4 (40.0) 20 (69.0)
T stage P>0.9999
T1+T2 0 (0.0) 0 (0.0)
T3+T4 7 (100.0) 22 (100.0)
N stage 0.483
NO 3 (43.0) 6 (29.0)
N1+N2 4 (57.0) 15 (71.0)
TNM stage 0.429
1I 2 (22.0) 3 (11.0)
111 4 (44.0) 15 (54.0)
v 3 (33.0) 10 (35.0)
In combination with chemotherapy
yes 4 (40%) 23 (79%) 0.0202
no 6 (60%) 6 (21%)

Figure 3A). Furthermore, we continued to evaluate the treatment
response in patients with dMMR and pMMR based on TLS scores,
and the data showed similar results to those of all patients. Based
only on the intratumor TLS score, the proportion of patients with a
score >1 was higher in the response group than in the non-response
group (P=0.0384, P=0.0001; Figures 3B, C).

Multiple clinical, pathological, and immune characteristics were
investigated to evaluate their impact on the clinical response to anti-
PD1 immunotherapy. The results revealed that Patient scores were
positively correlated with clinical efficacy in the 39 patients and
PMMR group (P=0.004, P=0.012, Tables 3, 4). Multivariate analysis
was not performed in the dMMR group because of the small
number of enrolled patients.

3.4 Predictive role of patient score in
determining the immune-related PFS in
anti-PD1 therapy

To further investigate the patient score on clinical efficacy

prediction, survival analysis of irPFS and multivariate Cox
regression analyses of clinical and immune characteristics in

Frontiers in Immunology

different patient score group was done, which verified that the
irPFS of patients score>1 was longer than that of patients score < 1
in pMMR group (P=0.0004; Figure 4A; Table 5). The irPFS in
dMMR group did not show any difference, which may have been
due to its small sample size (n=10, Figure 4A). Survival analysis of
OS was also done, which verified that the OS of patients score>1 was
longer than that of patients score < 1 in pMMR group but not the
whole 39 patients and dMMR group (P=0.0030, P=0.0576 and
P=0.7760, respectively, Figure 4B). In addition, receiver operating
characteristic (ROC) curve analysis was performed in pMMR
patients, revealing that the patient score had good predictive
ability for the clinical efficacy of PD1 treatment (AUC=0.815;
Figure 4C). All the results indicated that the patient score based
on the intratumor microenvironment can be used as a predictive
factor for anti-PD1 immunotherapy in patients with CRC.

4 Discussion

In this study, we first evaluated the associations between MMR
typing and TLS distribution, quantity, and maturity, clinical
features, and prognosis of 96 patients with stage I-IV CRC.
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FIGURE 3
Comparison of the association between patient scores based on TLS quantity and maturity and response to anti-PD1 therapy (n=39). (A) Comparison
of the association between patient score and response to anti-PD1 therapy in patients with CRC (n=39) at the whole tumor (P=0.0989), peritumor
(P>0.9999), and intratumor (P<0.0001) levels. (B) Comparison of the association between patient score and response to anti-PD1 therapy in patients
with dMMR CRC (n=10) at the whole tumor, peritumor (P=0.2918) and intratumor (P<0.05) levels. (C) Comparison of the association between
patient score and response to anti-PD1 therapy in patients with pMMR CRC (n=29) at the whole tumor (P=0.1968), peritumor (P=0.9274), and
intratumor (P=0.0001) levels.

TABLE 3 Multivariate clinical pathological characteristics and immune characteristics affecting response of anti-PD1 immunotherapy in 39 pMMR patients.

95% C.l.for EXP (B)

Lower Upper

TLS score 5153 1.799 8.207 1 0.004 172.872 5.091 5869.952

Gender 2.269 1.586 2.048 1 0.152 9.669 0.432 216.298

Age 2521 1.921 1.722 1 0.189 12.447 0.288 537.535
Location 1.294 1.384 0.874 1 035 3.646 0.242 54931
Therapy -0.967 1.536 0.396 1 0.529 038 0.019 7.728
TNM stage -0.105 0.794 0.017 1 0.895 0.901 0.19 4273
dMMR/pMMR -1.413 1.432 0.974 1 0.324 0.244 0.015 4.028
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TABLE 4 Multivariate clinical pathological characteristics and immune characteristics affecting response of anti-PD1 immunotherapy in 29

pPMMR patients.

10.3389/fimmu.2024.1302903

95% C.l.for EXP (B)

Lower Upper
TLS score 4.259 1.690 6.351 1 0.012 70.741 2.577 1941.971
Gender 0.930 1.609 0.334 1 0.563 2.535 0.108 59.393
Age 1.405 1.831 0.589 1 0.443 4.076 0.113 147.406
Location -0.494 1.743 0.080 1 0.777 0.610 0.020 18.599
Therapy -0.167 2.173 0.006 1 0.939 0.846 0.012 59.832
TNM stage -0.506 1.035 0.239 1 0.625 0.603 0.079 4.585
A
P=0.0652 P=0.0004
1007 ==~ patient score<<1 100 o0 P=0.5939
2 —s patient score>1 & = patient score<t l ==HpatlentEcomss]
% 754 3 754 —= patientscore>1 £ 75| == patient score >1
g g g
a 50+ 8 50 g 50
3 3 3
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4 T T T T d T T T d T T T T J
0 5 10 15 20 25 o 5 10 15 20 0 5 10 15 20 25
irPFS PMMR irPFS(months) dMMR irPFS(months)
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FIGURE 4

Association between patient score and immune-related progression-free survival (irPFS and OS). (A) Kaplan—Meier survival curves showing irPFS
according to patient score of all the 39 patients, pMMR patients and dMMR patients (P=0.0652, P=0.0004, P=0.5930). P values were calculated by
the log-rank test. (B) Kaplan—Mejer survival curves showing OS according to patient score of all the 39 patients, pPMMR patients and dMMR patients.
P values were calculated by the log-rank test (P=0.0576, P=0.0030, P=0.7760). (C) The ROC curve to evaluate the predictive ability of patient score
on anti-PD1 immunotherapy clinical responses (AUC=0.815).
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TABLE 5 Multivariate Cox regression analyses of clinical and immune characteristics affecting irPFS of anti-PD1 immunotherapy in 29 pMMR patients.

95.0% ClI for Exp (B)

Lower Upper
TLS score -3.337 1171 8.127 0.004 0.036 0.004 0.352
Gender -0.198 0.448 0.194 0.660 0.821 0.341 1.976
Age -0.253 0.576 0.193 0.660 0.776 0.251 2.400
Location -0.361 0575 0393 0530 0.697 0.226 2.152
Therapy -1.368 0.729 3517 0.061 0.255 0.061 1.064
TNM stage 0.133 0.375 0.126 0.723 1.142 0.548 2.381

In the analysis of TLS quantity difference of the whole
tumor, peritumor, or intratumor microenvironment between
patients with dMMR and pMMR CRC, the results showed that
the number of TLS was much higher in dMMR than in pMMR
patients, which was consistent with the results of a study on the
immunomicroenvironment characteristics of urachal carcinoma
(UrC). They found that the number of TLS tended to be higher
in UrC tumor with dMMR (P=0.1919), as well the patients with
higher TLS numbers tended to result in a much better prognosis
(18). TLS maturity analysis revealed no differences in the whole
tumor or peritumor between the dMMR and pMMR groups. In the
intratumor-TLS analysis, the proportion of patients with grade 2
+grade 3 pMMR was lower than that of patients with dMMR. The
maturity of intratumoral TLS was higher in patients with dMMR
than in those with pMMR. This is consistent with the findings of
CRC and lung squamous cell carcinoma, in which patients from
germinal centers (GCs) had a better prognosis (19, 20). These
results further indicated that B cell maturity and humoral
immunity play key roles in anti-tumor immune responses (16).

Based on the contribution of TLS quantity and maturity to the
anti-tumor response, we used a patient scoring system (PS) to
predict the clinical response of patients with CRC to PD-1
antibodies immunotherapy. Using this new score, we analyzed the
relationship between TLS and MMR subtype and the results showed
both in dMMR and pMMR patients, the proportion of patients
score >1 based on intratumor was much lower than that peritumor.
Moreover, in either the dMMR group or the pMMR group, the
proportion of patients scoring >1 based on intratumoral TLS was
similar to the clinical response rate that has been reported (17), and
whether the patient score based on intratumoral TLS could be an
effective indicator of anti-PD1 immunotherapy.

In this study, we analyzed the correlation between patient scores
and clinical responses in 39 patients receiving anti-PD-1
immunotherapy and found that the proportion of patients with
intratumoral TLS patient scores > 1 was much higher in the
response (PR + CR) group than in the non-responders groups.
Similar results were observed in 29 pMMR and 10 dMMR patients.
These results suggest that the distribution of TLS affects the efficacy
of immunotherapy. Previous studies defined the peritumoral TLS of
breast cancer as a range within 5 mm from the invasive edge and
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divided it into adjacent and distal TLS according to the distance and
interval between the normal breast tissue and the invasive edge. The
higher the peritumoral TLS (distal TLS) density, the lower is the
disease-free survival (DFS), independent of overall survival (OS),
and the higher the distal TLS density, the lower is the DFS and OS
(21). This is consistent with the results of the present study;
however, no similar studies have been reported in CRC to date.

Further analysis of irPFS was performed in 39 patients with
CRC who received anti-PD-1 immunotherapy. We found that
patients with score > 1 based on the intratumor TLS evaluation
had much better survival among the 29 patients with pMMR.
Although the same trend was observed in the dMMR group,
statistical results are not available because of the small number of
cases. The specimens of the 39 patients receiving anti-PD-1
treatment were collected before immunotherapy and the
sample size was limited, which might lead to a potential bias.
In future research, we will collect more specimens and conduct
prospective studies to verify the authenticity and accuracy of the
conclusions. In conclusion, our findings indicate the patient
score based on intratumor TLS evaluation as a good immune
predictive indicator for the efficacy of PD-1 antibody therapy in
patients with CRC.
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Background: Tertiary lymphoid structures (TLS) is a particular component of
tumor microenvironment (TME). However, its biological mechanisms in
colorectal cancer (CRC) have not yet been understood. We desired to reveal
the TLS gene signature in CRC and evaluate its role in prognosis and
immunotherapy response.

Methods: The data was sourced from The Cancer Genome Atlas (TCGA) and the
Gene Expression Omnibus (GEO) databases. Based on TLS-related genes (TRGs),
the TLS related subclusters were identified through unsupervised clustering. The
TME between subclusters were evaluated by CIBERSORT and xCell.
Subsequently, developing a risk model and conducting external validation.
Integrating risk score and clinical characteristics to create a comprehensive
nomogram. Further analyses were conducted to screen TLS-related hub genes
and explore the relationship between hub genes, TME, and biological processes,
using random forest analysis, enrichment and variation analysis, and competing
endogenous RNA (ceRNA) network analysis. Multiple immunofluorescence (mlF)
and immunohistochemistry (IHC) were employed to characterize the existence
of TLS and the expression of hub gene.

Results: Two subclusters that enriched or depleted in TLS were identified. The
two subclusters had distinct prognoses, clinical characteristics, and tumor
immune infiltration. We established a TLS-related prognostic risk model
including 14 genes and validated its predictive power in two external datasets.
The model's AUC values for 1-, 3-, and 5-year overall survival (OS) were 0.704,
0.737, and 0.746. The low-risk group had a superior survival rate, more abundant
infiltration of immune cells, lower tumor immune dysfunction and exclusion
(TIDE) score, and exhibited better immunotherapy efficacy. In addition, we
selected the top important features within the model: VSIG4, SELL and PRRX1.
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Enrichment analysis showed that the hub genes significantly affected signaling
pathways related to TLS and tumor progression. The ceRNA network: PRRX1-
mMiRNA (hsa-miR-20a-5p, hsa-miR-485-5p) -IncRNA has been discovered.
Finally, IHC and mlF results confirmed that the expression level of PRRX1 was
markedly elevated in the TLS- CRC group.

Conclusion: We conducted a study to thoroughly describe TLS gene signature in
CRC. The TLS-related risk model was applicable for prognostic prediction and
assessment of immunotherapy efficacy. The TLS-hub gene PRRX1, which had the
potential to function as an immunomodulatory factor of TLS, could be a

therapeutic target for CRC.

KEYWORDS

tertiary lymphoid structures, colorectal cancer, tumor microenvironment,
prognostic, immunotherapy

1 Introduction

CRC is among one of the most prevalent cancers worldwide.
Recent surveys have shown that CRC accounted for 10% of new
cancer cases and deaths globally (1, 2). Notwithstanding progress in
surgical techniques, chemotherapy, and radiation therapy, a
substantial number of patients experience recurrence or
metastasis. Immunotherapy has opened new avenue for
treatment, particularly for patients with specific genetic mutations
like deficient mismatch repair (dAMMR) and microsatellite
instability-high (MSI-H). Clinical trials, including KEYNOTE-
164, CheckMate 142 and others, have shown that the use of
programmed cell death protein-1 (PD-1) blockade therapy leads
to long-lasting response, especially in advanced-stage patients with
MSI-H (3-5). However, immunotherapy is not universally effective;
it benefits only a subset of patients and can cause unique side effects,
such as autoimmune reactions. The effectiveness of immunotherapy
largely depends on the TME and genetic profiles. According to
reports, TLS was positively correlated with the expression of
immune-related genes in CRC, such as programmed cell death
ligand-1 (PD-L1) (6). This suggests that TLS may enhance the
effectiveness of immune checkpoint blockade (ICB) therapies by
promoting the infiltration of immune cells and remodeling TME.

TLS, also referred to ectopic lymphoid organizations (ELO),
serves as a site for immune cells recruitment, activation, and
proliferation (7-9). TLS resemble lymph nodes to some extent
but with unique features. For example, TLS lack capsules and
afferent lymphatic vessels, which distinguishes them from
traditional lymph nodes. TLS contains structured zones of
immune cells, such as the T cell zone and the B cell germinal
center (GC) (10). In summary, TLS is comprised of immune cells,
stromal cells, and specialized vascular components (11, 12). TLS has

Frontiers in Oncology

a vital function in local immune responses. Research on TLS is
currently flourishing in the fields of cancer, chronic inflammation,
and autoimmune diseases (13).

Accumulating evidences suggest that TLS generally associated with
favorable prognosis and better immunotherapy efficacy in melanoma,
breast cancer and so on (11, 14-16). Patients with TLS tend to have
improved OS rates compared to those lacking TLS. TLS can convert an
immune cold tumor to a hot tumor by increasing the recognition and
clearance of the host immune system to tumors (17). In addition, the
latest study found that combining immunotherapies with strategies to
promote TLS formation or reorganization may enhance the
effectiveness of immunotherapy. Strategies may include using specific
cytokines or chemokines to recruit immune cells to TLS.

Despite progress, there remains an incomplete understanding of the
precise molecular mechanisms governing TLS growth and maturity.
There are still doubts about the interactions between TLS and the tumor
immune system. Therefore, our study integrated TRGs and downloaded
data from TCGA database to classify patients into two subclusters and
develop a novel prognostic model. We also investigated the connection
between TLS-hub genes and its molecular mechanisms.

2 Materials and methods
2.1 Data collection and preparation

The data, including gene sequencing data and corresponding
clinical data, were obtained from the TCGA and GEO databases.
TCGA-CRC dataset functioned as a discovery set for marker
selection and model construction, consisting of 558 samples.
Samples with survival times under 30 days were removed. GEO
datasets GSE38832 and GSE17537 served as external validation sets
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to assess the robustness of the model. IMvigor210 immunotherapy
cohort was obtained from the original article (18). Clinical
information for all samples were detailed in Supplementary Table 1.

2.2 Establish TLS-related molecular
subclusters and evaluate the TME

The mutation landscapes of CRC patients were analyzed by the
“maftool” R package (19). Unsupervised clustering, via the
“ConsensusClusterPlus” R package, segmented patients into two
subclusters (20). This segmentation was guided by maximizing
intergroup variances and minimizing intragroup variances. The
immune infiltration environment in each patient was assessed using
CIBERSORT and xCell (21, 22). XCell was also utilized to compare
the environment scores in different groups.

2.3 Develop the TLS-related risk model,
estimate its prognostic value, and develop
a comprehensive homogram

Using the “DESeq2” package, we obtained differentially expressed
genes (DEGs) comparing two clusters, tumor and normal. The Lasso-
Cox regression was applied to filter out DEGs that are associated with
OS, reduce dimensions, and construct the prognostic model. Patients
were classified into two risk groups by the risk score, which was
calculated as: Risk Score = 31 Coef; * Expr; Coef; denotes the
estimated regression coefficient, while Expr; denotes the gene’s
expression level. The model’s predictive efficiency and accuracy
were evaluated via the “survival”, “survminer”, “timeROC”, and
“pheatmap” R packages. MSI status was obtained from the
“cBioPoralData” R package. According to the results of multivariate
Cox regression, we plotted the forest plot and nomogram.

2.4 ldentify TLS-related hub genes, analyze
its molecular mechanism and
enrichment pathways

The 14 model genes were ranked based on the feature
importance calculated through “randomForest” package. All
feature importance was normalized to range from 0 to 1. Genes
with importance exceeding 0.75 were classified as TLS-related hub
genes. To comprehensively analyze the biological pathways of TLS-
related genes, a dual approach involving gene set enrichment
analysis (GSEA) and gene set variation analysis (GSVA) were
used. Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and hallmark annotation were conducted with
the “clusterProfiler” and “GSVA” packages (23, 24). The
visualization of results using the “ggplot2”.
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2.5 Estimation of TLS existence in human
CRC tissue samples

Human CRC tissue samples were collected from QuXian
People’s Hospital, including 20 TLS+ tissue samples and 10 TLS-
tissue samples (initial diagnosis of CRC, denial of other tumors,
unaccepting of neoadjuvant therapy and complete clinical data).
Clinical information for all samples was detailed in Supplementary
Table 3. The research received approval from the Ethics Committee
of the QuXian People’s Hospital. Two pathologists independently
evaluated the TLS existence in all CRC samples. Questionable
results were then co-reviewed for an agreed annotation. TLS were
classified into three stages based on maturity: (1) early TLS
(compact clumps of lymphocytes without segregated T and B cell
zones), (2) primary follicle-like TLS [(have follicular dendritic cell
(FDC), lack of GC)] and (3) secondary follicle-like TLS (have an
active GC) (25). Samples with TLS were categorized as TLS+ group,
while others were deemed TLS- group.

2.6 Using mlIF to characterize TLS and
related hub gene

Firstly, slides were deparaffinized and placed in the citrate-
phosphate buffer (heat them in a microwave at low heat for 15 min).
Circled the tissue with an immunohistochemical pen to block
endogenous peroxidase. Secondly, incubated the slides in
hydrogen peroxide water at room temperature and avoid light for
25 min. Added BSA buffer dropwise onto the slides and sealed for
30 min. After removing the BSA buffer, we added the prepared
primary antibody (CD3: ab16669, Abcam, Britain, 1:1000) dropwise
and incubated the slides overnight at 4 °C in a wet box. Next, the
slides were washed, and horseradish peroxidase (HRP) labelled
secondary antibody (Goat anti-mouse/rabbit IgG H&L, RCB054,
RecordBio, China) were dripped onto the slides. Tyramide signal
amplification (TSA) buffer was used to visualize each biomarker.
Dripped corresponding TSA dye onto the slides and incubated
them at room temperature in the dark for 10 min to stain the
antibody. Repeated the previous steps using different primary
antibodies (CD20: ab78237, Abcam, 1:1000; CD21: ab315160,
Abcam, 1:1000) and switched different TSA dyes. Finally, stained
nucleus with DAPI and coverslipped anti-fluorescence quenching
to preserve fluorescence. The slides were digitized using OLYMPUS
(OlyVIA, Japan).

Next, we performed THC to examine the PRRXI expression
level in TLS+/- CRC formalin-fixed paraffin-embedded (FFPE)
samples, using PRRXI antibody (ab211292, Abcam, 1:100).
Tissues were scored according to the product of stained area
percentage (0 =0%, 1 =1%-25%, 2 =26%-50%, 3=51%-75%, and
4 = more than 75%) and the staining intensity scale [ranged from 0
(no staining) to 3 (strong staining), measured by Halo]. The THC
score for all samples was detailed in Supplementary Table 3.
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2.7 Statistical analysis

The data analysis was performed using R software version 4.2.2.
For categorical data, the Chi-square test and Fisher’s exact test were
used to assess differences between groups. For continuous data, if
the data are normally distributed and have equal variances, an
independent samples T-test was used; if the data do not follow a
normal distribution, the Mann-Whitney U test was used.
Spearman’s correlation analysis was used to identify the
relationship between two variables. The threshold for statistical
significance was set at P< 0.05 (two-tailed).

3 Results

3.1 The genetic and variation
characteristics of TRGs in CRC

By integrating current studies and reviews, we identified 42
TRGs, of which 25 were expressed in TCGA-CRC dataset
(Supplementary Table 2). Among 517 CRC patients, 94.39% (488)
experienced somatic mutations. APC and TP53 had the highest
mutation frequencies (Figure 1A). We further analyzed the somatic
mutation pattern of TRGs (Figure 1B). 11.41% (59) of patients
experienced somatic mutations, predominantly missense
mutations.JLIRI and ILIR2 exhibited the highest mutation
frequencies, while CD4 and LAMP3 primarily underwent frame
shift deletions. Using STRING (V12.0), a protein-protein
interaction (PPI) network was constructed (Figure 1C).
GISTIC2.0 was used to calculate the copy number variations
(CNV). The results showed that copy number amplification
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(including homozygous and heterozygous mutations) was the
major mutation (Figure 1D).

3.2 Clinicopathological characteristics and
immune cell infiltration of TLS
related subclusters

Unsupervised consensus clustering based on TRGs categorized
CRC patients into two molecular subclusters. The consensus
clustering results indicated that the optimal clustering number
was 2 (Supplementary Figures 1A-C). Principal component
analysis (PCA) proved the optimal division into two clusters, Cl
and C2 (Supplementary Figure 1D). The Kaplan-Meier analysis
demonstrated a statistically difference in C1 and C2 (P<0.01,
Figure 2A). The prognosis for C1 was more favorable compared
to C2. Meanwhile, we examined the clinicopathological
characteristics of two subclusters. C1 had a higher proportion of
males, NO, M0, and stage I/II (Supplementary Figures 1D-I).

Next, we analyzed the TRGs expression profiles of two
subclusters in the TCGA-CRC dataset (Figure 2B). We found Cl
had higher expression levels of CCL18, CCL21, CXCLI0 and
CXCLI1. C2 was characterized by the remarkable enrichment in
SDCI and CCL20. In general, TRGs were more highly expressed in
C1 than C2. Immune infiltrating cells are a crucial component of
TME. We explored the differences in TME infiltration between two
subclusters. (Figures 2C, D). B cells, CD8+ T cells, follicular helper
T (Trn) cells, activated dendritic cells (DC), neutrophils and
granulocyte-macrophage progenitor (GMP) cells were higher in
C1, while naive CD4+ T cells and natural killer T (NKT) cells were
higher in C2. Both macrophage M1 and macrophage M2 had higher
infiltration levels in C1. Besides, we further noticed that CI
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correlated positively with higher immune and microenvironment
scores, while there was no difference between two subclusters in
stroma scores (Figure 2E).

