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ABSTRACT

Immunotherapies for the treatment of solid tumors continue to develop in preclinical and clinical research settings. Unfortunately,
for many patients the tumor fails to respond or becomes resistant to therapies such as checkpoint inhibitors (CPIs) targeting
programmed cell death protein-1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T lymphocyte antigen-4 (CTLA-4). In
many cancers, failed response to CPIs can be attributed to poor T cell infiltration, dominant immunosuppression, and exhausted
immune responses. In gastrointestinal (GI) cancers T cell infiltration can be dismal, with several reports finding that CD8" T cells
compose less than 2% of all cells within the tumor. Organized aggregates of lymphocytes, antigen-presenting cells, and vessels,
together termed tertiary lymphoid structures (TLSs), are hypothesized to be a major source of T cells within solid tumors. The
intratumoral formation of these organized immune centers appears to rely on intricate cytokine and chemokine signaling to
heterogeneous cell populations such as B and T cells, innate lymphoid cells, fibroblasts, and dendritic cells. In GI cancers, the
presence and density of TLSs provide prognostic value for predicting outcome and survival. Further, TLS presence and density
associates with favorable responses to CPIs in many cancers. This review highlights the prognostic value of TLSs in GI cancers, the
role of the homeostatic cytokine interleukin-7 (IL-7) in TLS formation, and the induction of TLSs in solid tumors by novel

therapeutics.
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INTRODUCTION

Impactful treatment of solid tumors with immuno-
therapy actively fuels research in tumor immunology
and patient care. Despite some success, many tumors fail
to respond to immunotherapies or the disease progresses
and relapses after transient immune responses.!"~*! The
fundamental question surrounding differing outcomes
in response to immunotherapies, such as checkpoint
inhibitors (CPIs), is what underlying biology separates
responders and nonresponders. Mechanisms mediating
infiltration, expansion, and cytolytic activity of T cells
within patient tumors are of utmost interest. Techno-
logic advances in tissue analysis by microscopy and
immunofluorescent imaging have provided valuable
information on spatial dynamics of immunologic re-
sponses within tumors, potentially shedding light on
causes for differing responses to immunotherapy.!**
These techniques have recently paved the way for the

discovery and observation of tertiary lymphoid struc-
tures (TLSs) within solid tumors.!*®!

Like secondary lymphoid organs (SLOs), TLSs contain
B cell and T cell zones nurtured by the presence of
antigen-presenting cells (APCs) and fibroblasts.!>¢! Ar-
chitecture such as vasculature and specialized matrices
are also similar between SLOs and TLSs, supporting the
coordinated influx of naive cells and efflux of antigen-
primed effector cells.”~'° Whereas SLOs are both
encapsulated and established during host development,
TLSs are not encapsulated and form in situ as organized
lymphoid aggregates responding to distinct inflammato-
ry signals such as viral infection, vaccination, autoim-
munity, and cancer.''"13! TLSs are hypothesized to be a
major source of intratumoral T cells in solid tumors,
presumably driving potent antitumor responses and
acting as a center for l?fmphocyte activation, prolifera-
tion, and maturation.!*! Mechanisms mediating the
formation of TLSs within solid tumors continue to be
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elucidated, as do their correlation with adaptive immune
responses to cancer. Clinical evidence demonstrates TLS
presence and density positively correlate with response
to CPIs,!'*13! raising the possibility that manipulation of
TLS formation in patients could prime responses to
immune-based therapies.