3.3 Biological functional enrichment
analysis of TLS molecular subclusters

Volcano map was used to demonstrate DEGs between C1 and
C2, with 639 genes upregulated in C1 and 86 in C2 (Supplementary
Figure 2A). Firstly, we performed over-representation analysis
(ORA) to determine the biological behavior behind these DEGs.
The GO enrichment analysis revealed that immune receptor activity
enrichment in molecular function (MF); plasma membrane
signaling receptor complex and immunological synapse
enrichment in cellular component (CC); T cell proliferation and
activation enrichment in biological process (BP) (Figure 3A). The
KEGG analysis indicated predominantly enrichment in cytokine-
cytokine receptor interaction, calcium signaling pathway, and cell
adhesion molecules (Figure 3B). GSEA showed that C1 was
enriched in immune response, activation, and antigen
presentation, including immunoglobulin mediated immune
response, Thl and Th2 cells differentiation, and Toll-like receptor
signaling pathway (Figures 3C, D). Metabolic processes and
biosynthesis related pathways were enriched in C2, such as
glucuronate metabolic process, and biosynthesis of amino acids
and steroid hormone (Figures 3E, F). GSVA showed differentially
active signaling pathways and immune responses between two
clusters (Figure 3G). Taken together, this suggested that TLS-
enriched subcluster, C1, may inhibit tumor progression by
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activating non-specific anti-tumor immune responses. While TLS-
depleted subcluster, C2, was for hypermetabolic and
immunosuppression state.

3.4 Development and verification of the
TLS-related risk model

To further analyze and quantify the TLS characteristics, a TLS-
related prognostic model was established. TCGA-CRC dataset served
as the training set, while GSE38832 and GSE17537 were utilized for
the external validation. DEGs between tumor and normal samples
were measured with the “DESeq2” (Supplementary Figure 2B).
There were 508 intersection genes left (Supplementary Figure 2C,
Supplementary Table 2). After univariable Cox regression
analysis, we found 43 OS-related DEGs. Ultimately, 14 genes were
selected for the risk model: CAVIN2, CCL19/21, CD8A,
CXCL5, FHL1, IGHG1, MMP1, MRC1, NEXN, MOTUM, PRRX1,
SELL and VSIG4 (Supplementary Figures 2D, E). The model genes
displayed a distinct expression pattern between two groups
(Supplementary Figure 2F).

Based on the optimum cutoff value, patients were divided into
two risk groups. Kaplan-Meier curves indicated lower mortality and
better prognosis in the low-risk group (P<0.001, Figures 4A, B).
Furthermore, the AUC revealed the 1-, 3-, and 5-year survival rates
were all above 0.7, which proved the accuracy of this model was
wonderful (Figure 4C). External validation datasets GSE38832 and
GSE17537 also demonstrated the model’s excellent prognostic
performance (Figures 4D-I).

frontiersin.org


https://doi.org/10.3389/fonc.2024.1383096
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xu et al.

A immune receptor activity ®
immunoglobulin binding] @
complement receptor activity -]
1gG binding{ @
immunoglobulin receptor activity] - @
1gG receptor activity{ @
plasma membrane signaling receptor complex ]

ONTOLOGY
T cell receptor complex ® ®

® cc
®

immunological synapse{ @

Description

inflammasome complex| @
1gG immunoglobulin complex { @
negative regulation of immune system process: 6]
regulation of T cell activation o)
cell killing ]

T cell proliferation{ ;)

regulation of T cell proliferation { )

[ 0 20 30
Count

ﬂ

m

[ I P

L (RS (G g P

FIGURE 3

B cyiokine-oytokine receptor Y

10.3389/fonc.2024.1383096

interaction

Calcium signaling pathway- [ )

Phagosome { [ ]
Count

e
@

o
Staphylococcus aureus °
infection

Cell adhesion molecules [ ]

p.adjust

Viral protein interaction

with cytokine and cytokine [ ]
receptor 2005

Antigen processing and °

1005
presentation

Hematopoietic cel lineage °
Leishmaniasis| @

Graft-versus-host disease-

0.08
GeneRatio

P e B e

[ e s s

]
AT AEB B 30 0 A
O R O

\‘H\ H‘\\ /H H‘ \EH\HVI I

Wil
LT |
A= e F

age
HALLNARK IL2_STATS SIGNALING fi-

HALLNARK INFLAHNATORY_RESPONSE

Biological functional enrichment analysis. GO (A) and KEGG (B) enrichment analyses based on DEGs. GSEA of C1 by GO (C), KEGG (D). GSEA of C2

by GO (E), KEGG (F). (G) GSVA of two clusters by Hallmark database.

3.5 Immune infiltration of TLS-related
risk model

Different kinds of immune cell infiltration were estimated using
CIBERSORT (Figure 5A). Plasma cells, macrophages and follicular
helper T cells were higher in high-risk group. Additionally, we
estimated the proportion of each cell in TME (Figure 5B). There
were remarkably positive associations between risk score and CD8+
T cells, CD4+ naive T cells, macrophages and activated mast cells
(P<0.01, Figure 5C). Further analysis revealed that there were more
patients with KRAS mutations and fewer patients with BRAF
mutations in the high-risk group (no statistically significant,
Figures 5D, E). Next, we estimated the association between
immune checkpoint genes and 14 model genes (Figure 5F). We
found that the vast majority of model genes were positively
correlated with immune related genes, except NOTUM.
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3.6 Predict the efficacy of immunotherapy

Our above findings demonstrated a potential correlation
between risk score and immunotherapy response. The low-risk
group had higher stroma, immune, and TIME scores
(Supplementary Figures 3A-C). TIDE score has been
extensively employed to assess the likelihood of immune
evasion and resistance to immunotherapy. We discovered the
high-risk group had a much higher TIDE score (Supplementary
Figure 3D). A higher TIDE score was linked to worse
ICB effectiveness as well as shorter OS with ICB therapies.
The IMvigor210 dataset, involving patients treated with
atezolizumab, was utilized to validate these observations. In
IMvigor210, low-risk patients had a greater prognosis and
higher disease control rate (p<0.05, Supplementary
Figures 3E, F).
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3.7 Construction of a comprehensive
nomogram to predict prognosis

MSI status was used to be an effective predictor for patients
receiving ICB treatment. Typically, patients with high level of MSI
were classified as MSI-High, indicating genomic instability resulting
from repeated microsatellite expansions or contractions. Conversely,
patients with low or no MSI were classified as microsatellite instability-
low (MSI-L)/Microsatellite Stability (MSS). We analyzed the
relationship between patients with different MSI status and risk score,
and found no significant correlation (Figure 6A). Then, we combined
the risk score with MSI status for stratified survival analysis (Figure 6B).
Investigations indicated that MSI-H and low-risk scores patients had
the best prognosis, followed by those with MSI-L and low-risk scores.
Univariate and multivariate Cox regression confirmed the risk score as
an independent prognostic factor for CRC (HR=3.706, 95%CI=2.552-
5.380, Figures 6C, D). Exploiting these Clinicopathological
characteristics, a new-type nomogram was constructed to assess the
clinical prognostic more accurately (Figure 6E).

3.8 TLS-related hub gene identification

Random forest analysis was used to determine the feature
importance of 14 model genes, among which three genes—VSIG4,
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SELL and PRRXI—stood out with importance scores exceeding
0.75 (Supplementary Figure 4A). In the high-risk group, the
expression level of VSIG4, SELL and PRRXI were higher
(Supplementary Figure 4B). Correlation analysis revealed that the
vast majority of model genes were significantly positively correlated
with hub genes (Supplementary Figure 4C). We conducted a further
study to explore the correlation between the expression of TLS-
related hub genes and the infiltration of immune cells in TME
(Supplementary Figure 4D). VSIG4, SELL and PRRXI exhibited a
positive relationship with macrophages M2 and neutrophils.

3.9 Explore the potential molecular
mechanisms of TLS-related hub genes

GSEA and GSVA were conducted to investigate the molecular
mechanisms and immune functions of the three hub genes. Results
indicated that VSIG4 was positively correlated with signaling
pathways such as NF-kappa B signaling pathways, PI3K-AKT
signaling pathways, and cytokine-cytokine receptor interaction
(Figures 7A, B). High expression of SELL primarily enriched in
the intestinal immune network for IGA production, oxidative
phosphorylation, arginine and proline metabolism, Fc epsilon
signaling pathway, and others (Figures 7C, D). GSEA of PRRX1
subsequently uncovered that PRRXI was significantly linked to
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epithelial-mesenchymal transition (ECM) -receptor interaction,
proteasome and TGF-beta signaling pathway (Figure 7E). High
expression of PRRX1 was mainly enriched in riboflavin metabolism,
regulation of actin cytoskeleton, and others (Figure 7F). The low
expression of PRRX1 was enriched in pyruvate metabolism, purine
metabolism, peroxisome, etc. In addition, PRRXI may serve as a
prominent regulatory factor in tumorigenesis and progression.

3.10 Identification of a hub gene related
ceRNA network

Increasing evidence has shown that the mutual regulatory
patterns between mRNA, IncRNA, miRNA, and downstream
target genes are intimately related to tumors. Our study exploited
the Human MicroRNA Disease Database (HMDD) and miRNA
Walkthrough (miRWalk) databases to identify the miRNA and
IncRNA associated with CRC. Excluding interactions unrelated to
disease, only two mRNA (SELL, PRRXI) and eight miRNA were
retained (Figure 8A). Secondly, those mRNA-miRNA interactions
were validated in the ENCORI database, hsa-miR-485-5p and hsa-
miR-20a-5p regulated PRRX1 were discovered. Utilizing Cytoscape,
we constructed a ceRNA network, including 1 mRNA, 2 miRNA
and 127 IncRNA (56 for hsa-miR-20a-5p, 71 for hsa-miR-485-5p)
interaction pairs (Figure 8B).

Frontiers in Oncology

3.11 Experimental validation

Using THC to assess the PRRXI expression in the TLS+/-
groups. Firstly, we observed TLS images through hematoxylin-
eosin (H&E) and mIF (Figure 9A). The lymphocyte aggregates
containing CD3+T cells, CD20+B cells, and CD21+FDCs that form
corresponding regions are considered secondary follicle-like TLS,
also known as mature TLS. To further validate the expression of
PRRX1, we performed THC on TLS+/- CRC tissues (Figures 9B, C).
PRRX1 was significantly higher in the TLS- group (Figure 9D).
Through these above findings, we speculate that PRRX1 may be a
negative regulator of TLS and play a crucial role in tumor metastasis
and immunocompetence.

4 Discussion

With the continuous development of anti-tumor therapy,
immunotherapy has gradually become a common treatment
method in clinical practice (26, 27). However, effective
biomarkers to identify potential beneficiaries remain limited. PD-
L1l and tumor mutation burden (TMB) are considered to be
insufficient. Some patients receiving ICB treatments do not derive
benefit, mainly due to the heterogeneity of TME and the complexity

of immune mechanisms (28). TLS, as a particular component of
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HMDD

miRWalk

FIGURE 8

Hub genes-related ceRNA network analysis. (A) Intersection miRNAs
of HMDB and miRWalk databases. (B) A hub genes-related ceRNA
network of MRNA (PRRX1)-miRNA (hsa-miR-485-5p, hsa-miR-20a-
5p)-IncRNA.

TME, has been proven to independently predict the response to
ICB, regardless of the PD-L1 expression and MSI status (15, 17, 29).
In this research, we conducted a detailed analysis of the variations in
immune infiltration and potential mechanisms caused by TLS, and

10.3389/fonc.2024.1383096

developed a novel model for evaluating the prognosis and the
effectiveness of immunotherapy in CRC.

Firstly, we integrated a large number of reviews and articles to
recruit TRGs. TRGs including various TLS signatures relevant to
CRC, melanoma, breast cancer, gastric cancer, ovarian cancer, soft
tissue sarcoma, and others (13, 30-37). We initially investigated the
expression and mutation patterns of TRGs in CRC. ILIRI and
ILIR2 had the highest mutation frequencies, CD40 and IGSF6 had
the highest CNV amplification mutation frequencies. CD40 is a
member of TNF receptor superfamily. The high mutation rate of
CDA40 is related to its structural changes and TRAF (TNF-o
Receptor Associated Factor)-binding domain exposure induced by
a residue mutation of its ligand CD40L. CD40-CD40L interaction
promotes GC formation and maintenance, and Thl (T helper 1)
response conversion (38).

Unsupervised consensus clustering, as one of the methods of
consensus clustering, can be used to distinguish various subclusters.
According to TRGs, 2 TLS related subclusters (TLS-enriched/TLS-
depleted) were identified. Survival analysis revealed that C1 had a
more favorable prognosis. We further analyzed the immune
infiltration patterns between two clusters. The abundance of B
cells, CD8+ T cells, Tgy cells, neutrophils and DC were higher in
Cl1. Studies by Qin F et al. indicated that anti-TGF-J facilitates
neutrophils recruitment and polarizes neutrophils towards an anti-
tumor phenotype (N1) in CRC (39). Meanwhile, tumor infiltrating
neutrophils can exert the role of antigen-presenting cells and
heighten T cell proliferation (40). Tgy cells are usually
accompanied by high CXCR5, CD40, and CXCLI13 expression.

FIGURE 9

o

PRRX1

*kok

Relative expression

mIF and IHC characterized TLS and PRRX1 expression in CRC. (A) Representative images of secondary follicle-like TLS. The yellow arrows in the left
image represented tumor tissue, the black arrows represented TLS. The TLS pointed by the two black arrows indicated the enlarged TLS in the
subsequent image. The images contained H&E staining, mlF staining, and single IF under each marker (DAPI, CD3, CD20, CD21). IHC images (x200)
of PRRX1 expression in the TLS- group (B) and TLS+ group (C). (D) Differences in the expression of PRRX1 between TLS+/- groups. ***p< 0.001.
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CXCL13/CXCRS5 signaling axis is a critical signaling pathway for
TLS formation (41). Research has shown that Tpy controls the
proliferation of B cells in GC (42). Patients with a substantial
fraction of Tgy; cells usually have a more favorable clinical outcome
(33). The GC with CD20+ B cells is considered a mature feature of
TLS. B cells has the ability to generate antibodies and also enhance
cytotoxic CD8+ T cell response by secreting various cytokines in
TME, such as interleukin-2 (IL-2) and interferon-y (IFN-y) (43, 44).
Various studies demonstrated a strong correlation between B cells,
especially those in TLS, and the efficacy of immunotherapy (45, 46).
Inducing the formation and maturation of TLS by enhancing B cell
expression may improve the treatment response rates and OS in
CRC. Immune and environment scores also indicate that C1 has an
inflammatory immune phenotype and stands in an immune-
activated state. Thereby, we infer that Cl is the TLS-enriched
cluster, while C2 is the TLS-depleted cluster.

In addition, a prognostic risk model related to TLS was
developed. The AUC values for OS at 1-3-5 years were 0.704,
0.737, and 0.746, as well. The external validation datasets
GSE38832 and GSE17537 also demonstrated their excellent
prognostic ability. Next, we further analyzed the immune
infiltration landscapes, molecular mutation features and
immunotherapy efficacy of the two risk groups. Based on risk
score, TMB and other clinical features, we constructed a new-type
nomogram to comprehensively evaluate the prognosis.

According to the random forest analysis, we selected TLS-
related hub genes in the model: VSIG4, SELL and PRRXI. VSIG4,
fully defined as V-set and immunoglobulin domain-containing 4, is
a complement receptor of the B7 immunoglobulin superfamily.
VSIG4 is mainly expressed in macrophages. VSIG4-expressing
tumor-associated macrophages (TAMs) can inhibit tumor-specific
CD8+ T cell proliferation and cytokines production, which function
as a suppressor of anti-tumor immune response (47, 48). Recent
studies indicates that VSIG4 could activate the PI3K-AKT-STAT3
pathway, upregulating PDK2 and thereby inhibiting mitochondrial
pyruvate metabolism and mitochondria ROS secretion (49). The
relationship between VSIG4 and poor prognosis has been
confirmed in lung cancer (50), ovarian cancer (51), and glioma
(52). SELL, an adhesion molecule, regulates the transport of
immune cells to lymphocyte aggregates in TME (53). Tumor cells
may utilize SELL to facilitate their detachment from the primary
tumor, thereby promoting tumor metastasis and dissemination.
Research by Liao et al. has inferred that SELL is involved in
regulating the generation of PNAd and MAdCAM-1+ HEVs in
TLS (54). These studies indicate that SELL may have a pivotal
function in the initial stage of TLS formation. Research on this
aspect is still lacking currently.

PRRX1, named as paired related homeobox 1 and PRXI, works
as a primary transcription factor of cancer-associated fibroblasts
(CAFs) (55). Prior research has established a robust link between
elevated PRRX1 expression and the progression and recurrence of
CRC, breast cancer, and esophageal cancer, leading to poor
prognosis and drug resistance (55-57). Zhong et al. discovered
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that PRRX1 promotes tumor cells to migrate and invade by
targeting the IL-6/JAK3/STAT3 axis (58). Silencing of PRRXI
may indirectly influence the proliferation and differentiation of
TLS in CRC by inhibiting this axis (59). We checked the expression
of PRRX1 in the TLS+/- groups through IHC in this study. In
summary, PRRXI may function as a therapeutic target for CRC
treatment and be a negative immunomodulatory regulator of TLS.

Our research provided an innovative perspective for exploring
the crosstalk between TLS and CRC TME. Nevertheless, our
research still has some weaknesses. The data bias caused by
retrospective studies is inevitable. TCGA and GEO cannot
provide MRI imaging and hematological data. Furthermore,
applying spatial transcriptomics to analyze TLS in situ may bring
new insights.

5 Conclusion

Based on TRGs and DEGs, we discriminated the TLS related
subclusters, constructed a prognostic risk model, and explored the
potential mechanisms of hub genes to regulate TLS and CRC
progression. Low-risk group exhibited a more favorable clinical
outcome, richer immune infiltration, and better immunotherapy
efficacy. Moreover, a preliminary exploration of the mechanisms of
hub genes could help identify potential therapeutic targets.
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Background: Tertiary lymphoid structures (TLS), ordered structure of tumor-
infiltrating immune cells in tumor immune microenvironment (TIME), play an
important role in the development and anti-tumor immunity of various cancers,
including liver, colon, and gastric cancers. Previous studies have demonstrated
that the presence of TLS in intra-tumoral (IT), invasive margin (IM), and peri-
tumoral (PT) regions of the tumors at various maturity statuses. However, the
density of TLS in different regions of non-small cell lung cancer (NSCLC) has not
been extensively studied.

Methods: TLS and tumor-infiltrating immune cells were assessed using
immunohistochemistry (IHC) staining in 82 NSCLC patients. Tumor samples
were divided into three subregions as IT, IM and PT regions, and TLS were
identified as early/primary TLS (E-TLS) or secondary/follicular TLS (F-TLS). The
distribution of TLS in different maturity statuses, along with their correlation with
clinicopathological characteristics and prognostic value, was assessed.
Nomograms were used to predict the probability of 1-, 3-, and 5-year overall
survival (OS) in patients with NSCLC.

Results: The density of TLS and proportion of F-TLS in the IT region (90.2%,
0.45/mm?, and 61.0%, respectively) were significantly higher than those in
the IM region (72.0%, 0.18/mm?, and 39.0%, respectively) and PT region (67.1%,
0.16/mm?, and 40.2%, respectively). A lower density of TLS, especially E-TLS in the
IM region, was correlated with better prognosis in NSCLC patients. CD20+ B cells,
CD3+ T cells, CD8+ cytotoxic T cells, and CD68+ macrophages were significantly
overexpressed in the IM region. CD20+ B cells and CD3+ T cells in the IM region
were significantly correlated with the density of E-TLS, while no statistically
significant correlation was found with F-TLS. The E-TLS density in the IM region
and TNM stage were independent prognostic factors for NSCLC patients. The
nomogram showed good prognostic ability.
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Conclusions: A higher density of E-TLS in the IM region was associated with a
worse prognosis in NSCLC patients, potentially due to the inhibition of TLS
maturation caused by the increased density of suppressive immune cells at the
tumor invasion front.

KEYWORDS

tertiary lymphoid structures (TLS), non-small cell lung cancer (NSCLC), prognosis,
tumor immune microenvironment (TIME), nomogram

Introduction

Lung cancer is the second most common cancer and the leading
cause of cancer-related death (1), and non-small cell lung cancer
(NSCLC) accounting for more than 85% of all cases (2). In recent years,
with more detailed studies of the tumor immune microenvironment
(TIME), immunotherapy has become the most promising treatment
method for NSCLC. However, despite the potential for prolonged
survival in some patients, only 20-40% of NSCLC patients ultimately
benefit from immunotherapy (3), and many more patients suffer from
poor outcomes due to immune unresponsiveness or drug resistance.
Therefore, it is crucial to further explore the characteristics of TIME
and seek better directions for NSCLC immunotherapy.

Tertiary lymphoid structures (TLS) were first identified in
inflammation-related tissues, named for their structural resemblance
to secondary lymphatic organs (4). In the TIME, TLS are ordered
structures of tumor-infiltrating immune cells, mainly consisting of T
cell (CD3+) colonies surrounding B cell (CD20+) colonies, with
macrophages, dendritic cells, stromal cells, and high endothelial
venules at the periphery (5-8). It has been reported that the density
and structure of tumor-associated TLS may be related to the clinical
outcome of patients with various cancers, such as lung cancer,
hepatocellular carcinoma, and melanoma, etc (9-11). TLS can exist
in different maturity statuses, which influence prognosis differently.
Mature TLS, also known as secondary/follicular TLS, appear to have
the same germinal center (GC) as secondary lymphatic organs, with an
organized follicular dendritic cell (CD21+) network as its characteristic
component. The TLS in their mature state are important sites for
initiating or maintaining local and systemic B and T cell responses to
tumors (12, 13). High densities of mature TLS-containing GC correlate
with favorable clinical prognosis in several cancers, including
hepatocellular carcinoma (14), colorectal cancer (15), pancreatic
cancer (16), pancreatic neuroendocrine tumor (17), NSCLC (18, 19),
and oral cancer (20). In contrast, a higher proportion of immature TLS,
also known as primary TLS (without GC), located in tumors, may be
associated with poor prognosis (19).

The spatial distribution of TLS within tumors plays different roles
in anti-tumor immunity and outcomes. For example, in intrahepatic
cholangiocarcinoma, more TLS, especially mature TLS in the tumor
core, are associated with improved survival and better responses to
immunotherapy. However, more mature TLS in the peri-tumoral
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regions can lead to worse prognoses (21). Two other studies on liver
cancer reached the opposite conclusions. Finkin et al. found that the
presence of TLS in the intra-tumor region provided energy for the
growth of tumor cells and promoted the progression of liver cancer,
leading to worse prognosis in patients (22). Li et al. found that only
30% of TLS were present in the tumor, while higher density of TLS
was expressed in peri-tumoral tissues, which was significantly
correlated with a good prognosis for patients (23). As such, the
density and maturity of TLS vary in different regions of liver cancer
and display different prognostic implications. It is important to note
that TLS also exist at the invasive margin, the front line of tumor
invasion and anti-tumor immunity. In several studies based on tumors
of the digestive system, higher densities of immune cells such as CD8+
T cells and Treg immunosuppressor cells were found in the IM
regions than in the IT and PT regions, suggesting that invasive margin
may have important research value in anti-tumor immunity (24-26).
Therefore, the density and maturity of TLS in tumors may differ
depending on the pathological type and tissue site. However, it
remains unclear whether TLS exhibit spatial heterogeneity in
NSCLC and their clinical significance (27).

In this study, we investigated the density and the maturity status of
TLS in the intra-tumor, peri-tumor, and invasive margins of NSCLC
patients. We also assessed the correlation between TLS density and
tumor-infiltrating immune cells and explored the relationship between
TLS and prognosis. Our aim is to comprehensively analyze the
function of TLS, gain a deeper understanding of their role in the
progression of NSCLC, and provide important insights for enhancing
immunotherapy as well as identifying a new reference marker for
predicting prognosis in NSCLC patients.

Materials and methods

Clinicopathologic characteristics
of patients

This retrospective study included 95 patients with NSCLC who
were diagnosed and underwent resection of their primary lung tumors
between January 2011 and November 2018 at Dalian Friendship
Hospital. All patients were aged 18 or older, had no prior malignant
disease, and did not receive preoperative neoadjuvant chemotherapy

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1423775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xin et al. 10.3389/fimmu.2024.1423775

and/or radiotherapy. Two patients were excluded because of a history of ~ TABLE 1 Clinicopathologic characteristics of 82 NSCLC patients.
renal clear cell carcinoma and thyroid carcinoma. Additionally,

Clinicopathologic

11 patients were excluded due to inadequate peritumor content for Number (%)

characteristics

assessment. Consequently, 82 patients were included in the study cohort
and subjected to further analyses (Table 1). The study protocol was Age, years

approved by the Institutional Review Board of the hospital (IRB No. <65 38(46.3%)
KY-2023 (009)-001). As this is a noninterventional retrospective study,

. . . ; > 65 44(53.7%)
informed consent was waived by the IRB. This study was conducted in
accordance with the principles of the Declaration of Helsinki. Sex
Clinical and pathological data, including age, sex, smoking history, Female 29(35.4%)
and tumor size, were retrieved from electronic hospital records.
Male 53(64.6%)

Tumors were staged according to the 8th edition of the Union for

International Cancer Control (UICC) tumor-node-metastases (TNM) Histology

classification and pathological staging guidelines. Follow-up Squamous cell carcinoma 23(28.0%)
information was collected through telephone surveys, with the last

Ad i 59(72.0%
follow-up conducted in December 2022. A total of 80 patients were cnocarcmoma ( )
followed-up, with a median follow-up time of 59.1 months. Overall TNM
survival (OS) was defined as the time from resection to death, loss to I 45(54.9%)
follow-up, or the last follow-up date. Recurrence-free survival (RES)

. ) . . . 1I 20(24.4%)
was defined as the time from surgical resection to the diagnosis of
recurrence or the last follow-up. 1 17(20.7%)
Tumor size
Immunohistochemistry s S4(65.9%)
Formalin-fixed, paraffin-embedded (FFPE) tumor tissues were 23cm 28(34.1%)
retrieved from pathology archives. A consecutive series of tissue Tumor location
specimens were collected from FFPE and prepared at a thickness of left 30(36.6%)
5 pm. Max Vision staining was performed manually. The tissues were
deparaffinized and rehydrated in graded ethanol to water. Antigen right 52(634%)
retrieval was achieved by pressure cooker treatment for 2 minutes, Tumor number
followed by cooling to room temperature. Endogenous peroxidases Solitary 80(97.6%)
were inactivated using 0.3% H,O,/methanol for 15 minutes at room
Multiple 2(2.4%)

temperature. Sequential tissue sections were incubated overnight with
primary monoclonal antibodies, anti-CD47 (A11382, 1:100, ABclonal) Lymph node metastasis
and ready-to-use antibodies from MXB Biotechnologies, including

Yes 13(15.9%)
anti-CD8 (MAB-0021), anti-CD3 (MAB-0740), anti-CD20 (kit-0001),
anti-CD21 (RMA-0811), and anti-CD68 (kit-0026). Subsequently, the No 69(84.1%)
slides were washed three times with PBS for 3 minutes each and then Differentiation
incubated with secondary antibody for 15 minutes. Specific signals Well/Moderat 26(56.5%)
€ oderate D70
were visualized with 3,3’-diaminobenzidine (DAB) for 3-10 minutes
(controlled under a microscope), and then washed with PBS for Poor 20(43.5%)
10 minutes. The sections were counterstained with hematoxylin for Smoking
20 seconds, dehydrated and mounted. Necrotic areas were excluded
Yes 31(37.8%)
from the analysis.
No 51(62.2%)
Quantification of TLS Ki67
positive 77(93.9%)
TLS were assessed by an expert pathologist (SW) and two
. .. . negative 5(6.1%)
observers (SYX and XPH), who were blinded to clinicopathological
data. They were trained to identify the pathologic features of TLS in full P53
section slides containing the intra-tumor (IT), invasion margin (IM), positive 34(48.6%)
and peri-tumor (PT) regions (Figures 1A-C). The IM region was
negative 36(51.4)

defined as 500 um on each side of the border between the tumor and
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normal lung tissue (28). TLS was identified by CD3/CD20 staining on
consecutive slides for whole FFPE tumor tissue sections (7, 23). A
patient was considered TLS-positive (TLS+) if at least one TLS was
observed (19). TLS maturity status was categorized into early TLS (E-
TLS) and follicle-formed TLS (F-TLS). E-TLS exhibited diffuse
lymphocyte aggregation with scarce CD21+ cells (Figure 1D), while
F-TLS showed follicular morphology with CD21+ follicular dendritic
cells (FDCs) (Figure 1E) (27, 29). TLS density was calculated as the
number of TLS per mm? tissue area in IT, IM, and PT regions (30).
ROC curves were constructed based on the overall survival and TLS
density, with the maximum Youden’s index used to determine the
optimal TLS density cutoff (Youden’s index = sensitivity + specificity
-1). Patients were then divided into high and low density groups
according to TLS density in each region (23).

Quantification of tumor-infiltrating
immune cells

The density of infiltrating lymphocytes was evaluated by two
observers (SYX and XPH) using digital slide review. Digital

10.3389/fimmu.2024.1423775

images were scanned using an MVC3000 slide scanner
(Mydream Electronic, Shanghai, China) and quantified using
the Image] software (NIH). Five randomized microscopic fields
(20x magnification) were selected and captured from the IT, IM,
and PT regions. Cell density was calculated as the mean number
of positive cells per field (23).

CD47 expression

To further explore immune characteristics, CD47 expression
was assessed. Tumor cells express high levels of CD47 during
tumorigenesis, binding to macrophage receptors and leading to
immune escape (31, 32). The expression rate of CD47 was
calculated as the percentage of CD47-positive cells in the
corresponding section area (0-100%). Staining intensity of CD47
was categorized as weak (assignment = 1), moderate (assignment = 2),
and strong (assignment = 3). The expression score of CD47 was
calculated as (32):

Division of tumor region

FIGURE 1

The division of tumor region and the maturity of TLS in subregions. (A) The region enclosed by the blue line shown is the IT region (4x). (B) The
region enclosed by the green line shown is the IM region (4x). (C) The region enclosed by the brown lines shown is the PT region (4X). (D) Image of
E-TLS in IT, IM and PT regions (10x). (E) Image of F-TLS in IT, IM and PT regions (10x). IT, intratumor region; IM, invasive margin region; PT,

peritumor region; F-TLS, secondary TLS; E-TLS, primary TLS.
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CDA47 score = (percentage of CD47 stained at weak intensity x 1)
+ (percentage of CD47 stained at moderate intensity x 2)

+ (percentage of CD47 stained at strong intensity x 3)

Scores ranged from 0 to 300, with a score of 300 indicating
100% strong positive expression in the tumor region.

Statistical analysis

Statistical analyses were conducted using SPSS 26.0 (IBM) and
GraphPad Prism 9 (San Diego, California, USA). Measurement data
were expressed as mean + standard deviation (SD), and counting
data were expressed as median (quartile). The t-test or Mann-
Whitney U test was used to compare differences in the counting
data. Chi-square and continuous correction chi-square tests were
used to analyze categorical variables. The optimal TLS density
threshold for each subregion was identified using the area under
the curve (AUC) of the receiver operating characteristics (ROC)
curve. Spearman’s rank correlation was used to analyze the
correlations between TLS maturation and immune cells. Kaplan-
Meier method was used to plot OS and PFS curves, with the log-
rank test for comparison. Prognostic risk for NSCLC patients was
assessed using univariate and multivariate Cox regression models.
Statistical significance was set as P<0.05. Based on multivariate Cox
regression analyses, a nomogram including the age, sex, IM E-TLS,
and tumor-node-metastasis (TNM) stage was used to predict 1-, 3-,
and 5-year overall survival probabilities in NSCLC patients.

>

C

10.3389/fimmu.2024.1423775

Results

Density of TLS in different subregions in
NSCLC patients

The presence and location of TLSs were initially assessed in IHC-
stained sections of NSCLC patients. Out of the 82 patients, only one
had no detectable TLS in the specimen. To further evaluate TLS
expression, TLS density was examined in various subregions,
revealing significant differences in TLS density frequency. The
positive rate of TLS in the IT region (90.2%, 74/82) was significantly
higher than in the IM (72.0, 59/82) and PT regions (67.1%, 55/82)
(Figures 2A~C). As shown in Figure 2D, the average TLS density in the
IT region (0.45/mm2) was significantly higher than in the IM (0.18/
mm?2) and PT regions (0.16/mm?2) (P<0.00). Regardless of maturity
grade, the density was much higher in the IT region (P<0.001,
Figures 2E, F). Additionally, F-TLS had the highest proportion of
TLS in the IT region (61.0%, 50/82) compared to the IM (39.0%, 32/82)
and PT regions (40.2%, 33/82; P<0.001, Figure 2G).

Association of TLS and clinicopathologic
characteristics of patients

The relationship between TLS density and clinicopathological
characteristics was further analyzed (Table 2). Higher TLS density in
the I'T region was detected in tumors with lower TNM stage (P=0.002)
or no lymph node metastasis (P=0.034), suggesting an anti-tumor
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FIGURE 2

I
N

Density of TLS in different maturity grades. (A) TLS density and frequency of corresponding patients in IT region. (B) TLS density in IM region and
frequency of corresponding patients. (C) TLS density in PT region and frequency of corresponding patients. (D) TLS density and differences in IT, IM

and PT regions. (E) The density and differences of E-TLS in IT, IM and PT

regions. (F) The density and differences of F-TLS in IT, IM and PT regions.

(G) Statistics on the proportion of patients without TLS and with E-TLS and F-TLS in IT, IM and PT regions. IT, intratumor region; IM, invasive margin

region; PT, peritumor region; F-TLS, secondary TLS; E-TLS, primary TLS;
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immune identity for TLS in the IT region. Concurrently, increased TLS
density in the IM region was associated with squamous cell carcinoma
(P=0.005), lymph node metastasis (P=0.013), and smoking history
(P=0.045), while higher PT TLS density was mainly in male patients
(P=0.001), associated with squamous cell carcinoma (P=0.000), large
tumor diameter (P=0.013), smoking history (P=0.004), and absence of
P53 (P=0.015), which may indicate that TLS density in the IM and PT
regions was associated with adverse factors like tumor growth,
invasion, and metastasis. These findings suggest that the density of
TLS may be involved in various pathways in the different subregions.

Association between density of TLS and
prognosis of NSCLC patients

Given the high positive rates of TLS in the I'T, IM, and PT regions
(90.2%, 72.0%, and 67.1%, respectively), we first analyzed the impact of
TLS presence or absence on patient prognosis but found no clear

10.3389/fimmu.2024.1423775

correlation (Supplementary Figure 1). We then conducted a prognostic
analysis of the TLS density, stratifying patients into high and low
groups based on the optimal cutoft of the ROC. Only the AUC for IM
TLS density reached 0.6 (AUC=0.643, 95%CI: 0.521-0.764, Figure 3A).
Kaplan-Meier analysis showed that the low IM TLS group was
significantly correlated with longer OS and PFES (Figures 3B, C).
Considering the different maturity grades of TLS, we further
conducted a binary classification of the density of TLS with different
maturity grades, revealing that lower density of E-TLS in the IM region
was associated with better OS and PFS (Figures 3D-F).

The density of tumor-infiltrating immune
cells and its relationship with TLS
in subregions

TLS structures and tumor-infiltrating immune cells are important
components of the TIME, playing crucial roles in tumor immunity. We

TABLE 2 Relationship between clinicopathologic characteristics and density of TLS in NSCLC patients.

Clinical Density of IT P Density of IM P Density of PT P
features TLS (/mm?2) value TLS (/mm2) value = TLS (/mm?2) value
Age, years 0.967 0.959 0.842
<65 1.52 0.21 0.13
> 65 0.65 0.15 0.18
Sex 0.684 0.351 0.001
Male 1.28 0.21 0.19
Female 0.63 0.13 0.10
Histology 0.606 0.005 0.000
Squamous
cell carcinoma 0.73 0.30 0.30
Adenocarcinoma 1.18 0.13 0.10
TNM 0.002 0.125 0.242
I 1.74 0.18 0.10
1I 0.26 0.17 0.21
111 0.17 0.20 0.25
Tumor size 0.118 0.051 0.013
<3cm 1.33 0.14 0.11
>3cm 0.52 0.27 0.23
Tumor location 0.885 0.546 0.220
Left 0.56 0.18 0.12
Right 1.34 0.18 0.18
Tumor number 0.489 0.597 0.939
Single 1.07 0.18 0.16
Multiple 0.16 0.09 0.06
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2024.1423775

Clinical Density of IT P Density of IM P Density of PT P
features TLS (/mm?2) value TLS (/mm2) value = TLS (/mm?2) value
Lymph
node metastasis 0.034 0.013 0.323
Yes 0.16 0.30 0.18
No 1.22 0.16 0.15
Differentiation 0.756 0.238 0.088
Well/Moderate 0.61 0.19 0.14
poor 0.25 0.29 0.24
Smoking 0.368 0.045 0.004
Yes 0.78 0.26 0.20
No 122 0.13 0.13
Ki67 0.764 0.296 0.450
Positive 1.09 0.18 0.15
Negative 0.46 0.11 0.18
P53 0.837 0.948 0.015
Positive 1.6 0.17 0.23
Negative 0.81 0.22 0.61

analyzed the density of immune cells in the subregions of NSCLC
tumors, revealing that the density of CD20+ B cells, CD3+ T cells, CD8
+ cytotoxic T cells, and CD68+ macrophages was higher in the IM
region than in the IT and PT regions (Figure 4). Patients were grouped

into TLS+ and TLS- categories based on TLS presence in subregions,
and differences in immune cells were compared. No significant
differences were found between the IT TLS+ and IT TLS- groups
(Figure 5A). However, the IM TLS+ group had significantly higher
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Association between density of TLS and prognosis of NSCLC patients. (A) ROC curve based on the overall survival rate of NSCLC patients and TLS

density in the IM area, the black dot is the best cut-off value. (B) Effect of TLS density in IM region on overall survival. (C) Effect of TLS density in IM
region on progression-free survival. (D) ROC curve based on the overall survival rate of NSCLC patients and E-TLS density in the IM area, the black
dot is the best cut-off value. (E) Effect of E-TLS density in IM region on overall survival. (F) Effect of E-TLS density in IM region on progression-free
survival. IT, intratumor region; IM, invasive margin region; PT, peritumor region; F-TLS, secondary TLS; E-TLS, primary TLS.
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FIGURE 4

The density of immune cells in different regions. IT, intratumor region; IM, invasive margin region; PT, peritumor region; F-TLS, secondary TLS; E-
TLS, primary TLS. *: compared with IT region, P<0.05; **: compared with IT region, P<0.01; ***: compared with IT region, P<0.001; #: compared

with IM region, P<0.05; ###: compared with IM region, P<0.001.

densities of CD20+ B cells and CD3+ T cells than the IM TLS- group
(P=0.000 and P=0.047, Figure 5B). The PT TLS+ group had
significantly higher densities of CD20+ B cells, CD3+ T cells, CD8+
cytotoxic T cells, and CD68+ macrophages than the PT TLS- group
(P=0.004, P=0.003, P=0.049, P=0.000, Figure 5C).

Association between tumor-infiltrating
immune cells and different maturity status
of TLS in subregions

We further analyzed the role of tumor-infiltrating immune cells
in TLS maturation by comparing immune cell densities between E-
TLS and F-TLS groups in subregions. As shown in Figure 6A, in the
IT region, the densities of CD20+ B cells and CD8+ T cells were
significantly higher in the F-TLS group than in the E-TLS group
(P=0.004 and P=0.024, respectively). No statistical difference was
observed in the IM and PT regions (Figures 6B, C).

Frontiers in Immunology

Correlation between TLS and immune cells

We further analyzed the correlation between immune cell
densities and TLS density to determine their connection. CD20+
B cell density was significantly correlated with TLS density in the
IM and PT regions (R = 0.31, P<0.0001; R* = 0.53, P<0.0001;
Figures 7A-C). The correlation was more significant between the E-
TLS (Supplementary Figure 2). CD3+ T cell density was
significantly correlated with TLS density in all three regions (R* =
0.08, P=0.0115; R* = 0.07, P=0.0129; R° = 0.26, P<0.0001;
Figures 7D-F). Further analysis revealed significant correlations
between CD20+ B cells, CD3+ T cells, and TLS density in the three
regions, while CD8+ T cells correlated significantly with total TLS
and F-TLS density in the IT region, and CD68+ macrophages with
total TLS and E-TLS density in the PT region (Figure 7H).
Prognostic analysis showed that none of the immune cells was
associated with prognosis in the IT region. In the IM region, lower
density of CD20+ B cells, lower CD8/CD3 ratio, and higher density
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The difference of immune cells between TLS+ and TLS- patients in subregions. (A) Patients were divided into IT TLS+ group and IT TLS- group
according to the presence or absence of TLS in IT area. Independent sample T test was conducted to analyze the density differences of CD20+ B
cells, CD3+ T cells, CD8+ T cells and CD68+ macrophages in IT area between the two groups. (B) Patients were divided into IM TLS+ group and IM
TLS- group according to the presence or absence of TLS in IM region. Independent sample T test was conducted to analyze the density differences
of CD20+ B cells, CD3+ T cells, CD8+ T cells and CD68+ macrophages in IM region between the two groups. (C) Patients were divided into the
TLS+ group and the TLS- group according to the presence or absence of TLS in the PT area. The density differences of CD20+ B cells, CD3+ T cells,
CD8+ T cells and CD68+ macrophages in the PT area were analyzed by independent sample T test. IT, intratumor region; IM, invasive margin

region; PT, peritumor region.

of CD3+ T cells were associated with better prognosis. In the PT
region, lower density of CD20+ B cells was associated with better
prognosis (Supplementary Figure 3).

CD47 scores, associated with the immune escape, were
significantly higher in the IT (mean score 36.34) and IM regions
(mean score 39.02) than in the PT region (mean score 6.59), with no
significant difference between IT and IM regions (Figure 7G). No
significant correlation was observed between CD47 scores and TLS
density in the IT, IM, and PT regions (Figure 7H).

Density of IM E-TLS as an independent
prognostic factor for overall survival

Univariate Cox regression analysis identified histology, lymph
node metastasis, tumor size, TNM stage, and IM TLS and IM E-TLS
density as significant prognostic factors. Multivariate analysis
confirmed that TNM stage and IM E-TLS can serve as
independent prognostic factors for overall survival (all P<0.05),
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while other clinicopathological variables showed no consistent
significance (Figure 8).

Nomogram predicted 1-, 3- and 5-year OS
in NSCLC patients

Based on multivariate Cox regression analysis, a nomogram
prognostic model was established, including IM E-TLS and TNM
stage as predictors, along with patient age and sex based on our
clinical experience (Figure 9A). The nomogram demonstrated good
predictive performance for overall survival in NSCLC patients
(Figures 9B-E).

Discussion

Our study comprehensively analyzed the density of TLS at
different maturity statuses across various subregions and their
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The difference between immune cells with different maturity of TLS. (A) Patients were divided into E-TLS group and F-TLS group according to TLS
maturation status in IT region. Independent sample T test was conducted to analyze the density differences of CD20+ B cells, CD3+ T cells, CD8+ T
cells and CD68+ macrophages in IT area between the two groups. (B) Patients were divided into E-TLS group and F-TLS group according to TLS
maturation status in IM region. Independent sample T test was conducted to analyze the density differences of CD20+ B cells, CD3+ T cells, CD8+
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correlation with the prognosis of NSCLC patients. Moreover, we
plotted a nomogram incorporating IM E-TLS, TNM stage, age, and
sex to predict patient prognosis. We found a high detection rate of
TLS in NSCLC patients (98.8%), with higher density in the IT
region compared to the IM and PT regions. Mature TLS had a
significantly higher proportion in the IT region than in the other
two regions. Based on previous studies, the presence of GC in
mature TLS is an important starting point for anti-tumor immune
response, we hypothesized that the anti-tumor immunity in the IT
region of tumors is stronger than in the other two regions (33).
Our analysis of clinical data from NSCLC patients
demonstrated that higher TLS density in the IT region was
associated with lower TNM stage and absence of lymph node
metastasis, indicating an accumulation of TLS in early-stage
NSCLC and better prognosis. By contrast, increased TLS density
in the IM and PT regions was associated with adverse prognostic
factors such as tumor growth, invasion, and metastasis, suggesting a
negative impact on prognosis. Intriguingly, while many studies have
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argued for a positive prognostic effect of TLS in lung cancer (34, 35),
our study found that IT and PT TLS density at any maturity status
was not predictive of prognosis. Higher density of TLS in the IM
region was associated with worse prognosis in NSCLC patients.
Furthermore, high density of E-TLS in the IM region was an
independent risk factor for overall survival, possibly due to the
absence of a germinal center, rendering TLS less effective (19, 36).

Tumor-infiltrating immune cells may play an important role in
TIME and TLS development. We observed the highest proportion
of these cells in the IM region, consistent with the findings by Zhu
et al. (37). The IM region, as the interface between intra-tumor and
peri-tumor tissues, is the front line of tumor invasion. When
immune aggregation occurs here, it reflects an active anti-tumor
immune response. Although previous studies proposed that the
infiltration of immune cells within tumors was higher than that in
the peri-tumor region and could be further correlated with better
prognosis (38-40), we found higher densities of CD20+ B cells,
CD3+ T cells, CD8+ cytotoxic T cells, and CD68+ macrophage cells
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FIGURE 7

Correlation between the density of immune cells and TLS. (A—C) General linear regression analysis was performed to determine the correlation
between CD20+ B cells in IT, IM and PT regions and TLS density in the corresponding regions. (D—F) General linear regression analysis was
performed to determine the correlation between CD3+ T cells in IT, IM and PT regions and TLS density in the corresponding regions. (G) The bubble
chart shows the CD47 scores in the IT, IM and PT regions (the size of the circle indicates the score frequency). (H) The bubble map shows the
correlation between TLS at different maturation states in IT, IM and PT regions and immune cells in each region (red indicates positive correlation
coefficient, blue indicates negative correlation coefficient, and purple indicates close to 0 correlation coefficient; The larger the circle, the more
significant the correlation, and the smaller the circle, the weaker the correlation). IT, intratumor region; IM, invasive margin region; PT, peritumor

region; F-TLS, secondary TLS; E-TLS, primary TLS.

in the IM region compared to the IT and PT regions, with CD20+ B
cell density associated with better prognosis and CD8+/CD3+ ratio
with poorer prognosis. We hypothesize that previous studies
merging the invasive edge (IM region) with the IT region might
have led to different findings. Therefore, in this study, when the IM
region was separated from the IT region, a high number of immune
cells could be detected in this region.