Given the immunologically “cold” nature of gastroin-
testinal (GI) cancers,!'® strategies to mount and stimu-
late immune responses to these diseases are desperately
needed. Single-agent treatment of GI cancers with CPIs
have been largely unsuccessful, as have attempts to
increase T cell infiltration.!'”"2! Increased density or
percent area, or simply the presence of TLSs in GI
cancers, such as pancreatic ductal adenocarcinoma
(PDAC),?*25! gastric cancer ,!'%1526-28] hepatocellular
carcinoma (HCC), and biliary tract cancer (BTC),?"
positively correlate with better outcomes. One potential
strategy for combination treatments with CPIs is to
bolster T cell infiltration through increased TLS forma-
tion, thereby priming responses to CPIs in GI cancers.
Achieving this outcome will require extensive knowl-
edge of initial steps driving TLS formation and intensive
investigation of TLS characteristics and functionality in
GI cancers. Soluble factors such as cytokines and
chemokines coordinate intricate cellular dynamics in
TLS formation and are indispensable for successful TLS
establishment and maturation. As described later in this
review, the homeostatic cytokine interleukin-7 (IL-7) is
of particular interest given its central role in TLS
formation, and its ability to modulate and expand
heterogeneous cell populations supporting TLS forma-
tion and maturation. Specifically, IL-7 expands naive and
memory T cells in preclinical and clinical studies and
demonstrates promising effectiveness against cancers in
combination with CPIs.[2°32! Here, we review current
clinical data concerning the prognostic value and
characteristics of TLSs in multiple GI cancers, highlight-
ing the similarities and differences in these heteroge-
neous diseases. We also discuss the role of IL-7, among
other soluble factors, in TLS formation and maturation
to highlight potential leverage points for therapeutic
induction of TLS in patients. Finally, we evaluate
cytokine- and chemokine-based immune therapies,
which have demonstrated the capability to induce
intratumoral TLS in clinical or preclinical settings.

DETECTION AND QUANTIFICATION OF
TERTIARY LYMPHOID STRUCTURES
WITHIN PATIENT TUMORS

The interpretation of TLSs as a prognostic or predictive
biomarker is complicated by the lack of universal
methods and assays for the quantification and assess-
ment of TLS in patient tissue. Multispectral immunoflu-
orescence or immunohistochemistry is used to quantify
B cell and T cell zones in TLSs using the markers CD3,
CD4, CDS8, and CD20.12529:33-36] Eolicular dendritic cells
(FDCs) are also stained for using antibodies to CD21 and/

or CD23[2%35: CD208 has also been used to detect
dendritic cells (DCs).!*¥ High endothelial venules
(HEVs), which are key for lymphocyte movement into
TLSs, are identified by positive staining for peripheral
node addressin.!'%3* The above markers are sufficient to
separate lymphoid aggregates from true, organized TLS.
Unfortunately, not all clinical settings are equipped to
incorporate these technically complex anal;/ses. Thus, a
few reports solely use H&E-stained 23! or CD20-
stained!'®! sections to quantify TLSs in patient tumors;
however, these approaches do not allow for rigorous
characterization of TLSs over less organized lymphoid
aggregates. Further adding to discordance between
studies, some groups use serial sections to ensure
detection of cell types throughout the depth of the
tissue®¥ or to pair immunohistochemistry with H&E
staining."®*! Others use a single section and therefore
inadvertently limit the scope of sampling within the
tumor lesion. The quantification of TLS in resulting
images provides yet another obstacle in terms of study-
to-study concordance. Most frequently, TLS are quanti-
fied with the help of a pathologist as density (TLS/mm?
of tissue)?®2935; however, percent areal'™ or simply
absence vs presencel®¥ has also been used in clinical
studies to quantify TLSs. The size and composition of
TLSs have proven to be a useful measure in some cases,
but these aspects of TLSs are not consistently considered.
Going forward, efforts should be made within the field to
arrive at a consensus for tissue sampling and measure-
ment of TLSs in patient tissue with room for more
extensive characterization to be incorporated.

TERTIARY LYMPHOID STRUCTURES IN
GASTROINTESTINAL MALIGNANCIES
PREDICT SURVIVAL AND ASSOCIATE WITH
DISTINCT IMMUNE RESPONSES