Given that the IM region had significant association with
patient prognosis and obvious immune cell infiltration, our study
focused on this region. Just like some of the previous studies, we also
found that the density of CD20+ B cells and CD3+ T cells was most
closely related to prognosis and immunotherapy response (41-43).
These cells were significantly correlated with the presence of TLS,
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suggesting their role in TLS formation. Notably, the density of CD20+
B cellsand CD3+ T cells in the IM region was only positively correlated
with the density of E-TLS but not with the presence or density of F-TLS,
suggesting that these immune cells are not involved in the maturation
of TLS in this region. However, in the PT region, the density of these
cells was higher in the tissues in the presence of F-TLS and positively
correlated with the density of F-TLS, implying their involvement in
TLS development and maturation in peri-tumoral tissues. This
contrast highlights that CD20+ B cells and CD3+ T cells participate
in TLS formation but are inhibited in TLS maturation in the IM region,
leading to high E-TLS density in the IM region.

This study suggests a potential immunosuppressive state in the
IM region, based on two main observations. Firstly, the IM region
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Variables Categories Univariate analysis Multivariate analysis
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Differentiation Well/Moderate vs Poor  0.541(0.250-1.173) l-H 0.12
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Ki67 Positive vs Negative 0.623(0.150-2.593) I—:P—i 0.515

P53 Positive vs Negative ~ 0.937(0.483-1.820) l—H 0.848
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FIGURE 8

COX proportional hazard regression model for overall survival of NSCLC. A univariate Cox regression analysis was performed on the clinical
characteristics and the density of TLS in NSCLC patients. P<0.05 was taken as the threshold to screen out prognostic factors. The relevant factors
were included in the multivariate analysis for predicting overall survival (all P<0.05).
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Nomogram predicted the overall survival of NSCLC patients. (A) Nomogram was plotted based on four factors: age, sex, density of IM E-TLS and
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method was used for internal validation, with 200 repeat samples. (B) ROC curve to verify nomogram model performance. (C—E) Calibration curves
of a nomogram to predict OS at 1-, 3- and 5 years in this data set.
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displayed high density of E-TLS. Previous studies have shown that
the presence of E-TLS is associated with the immunosuppressive
state of the tumor immune microenvironment. When E-TLS is
formed in large quantities, immature immune cells often
differentiate into immunosuppressive cells (such as regulatory B
cells), and in the early stage of disease or after immunotherapy, the
production of E-TLS in tumor microenvironment is associated with
the expression of immunosuppressive genes and poor prognosis
(44-46). CD8+ T cells are the main anti-tumor immune cells
associated with favorable prognosis in various tumors, and their
immune function can be inhibited by regulatory B cells, which further
contributes to the functional suppression of anti-tumor immune cells in
the IM region (47,48). Secondly, we observed a high H-score for CD47 in
the IM region. As a marker of immunologically privileged cells, CD47
can be expressed by stromal cells, red blood cells, endothelial cells and
other body cells. During tumor progression, high density of tumor cells
express CD47 and bind to the corresponding receptors on macrophages
to evade the immune system (49). The high density of CD47 in the IM
region suggests an immunosuppressive state in this region (50).

Our study demonstrated a correlation between the density of E-
TLS in the IM region and prognosis in NSCLC patients, as well as the
immune characteristics of the IM region. Studies have found that the
IM region of liver cancer is the lesion front for tumor invasion of
normal tissues, where the density of immunosuppressive genes is
significantly increased (46). Our study found a high density of immune
cells and high expression of CD47 in the IM region, suggesting that the
anti-tumor immune ability of immune cells may be inhibited, and also
proved that the immunosuppressive state of the IM region of NSCLC
tumors, and proposed that this immunosuppressive state may be
related to the abnormal participation of B cells and T cells in the
high density of E-TLS during TLS maturation in the IM region.
Currently, it is not clear why large amounts of E-TLS are produced
in such early tissue lesions. However, the causal relationship between
E-TLS and local immunosuppression remains uncertain. It is also
unclear whether E-TLS is the cause or result of local suppression of
immune cells in the tissue, whether the mass aggregation of tumor-
infiltrating immune cells in the IM region is a manifestation of anti-
tumor immunoactivation or compensatory proliferation after
immunosuppression, and whether its density can represent the
expression and function of cells. These questions require further
investigation in future research.

Due to the non-specific early clinical manifestations of NSCLC
and the low diagnostic rate, obtaining early tissue samples from
patients for research is challenging. We believe that in the future, we
can verify our conclusions by multicenter studies and expanding the
sample size to discuss the expression and distribution characteristics
of TLS in early and advanced NSCLC patients, especially patients at
TNM stage I, to clarify the density and distribution characteristics of
TLS in the tumor tissues of early NSCLC lesions. Another limitation
of this study was the lack of external validation for the nomogram
prediction model and the absence of sample data for tumor tripartite
in the online database. This again calls for multicenter clinical studies
that should be performed to validate our findings. Our study also
suggested that future studies should sequence the expression of
immune-related genes in the IT, IM, and PT regions. Comparing
the upregulation or inhibition of immune-related genes among the
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three regions, rather than relying solely on immune cell density as a
functional indicator, would enable a more comprehensive evaluation
of the immunomodulatory effects of tumor-related tissues during
tumor development and invasion. This would offer a valuable
reference for improving NSCLC immunotherapy.

Conclusion

In summary, we found that TLS had a high positivity rate in
patients with NSCLC. Although TLS had the highest density in the
IT region, its density in the IM region was most closely associated
with the patient prognosis. A nomogram, including age, sex, IM E-
TLS, and tumor-node-metastasis (TNM) stage, was created to
predict 1-, 3-, and 5-year overall survival probabilities in NSCLC
patients. A higher density of E-TLS in the IM region was associated
with poorer prognosis of NSCLC patients, which we believe is
linked to the immunosuppressive state in the IM region.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Dalian
Friendship Hospital Ethics Committee. The studies were
conducted in accordance with the local legislation and
institutional requirements. The ethics committee/institutional
review board waived the requirement of written informed consent
for participation from the participants or the participants’ legal
guardians/next of kin because this is a noninterventional
retrospective study.

Author contributions

SX: Data curation, Formal analysis, Investigation, Methodology,
Software, Writing - original draft. SW: Data curation, Methodology,
Visualization, Writing - review & editing. PH: Data curation, Formal
analysis, Investigation, Software, Writing — review & editing. YZ:
Data curation, Investigation, Methodology, Software, Writing -
review & editing. HZ: Conceptualization, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the United Fund of the Second Hospital of Dalian
Medical University and Dalian Institute of Chemical Physics,

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1423775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xin et al.

Chinese Academy of Sciences (UF-ZD-202011), and Project of
Science and Technology of Liaoning Province (2023-MS-272).

Acknowledgments

The authors thank the staff in the Department of Pathology, The
Friendship Hospital of Dalian, and all patients involved in this study
for their support.

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.

References

1. Duma N, Santana-Davila R, Molina JR. Non-small cell lung cancer: epidemiology,
screening, diagnosis, and treatment. Mayo Clin Proc. (2019) 94(8):1623-40.
doi: 10.1016/j.mayocp.2019.01.013

2. Huang J, Deng Y, Tin MS, Lok V, Ngai CH, Zhang L, et al. Distribution, risk
factors, and temporal trends for lung cancer incidence and mortality: A global analysis.
Chest. (2022) 161:1101-11. doi: 10.1016/j.chest.2021.12.655

3. Kamer I, Bab-Dinitz E, Zadok O, Ofek E, Gottfried T, Daniel-Meshulam I, et al.
Immunotherapy response modeling by ex-vivo organ culture for lung cancer. Cancer
Immunol Immunother. (2021) 70:2223-34. doi: 10.1007/s00262-020-02828-w

4. Hwang JY, Randall TD, Silva-Sanchez A. Inducible bronchus-associated
lymphoid tissue: taming inflammation in the lung. Front Immunol. (2016) 7:258.
doi: 10.3389/fimmu.2016.00258

5. Ruddle NH. Basics of inducible lymphoid organs. Curr Top Microbiol Immunol.
(2020) 426:1-19. doi: 10.1007/82_2020_218

6. Rodriguez AB, Peske JD, Woods AN, Leick KM, Mauldin IS, Meneveau MO,
et al. Immune mechanisms orchestrate tertiary lymphoid structures in tumors via
cancer-associated fibroblasts. Cell Rep. (2021) 36:109422. doi: 10.1016/j.celrep.2021.
109422

7. Sautes-Fridman C, Petitprez F, Calderaro J, Fridman WH. Tertiary lymphoid
structures in the era of cancer immunotherapy. Nat Rev Cancer. (2019) 19:307-25.
doi: 10.1038/541568-019-0144-6

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

9. Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, et al. Presence of
B cells in tertiary lymphoid structures is associated with a protective immunity in
patients with lung cancer. Am ] Respir Crit Care Med. (2014) 189:832-44. doi: 10.1164/
rcem.201309-16110C

10. Germain C, Devi-Marulkar P, Knockaert S, Biton J, Kaplon H, Letaief L, et al.
Tertiary lymphoid structure-B cells narrow regulatory T cells impact in lung cancer
patients. Front Immunol. (2021) 12:626776. doi: 10.3389/fimmu.2021.626776

11. Jacquelot N, Tellier J, Nutt SL, Belz GT. Tertiary lymphoid structures and B
lymphocytes in cancer prognosis and response to immunotherapies. Oncoimmunology.
(2021) 10:1900508. doi: 10.1080/2162402X.2021.1900508

12. Delvecchio FR, Fincham REA, Spear S, Clear A, Roy-Luzarraga M, Balkwill FR, et al.
Pancreatic cancer chemotherapy is potentiated by induction of tertiary lymphoid structures in
mice. Cell Mol Gastroenterol Hepatol. (2021) 12:1543-65. doi: 10.1016/j.jcmgh.2021.06.023

13. Dieu-Nosjean MC, Goc J, Giraldo NA, Sautés-Fridman C, Fridman WH.
Tertiary lymphoid structures in cancer and beyond. Trends Immunol. (2014) 35:571-
80. doi: 10.1016/}.it.2014.09.006

14. 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

15. Posch F, Silina K, Leibl S, Miindlein A, Moch H, Siebenhiiner A, et al.
Maturation of tertiary lymphoid structures and recurrence of stage ii and iii
colorectal cancer. Oncoimmunology. (2018) 7:¢1378844. doi: 10.1080/2162402X.2017
1378844

Frontiers in Immunology

10.3389/fimmu.2024.1423775

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.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1423775/
full#supplementary-material

16. JG A, Rajamanickam V, Bui C, Bernard B, Pucilowska J, Ballesteros-Merino C,
et al. Germinal center reactions in tertiary lymphoid structures associate with
neoantigen burden, humoral immunity and long-term survivorship in pancreatic
cancer. Oncoimmunology. (2021) 10:1900635. doi: 10.1080/2162402X.2021.1900635

17. Zhang WH, Wang WQ, Han X, Gao HL, Xu SS, Li S, et al. Infiltrating pattern
and prognostic value of tertiary lymphoid structures in resected non-functional
pancreatic neuroendocrine tumors. J Immunother Cancer. (2020) 8(2):e001188.
doi: 10.1136/jitc-2020-001188

18. Fukuhara M, Muto S, Inomata S, Yamaguchi H, Mine H, Takagi H, et al. The
clinical significance of tertiary lymphoid structure and its relationship with peripheral
blood characteristics in patients with surgically resected non-small cell lung cancer: A
single-center, retrospective study. Cancer Immunol Immunother. (2022) 71:1129-37.
doi: 10.1007/500262-021-03067-3

19. Silipa K, Soltermann A, Attar FM, Casanova R, Uckeley ZM, Thut H, et al.
Germinal centers determine the prognostic relevance of tertiary lymphoid structures
and are impaired by corticosteroids in lung squamous cell carcinoma. Cancer Res.
(2018) 78:1308-20. doi: 10.1158/0008-5472.CAN-17-1987

20. Li K, Guo Q, Zhang X, Dong X, Liu W, Zhang A, et al. Oral cancer-associated
tertiary lymphoid structures: gene expression profile and prognostic value. Clin Exp
Immunol. (2020) 199:172-81. doi: 10.1111/cei.13389

21. Ding GY, Ma JQ, Yun JP, Chen X, Ling Y, Zhang S, et al. Distribution and
density of tertiary lymphoid structures predict clinical outcome in intrahepatic
cholangiocarcinoma. ] Hepatol. (2022) 76:608-18. doi: 10.1016/j.jhep.2021.10.030

22. Finkin S, Yuan D, Stein I, Taniguchi K, Weber A, Unger K, et al. Ectopic
lymphoid structures function as microniches for tumor progenitor cells in
hepatocellular carcinoma. Nat Immunol. (2015) 16:1235-44. doi: 10.1038/ni.3290

23. LiH,LiuH, FuH, LiJ,XuL, Wang G, et al. Peritumoral tertiary lymphoid structures
correlate with protective immunity and improved prognosis in patients with hepatocellular
carcinoma. Front Immunol. (2021) 12:648812. doi: 10.3389/fimmu.2021.648812

24. Derks S, de Klerk LK, Xu X, Fleitas T, Liu KX, Liu Y, et al. Characterizing
diversity in the tumor-immune microenvironment of distinct subclasses of
gastroesophageal adenocarcinomas. Ann Oncol. (2020) 31:1011-20. doi: 10.1016/
j.annonc.2020.04.011

25. Deguchi S, Tanaka H, Suzuki S, Natsuki S, Mori T, Miki Y, et al. Clinical
relevance of tertiary lymphoid structures in esophageal squamous cell carcinoma. BMC
Cancer. (2022) 22:699. doi: 10.1186/s12885-022-09777-w

26. Lin JR, Wang S, Coy S, Chen YA, Yapp C, Tyler M, et al. Multiplexed 3d atlas of
state transitions and immune interaction in colorectal cancer. Cell. (2023) 186:363-
81.e19. doi: 10.1016/j.cell.2022.12.028

27. Schumacher TN, Thommen DS. Tertiary lymphoid structures in cancer. Science.
(2022) 375:eabf9419. doi: 10.1126/science.abf9419

28. Hu C, Zhao L, Liu W, Fan S, Liu J, Liu Y, et al. Genomic profiles and their
associations with tmb, pd-L1 expression, and immune cell infiltration landscapes in
synchronous multiple primary lung cancers. ] Immunother Cancer. (2021) 9(12):
€003773. doi: 10.1136/jitc-2021-003773

29. Fridman WH, Siberil S, Pupier G, Soussan S, Sautés-Fridman C. Activation of B
cells in tertiary lymphoid structures in cancer: anti-tumor or anti-self? Semin Immunol.
(2023) 65:101703. doi: 10.1016/j.smim.2022.101703

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1423775/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1423775/full#supplementary-material
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1016/j.chest.2021.12.655
https://doi.org/10.1007/s00262-020-02828-w
https://doi.org/10.3389/fimmu.2016.00258
https://doi.org/10.1007/82_2020_218
https://doi.org/10.1016/j.celrep.2021.109422
https://doi.org/10.1016/j.celrep.2021.109422
https://doi.org/10.1038/s41568-019-0144-6
https://doi.org/10.1111/imr.12405
https://doi.org/10.1164/rccm.201309-1611OC
https://doi.org/10.1164/rccm.201309-1611OC
https://doi.org/10.3389/fimmu.2021.626776
https://doi.org/10.1080/2162402X.2021.1900508
https://doi.org/10.1016/j.jcmgh.2021.06.023
https://doi.org/10.1016/j.it.2014.09.006
https://doi.org/10.3389/fimmu.2021.788640
https://doi.org/10.3389/fimmu.2021.788640
https://doi.org/10.1080/2162402X.2017.1378844
https://doi.org/10.1080/2162402X.2017.1378844
https://doi.org/10.1080/2162402X.2021.1900635
https://doi.org/10.1136/jitc-2020-001188
https://doi.org/10.1007/s00262-021-03067-3
https://doi.org/10.1158/0008-5472.CAN-17-1987
https://doi.org/10.1111/cei.13389
https://doi.org/10.1016/j.jhep.2021.10.030
https://doi.org/10.1038/ni.3290
https://doi.org/10.3389/fimmu.2021.648812
https://doi.org/10.1016/j.annonc.2020.04.011
https://doi.org/10.1016/j.annonc.2020.04.011
https://doi.org/10.1186/s12885-022-09777-w
https://doi.org/10.1016/j.cell.2022.12.028
https://doi.org/10.1126/science.abf9419
https://doi.org/10.1136/jitc-2021-003773
https://doi.org/10.1016/j.smim.2022.101703
https://doi.org/10.3389/fimmu.2024.1423775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xin et al.

30. Sofopoulos M, Fortis SP, Vaxevanis CK, Sotiriadou NN, Arnogiannaki N,
Ardavanis A, et al. The prognostic significance of peritumoral tertiary lymphoid
structures in breast cancer. Cancer Immunol Immunother. (2019) 68:1733-45.
doi: 10.1007/500262-019-02407-8

31. Hu LY, Zhuang WT, Chen M]J, Liao J, Wu DF, Zhang YX, et al. Egfr Oncogenic
Mutations in Nsclc Impair Macrophage Phagocytosis and Mediate Innate Immune
Evasion through up-Regulation of Cd47. J Thorac Oncol. (2024) 19(8):1186-200.
doi: 10.1016/j.jth0.2024.03.019

32. Yordanov A, Shivarov V, Kostov S, Ivanova Y, Dimitrova P, Popovska S, et al.
Prognostic utility of c¢d47 in cancer of the uterine cervix and the sensitivity of
immunohistochemical scores. Diagnostics (Basel). (2022) 13(1):52. doi: 10.3390/
diagnostics13010052

33. Ng KW, Boumelha J, Enfield KSS, Almagro J, Cha H, Pich O, et al. Antibodies
against endogenous retroviruses promote lung cancer immunotherapy. Nature. (2023)
616:563-73. doi: 10.1038/s41586-023-05771-9

34. XuX, Gao Y, Duan S, Ding Q, Wang X, Dai X, et al. Clinical implications and
molecular features of tertiary lymphoid structures in stage I lung adenocarcinoma.
Cancer Med. (2023) 12:9547-58. doi: 10.1002/cam4.5731

35. Zhao H, Wang H, Zhao Y, Sun Q, Ren X. Tumor-resident T cells, associated with
tertiary lymphoid structure maturity, improve survival in patients with stage iii lung
adenocarcinoma. Front Immunol. (2022) 13:877689. doi: 10.3389/fimmu.2022.877689

36. de Chaisemartin L, Goc ], Damotte D, Validire P, Magdeleinat P, Alifano M,
et al. Characterization of chemokines and adhesion molecules associated with T cell
presence in tertiary lymphoid structures in human lung cancer. Cancer Res. (2011)
71:6391-9. doi: 10.1158/0008-5472.CAN-11-0952

37. Zhu W, Germain C, Liu Z, Sebastian Y, Devi P, Knockaert S, et al. A high density
of tertiary lymphoid structure B cells in lung tumors is associated with increased cd4(+)
T cell receptor repertoire clonality. Oncoimmunology. (2015) 4:¢1051922. doi: 10.1080/
2162402X.2015.1051922

38. Federico L, McGrail DJ, Bentebibel SE, Haymaker C, Ravelli A, Forget MA, et al.
Distinct tumor-infiltrating lymphocyte landscapes are associated with clinical
outcomes in localized non-small-cell lung cancer. Ann Oncol. (2022) 33:42-56.
doi: 10.1016/j.annonc.2021.09.021

39. Dai F, Liu L, Che G, Yu N, Pu Q, Zhang S, et al. The number and
microlocalization of tumor-associated immune cells are associated with patient’s
survival time in non-small cell lung cancer. BMC Cancer. (2010) 10:220.
doi: 10.1186/1471-2407-10-220

Frontiers in Immunology

158

10.3389/fimmu.2024.1423775

40. Wu J, Li L, Zhang H, Zhao Y, Zhang H, Wu S, et al. A risk model developed
based on tumor microenvironment predicts overall survival and associates with tumor
immunity of patients with lung adenocarcinoma. Oncogene. (2021) 40:4413-24.
doi: 10.1038/s41388-021-01853-y

41. Phanthunane C, Wijers R, de Herdt M, Langeveld TPM, Koljenovic S, Dasgupta
S, et al. B-cell clusters at the invasive margin associate with longer survival in early-stage
oral-tongue cancer patients. Oncoimmunology. (2021) 10:1882743. doi: 10.1080/
2162402X.2021.1882743

42. Oliveira G, Wu CJ. Dynamics and specificities of T cells in cancer immunotherapy.
Nat Rev Cancer. (2023) 23:295-316. doi: 10.1038/s41568-023-00560-y

43. Edin S, Kaprio T, Hagstrom J, Larsson P, Mustonen H, Béckelman C, et al. The
prognostic importance of cd20(+) B lymphocytes in colorectal cancer and the relation
to other immune cell subsets. Sci Rep. (2019) 9:19997. doi: 10.1038/541598-019-56441-8

44. Fridman WH, Meylan M, Petitprez F, Sun CM, Italiano A, Sautés-Fridman C. B
cells and tertiary lymphoid structures as determinants of tumour immune contexture
and clinical outcome. Nat Rev Clin Oncol. (2022) 19:441-57. doi: 10.1038/s41571-022-
00619-z

45. Zhao X, Yue D, Qian ], Zhang L, Song J, Zhang B, et al. Case report: sarcoid-like
reactions and tertiary lymphoid structures following dual checkpoint inhibition in a
patient with early-stage lung adenocarcinoma. Front Immunol. (2022) 13:794217.
doi: 10.3389/fimmu.2022.794217

46. Meylan M, Petitprez F, Lacroix L, Di Tommaso L, Roncalli M, Bougoiiin A, et al.
Early hepatic lesions display immature tertiary lymphoid structures and show elevated
expression of immune inhibitory and immunosuppressive molecules. Clin Cancer Res.
(2020) 26:4381-9. doi: 10.1158/1078-0432.CCR-19-2929

47. Hashimoto M, Kamphorst AO, Im §J, Kissick HT, Pillai RN, Ramalingam SS,
et al. Cd8 T cell exhaustion in chronic infection and cancer: opportunities for
interventions. Annu Rev Med. (2018) 69:301-18. doi: 10.1146/annurev-med-012017-
043208

48. Paijens ST, Vledder A, de Bruyn M, Nijman HW. Tumor-infiltrating
lymphocytes in the immunotherapy era. Cell Mol Immunol. (2021) 18:842-59.
doi: 10.1038/541423-020-00565-9

49. Zhang W, Huang Q, Xiao W, Zhao Y, Pi J, Xu H, et al. Advances in anti-tumor
treatments targeting the cd47/sirpo. Axis. Front Immunol. (2020) 11:18. doi: 10.3389/
fimmu.2020.00018

50. Jiang Z, Sun H, Yu J, Tian W, Song Y. Targeting cd47 for cancer
immunotherapy. ] Hematol Oncol. (2021) 14:180. doi: 10.1186/s13045-021-01197-w

frontiersin.org


https://doi.org/10.1007/s00262-019-02407-8
https://doi.org/10.1016/j.jtho.2024.03.019
https://doi.org/10.3390/diagnostics13010052
https://doi.org/10.3390/diagnostics13010052
https://doi.org/10.1038/s41586-023-05771-9
https://doi.org/10.1002/cam4.5731
https://doi.org/10.3389/fimmu.2022.877689
https://doi.org/10.1158/0008-5472.CAN-11-0952
https://doi.org/10.1080/2162402X.2015.1051922
https://doi.org/10.1080/2162402X.2015.1051922
https://doi.org/10.1016/j.annonc.2021.09.021
https://doi.org/10.1186/1471-2407-10-220
https://doi.org/10.1038/s41388-021-01853-y
https://doi.org/10.1080/2162402X.2021.1882743
https://doi.org/10.1080/2162402X.2021.1882743
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1038/s41598-019-56441-8
https://doi.org/10.1038/s41571-022-00619-z
https://doi.org/10.1038/s41571-022-00619-z
https://doi.org/10.3389/fimmu.2022.794217
https://doi.org/10.1158/1078-0432.CCR-19-2929
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1038/s41423-020-00565-9
https://doi.org/10.3389/fimmu.2020.00018
https://doi.org/10.3389/fimmu.2020.00018
https://doi.org/10.1186/s13045-021-01197-w
https://doi.org/10.3389/fimmu.2024.1423775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

8 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Ying Ma,

Tianjin Medical University Cancer Institute and
Hospital, China

REVIEWED BY

Wenji Ma,

Columbia University, United States

Ali Roghanian,

University of Southampton, United Kingdom

*CORRESPONDENCE
Helen K. Angell
helen.angell@astrazeneca.com

RECEIVED 23 April 2024
ACCEPTED 26 August 2024
PUBLISHED 20 September 2024

CITATION

Berthe J, Poudel P, Segerer FJ,

Jennings EC, Ng F, Surace M, Andoni A,
Testori M, Saraiya M, Vuko M, Hessel H,
Heininen-Brown M, Blando J, Jones EV,
Willis SE, Galon J, van de Ven R, de Gruijl TD
and Angell HK (2024) Exploring the impact of
tertiary lymphoid structures maturity in
NSCLC: insights from TLS scoring.

Front. Immunol. 15:1422206.

doi: 10.3389/fimmu.2024.1422206

COPYRIGHT

© 2024 Berthe, Poudel, Segerer, Jennings, Ng,
Surace, Andoni, Testori, Saraiya, Vuko, Hessel,
Heininen-Brown, Blando, Jones, Willis, Galon,
van de Ven, de Gruijl and Angell. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 20 September 2024
po110.3389/fimmu.2024.1422206

Exploring the impact of
tertiary lymphoid structures
maturity in NSCLC.: insights
from TLS scoring

Julie Berthe®, Pawan Poudel?, Felix J. Segerer?>,
Emily C. Jennings®, Felicia Ng?, Michael Surace®, Alma Andoni?,
Marco Testori®, Megha Saraiya®, Miljenka Vuko?®, Harald Hessel?,

Mari Heininen-Brown?, Jorge Blando®, Emma V. Jones®,

Sophie E. Willis*, Jéréme Galon®’®, Rieneke van de Ven®*",

Tanja D. de Gruijl'®*** and Helen K. Angell*

Translational Medicine, Oncology R&D, AstraZeneca, Cambridge, United Kingdom, ?Oncology Data
Science, Oncology R&D, AstraZeneca, Cambridge, United Kingdom, *Computational Pathology,
Oncology R&D, AstraZeneca, Munich, Germany, “Oncology Data Science, Oncology R&D,
AstraZeneca, Waltham, MA, United States, °Translational Medicine, Oncology R&D, AstraZeneca,
Gaithersburg, MD, United States, °*INSERM, Laboratory of Integrative Cancer Immunology,

Paris, France, Sorbonne Université, Université Paris Cité, Centre de Recherche des Cordeliers,

Paris, France, 8Equipe Labellisée Ligue Contre le Cancer, Paris, France, °Department of Otolaryngology,
Head and Neck Surgery, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, Netherlands,
oCancer Center Amsterdam, Cancer Biology and Immunology Theme, Amsterdam, Netherlands,
“Amsterdam Institute for Immunology and Infectious Diseases, Amsterdam, Netherlands, *?Department of
Medical Oncology, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, Netherlands

Tertiary Lymphoid Structures (TLS) are lymphoid structures commonly
associated with improved survival of cancer patients and response to
immunotherapies. However, conflicting reports underscore the need to
consider TLS heterogeneity and multiple features such as TLS size,
composition, and maturation status, when assessing their functional impact.
With the aim of gaining insights into TLS biology and evaluating the prognostic
impact of TLS maturity in Non-Small Cell Lung Carcinoma (NSCLC), we
developed a multiplex immunofluorescent (mlIF) panel including T cell (CD3,
CD8), B cell (CD20), Follicular Dendritic cell (FDC) (CD21, CD23) and mature
dendritic cell (DC-LAMP) markers. We deployed this panel across a cohort of
primary tumor resections from NSCLC patients (N=406) and established a mIF
image analysis workstream to specifically detect TLS structures and evaluate the
density of each cell phenotype. We assessed the prognostic significance of TLS
size, number, and composition, to develop a TLS scoring system representative
of TLS biology within a tumor. TLS relative area, (total TLS area divided by the total
tumor area), was the most prognostic TLS feature (C-index: 0.54, p = 0.04). CD21
positivity was a marker driving the favorable prognostic impact, where CD21*
CD23 B cells (C-index: 0.57, p = 0.04) and CD21" CD23" FDC (C-index: 0.58, p =
0.01) were the only prognostic cell phenotypes in TLS. Combining the three most
robust prognostic TLS features: TLS relative area, the density of B cells, and FDC
CD21" CD23™ we generated a TLS scoring system that demonstrated strong
prognostic value in NSCLC when considering the effect of age, sex, histology,
and smoking status. This TLS Score also demonstrated significant association
with Immunoscore, EGFR mutational status and gene expression-based B-cell
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and TLS signature scores. It was not correlated with PD-L1 status in tumor cells or
immune cells. In conclusion, we generated a prognostic TLS Score representative
of the TLS heterogeneity and maturity undergoing within NSCLC tissues. This
score could be used as a tool to explore how TLS presence and maturity impact
the organization of the tumor microenvironment and support the discovery of
spatial biomarker surrogates of TLS maturity, that could be used in the clinic.

KEYWORDS

NSCLC, tertiary lymphoid structures, tissue scoring, tumor immunity,
multiplex immunofluorescence

Introduction

Several spatial biomarkers, predictive of improved patient
survival and response to immuno-therapies, have been identified
over the last decade. One example is the density and location of
immune cells within the tumor microenvironment. In particular,
the presence of tumor-infiltrating lymphocytes (TILs) has been
correlated to a better prognosis and response to immunotherapy in
various cancer types, including melanoma, non-small cell lung
Other studies have
demonstrated similar prognostic and predictive impact of

cancer, and bladder cancer (1, 2).

immune cell density within the tumor center or the invasive
margin (2, 3). Additionally, the spatial organization of immune
cells within the tumor microenvironment can be of major
importance. For example, the presence of highly organized
ectopic lymphoid structures, called tertiary lymphoid structures
(TLS) found in inflamed or tumor tissues, have been linked with
better prognosis and response to immunotherapy in many cancer
types (4-9).

While TLS are associated with favorable outcomes in tumor
indications such as lung, colorectal, and pancreatic cancers, their
relationship with histopathological and clinical parameters is
complex and can vary across tumor types. In other tumor
indications, TLS impact can be controversial, for instance in
invasive breast cancer, bladder cancer, and gastric tumors where
the presence of TLS has been correlated with poor prognostic value
(8, 9). These conflicting observations suggest that not all lymphoid
aggregates are functionally equivalent, and minimal characteristics
may be required to define a functional TLS. Many cell types are
recruited and segregated in two distinct B cell and T cell areas that
typically comprise a TLS, including immune cells such as B cells, T
cells, mature dendritic cells (mDC), Follicular helper T cells (TFH)
and macrophages, differentiated stromal components (follicular
dendritic cells (FDC), fibroblastic reticular cells (FRC), marginal
reticular cells (MRC)), and high endothelial venules (HEV) (8). This
complex TLS structural organization is critical for immune
activation, as it enables the interaction of immune cells and
antigens, leading to the generation of effective anti-tumor
immune responses (8). The presence or absence of some cellular
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components may reflect different levels of organization, maturation
stages or even types of lymphoid aggregates (10-13) which may
impact their clinical significance.

Furthermore, it is of importance to note that there is no single,
universally accepted definition of TLS, and different groups may
define them differently based on their research question or tissue
type. Moreover, various methods are used to evaluate and classify
TLS, including histology H&E staining, immunohistochemistry
(IHC), multiplex immunofluorescence (multiplex IF) and gene
expression profiling, each method having its strengths and
limitations (8, 9). Using different methods or single IHC markers
to identify TLS may lead to variations in the classification of TLS
and in the assessment of their clinical impact, with each method
focusing on a specific TLS feature.

Variable numbers of lymphoid aggregates can be present within
a tumor tissue, each one of these structures displaying unique
characteristics (such as the size, cellular composition, location,
maturation stage), and each feature having a potential impact on
the clinical outcome. A better understanding of TLS impact on
patient survival would thus require characterizing them at a high-
resolution level by considering their functional, compositional, and
spatial characteristics.

The objective of this study was to assess the prognostic value of
TLS in Non-Small Cell Lung Cancer (NSCLC), by establishing a
TLS Score that reflected the diversity of lymphoid clusters within a
tissue. This scoring method considers various factors, including the
size of the TLS relative to the tumor size, their cellular composition,
and their prevalence.

Materials and methods
Acquisition of samples

All human tissues were obtained with fully informed consent
and transferred to AstraZeneca. AstraZeneca has a governance
framework and processes to ensure that commercial sources have
appropriate patient consent and ethical approval in accordance with
the principles outlined in the Declaration of Helsinki, in place for
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collection of the samples for research purposes including use by for-
profit companies. The AstraZeneca Biobank in the UK is licensed by
the Human Tissue Authority (License No. 12109) and has National
Research Ethics Service Committee (NREC) approval as a Research
Tissue Bank (RTB) (REC No 17/NW/0207) which covers the use of
the samples for this project.

Immunohistochemistry staining

Immunohistochemistry (IHC) staining was used as a Gold
Standard to validate the multiplex immunofluorescence staining.
IHC was performed on 4 um thick sections of FFPE tissues and
carried out on BOND RX using the following pre-programmed
protocols and ready-to-use reagents (Leica Biosystems): dewax, ER1
citrate-based pH 6 retrieval (CD8, CD20, CD21, and CD23) or ER2
EDTA based pH 9 retrieval (CD3 and DC-LAMP) at 100°C for 20
mins. A blocking step using Protein Block Serum-Free reagent
(Agilent) preceded the ‘F standard’ staining protocol, with post-
primary (CD8, CD20, CD21 stains) or without (CD3, CD23 stains),
poly-HRP-IgG and DAB refine (Polymer refine detection kit, Leica
Biosystem). Primary antibodies used were as follows: anti-DC-
LAMP (clone 1010E1.01, Dendritics, at 1 ug/mL), anti-CD3
(clone 2GV6, Roche, at 0.1 ug/mL), anti-CD8 (clone C8/144 B,
Dako, at 1.5 pg/mL), anti-CD20 (clone L26, Abcam, at 0.1 pug/mL),
anti-CD21 (clone 2G9, Cell Marque, at 0.5 pg/mL), anti-CD23
(clone SP23, Abcam, at 0.25 ug/mL). The antibodies were diluted in
Dako antibody diluent (Agilent) and incubated for 15 mins. For
DC-LAMP staining, ER2 retrieval incubation time was 40 mins,
primary antibody incubation 40 mins and the secondary antibody
used was a donkey anti-rat IgG H&L HRP (Abcam) at 1/200
dilution incubated 16 mins. Digital slide images were acquired
with the Aperio AT2 scanner (Leica) using a 20x or 40x objective.

PD-L1 and immunoscore (CD3 and
CD8) immunohistochemistry

Tumor sections were stained by THC using the VENTANA PD-
L1 (SP263) assay and scored by a pathologist for the proportion of
membrane staining tumor cells and immune cells as described in
Scorer et al. (14). CD3 and CD8 ITHC Immunoscore Gold Standard
assays were performed using the VENTANA, in conformity with
Pages et al. (15). The T cells CD8" density in the tumor center and
the invasive margin is used to provide an Immunoscore T. It ranges
from Immunoscore 0 ‘I0” to Immunoscore 4 ‘T4’ depending on the T
cell density in both tumor regions.

Multiplex immunofluorescence staining
and multispectral image acquisition

Multiplex IF staining was conducted on 4 um thick sections
from FFPE NSCLC tissues using the Opal 6-Plex Detection Kit for
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Whole Slide Imaging (Akoya Biosciences). The BOND RX
automated stainer was used for the pretreatment and staining of
the tissues using ER2 retrieval at 100°C for 40 mins (Leica
Biosystems). The endogenous peroxidase was blocked using the
Peroxidase Block Novocastra (Leica) for 7 mins, before staining the
tissues through repeated staining cycles for each marker. Each
staining step cycle was composed of 5 steps: protein blocking
using the Antibody Diluent/Block reagent for 5 mins (Akoya
Biosciences), primary antibody incubation for 45 mins to 60
mins, secondary antibody incubation for 10 mins, Opal dye
incubation for 10 mins, and an antibody denaturation step using
ERI retrieval at 97°C for 20 min to 30 mins. Identical primary
antibody clones and concentrations were used for both
chromogenic IHC and multiplex IF staining. The staining order
and antibody-TSA reagent combination were as follows: 1) anti-
DC-LAMP visualized with Opal480 (1/200 dilution), 2) anti-CD3
with Opal690 (1/100 dilution), 3) anti-CD8 with Opal520 (1/150
dilution), 4) anti-CD20 with Opal570 (1/100 dilution), 5) anti-
CD21 with Opal620 (1/100 dilution), and 6) anti-CD23 with TSA-
DIG (1/100 dilution) and Opal780 (1/50 dilution). Every TSA
reagent was double dispensed. The Opal polymer anti-Ms + Rb
HRP secondary antibody (Akoya Biosciences) was used for CD3,
CD20, CD21 and CD23 stainings, the anti-mouse HRP SignalStain
Boost THC Detection Reagent (Cell Signaling Technologies) for
CD8 staining, and the donkey anti-rat IgG H&L HRP (Abcam) for
DC-LAMP staining. At the end of the protocol, the stained slides
were counterstained with DAPI The slides were scanned at 20x
using the Phenolmager automated imaging system (Phenoptics;
Akoya Biosciences) and multispectral images were unmixed using
the InForm software version 2.4.8 and the synthetic spectral library
(Akoya Biosciences).

Image analysis and TLS/B-cell
cluster detection

A robust, standardized, and scalable image analysis pipeline has
been developed and applied to analyze the 406 resection images
stained with our panel across the entire tissue area (Supplementary
Figure 1). To account for variability in staining intensities across
staining batches we initially normalized intensities utilizing batch
controls from the same tissue block (Supplementary Figure 1A). We
adjusted equalization settings for each of the control slides such that
the individual markers in the control block appear at the same
intensity across all staining batches. Afterwards, the equalization
settings of each control slide were applied to all slides of the
corresponding staining batch. This was followed by image
analysis (Supplementary Figure 1B), where, in an initial step,
annotations of the tumor center “T'C” and invasive margin “IM”
were manually drawn by a pathologist for each image. These
annotations served as regions of interest (ROIs) for further
analysis. The denominated Annotated Area “AA” corresponds to
the entire tumor tissue which includes IM and TC areas.
Afterwards, we applied several deep-learning-based segmentation
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and detection models across the whole slides for purposes of: (i)
detection of nuclei, (ii) detection of positive cells for all markers in
the panel, (iii) segmentation of analyzable tissue, and (iv)
segmentation of parenchymal regions based on synthetically
generated PANCK staining (16). Afterwards, TLS were segmented
through the detection of CD20" cell clusters and enlarging these
regions into the surrounding areas of high CD3" densities to detect
both the TLS B-cell (CD20") and T-cell (CD3") zones
(Supplementary Figure 1C). Clusters containing less than 20
CD20" cells arbitrarily were not considered as TLS. Image
analysis results for regions and detected cells were then combined
into a single segmentation map and cells were classified such that
information about marker positivity and region associations were
available for each detected cell. Finally, readouts were calculated
across different ROIs, as summarized in Table 1.

Heatmap visualization and principal
component analysis of multiplex IF
density readouts

The cell density of each cell phenotype (N=10) within the
regions labelled ‘AA’ (entire tumor annotated area), ‘AA-TC
(tumor center area), ‘TLS-AA’ (TLS within the ‘AA’ area) and
‘TLS-TC’ (TLS within the “TC’ area) were log, transformed and
scaled to normalize the data. “TLS-AA’ and ‘TLS-TC’ correspond to
TLS specific areas detected by the image analysis solution. Hence,
when no TLS were detected within the tissue (TLS negative cases),
cell densities were treated as missing values (NA) in those TLS
specific areas. Principal component analysis was performed using
the R package — FactoMineR (17). Spearman’s correlation was used
to assess the correlation between TLS readouts, including densities
of immune phenotypes and TLS features, with the first five
principal components.

Immune gene expression profiling and
gene signature calculation

5-10 um thick sections from 375 primary FFPE NSCLC tumor
tissues were used for NanoString gene expression (GE) analysis.
Tumor macro-dissected and RNA extracted with RNeasy FFPE
extraction kit (Qiagen). NanoString transcriptomics using both the
PanCancer Immune Profiling Panel and Myeloid Innate Immunity
Panel (770 genes each) was carried out following manufacturer’s
instructions. The data obtained were processed using the nSolver
Analysis Software version 4.0 (https://www.nanostring.com/
products/analysis-software/nsolver) (NanoString). The processed
NanoString data were used to estimate the signature scores
associated with the B cells and TLS chemokine using the R
package GSVA (18).
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EGFR mutation status

EGFR mutation status was determined as described in Tu et al.
(19). Briefly, EGFR mutant tumors were identified by annotation
from the tissue vendors or verified internally by whole
exome sequencing.

Statistical analysis

All the statistical analyses in this study were performed using R
software (version 4.1.0). Differences between groups (or clusters)
were tested with the Wilcoxon rank sum test and the Kruskal-
Wallis test for comparisons between two or more groups,
respectively. To identify the optimal cut-off points for converting
the continuous TLS score into categorical scores, an iterative log-
rank test was performed using the Python package lifelines (20). All
other survival analyses were done using the R package - survival
(21). Survival plots were generated using the R package — survminer
(22). Concordance index was estimated using R package -
dynpred (23).

Results

Multiplex IF panel deployment across 408
primary NSCLC tissue resections

In order to work towards a more standardized characterization
of TLS, we here assessed the clinical impact of TLS parameters such
as their size, cellular composition, and maturity status, understand
the added value of each parameter and highlight any overlap in the
information carried by these parameters. To this end, we developed
a multiplex IF panel that enabled simultaneous detection of the TLS
main cellular components: CD20 for B cells (TLS B-cell zone), CD3
for T cells and CD8 for cytotoxic T cells (TLS T-cell zone), and
maturation markers such as DC-LAMP for activated conventional
dendritic cells, CD21 for follicular dendritic cells (FDC) and CD23
for mature B cells. It is important to note that CD21 and CD23
markers can be expressed on both FDC and B cell populations
(8, 24-26) (Table 1). The multiplex IF protocol was validated by
comparing the IF staining against the single IHC chromogenic
staining which was considered as the Gold Standard reference,
performed on consecutive tissue sections (Figure 1A). The panel
was then deployed across a cohort of 408 primary NSCLC baseline
tumor resections, from patients treated with standard of care agents.
Two cases were excluded from the analysis due to staining quality
issues. The cohort clinicopathological characteristics are detailed
in Table 2.

A visual inspection conducted by pathologists revealed a large
variety of B-cell clusters/TLS located within the tumor tissue
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TABLE 1 Image analysis readouts.

Tissue areas detected:

10.3389/fimmu.2024.1422206

TLS Tissue areas we
‘TLS-AA focused on in this
analysis

g Sizes in mm?
= Tumor epithelium 1z€s In mm< were
8 T i T Cent calculated for ‘AA’,
b um&r’:’ssue umc‘J_:_C’en re Tumor stroma TCIM’, “TLS-AA
g TLS and ‘TLS-TC’ areas,
é TLS-TC as well as for all

individual TLS within
the tissue.

Invasive Margin

M

B-cell zone and Germinal centre staining: CD20, CD21 and CD23 markers

CD20: pan B-cell marker

CD21 and CD23: B cells and Follicular Dendritic Cells (FDC) (8)

TLS maturation stage according to CD21 and CD23 positivity status: (10)

TLS CD21" CD23": B-cell cluster
TLS CD21" CD23": Primary follicle-like TLS (‘immature TLS’)
TLS CD21" CD23": Secondary follicle-like TLS (‘mature TLS’)

B cell phenotyping

B cell populations

%‘ CD20* CD21" CD23" B cells CD21" CD23"
é % CD20* CD21* CD23" B cells CD21* CD23"
é = CD20* CD21" CD23* B cells CD21° CD23*
é CD20" CD21" CD23* B cells CD21" CD23*
g FDC phenotyping FDC populations
=
:‘% CD3" CD20" CD21" CD23" FDC CD21" CD23"
g CD3™ CD20" CD21° CD23* FDC CD21" CD23"
é CD3” CD20" CD21" CD23" FDC CD21" CD23*
}‘;2 T-cell zone staining: CD3, CD8 and DC-LAMP markers
% T cell phenotyping T cell populations
@ CD8* Cytotoxic CD8" T cells
% CD3"* CD8" Surrogate for CD4" T cells
F': Dendritic cell phenotyping DC population
=

DC-LAMP*

mature dendritic cells (mDC) DC-LAMP*

* readouts within TLS area only (to limit the challenge of the expression
in both mDC and epithelial pneumocytes II cells)

The density of each cell population was analysed per tissue area and per TLS.

exhibiting different sizes, organizational patterns, and cellular
composition (Figures 1B, C). Despite diameter sizes varying from
approximatively 150-200 mm to > 500 mm, all clusters presented a
clear CD20" B-cell zone surrounded by a CD3" T-cell zone
containing CD3" CD8" cytotoxic T cells and a high density of
CD3" CD8 cells considered as CD4" T cells (Figure 1B). We found
the degree of maturity of an aggregate, assessed by the presence of
positive cells for CD21 and CD23 markers, to be independent of
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their size. Example images of both large (> 500 mm) and small (150-
200 mm) B-cell clusters are presented in Figures 1B, C, respectively.
Figure 1B shows two large clusters, (Cluster #1 and Cluster #2),
describing different levels of maturation. Cluster #1 presented a
central area with high prevalence of CD21" and CD23" cells,
corresponding to the follicular dendritic cells network and the
germinal center, also known as site of an ongoing local B cell
activation process that leads to the differentiation of specific
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FIGURE 1

10.3389/fimmu.2024.1422206

TLS detection and maturity assessment in 406 NSCLC cases. (A) Multiplex immunofluorescence assay validation (CD3, CD8, CD20, CD21, CD23,
DC-LAMP) by comparing the IF to the chromogenic IHC staining performed on serial tissue sections. CD3 (T cells, red), CD8 (CTL T cells, green),
CD20 (B cells, yellow), CD21 (FDC, orange), CD23 (GC B cells, white), DC-LAMP (mDC, cyan). (B, C) Representative images of large (B) and small (C)
TLS/B-cell clusters positive for the maturation markers CD21, CD23 and DC-LAMP detected in NSCLC cases. Slides were imaged using the

Phenolmager HT automated imaging system. Scale bars are indicated.

memory B cells and plasma cells. In contrast, while located in the
same tumor area, Cluster #2 shows a very low prevalence of cells
positive for those maturity markers. Both aggregates are positive for
DC-LAMP, suggesting the presence of mature dendritic cells.
However, it is important to note that the image analysis of DC-
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LAMP in NSCLC was challenged by the presence of pneumocytes
type II epithelial cells that could also express this marker. Thus, we
cannot be certain that the DC-LAMP™ cells detected are all activated
dendritic cells, and the results should be interpreted carefully.
Similar to large clusters, small structures (Figure 1C) show
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TABLE 2 Clinical and histologic characteristics of the NSCLC patient cohort (N = 406).