GI malignancies with genomic instabilities have
increased immunogenicity, high levels of T cell infiltra-
tion, and favorable response to immune-based thera-
pies.[38-%% However, genomically stable (GS) or
microsatellite stable (MSS) tumors are notoriously resis-
tant to single-agent CPIs owing to low immunogenicity,
poor T-cell infiltration, and broad immunosuppres-
sion.*®*% prognostic indicators of response to CPIs in
patients with GS tumors are desperately needed as
combinatorial treatment strategies are developed to
target these resistant tumors. Most recently, immuno-
histochemical examination of GI tumors has demon-
strated TLSs to associate with increased T cell and B cell
infiltration, APCs, and distinct immune signatures (Table
1). Although a limited number of studies have explored
the relationship between TLSs and response to CPIs in GI
cancer, early results indicate a positive association
between the two. Indeed, a growing number of studies
have demonstrated direct association between increased
TLS density, percent area, or presence in GI cancers and
better clinical outcome for patients (Table 2). A deeper
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Table 1. TLS associate with distinct immunologic signatures in gastrointestinal tumor specimens

Author, Year TLS-Associated Features

Gastric Cancer
Schlosser et al, 201917
enriched in TLS-positive tumors.
Yamakoshi et al, 2020%2”]
positively associated with TIBs.
Sakimura et al, 201728

TLS physically associated with differentiated and organized B-cell infiltrates. Follicular T helper cells were
TLS were identified by clustering of CD20+ cells and measured as density of TLS per mm? of tissue. TLS

TLS contained CD21+ follicular dendritic cells and Bcl6+ B cells. CD20+ B cells were significantly associated

with intratumoral and peritumoral CD8+ T cells.

He et al, 202012¢!

Derks et al, 202013

Mori et al, 2022191
Colorectal Cancer

Zhao et al, 202113
Pancreatic Cancer

Kuwabara et al, 201955

of HEV within the TLS.
Hiraoka et al, 201524

TLS density (referred to as TLS-SUM) positively correlated with tumor size, grade, pTN stage, and WHO subtype.
The presence of TLS was positively associated with better T and B cell function scores.

TLS™ status, as defined by the authors, positively associated with immune-related adverse events.

High TLS expression positively associated with smaller tumor size and greater tumor infiltrating T cells.

TLS density positively associated with higher infiltration of CD20+ B cells into the TLS and higher proportion

TLS presence positively associated with more T and B cell infiltration and less Treg and M2 macrophage

infiltration. TLS presence also positively correlated with an inflammatory signature of chemokines and
cytokines. TLS presence associated with arterioles, venules, and nerves with vascular networks.

Gunderson et al, 20212

Presence of Early-TLS positively associated with CD8 T cells and CD20 mature B cells. Presence of Early-TLS was

not associated with CD4 T cells. Presence of TLS-containing germinal center-like B cells is associated with
increased frequency of TLS and CD8 T cell infiltration.

Primary Liver Cancer
Ding et al, 20222
Li et al, 20215%!

iTLS showed increased Tfh and Treg levels as compared to peritumoral TLS.
High pTLS density was associated with increased expression of Th1, Th17, and immune suppression-related

genes, higher infiltration of CD3+, CD8+, and CD20+ cells, and lower infiltration of FOXP3+, CD68+, and

PD1+ cells.

HEV: high endothelial venule; iTLS: intratumoral TLS; pTLS: peritumoral TLS; pTN: pathological tumor and lymph node; Tth, T follicular helper;
TIBs: tumor-infiltrating B cells; TILs: tumor-infiltrating lymphocytes; TLS: tertiary lymphoid structures; TLS™: TLS high frequency; Treg, T regulatory

cell; WHO: World Health Organization.

understanding of how TLSs contribute to adaptive
immune responses in GI tumors and mediate response
to CPIs is needed to successfully develop potent
combination treatment strategies for patients with these
deadly malignancies.