Clinical characteristics Prognostic variables

Characteristic Characteristic

Diagnosis category” Survival status’
adenocarcinoma 214 (53%) Alive 171 (42%)
adenosquamous 1 (0.2%) Deceased 188 (46%)
bronchioalveolar 1 (0.2%) Unknown 47 (12%)
large cell 6 (1.5%) Overal survival (months)? 23 (9, 45)
other 9 (2.2%) Unknown 48
sarcomatoid 1(0.2%) Progression free survival® 19 (8, 40)
squamous cell 142 (35%) Unknown 66
Unknown 32 (7.9%) Censoring status (PFS)! 101 (30%)

Tumor grade’ Unknown 67
Gl 9 (2.2%) Recurrence’

G1-2 8 (2.0%) Never disease-free 4 (1.0%)
G2 69 (17%) No 239 (59%)
G2-3 10 (2.5%) Unknown 57 (14%)
G3 83 (20%) Yes 106 (26%)
Unknown 227 (56%) " (%); * Median (IQR)
T Category’
T1 106 (26%)
T2 191 (47%) Patient demographic and data information
T3 59 (15%) Characteristic N = 406
T4 10 (2.5%) Age® 67 (61, 74)
TA 1 (0.2%) Unknown 32

Unknown 39 (9.6%) Sex'

M category" Female 166 (41%)
MO 59 (15%) Male 208 (51%)
Ml 6 (1.5%) Unknown 32 (7.9%)
Unknown 341 (84%) Race’

N category’ Asian 11 (2.7%)
NO 234 (58%) Caucasian 49 (12%)
N1 69 (17%) Unknown 346 (85%)
N2 46 (11%) Smoking history’

Unknown 57 (14%) Current 110 (27%)

Stage’ Never 38 (9.4%)
I 83 (20%) Past 175 (43%)
I 58 (14%) Unknown 83 (20%)
111 17 (4.2%) Alcohol history'

v 3 (0.7%) Heavy Drinker 2 (0.5%)
Unknown 245 (60%) Never 18 (4.4%)

(Continued)
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TABLE 2 Continued

Clinical characteristics

Characteristic

10.3389/fimmu.2024.1422206

Prognostic variables

Characteristic

Chemo treatment history’
No 48 (12%)

Unknown 249 (61%)

Social or Occasional Drinker 21 (5.2%)

Unknown 365 (90%)

Exome Proﬁling1 273 (67%)

Yes 109 (27%)

Nanostring Profiling’ 375 (92%)

Radiation treatment history
No 46 (11%)
Unknown 309 (76%)

Yes 51 (13%)

"1 (%); 2 Median (IQR)

TLS status’

TLS Negative 134 (33%)

TLS Positive 272 (67%)

TLS count® 2 (0, 8)

"' n (%); 2 Median (IQR).

different maturation levels. Indeed, whilst Cluster #3 does not
contain any positive cells for CD21, CD23 and DC-LAMP,
Cluster #4 presents high densities of CD21", CD23" and DC-
LAMP™ cells. These observations suggest that a high
organizational and maturation degree of B-cell clusters, with the
presence of a follicular dendritic cells network and a germinal
center, is independent of their size.

Moreover, if each lymphoid aggregate displays unique features
that could result in different anti-tumor immune functions and
clinical outcomes (8, 9, 27), it is worth noting that a tumor tissue
can contain multiple aggregates, all describing specific size, cellular
composition, organization and maturation levels (Figures 1B, C).
Thus, when assessing the clinical value of B-cell aggregates, it is
important to consider all types of aggregates present within a tissue.

Following this visual assessment identifying small B-cell
aggregates positive for CD21, CD23 and DC-LAMP, and with the
objective of evaluating how the size, cellular composition and
maturation degree impact the immune cell activity and clinical
outcomes, we developed an image analysis solution that specifically
detects B-cell aggregates containing at least 20 CD20" cells
(Supplementary Figure 1C). These aggregates were segmented by
detecting clusters of high density CD20" cells and enlarging these
regions into the surrounding areas of high CD3" densities. The
specificity of this algorithm was confirmed after pathologist visual
assessment. Furthermore, in the absence of a universal and specific
definition for TLS, we designated ‘TLS’ as large lymphoid aggregates
exhibiting a germinal center and displaying CD21, CD23 and DC-
LAMP positive cells. The remaining aggregates detected were
referred to as ‘B cell aggregates’ or ‘B cell clusters’.

In addition to TLS area, the segmentation of tumor epithelium
and the cell phenotyping analysis required the development and
deployment of several additional deep-learning-based segmentation
and detection models (Supplementary Figure 1B). Information
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about marker positivity and region association were available for
each detected cell, hence allowing us to evaluate the impact of TLS
composition in an accurate way. Using these data, we calculated
densities of each cell type and sub-type within the segmented
regions described in Table 1. Owing to the considerable dynamic
ranges observed in the densities of all cell types within both the total
tumor area and the TLS regions, log10 transformation was applied
to these densities for subsequent analysis. This transformation was
undertaken to normalize the data and stabilize the variance, as
illustrated in Supplementary Figure 2A.

NSCLC cohort immune profiling

In our effort to understand the level of B-cell cluster and TLS
heterogeneity within the tumor TME of NSCLC patients, we
generated a heatmap using the TLS multiplex IF readouts
(Figure 2A). These readouts, summarized in Table 1, consisted of
the densities of 10 cell phenotypes in different tissue areas and
described as the main cellular components of the TLS B-cell zone (B
cells and follicular dendritic cells) and the TLS T-cell zone (T cells
and mature dendritic cells).

B cells and FDC cell types were segregated into different subsets
based on the positivity of specific markers CD20, CD21 and CD23,
commonly used to evaluate TLS impact and maturation status in
the clinic (5, 7-10, 28, 29). The CD20 antigen is expressed on the
surface of B-cells starting from the pre-B cell stage, with
the exception of plasmablasts and plasma cells. In contrast,
the proteins CD21 and CD23 are expressed at later stages in the
activation process. CD21 positivity can be observed from the
transitional B cell stage 1, and CD23 expression is typically
detected from the transitional B cell stage 2. These markers are
commonly used to identify germinal center B cells (25, 30, 31). In
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Heatmap of multiplex IF features to identify the key cell phenotypes associated with TLS structures. (A) Heatmap showing the scaled (following the
logso transformation) density of 10 cell phenotypes and their association with sex, stage, race, smoking status, therapy (radiation and chemotherapy),
histology, TNM categories, TLS relative area (RA), TLS number and TLS status. Individual patients are represented in each column. Each row
represents the cell density of a specific cell phenotype located within the indicated tissue region. For cases TLS negative, TLS RA and cell densities
are treated as missing value NA. (B) A box plot comparing the first principal component scores according to the TLS status of the NSCLC cases. (C) A
heatmap showing the correlation between multiple multiplex IF features, namely: TLS relative area, TLS number (unscaled), TLS number (scaled),
densities of 10 cell phenotypes in ‘AA" and 'TLS-AA’ (x-axis), with the first principal component (y-axis).

this context, B cells were segregated into four B cell subsets
depending on CD21 and CD23 positivity status. The subsets are
the following: B cells CD21~ CD23", B cells CD21" CD23", B cells
CD21" CD23" and B cells CD21" CD23". Similarly, we categorized
the follicular dendritic cells, which are stromal cells involved in the
structure and organization of TLS and which can express both
CD21 and CD23, into three subsets based on their positivity status
for both CD21 and CD23. Three subtypes were assessed: FDC
CD21" CD237, FDC CD21" CD23* and FDC CD21" CD23".
Furthermore, the T cell population was divided into two cell
populations: cytotoxic T cells CD3* CD8" (CTL) and T cells
CD3" CD8 considered as a surrogate of T helper cells CD4".

The densities of B cells, FDC and T cells were analysed in
different tissue areas including: the tumor annotated area ‘AA’
corresponding to the entire tumor area, the tumor centre ‘TC, TLS
within the tumor annotated area ‘TLS-AA’ and TLS within the
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tumor centre “TLS-TC’. Finally, mature dendritic cells were assessed
using the DC-LAMP marker, commonly used to study this cell
population. However, lung tissues may contain type II pneumocytes
epithelial cells, which exhibit positivity for this antigen.
Consequently, we restricted its analysis to TLS areas, specifically
‘TLS-AA’ and ‘TLS-TC’, mature dendritic cells being more likely to
be located within TLS (Table 1).

The heatmap analysis considered the TLS multiplex IF cell
densities readouts within the tissue areas ‘AA’, ‘TC, “TLS-AA’ and
‘TLS-TC’. Individual patients were represented in each column
(Figure 2A). This analysis predominantly separated the cohort
according to the presence or absence of TLS within the tissue,
which was an expected result as the assay is specific to the main TLS
immune cell components. Additionally, TLS positive cases were
segregated according to diverse TLS features such as the TLS
number, the immune cell densities and the TLS relative area, the
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latter corresponding to the total TLS area within a tumor tissue
divided by the tumor area (Supplementary Figure 2B).

We then proceeded with a principal component analysis (PCA)
to understand and identify the key TLS variables driving the
observed heterogeneity within tumor tissues. Our analysis
revealed that the first dimension effectively distinguished NSCLC
cases based on their TLS status, whether TLS-positive or TLS-
negative (Figure 2B). This first dimension was also significantly
correlated with TLS features such as the TLS relative area and TLS
number both in unscaled and scaled values (Figure 2C). Similarly,
most cell densities exhibited a significant correlation with this first
dimension and displayed Spearman’s Rho values over 0.5
(Figure 2C). We particularly focused on the whole tumor area
‘AA’ and TLS-specific regions within the tumor ‘TLS-AA’ to assess
the TLS cellular diversity throughout the entire tissue. Moreover,
although additional PCA dimensions allowed us to further explain
the variance, the common trend observed among multiplex IF cell
density readouts in the first component suggested a shared
mechanism influencing their presence in TLS regions (Figure 2C).

These heatmap and PCA results supported the TLS
heterogeneity observed during the visual inspection amongst this
NSCLC cohort and confirmed the need of further characterizing the
TLS biology - TLS number, TLS relative area, TLS composition —
within a tissue to accurately evaluate their impact on
clinical outcomes.

Prognostic value of TLS features and
cell densities

Following the heatmap visualization and PCA analysis, we
aimed to understand how the prevalence of each TLS main
component, such as B cells, T cells, FDC and dendritic cells, TLS
maturation status and location within the tumor tissue, can impact
the prognostic relevance of these structures.

The proportion of B cells was significantly increased in the TLS
compared to the tumor areas (Figures 3A, B). These cells
represented approximately 55% and 20% of the total cell
population detected within the TLS areas and the tumor,
respectively (Figure 3A). This result was in coherence with B cells
being the main immune component of TLS and our subsequent
image analysis strategy to develop a TLS detection algorithm based
on the CD20 marker positivity. As shown in Figure 3B, all B cell
subtypes displayed higher densities in TLS specific areas. Similarly,
we evaluated the distribution of different follicular dendritic cell
subsets. The density of all FDC subsets was significantly increased
in TLS compared to the entire tissue area, the FDC population
representing approximately 3% and 6% of the analysed cells within
the tumor and TLS specific areas, respectively (Figures 3A, B). After
evaluating the overall proportion of B cells and FDC, which are the
two main cell phenotypes that compose TLS B-cell zone and
germinal centre, we assessed the prevalence of the main TLS T-
cell zone components, T cells and mature dendritic cells DC-
LAMP". We observed a considerably higher proportion of T cells
- including both CTL and CD4" cells - in the tumor areas
compared to the TLS areas, the T cell population representing
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approximately 80% of the phenotyped cells within the tumor tissue
and 40% in the TLS areas (Figure 3A). Interestingly, the density of
both CTL and CD4" cell subsets was significantly higher in TLS
areas compared to the entire tumor area (Figure 3B). Finally, a low
prevalence of mature dendritic cells DC-LAMP+ was observed
within TLS areas, these cells representing less than 1% of the total
TLS cellular population (Figure 3A).

We next conducted a comprehensive analysis and calculated the
Concordance Index (C-index) of TLS features (Figure 3C) and cell
densities within two distinct tissue areas, the tumor tissue ‘AA’
(Figure 3D) and TLS-specific areas ‘TLS-AA’ (Figure 3E), to
evaluate their associations with patient survival in our study
cohort. The C-index, ranging from 0 to 1, evaluates survival
model performance. A score of 1 signifies perfect discrimination
between survivors and non-survivors, while 0.5 indicates
performance similar to random guessing. The C-index, Hazard
ratio, 95% Confidence interval, and p-values of all parameters
assessed in multiple tissue areas are also indicated in
Supplementary Table 1. Surprisingly, we showed that among the
two TLS features considered, scaled TLS relative area (scaled) and
TLS number, only the TLS relative area demonstrated a significant
prognostic power with a C-index of 0.54 (p-value = 0.04) (Figure 3C
and Supplementary Table 1). Moreover, our analysis revealed the
importance of considering the location within the tissue when
understanding the contribution of specific cell phenotypes to
survival outcomes. Among the densities (in log;, scaled)
(Supplementary Figure 2A) of the nine cell phenotypes assessed
within the tissue area ‘AA’, we identified four namely B cells CD21
CD23", B cells CD21" CD23", B cells CD21* CD23 and T cells
CD4" which demonstrated significant associations with patient
survival, as evidenced by their high concordance indices and
significant -log;(p-values). Notably, the density of B cells CD21
CD23" and B cells CD21" CD23" exhibited strongest predictive
capabilities, with C-index values of 0.57 and 0.58, respectively, and
robust statistical significance (p = 0.001 and p = 0.002, respectively).
The cellular density of B cells CD21" CD23", of the three different
FDC subsets FDC CD21~ CD23", FDC CD21* CD23" and FDC
CD21" CD23", and of T cells CD8" did not show statistically
significant associations with patient survival when the entire tumor
area was considered (Figure 3D and Supplementary Table 1).
Interestingly, only two cell phenotypes exhibited a significant
prognostic impact in TLS specific areas. The density of B cells
CD21% CD23" within the TLS regions remained a significant
predictor of patient survival with a C-index of 0.57 despite
displaying a slightly lower p-value compared to the ‘AA’ area
counterpart. Additionally, FDC CD21" CD23" emerged as a
second cell phenotype significantly impacting the survival of
patient when located in TLS areas (C-index: 0.58), whereas B cells
CD21" CD23", B cells CD21" CD23" and T cells CD4" significant
prognostic impact was lost (Figure 3E and Supplementary Table 1).
Finally, we demonstrated that the density of DC-LAMP" cells
within TLS was not of prognostic value in this cohort (Figure 3E
and Supplementary Table 1). The survival analysis results of
additional parameters such as TLS relative area (unscaled), TLS
number (scaled), and of cell densities within different tumor areas
are indicated in Supplementary Table 1.
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FIGURE 3

Cell densities within the tumor and TLS-specific area, and prognostic relevance. (A) Bar plot showing the relative proportion of ten cell phenotypes
captured using the multiplex IF panel in the tumor ‘AA" (left panel) and TLS-specific area TLS-AA’ (right panel) regions. The proportion has been
calculated by dividing the specific cell type density by the total cell density. (B) Box plots comparing the densities (number of cells per unit area) of
these ten cell phenotypes between the ‘AA" and TLS-AA’ regions. The g-value in the plot refers to the FDR adjusted p-value from Wilcoxon rank
sum test. (C—E) Bar plots showing concordance index (C-index), and -log;o(p-values) for TLS relative area (scaled) and TLS number (C) and cell
phenotypes within the tumor area ‘AA’ (D) or within TLS specific areas 'TLS-AA’ (E). NS, Non-significant.

In conclusion, our results suggested that both TLS relative area
and TLS composition should be considered when evaluating TLS
prognostic benefit, both features showing prognostic value.
Moreover, while the presence of lymphoid aggregates is frequently
associated with an improved prognostic value in multiple cancer
indications (8, 9), tools need to be developed to better characterize,
score these TLS structures at a tissue level, and evaluate their real
impact on the survival of cancer patients.

TLS score aim and calculation

In this context, we aimed to generate a TLS tissue scoring
system, called TLS Score, which would reflect the TLS biology
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within the tumor tissue. In many cancer types, TLS maturation
status, commonly assessed by DC-LAMP positivity or the presence
of CD21" FDC network and a CD23" Germinal Centre, is described
as one of the main drivers of TLS prognostic value (8, 9). Although
generating a TLS Score based on the TLS knowledge we have from
the literature was an attractive option, the TLS biology complexity
and different prognostic values of TLS components highlighted in
Figures 2 and 3 led us to generate a data-driven scoring system.
Figure 4A summarizes the strategy and multi-step process to
generate a TLS Score based on our TLS multiplex IF data: step 1-
heatmap of mIF density features to identify common trends
(Figure 2A), step 2- PCA analysis to identify key TLS multiplex
IF features (Figures 2B, C), step 3- Concordance index analysis to
select the most prognostic TLS features (Figures 3C-E) and step 4-
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analysis and survival analysis we selected the most prognostic (i) TLS feature (relative area of the TLS) and (ii) TLS components (densities of B cells
and follicular dendritic cells CD21* CD23") to generate a TLS score. The TLS relative area was scaled, and the logistic function was applied. For the
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TLS stratification.

TLS Score calculation using the most relevant and prognostic
multiplex IF readouts.

As previously described, the PCA analysis (step 2) revealed
that these readouts contained similar information, requiring the
selection of optimal readouts for generating a TLS Score to
avoid using redundant information (Figure 2). The subsequent
concordance index analysis conducted aimed to identify the most
prognostic TLS features and cell density readouts (Figure 3 and
Supplementary Table 1). These analyses highlighted the three most
prognostic TLS parameters selected to generate a TLS tissue score
(step 3): TLS scaled relative area, B cell CD21" CD23" and FDC
CD21" CD23" cell densities. The TLS Score uses (i) the scaled TLS
relative area and (ii) the scaled sum of B cells CD21* CD23™ and FDC
CD21" CD23" densities (in log, scale, see the methods section). It is
important to emphasize that in order to consistently generate a TLS
Score for all the patients within this cohort and include TLS negative
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cases for which TLS data were absent (resulting in missing values
marked as NA for TLS relative area and cell densities within TLS), we
addressed these missing values by treating them as 0. Furthermore,
the data underwent a log;, transformation for normalization and
variance stabilization and scaling to ensure consistent scales for the
maximum and minimum values across multiple TLS features. The
scaled sum of B cells and FDC densities and the scaled relative area
were transformed using a logistic function and then multiplied to
generate the TLS score (Figure 4B). The calculated TLS Score values
ranged from 0 to 1 (Figure 4B) and can be used as a categorical or
continuous variable. As indicated in Figure 4C, we then assessed the
TLS Score prognostic relevance through an iterative log-rank test
analysis and a univariate Cox analysis which considered the effect
other metadata variables such as age, sex, smoking status and
histology categories. The results are presented in Figures 5 and 6
and described below.
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FIGURE 5

TLS score is prognostic independent of the cutoff used to categorize the data and shows significant association with Immunoscore and gene
expression-based signature scores. (A) Plot showing FDR-adjusted p-values (from the log-rank test) observed at multiple cut-off points between the
TLS-high and TLS-low samples. (B, C) Kaplan-Meier survival curves showing the difference in overall survival between the TLS-high and -low groups
(B) and between the Immunoscore-high (13,4) and Immunoscore-low (10,1,2) groups (C). (D, E) Bar plots showing the proportions of TLS-high and
TLS-low samples in the Immunoscore-high and -low groups (D) and the proportions of Immunoscore-high and -low samples in TLS-high and TLS-
low groups (E). (F) Box plot comparing the TLS Score (as a continuous value) between Immunoscore-high and Immunoscore-low groups. (G) Bar
plot showing the proportions of TLS-high and TLS-low samples in the Immunoscore-high group. (H) A plot showing hazard ratios, the 95%
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CD23* high (vs CD23" low) cases. (I) Box plots showing the difference in the gene expression-based enrichment scores of B cells and TLS signatures

between the TLS-high and TLS-low groups.
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TLS score is prognostic after adjusting for age, sex, smoking status, and is associated with EGFR mutational status but not PD-L1 positivity status.

(A) The hazard ratios and 95% confidence interval of TLS scores adjusted for the effect of (i) age, (ii) sex, (iii) smoking status, and (iv) histology using
multivariable Cox regression analysis and overall survival data. (B) Box plot showing the difference in TLS scores (as a continuous value) in male and
female samples (left panel). Bar plot showing the proportions of TLS-high and -low samples in male and female (right panel). (C) Kaplan-Meier plots
showing the difference in overall survival between TLS-high and TLS-low groups in female (left panel) and male (right panel). (D) Box plot comparing
the TLS scores (as a continuous value) by smoking status (left panel). Bar plot showing the proportions of TLS-high and -low samples in current,
never, and past smokers (right panel). (E) Box plot comparing the TLS score (as a continuous value) in different histological subtypes of NSCLC (left
panel). Bar plot showing the proportions of TLS-high and -low in different histological subtypes of NSCLC samples (right panel). (F) Kaplan-Meier
plots showing the difference in overall survival between the TLS-high and TLS-low groups in squamous cell carcinoma (left panel) and
adenocarcinoma (right panel). (G) Bar plot showing the proportions of TLS-high and -low samples in EGFR mutant and wildtype samples. (H, 1) Bar
plots showing the proportions of TLS-high and TLS-low groups in PD-L1 staining positive and negative samples in tumor cells TC' (H) and immune
cells "IC" (I) at 1% (left panels) or 50% (right panels) PD-L1 positivity cut-offs.
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TLS score correlation with immunoscore
and TLS gene expression signatures

After the TLS Score generation, we first wanted to evaluate its
prognostic impact in NSCLC. The iterative log-rank test, where
each cut-off point contained at least 10% of the total observation in
each category, demonstrated that the TLS score was significantly
prognostic independently of the cut-off used to categorize the data
(Figure 5A). In the downstream analyses, we hence used the optimal
cut-off value of 0.28 to divide the NSCLC cohort (N = 358) into two
groups: TLS-high (TLS Score > 0.28) and TLS-low (TLS Score <
0.28) and considered this score as a categorical variable, TLS-high
versus -low. Survival analysis between the TLS-high (N = 168) and
-low (N = 190) groups indicated that the TLS-high group had a
longer overall survival compared to the TLS-low group (median OS
of 46.2 months and 33.8 months, respectively, p < 0.001 from log-
rank test, HR: 0.6, 95% CI: 0.44 - 0.81) (Figure 5B), confirming the
prognostic power of this TLS scoring system in NSCLC.

Another immune cell scoring system, known as Immunoscore
and which quantifies tumor infiltrating lymphocytes (TILs) using
CD3 and CD8 markers, has already proven to be highly valuable in
clinic. It has indeed been shown to be more powerful than the
traditional staging system and is now considered as a prognostic
indicator (1, 2). In this regard, we wanted to confirm the clinical
value of the Immunoscore (N = 120) in this cohort and assess if
there was any correlation between Immunoscore and TLS score
status. Due to the low number of samples in 10 (N = 10), I1 (N = 1),
I2 (N =21), I3 (N = 25) and I4 (N = 63) after considering the
survival data, we consolidated the Immunoscore classification into
two major groups — Immunoscore-high and Immunoscore-low - to
mitigate the sample size challenge. Survival analysis comparing
Immunoscore-high group (I3 and I4; N = 88) to Immunoscore-low
group (I0, I1, and I2; N = 32) revealed that indeed Immunoscore-
high patients had longer overall survival compared to
Immunoscore-low patients (median OS of 46.2 months in the
-high group versus 23.8 months in the -low group, p < 0.03 from
log-rank test; HR: 0.58, 95% CI: 0.35 - 0.95) (Figure 5C). Overall,
these results showed that both TLS Score and Immunoscore -high
values were associated with better survival. Additional univariate
Cox analysis confirmed these observations, greater and significant
hazard ratios being obtained for both TLS-high and Immunoscore-
high groups compared to their respective -low categories
(Supplementary Figures 3A, B).

Next, we evaluated the association between TLS score and
Immunoscore. Despite observing a significant increase in the
proportion of TLS-high samples in the Immunoscore-high
compared to the -low samples, only 53% of the Immunoscore-
high samples were also TLS-high (Figure 5D). Conversely, high
proportions of Immunoscore-high were found in both TLS-high
and TLS-low cases. Immunoscore-high represented indeed 83% of
the TLS-high and 65% of the TLS-low cohorts (Figure 3E). These
results suggested that despite observing a positive trend between the
Immuno- and TLS- scores, there was no absolute concordance
between these two scoring systems, possibly due to the fact that they
are primarily based on two different immune cell populations, T
cells and B cells, respectively. These findings were further confirmed
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in Figures 5F, G, where a high range of TLS Score values was
observed within Immunoscore-high samples (Figure 5F), with more
than 25% of these samples being TLS negative (Figure 5G).

Multiple histology methods and assays are used to detect TLS
and assess their maturity levels, including single IHC assays for the
CD20, CD21 and CD23 markers. In this regard, we wanted to assess
the prognostic value of the TLS Score, which considers multiple TLS
features based on the positivity status of these markers taken all
together and compare it with the prognostic value of each marker
considered as a single marker, as we would do for single THC assays
data. As presented in Figure 5H, we calculated the total density of
positive cells for single markers (CD20, CD21 and CD23) and the
combined markers for CD21 and CD23 (CD21" CD23°, CD21
CD23", and CD21" CD23") located within the entire tumor area
‘AA’. For each density results, the cohort was divided into two
groups, high and low density based on the median cut-off. For TLS
Score classification, we used the previously described optimal cut-
off. Subsequently, we conducted univariate Cox analyses to assess
the hazard ratio, measuring the relative risk of death, between (i)
density-high versus density-low (reference) category for each
individual marker, (ii) TLS-high versus -low (reference) category
and (iii) density-high versus density-low (reference) group for
combined markers CD21" CD23", CD21° CD23", and CD21"
CD23". Outstandingly, the TLS-high group demonstrated the
most pronounced and significant impact on survival outcomes,
confirming the added value of the TLS tissue score. No significant
result was obtained for the CD23" density high, probably due to the
lower prevalence of these cells within the tumor tissues.

Another way commonly used to assess TLS is by evaluating gene
expression (GE) signatures specific to TLS. Thus, we first wanted to
assess how our TLS Score correlated with the two main and commonly
used ‘12-chemokine TLS’ and ‘TLS Ty1 B cell’ GE signatures (8) (N =
375 samples). The 12-chemokine TLS signature includes CCL2, CCL3,
CCL4, CCL5, CCLS, CCL18, CCL19, CCL21, CXCL9, CXCLI0,
CXCL11 and CXCLI13 genes (12/12 genes overlap with our GE data),
and TLS Tyl B cell signature contains CD4, CCR5, CXCR3, CSF2,
IGSFe, IL2RA, CD38, CD40, CD5, MS4A1, SDC1, GFI1, IL1R1, ILIR2,
IL10, CCL20, IRF4, TRAF6 and STAT5A genes (15/19 genes overlap,
IGSF6, SDCI1, GFI1 and STAT5A genes were missing). B cells being the
major TLS immune component, we also assessed the expression of
multiple B-cell gene signatures, named ‘B cell’ (CD19, MS4A1, CD22
and CD79A genes) (32), ‘B lineage’ (CD19, MS4A1, CD22, CD79A and
CXCL13 genes) and ‘B cell CXC recruitment’ (CD19, MS4A1, CD22,
CD79A and CXCL13). Using gene set variation analysis (GSVA), we
observed a significant difference in the enrichment of these five
signatures when comparing TLS-high with TLS-low tissues
(Figure 5I), but also when comparing TLS negative samples to TLS
positives cases (Supplementary Figure 3C). Indeed, while TLS-high and
TLS positive tissues demonstrated higher GSVA scores for all GE
signatures, TLS-low and TLS negative samples showed a lower
GSVA scores.

Together, these results confirmed the prognostic relevance of
the Immunoscore in NSCLC but also demonstrated the clinical
potential of this TLS Score, which was associated with an improved
overall survival and was positively associated with published TLS
gene expression signatures.
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TLS score association with clinical and
demographical parameters

Next, we aimed to determine the relationships between TLS
Score and clinicopathological features of the overall population. We
performed Cox regression analyses to investigate the prognostic
relevance of TLS score, along with several other variables including
age, sex category, smoking status, and NSCLC histology. However,
due to a substantial amount of missing data overlapping for sex,
smoking status, and histology categories, we were unable to include
all these variables in a single survival model.

Consequently, we employed four distinct survival models to
assess the prognostic value of the TLS Score while adjusting for the
impact of the following variables: (i) age, (ii) sex, (iii) smoking
status, and (iv) histology. Additionally, we examined the association
between the TLS groups (-high and -low) and other covariates such
as EGFR (Epidermal Growth Factor Receptor) mutational status
and PD-L1 (Programmed Death-Ligand 1) positivity status.

In Figure 6A, we showed that although the age of the patient
had a significant impact on the overall survival (N = 358) (HR: 1.42,
95% CI: 1.21 - 1.67, p < 0.001, with age scaled data), this did not
affect the prognostic value of the TLS Score, with a hazard ratio of
0.32 (95% CI: 0.16 - 0.63, p < 0.001). Moreover, even when
considering the sex category (N = 358), smoking status (N = 318)
and NSCLC histology (N = 358) factors, the TLS Score impact on
the overall survival remained significant (Figure 6A). Interestingly,
the female category exhibited a significantly higher TLS Score than
the male category, with TLS score median values of 0.35 and 0.05,
respectively (Kruskal-Wallis, p = 0.0057) (Figure 6B, left panel).
This could be explained by higher proportion of TLS-high cases in
the Female category, as they represented approximately 68% of the
female population, whereas this number fell at 40% in the male
population (Figure 6B, right panel). We then segregated the two
gender categories into two sub-groups according to their TLS Score
status, TLS-high or TLS-low, to assess how this score impacted the
overall survival in each group. Whereas the median OS increased by
19.3 months in the female category (Figure 6C, left panel) and by
14.1 months in the male category (Figure 6C, right panel) when we
compared TLS-high with TLS-low cases, only the male group result
was significant (p = 0.011), the female group describing a p-value
of 0.063.

When considering the smoking status, the TLS Score still had a
significant association with survival (HR: 0.38, 95% CI: 0.19 - 0.77,
p = 0.008) while the impact of the smoking category was not
significant in this analysis (Figure 6A). Furthermore, although we
did not observe a statistically significant relationship between the
TLS Score value and the smoking categories (Kruskal-Wallis, p =
0.0057) (Figure 6D, left panel), the proportion of TLS-high cases
tended to be higher in patients who never smoked at the time of the
survey (63%), compared to the current (52%) and past smokers
(43%) (Figure 6D, right panel).

We then evaluated the impact of NSCLC histology on the
overall patient survival and TLS Score repartition within different
lung cancer sub-types. This cohort contains 214 adenocarcinoma, 1
adenosquamous, 1 bronchioalveolar, 1 large cell, 142 squamous cell,
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1 sarcomatoid, 9 “other”, and 29 “unknown” cases. Due to the low
number of tissues in some categories, we focused on the
adenocarcinoma (N = 214) and squamous cell (N = 142)
categories for the subsequent analyses. In Figure 6A, we observed
a significant impact of the histological modality, the squamous cell
category reducing the risk of death by 28% (HR: 0.72, 95% CI: 0.52 -
0.99, p = 0.043) compared to the adenocarcinoma category when
taken as reference. Furthermore, considering the histology type and
TLS Score as covariate did not impact the prognostic relevance of
this tissue score which described a hazard ratio of 0.27 (95% CI: 0.14
-0.56, p < 0.001) (Figure 6A). Interestingly, we observed lower TLS
Score values in the squamous cell category than in the
adenocarcinoma category, with TLS score median values of 0.04
and 0.37, respectively (Kruskal-Wallis, p = 1.3e-06) (Figure 6E, left
panel). This could be explained by a lower proportion of TLS-high
cases in the squamous cell compared to the adenocarcinoma
subtype, with 30% of squamous cell and 58% of adenocarcinoma
cases being TLS-high (Figure 6E, right panel). A high TLS Score was
however associated with a better outcome in both categories
(Figure 6F). Indeed, when comparing TLS-high with TLS-low
cases, the median OS was increased by 70.5 months in squamous
cell (34.2 vs 104.7 months, p = 0.0035) (Figure 6F, left panel), and by
8.3 months in adenocarcinoma (35.4 vs 43.7 months, p = 0.012)
(Figure 6F, right panel).

These NSCLC cases have also been characterized for EGFR
mutation status and PD-L1 expression levels. We thus wanted to
assess the prevalence of TLS-high and TLS-low cases within each
drug segment category. Interestingly, approximately 66% of the
EGFR mutant samples (N = 113) were TLS-high against 43% of the
EGFR wild-type cohort (N = 248) (Figure 6G), suggesting an impact
of the mutational status on the TLS Score value (hypergeometric
test, qval <0.001, Supplementary Figure 3D).

Finally, we evaluated the TLS Score repartition according to
PD-LI categories characterized by different PD-L1 positivity cut-off
(>1% or >50% positivity) on the surface of the tumor cells
(Figure 6H) or immune cells (Figure 6I). These categories were as
follow: PD-L1 1% TC (PD-L1 cut-off >1% on tumor cells)
(Figure 6H, left panel), PD-L1 50% TC (PD-L1 cut-off >50% on
tumor cells) (Figure 6H, right panel), PD-L1 1% IC (PD-LI cut-oft
>1% on immune cells) (Figure 61, left panel) and PD-L1 50% IC
(PD-L1 cut-off >50% on immune cells) (Figure 61, right panel).

We did not observe a significant impact of PD-L1 status on the
TLS Score proportions, approximately 50% of cases describing TLS-
high scores in all the PD-L1 positive cohorts and independently of
the PD-L1 cut-off used (Figures 6H, I). However, it is interesting to
note that change in this cut-off had a slight impact on the TLS Score
proportion within PD-LIl-negative cohorts, TLS-high cases
representing 50% of the PD-L1-negative cases among the PD-L1
50% IC cohort and 25% among the PD-L1 1% IC cohort (Figure 6I).
We found that the TLS score is prognostic after adjusting for PD-L1
status in tumor and immune cells. (Supplementary Figure 4). As a
summary, although this analysis did not demonstrate any impact of
the PD-L1 status on the TLS Score, it highlighted the importance of
keeping the same analysis cut-off across studies and when
comparing data.
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Discussion

TLS are commonly associated with favorable prognosis in many
cancer types. However, conflicting studies suggest that not all
aggregates are functionally equivalent and minimal characteristics
may be required to form a functional TLS (8-13). Moreover,
variable numbers of TLS can be present within a tumor tissue,
each one of these structures describing unique characteristics (such
as the size, cellular composition, location, maturation stage), each
feature having a potential impact on the collective clinical power.
In this context, we aimed at evaluating the prognostic value of
TLS in NSCLC by establishing a TLS Score that captures the
diversity of TLS within a tumor, considering functional and
compositional features.

We observed a large variety of TLS and B-cell aggregates within
tumor tissues, each differing in size, organization level and cellular
composition. Interestingly, high density of CD21" and CD23" cells,
markers considered as TLS maturity markers, were observed in both
small and large aggregates, suggesting that a high degree of TLS
organization and maturation is independent of aggregate size.

Based on our observations and the image analysis readouts, we
considered multiple ways for calculating a tissue score capturing
TLS compositional, functional, and organizational diversity within
tissues. We initially considered (i) TLS relative area and (ii) the
density of each cell phenotype, for each TLS, and combined these
data into a unique TLS tissue score. However, this idea was
challenged by the Concordance index survival analysis which
demonstrated a prognostic significance of only specific cells
within TLS, particularly B cells and FDC CD21" CD23". A
parallel can be made with the three TLS maturation stages first
identified by Karina Silina et al. in human lung squamous cell
carcinoma, which are: (i) early TLS (CD21" CD23"); (ii) primary
follicle-like TLS with differentiated FDC (CD21" CD23"); (iii) and
mature secondary follicle-like TLS with a germinal center reaction
(CD21" CD23"%) (10). Moreover, the germinal center reaction,
crucial for B cell activation and differentiation, has demonstrated
significant relevance for patient survival in various cancer types (8-
10, 33-37). In lymph nodes in mice, the long-term retention of
antigens in germinal centers is controlled by the spatial organization
of the follicular dendritic cell network and notably high levels
of CD21 expression on their surface (38), thus supporting
our findings.

The other cell phenotypes assessed did not show significant
impact when located within TLS, thus questioning the relevance of
including them into a TLS scoring system which aimed at
evaluating the clinical value of these structures. In light of these
findings, we refined our TLS Score calculation strategy to generate a
data-driven score, that would only include the readouts identified as
the most prognostic and robust. The final score was calculated using
(i) the scaled sum of B cells and FDC CD21" CD23" densities
(logyo), and (ii) the TLS scaled relative area, which were the three
most prognostically relevant and robust TLS features in this
NSCLC cohort.

Excitingly, this TLS Score demonstrated a strong prognostic
power, independently of the cut-off used, and added value over the
commonly used TLS markers CD20, CD21 and CD23 when
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assessed as single markers in the context of single IHC analysis.
These results highlighted the relevance of using combination of
markers specific to TLS, such as a TLS tissue score, instead of single
markers, to accurately evaluate how the TLS biology and
heterogeneity within a tumor tissue impact patients’ prognosis.
Nevertheless, this score being generated based on the specific
detection of TLS structures in tumor resections, it would not
solve the challenge of TLS detection and assessment in tumor
biopsies, fewer number of TLS or none being detected due to the
small size of the tumor cores.

We could also question the reproducibility of the TLS Score
values and subsequent prognostic results if different tissue sections
of the same tumors were stained. Small TLS observed in one section
could indeed correspond to larger TLS cut near the surface and thus
displaying different sizes, maturation status and cellular
composition — parameters used to calculate the TLS Score values.
In this context, it would be relevant to further explore the TME
organization in tissues TLS-high compared to TLS-low cases with
the aim of highlighting TLS TME spatial signatures that could be
used as TLS surrogate in tumor biopsies. We could for example
describe the spatial characteristics of areas outside TLS, understand
the distribution of immune cells within the tissue, how they interact
with each other and with tumor cells. In this regard, we assessed if
there was any correlation between TLS Score and Immunoscore,
another tissue scoring system focusing on the T cell population
using CD3 and CD8 markers and now considered as a prognostic
indicator in multiple tumor types (1, 2). While we demonstrated
higher TLS Score values in Immunoscore-high cases overall, in
agreement with the literature reporting that a high CD8" T cell
infiltration is significantly correlated with the presence of mature
TLS (5, 8, 9, 39-43), this result should be interpreted carefully and
would require additional investigations, since one quarter of the
Immunoscore-high cases were TLS-negative. We could thus
hypothesize that this T cell sub-population might not be the
optimal one to be considered as a TLS surrogate, and evaluating
other cell populations or combinations of different cell types as
potential TLS surrogates is necessary. We could assess the
distribution of another T cell sub-population, such as CD4" T
cells, but also myeloid cells, such as dendritic cells, macrophages, or
lymphatic vessels and high endothelial venules for which increased
densities have been described in TLS-positive tissues (8, 13, 44-47).
Additionally, it is important to note the lack of Immunoscore data
for 286 out of 406 NSCLC cases, which might affect these results.

Genomic technologies are another common way to evaluate
TLS presence within tumor tissues in the clinic, using gene
expression (GE) signatures specific to TLS, the main two being
the ‘12-chemokine signature’ and ‘“Ty1 cell and B cell signature’ first
published by Sautés-Fridman et al. (8, 33, 48). GSVA analyses
revealed significantly higher TLS GE signature scores in TLS-high
compared to TLS-low cases, despite a large proportion of samples
having low signature score, thus supporting the clinical potential of
this TLS Score. One possible explanation for the low GSVA scores
obtained could be the fact that transcriptomic data were generated
using tumor bulk tissues, whereas the TLS Score was based on
multiplex IF data specific to the TLS structures within the tumor
and hence reflected the power of spatial over tumor bulk
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technologies. Furthermore, TLS GE signatures are related to either
chemokines or cell populations involved in TLS neogenesis and
considered as pan-cancer signatures (8); hence, refining TLS GE
signatures with the support of spatial transcriptomic technologies,
or defining new ones that show greater specificity to the TLS
maturation degrees might be of relevance to improve our
understanding of TLS impact in the clinic. Another explanation
could be related to the fact that this TLS Score has been developed
based on multiplex IF data obtained from one cohort of NSCLC
patients which includes different histology types, tumor stages, and
demographical characteristics, with missing information for many
patients. Thus, we cannot exclude the fact that the TLS Score results
obtained, and its promising prognostic value may be specific of one
sub-category of the NSCLC patient population. It will thus be
necessary to confirm the impact of this scoring system in other
lung cancer cohorts as well as in different tumor indications.

These observations about the NSCLC cohort, which can be
considered as limitations, are particularly relevant and should be
taken into account when interpreting the results assessing whether
clinical and demographical features such as age, sex, smoking status,
histology category, EGFR mutational and PD-L1 positivity status
contributed to TLS heterogeneity and correlated with our TLS Score.
We indeed demonstrated that the TLS Score prognostic value was
independent of age, sex, smoking category, and histology modality
features. Besides, we revealed a higher prevalence of TLS-high cases in
(i) the female compared to the male category, (ii) the adenocarcinoma
compared to the squamous cell subtype, and (iii) EGFR mutant
compared to EGFR wild-type samples. No correlation with PD-L1
expression levels was observed. Interestingly, and in coherence with
our findings, a study reported a higher frequency of EGFR mutations
in tumors enriched with mature dendritic cells, cell subset considered
as a hallmark of TLS (49). A parallel can also be made with a study
which highlighted a predictive value of mature TLS to immune
checkpoint inhibitor in solid tumors, independently of PD-L1
expression (5). In contrast, multiple studies evaluating the impact
of TLS in lung adenocarcinoma did not find a correlation between
TLS density and maturity and features such as age, sex, EGFR
mutation, pathological types or smoking status (50-52).

Furthermore, these NSCLC cases being baseline tumors coming
from patients having received chemotherapy or radiotherapy
treatments, a fundamental next step would be to evaluate the
clinical value of this TLS Score for patients treated with
immunotherapies. The identification of reliable predictive
biomarkers of response to immunotherapies is indeed a current
unmet medical need. In this context, Vanhersecke et al. recently
demonstrated that the presence of mature TLS CD23" is predictive
of response to immunotherapies in multiple tumor types,
independently of PD-L1 expression status and CD8" T cell
density (5). The calculation of the TLS Score relying on the
density of cells composing the germinal center, which is a feature
characterizing mature TLS, evaluating and comparing the
predictive values of (i) TLS Score and (ii) presence of mature TLS
would inform us further on the clinical benefit of combining
multiple TLS features into one unique tissue score.

In conclusion, we developed and demonstrated the prognostic
value of a TLS tissue score in NSCLC which allows a better
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representation and characterization of the TLS biology and
heterogeneity undergoing within a tumor. Our aim being
the identification of biomarkers which could be used in the
clinic to select patients who are more likely to benefit from
immunotherapies, the next step is to evaluate the predictive
power of this TLS Score in cohorts of patients treated with
immune checkpoint inhibitors. Finally, this TLS scoring system
could be used as a tool to assess how TLS impact the organization of
the tumor microenvironment, thus supporting the discovery of TLS
TME spatial biomarkers, surrogates of mature TLS, to help
overcome the challenge of TLS detection and assessment in
tumor biopsies in the clinic.
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Shenyang, China

Background: Tertiary lymphoid structures (TLS) play a crucial role in tumor immunity,
yet their relationship with the efficacy of immune checkpoint inhibitors (ICI) in cancer
therapy is not fully understood. This study aims to systematically evaluate how TLS
density influences treatment outcomes in cancer patients receiving ICI therapy.

Methods: The PubMed, Embase, Cochrane Library, and Web of Science
databases were searched for eligible studies published before January 22,
2024. Our analysis encompassed odds ratios (ORs) for response rates (RRs)
and hazard ratios (HRs) for progression-free survival (PFS), each with their
respective 95% confidence intervals (Cls).

Results: Our meta-analysis, including 19 clinical trials with 1,752 patients, identified
a strong correlation between high TLS density and increased RR to ICls (OR= 2.99,
95% Cl: 2.14-4.18, P < 0.001). Furthermore, a higher TLS density was associated with
prolonged PFS (HR=0.75, 95% CI: 0.63-0.88, P < 0.001). Specifically, in the context
of non-small cell lung cancer (NSCLC), breast cancer (BC), renal cell carcinoma
(RCC), esophageal cancer (EC), and urothelial carcinoma (UC), a significant
relationship was observed between high TLS density and better ICI efficacy.
Publication bias did not affect the integrity of our conclusions. Sensitivity analysis
further reinforced the reliability of our aggregated outcomes.

Conclusion: Our meta-analysis underscores the predictive role of TLS density in
determining the RR and PFS among cancer patients undergoing IClI therapy.
These results highlight the prognostic significance of TLS, suggesting its potential
as a biomarker for guiding treatment decisions, even in tumor types traditionally
considered ICl-resistant. Clinicians are recommended to assess TLS density as a
part of patient evaluation to optimize ICI therapy initiation.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,
identifier CRD42023439875.

tertiary lymphoid structures (TLS), immune checkpoint inhibitors, immunotherapy, solid
tumors, PD1/PDL1
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Introduction

Since their introduction, immune checkpoint inhibitors (ICIs)
have emerged as a critical treatment for cancer, supplementing
traditional approaches such as surgery, chemotherapy, and
radiation therapy. However, the efficacy of ICIs remains limited,
with response rates for most tumors lying between 10% and 40%
(1). This disparity underscores the need for reliable biomarkers to
predict ICI therapy outcomes, making precision in immunotherapy
a critical area of clinical research. Initially, PD-1/PD-L1 expression
was explored for this purpose, yet predictive accuracy has been
suboptimal (2). Tertiary lymphoid structures (TLS)—comprising
lymphocyte and myeloid cell aggregations within inflamed tissues,
akin to secondary lymphoid organs and frequently observed in
tumor proximity— have shown promise. Notably, the presence of
TLS in pre-treatment biopsy samples has been linked with increased
ICI responses across various cancers (3-6). For instance, in the
study by Lucile Vanherske, patients with mature TLS, regardless of
PD-L1 expression, exhibited a 40.3% response rate to ICI therapy
(7). Despite these indications of TLS as a potential ICI efficacy
predictor, substantial epidemiological evidence remains scarce. Our
meta-analysis aims to demonstrate that TLS density can effectively
predict the response and therapeutic effect of ICI.

Methods
Protocol and registration

This systematic review and meta-analysis adhered to the PRISMA
guidelines (http://www.prisma-statement.org/) and was registered on
PROSPERO (CRD42023439875) (Supplementary Table S1).

Data sources and search strategy

We conducted our search across four primary databases:
PubMed, Embase, Cochrane Library, and Web of Science,
supplemented by additional internet searches to locate further
relevant studies. The search was last updated on January 22, 2024.
The following search terms were used: (Supplementary Table S2).

Selection criteria

Studies were selected based on the following criteria:
Participants

Patients with advanced malignant tumors (any solid tumor)
undergoing ICI therapy were included.
Intervention

We included studies that assessed the use of ICIs, either as

monotherapy or in combination with other anticancer agents,
irrespective of the administration route.
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Outcomes

We included studies that evaluated potential correlations
between TLS and treatment outcomes in cases where ICIs were
part of the regimen.

Study design

We included observational cohort and case—control studies,
excluded reviews, meta-analyses, case reports, or guidelines. We
excluded studies in which a 2 x 2 table between TLS density and the
outcome of ICI treatment could not be constructed. We also
excluded studies with insufficient data or no relevant
information provided.

Two independent reviewers screened the titles and abstracts,
and the full texts of the studies that met the inclusion criteria were
obtained. Any disagreements encountered during the screening
process were resolved through discussion and, if necessary, with
the assistance of a third reviewer.

Data extraction

The extracted variables, when available, included: Name of the
first author, Year of publication, Study sample size, Ratio of patients
with high/low TLS, Number of responding patients, Type of cancer,
TLS determination method, Cut-off criteria for TLS, Cut-off value,
Stage of tumor, ICI application, ICI therapy, Response rate (RR)
and survival analysis for TLS status subgroups, including hazard
ratios (HRs) and 95% Cls for progression-free survival (PES). In
cases where HRs and 95% CI were not provided, Engauge Digitizer
software version 4.1 was employed to analyze Kaplan- Meier
curves, facilitating the extraction of multiple survival rates to
estimate HRs and 95% ClIs. Data extraction was independently
conducted by two researchers, with any discrepancies resolved
through discussion with a third researcher.

We performed comparative analyses between high and low TLS
groups based on historical data. We classified TLS-high and TLS-
low subgroups using three distinct cutoff criteria (presence, density,
and signature score). The included studies provided specific TLS
detection method, such as hematoxylin and eosin (H&E) staining,
immunohistochemistry (IHC), etc.

For classifications based on presence and density, two detection
methods for TLS were employed: H&E staining, and IHC. In H&E
staining, TLS is generally defined as dense lymphocyte aggregation,
while in THC, CD20-enriched areas occasionally accompanied by
CD3, CD21, or CD8 were defined as TLS. We ensured that TLS at
all stages of maturity (both mature and immature) were included in
each study.

We evaluated the impact of TLS on the response to ICI therapy
by assessing the patient RR. Complete response, partial response,
and objective response were classified as responses, Objective
response included both complete response and partial response.
Complete response was defined as complete disappearance of all
measurable disease, partial response as a reduction in tumor size
comparable to that defined by Response Evaluation Criteria in Solid
Tumors (RECIST) criteria.
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Stable disease, absence of progression, and progressive disease
were considered non-responses. Progressive disease was either
clinical progression or tumor growth, stable disease or absence of
progression was patients who did not meet RECIST criteria for
either disease progression or objective response.

The overall proportion of responses was defined as the RR. In
studies where only the objective response rate (ORR) was
calculated, ORR was considered equivalent to RR.

Statistical analysis

We calculated ORs using random-effects Mantel-Haenszel
meta-analysis models, based on the TLS content in patients’
biopsy specimens. PFS outcomes were reported as HRs with
95% Cls.

Statistical analyses were conducted using Review Manager 5.4
(Cochrane Collaboration, Oxford, UK) and STATA 17.0 (StataCorp
LP, College Station, Texas). To evaluate heterogeneity across all
meta-analyses, the Cochrane QP -value and I’ statistic were
employed. Significant heterogeneity was indicated by a P-value <
0.05 or I* > 50%, prompting the use of a random-effect model to
integrate the results. In the absence of significant heterogeneity, a
fixed-effect model was applied. Statistical significance was set at a P-
value < 0.05. Publication bias was examined through Egger’s test,
and the trim and fill method was applied to amend the results in the
presence of significant publication bias.

Quality evaluation

The quality of included studies was evaluated using the
Newcastle-Ottawa Scale, while the level of evidence was
assessed according to the standards set by the Oxford Centre
for Evidence-Based Medicine. Each study received independent
ratings from two researchers, with scores up to a maximum of 9,
focusing on patient selection, outcome assessment, and
comparability. This independent evaluation by two researchers
aimed to minimize bias. In cases of scoring discrepancies, the
study was re-evaluated and a consensus reached through
discussion among the authors.

Results
Search results

A total of 871 studies were identified through electronic
searches. From these, 341 duplicates were removed, along with
460 studies deemed irrelevant based on their titles and abstracts.
After a detailed review of the full texts, 51 studies were further
excluded. Consequently, 19 studies encompassing 1,752 patients
with solid tumors who received ICI treatment were selected for
inclusion in our meta-analysis. The entire selection process is
illustrated in the provided PRISMA flowchart (Figure 1).
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Study characteristics and
quality assessment

The studies included in this meta-analysis are detailed in
(Table 1). The compilation features five studies on non-small cell
lung cancer (NSCLC), three on urothelial carcinoma (UC), two
each dedicated to gastric cancer (GC) and renal cell carcinoma
(RCC), and one study each on breast cancer (BC), esophageal
carcinoma (EC), thoracic tumors, hepatocellular carcinoma
(HCC), nasopharyngeal carcinoma (NPC), and melanoma. TLS-
high and TLS-low subgroups using three distinct cutoft criteria
(presence, density and signature score) as enumerated in (Table 1).

All studies provide RR data, while only seven studies provide
PES data. They are all cohort studies, with quality ratings between
six to eight stars out of nine, with none omitted from the
meta-analysis.

Effect of TLS-high on RR

Our analysis revealed a statistically significant correlation
between high TLS and increased RR in patients treated with ICIs
(OR=2.99; 95% CI: 2.14-4.18, P < 0.001), as depicted in (Figure 2).

Effect of TLS-high on PFS

Data from seven cohorts, covering 769 patients, provided
insights into PFS. Our analysis highlighted a significant and
positive relationship between elevated TLS density and extended
PFES in patients undergoing ICI therapy (HR=0.75, 95% CI: 0.63-
0.88, P < 0.001), as illustrated in (Figure 3).

Effect of high TLS on RR according to
presence, density and signature score

Subgroup analyses revealed a distinct association between
elevated TLS levels and increased RR, categorized by presence
(OR=3.19; 95% CI: 1.94-5.25, P < 0.001) and density (OR=3.48;
95% CI: 1.86-6.49, P < 0.001). However, these analyses found no
significant association in the subgroup defined by signature score,
(OR =4.06, 95% CI: 0.38-43.42, P=0.247), as depicted in (Figure 4).

Effect of high TLS on RR according to
tumor classification

Our detailed analysis focused on specific cancers showed: UC
(OR=2.38, 95% CI: 1.09-5.19, P=0.029), BC (OR= 7.50, 95% CI:
1.61-34.95, P=0.01), HCC (OR=27.00 95% CI: 0.85-856.53,
P=0.062), NSCLC (OR=3.47, 95% CI: 1.53-7.87, P=0.003), GC
(OR=16.06, 95% CI: 1.56-165.20, P=0.020), EC (OR=14.22, 95%
CIL: 1.52-132.73, P=0.02), RCC (OR=2.60, 95% CI: 1.25-5.37,
P=0.01), NPC (OR=1.94, 95% CI: 0.32- 11.76, P=0.469),
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The flow diagram of identifying eligible studies

melanoma (OR=35.00, 95% CI: 0.95-1292.43, P=0.053) as shown in
(Figure 5). This indicates that TLS density is a strong predictor of
ICI response in NSCLC. However, there wasn’t a significant
association between TLS density and response rates in HCC,
NPC, and melanoma.

Subgroup analyses based on ICI application settings (adjuvant
therapy, neoadjuvant therapy, systemic therapy) and ICI therapy
approaches (ICI monotherapy, ICI combined with chemotherapy,
ICI combined with other anticancer drugs) revealed no significant
differences between subgroups, with low heterogeneity.
(Supplementary Figures S1, S2).

Effect of high TLS on PFS according to
tumor classification

Subgroup analysis on the association between high TLS density
and PFS showed significant findings in RCC (HR=0.84, 95% CI:
0.74-0.96, P=0.011), UC (HR=0.60, 95% CI: 0.39-0.92, P=0.020),
and EC (HR=0.50, 95% CI: 0.25-0.99, P=0.048), as well as NSCLC
(HR=0.47, 95% CI: 0.28-0.79, P=0.004), as illustrated in (Figure 6).
However, in GC patients, the link between high TLS density and
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prolonged PFS did not reach statistical significance (HR=0.91, 95%
CI: 0.46- 1.81, P=0.787).

Publication bias

To assess the potential for publication bias, we constructed a
funnel plot correlating each trial’s effect size with its standard error
(see appendix). Funnel plot asymmetry was evaluated using Egger’s
tests, with significant publication bias defined by a P-value < 0.1. We
employed the trim-and-fill method to estimate the influence of
publication bias on the interpretation of our findings. The studies
exhibited mild heterogeneity, indicated by an I value of 28.5% for
the OR. (Supplementary Figure S3).

In addition, in 7 articles providing PES, Egger tests indicated no
significant publication bias. The analysis suggested minimal
heterogeneity among the studies, with an I* value of 29.3% for the HR.

In the various subgroup analyses, the study’s stability remained
unaffected by differences in cut-off criteria (I’=28.5%, P=0.120),
tumor classification (I’=29.5%, P=0.157), ICI application (I’=28.5%,
P=0.120) or ICI therapy (I°’=30.8%, P=0.137), thereby ensuring the
reliability of our findings.
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TABLE 1 Characteristics of 1752 patients with solid tumors treated with ICI.

Response
number

Cancer
types

Determination
method of TLS

Cut-
off
criteria

Cut-
off value

Outcome
measures

Stage
of tumor

ICI
application

ICI therapy

ianj 0.155 TLS Neoadj t Anti-PD-L1 pl ti-
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Gao.2020 (8) mm-2 therapy CTLA-4
Lucile 105/ Malignant Systemic Anti-PD1/PD-L1
Vanherseck. France 328 78 & H&E+IHC Presence 0 RR Stage IV 4 .
223 tumor therapy monoclonal antibodies
2021 (7)
Xi Neoadj t Anti-PD-1 antibod
aoyan China 40 34/6 18 NSCLC H&E+IHC Density | TLS score RR Stage I1-1IIA eoacjuvan o antibocy
Sun.2022 (9) therapy plus chemotherapy
Takuya Median .
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Mori.2022 Japan 19 9/10 3 GC THC Density percentage RR, PFS Stage I-IV thera Nivolumab
(10) area (1.24%) Py
Jiegiong Liu Mean Unresectable Svstemic Camrelizumab combined
dONE M- China 34 1420 | 15 BC IHC Density | area RR recurrent 4 with Apatinib
2022 (11) . therapy o
>30,000um2 or metastatic and Eribulin
Y. Hayashi. Adj t Anti-PD-1
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2023 (12) therapy antibody monotherapy
T. R. Cottrell. Neoadj t
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2018 (13) therapy
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Gantzer.2022 France 4 1/3 1 IHC Presence 0 RR N. A .
(14) tumors therapy checkpoint inhibitor
Shu D.H. USA 9 5/ 4 HCC 12—che.mokine Signature Hierarchi'c RR Locally Neoadjuvant Nivolumab N
2022 (15) gene signature score al clustering advanced therapy and cabozantinib
Locally
Xingchen Li. 12-chemoki; Signat: Systemi Atezoli b
NECIen M sa 298 78/220 | 69 uc chemokine BRATE Top 25% RR advanced or | oo ezolizuma
2022 (16) gene signature score . therapy administration
metastatic
Lucia Carril 126/ Systemic
Ajuria.2022 France 274 66 RCC THC Density 2 TLS RR, PFS Metastatic 4 Nivolumab monotherapy
148 therapy
17)
. Immunotherapy
. Recurrent/ Systemic combined with
Yuan.2023 China 21 10/11 13 NPC H&E+IHC Density Mean area RR R 4 L .
metastatic therapy antiangiogenic
(18)
targeted therapy
Kazumasa X Checkpoint
. Systemic s
Komura. Japan 97 23/74 22 ucC IHC Presence 0 RR, PFS Metastatic inhibitors
therapy .
2023 (5) Pembrolizumab
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TABLE 1 Continued

S Cut-
. Response Cancer Determination Cut- Outcome  Stage ICI
Study Region off et ICI therapy
number types method of TLS criteria off value measures = of tumor  application
Nicole L.
Ad d Systemi PD-1
Edmonds. USA 19 1/18 2 Melanoma | IHC Presence 0 RR vance ystemic .
melanoma therapy blockade Pembrolizumab
2022 (3)
Karlijn
Netherl i PD-1
Hummelink. etherland o, 30/61 | 20 NSCLC IHC Presence | 0 RR Stage IV Systemic
s therapy blockade Monotherapy
2022 (19)
Takuya CD20+ B X
Mori.2021 Japan 10 37 2 GC HC Density | cells (1.59 RR Stage IL-IV Adjuvant PD-1 blockade
therapy with nivolumab
(20) per field)
Tyrosine kinase
Wenhao Metastatic Adjuvant inhibitors (TKIs) and
Xu.2023 (21) = China 230 65/165 | 39 RCC H&E+IHC Presence 0 RR, PFS therapy ICIs combination therapy
PD-1 inhibitors
Fuh: Stage 1B Neoadjuvant bined with t
oo China 106 93/13 | 64 NSCLC H&E+IHC Presence | 0 RR o8¢ coadyuvan compned with faxanes
Xu.2023 (4) to IIIB therapy and platinum-
based drugs
Yi Neoadi ¢ Immune checkpoint
L;Eg2023 (o | China 80 3743 | 30 NSCLC H&E Density | 5 TLSs RR, PFS Stage IB- IIIB th::P;“van inhibitors plus platinum-

based chemotherapy

NSCLC, non-small cell lung cancer; UC, urothelial carcinoma; GC, gastric cancer; RCC, renal cell carcinoma; BC, breast cancer; EC, esophageal carcinoma; thoracic tumors, HCC, hepatocellular carcinoma; NPC, nasopharyngeal carcinoma; hematoxylin/eosin (H&E)
staining, IHC, immunohistochemistry; RR, response rate; PFS, progression-free survival; N.A, not available.
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Comparison of response rates between TLS-high and TLS-low patients treated with ICI. OR, odd ratio; Cl, confidence interval.

Discussion

Our study establishes a strong connection between TLS density
and the efficacy of ICI therapy, highlighting the significant role of
TLS density as a predictive marker for ICI response. Through
rigorous analysis, our findings have been consistently validated
across different cut-off criteria and a diverse array of cancer types,
particularly demonstrating solid applicability in UC and RCC. The
methods used to classify TLS— specifically presence and density—
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were found to strongly support our conclusions, underscoring their
relevance in predicting therapy outcomes. This research positions
TLS density as an indispensable tool for clinicians in devising
personalized immunotherapy strategies, aiming to predict both
the response rates and prognoses of patients.

TLS is an important component of the tumor microenvironment
(TME). Its underlying mechanism involves augmenting tumor-related
immunity. TLS contributes to the activation of anti-tumor immune
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FIGURE 5

Comparison of response rates between TLS-high and TLS-low patients treated with ICI as subgroups according to tumor classification.
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Comparison of progressive-free survival between TLS-high and TLS-low patients treated with ICI as subgroups according to tumor classification.

characterized by increased immune signatures including cytolytic
activity, IFN-y signaling, and MHC expression (16). Additionally,
TLS is associated with a higher degree of immune cell infiltration
within various tumor types, encompassing cytotoxic T lymphocytes,
natural killer cells, and gamma delta T cells (22). Furthermore, the
presence of mature dendritic cells, helper T cells, and B cells within TLS
serves as a persistent source of stimulation for T cells linked to
TLS (23).

It is worth noting that the presence of these immune cells also
influences TLS activity. In a study on tumor-induced TLS in NSCLC
patients, a higher density of Treg cells within TLS was associated
with shorter patient survival, diminishing the favorable prognostic
value of TLS (24). In another NSCLC study, the negative impact of
high Treg cell density on patient survival was mitigated by a high
density of B cells within TLS, with patients exhibiting a high B cell
to low Treg cell ratio in TLS showing the best clinical outcomes
(25). During the maturation of TLS, myeloid cells (such as mature
dendritic cells), stromal cells (including follicular dendritic cells and
follicular reticular cells), high endothelial venules, as well as B cells
and T cells, all play indispensable roles (26). The functional
differences of TLS are determined by the composition and
proportion of its constituent cell types.

Interestingly, in a study on advanced-stage bladder cancer,
CXCL13 was demonstrated as a surrogate marker for tumor TLS
(27). As a chemoattractant, CXCL13 facilitates the formation of TLS
and plays an important role in anti-tumor activity through the
CXCLI13/CXCRS5 axis (28) and T follicular helper cells (29).
However, further research is needed to explore its role in other
solid tumors.

TLSs are ectopic lymphoid structures with a cellular
composition similar to that of secondary lymphoid organs
(SLOs), and therefore have comparable anti-tumor functions.
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However, TLSs also exhibit distinct characteristics that
differentiate them from SLOs. Notably, unlike SLOs, TLSs are not
encapsulated and are located within or around tumors, allowing
them to exert a more direct and potent impact on the TME (26).
This proximity may offer significant advantages in enhancing the
effectiveness of ICI therapy.

TLS represents the continuous activation of the immune system
during the anti-tumor immune process, thereby enhancing the
body’s overall immune response to the tumor. TLS, while linked
to improved anti-tumor responses post-ICI therapy, is also closely
associated with the incidence of immune-related adverse events
(irAEs). In clinical research, TLS has been observed in the tissues of
patients experiencing acute interstitial nephritis (AIN), a severe
form of irAE (30). Additionally, studies have shown that in aged,
tumor-bearing mice, therapy targeting the programmed death
receptor (PD)-1 can induce irAE-like symptoms and multiorgan
dysfunctions characterized by TLS-like lymphocytic infiltration in
affected organs, suggesting a correlation between TLS presence and
irAE incidence in patients treated with immune checkpoint
blockade (ICB) (31). This evidence underscores the importance
for clinicians to actively monitor TLS density and be especially
vigilant for irAEs in patients with high TLS levels, enhancing patient
care by anticipating and managing potential adverse reactions.

In the studies we included, we sought to identify the similarities
and differences of TLS across different tumor types. However,
discrepancies in the detection methods of TLS pose significant
challenges. We hope that future research will employ consistent
histological markers for TLS identification.

Our findings showed that higher TLS density is linked to
prolonged PFS. However, overall survival (OS) is also a common
cancer survival index. OS is usually assessed alongside PFS to
evaluate therapeutic efficacy in clinical research. In the currently
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available studies, high TLS density was consistently associated with
longer OS (8, 10, 21).

Anti-PD1/PD-L1 antagonists are the most commonly used ICI
treatments. However, in two studies on NSCLC and EC (12, 19),
PD-L1 TPS/CPS did not show significant predictive value for ICI
treatment efficacy. In contrast, our study found that TLS density is a
significant predictor of ICI therapy effectiveness. This may be
because TLS better reflects an individual’s immune status, which
is crucial in determining response to ICI therapy. The ICI-
insensitive state is essentially an immune condition independent
of tumor type, highlighting the importance of individual immune
characteristics (32). Compared to markers like PD-L1 TPS/CPS and
tumor mutational burden (TMB), TLS provides a more
personalized assessment of immune status (33). Despite this, no
studies have directly compared the predictive value of PD-L1 TPS/
CPS with that of TLS, leaving it uncertain which marker is more
reliable for predicting ICI therapy efficacy. Further research is
needed to clarify this issue.

Apart from acting as markers of therapeutic efficacy, TLSs
present significant potential as direct targets for immunotherapy.
Current research efforts are investigating ways to induce the
formation of TLS through diverse approaches, such as employing
STING agonists, inhibiting endothelial Notch signaling, and
implementing systemic delivery of aCD40 (34-36). These
exploratory studies are designed to synthesize and assess the
resulting data, aiming to lay the groundwork for the creation of
more dynamic and potent treatments. This forward-thinking
strategy seeks to transform cancer management by more
effectively leveraging the body’s immune system, offering a
promising avenue for enhancing patient outcomes through
immunologically centered interventions.

This study has several limitations. Primarily, our statistical
analysis and validation efforts are centered on PD-L1, owing to
the restricted use of other immune checkpoint inhibitors (ICIs)
such as EGFR and HER2. This specificity suggests that our
conclusions may not be universally applicable to treatments
involving these other ICIs, advising a degree of caution in their
broader application. Secondly, there is publication bias, but after
statistical analysis, there is no effect on the stability of the results.
Finally, the included studies and patients are limited, and our
analyses are all based only on observational studies, potentially
leaving some variables uncontrolled, highlighting the necessity for
these results to be corroborated through large-scale, prospective
studies dedicated to this area of research in the future.

Conclusion

Our research demonstrates a significant correlation between
TLS density and the efficacy of ICI therapy, underscoring the
potential of TLS density as a valuable predictor for treatment
outcomes. Given these findings, we advocate for clinicians to
routinely assess TLS density in cancer patients. Those identified
with high TLS density may particularly benefit from ICI treatment.
This approach could enable more personalized and effective
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immunotherapy strategies, potentially improving patient
responses and outcomes.
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