Tertiary Lymphoid Structures Predict
Survival and Response to Therapy in
Patients with Gastric Cancer

Gastric cancer arises from the lining of the stomach and
most frequently present as adenocarcinoma, as with most
GI cancers.*!! Resection-eligible patients are treated with
neoadjuvant chemoradiotherapy followed by surgical
resection*!!; however, around 60% of patients will
experience recurrence after resection, frequently within
2 years of surgery.[*?! Patients with genomic-instable or
Epstein-Barr virus—positive gastric cancer often present
with inflamed tumors that respond favorably to immu-
notherapy with CPIs.***3 Conversely, more than half of
patients with gastric cancerpresent with MSS disease with
poor T cell infiltration and dismal overall response rates to
single-agent programmed cell death protein-1 (PD-1)
blockade (pembrolizumab).>*4344 Thus, there is a dis-
tinct bimodal nature to CPI responses in gastric cancer,
which is at least partly dependent on genomic stability, as
seen in other GI malignancies.?***3l

Immunohistochemical staining and evaluation of
resected gastric cancer has provided valuable insight

into signatures that predict survival and responsiveness
to CPIs.[1015:26.28] Several studies found positive associ-
ations between the magnitude of tumor-infiltrating B
cells (TIB) and improved clinical outcome for patients
with gastric cancer.!*” GS and MSS gastric tumors are
reported to be enriched for B cells, as well as CD4" T
cells and macrophages, relative to microsatellite insta-
ble (MSI) cancers. Immunohistochemistry and flow
cytometric analysis of B cells in gastric cancer found
that TIB predominantly associate with TLSs.!127:28]
Rather than differentiating into antibody-producing
plasma cells, TIBs in tumors with high frequencies of
TLSs (TLS™) demonstrate an activated germinal center
(GC) phenotype.['%?7! Further, TIB in gastric cancer
express antigen-presenting signatures and may act to
activate and stimulate the proliferation of T cells within
TLSs.?”] In line with these findings, TIB positively
associated with CD8" T cell infiltration in gastric
cancer.?8! Of note, T cells within TLSs of gastric cancer
express CD103, indicating that tissue resident memory
T cells either migrate into TLSs or participate in their
formation. [543

Several reports found that an increase in TLSs
(measured as percent area of surgically resected speci-
mens) is associated with better outcome for patients with
gastric cancer, but few studies have explored the
association between TLS frequency and response to
CPIs.[1026:27:331 A single retrospective study in gastric
cancer analyzed TLSs in macroscopically resected perito-
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Table 2. The prognostic value of TLSs in gastrointestinal tumor specimens

No. of Patients

Included in

Author, Year TLS Prognostic Value Treatment Analysis
Gastric Cancer
Yamakoshi et al, 2020?71 TLS richness (measured by B-cell-rich area) positively associated ~ Surgery 226
with better prognosis when NLR was low.
Sakimura et al, 201728 High numbers of CD20+ B cells, which were aggregated into Surgery 226
TLS, were associated with better OS.
He et al, 2020/2° TLS density (referred to as TLS-SUM) positively correlates with Surgery 914
OS.
Mori et al, 202213 TLS™ status, defined as percentage area of tissue with CD20+ Nivolumab 19
clusters, associated with PRs and greater disease control.
Rozek et al, 2016/°% Presence of a prominent CLR was prognostic for survival. Surgery 1491
Zhao et al, 20213 High TLS expression, defined by various criteria, associated with  Surgery 6647
lower clinical grade, lower N stage, lower relapse rates.
Chalabi et al, 20200 TLS density per mm? of tissue increased on treatment but were Neoadjuvant immune 35

not associated with response in either pMMR or dMMR

tumors.
Pancreatic Cancer
Kuwabara et al, 2019

Hiraoka et al, 201524
Gunderson et al, 202112

iTLS density was prognostic for survival and clinical outcome in
patients who received NAC as a preoperative treatment.

Presence of iTLS was predictive of survival.
Presence of TLS correlated with longer OS and DFS. Patients
with mature TLS had significantly longer survival than

checkpoint inhibition

Preoperative neoadjuvant 47
chemoradiotherapy or
surgery first

Surgery 308

Surgery 63 (TLS) and

patients with E-TLS. TLS density did not correlate with OS.

Primary Liver Cancer
Ding et al, 2022[>"!

with increased OS.

Li et al, 20213

associated with increased OS.

Wen et al, 20213

pTLS score associated with decreased OS; iTLS score associated
PTLS density, especially alongside the presence of iTLS,

TLS density was associated with increased OS. The combination

of TLS density and NLR better predicts survival.

Calderaro et al, 201957
risk of early relapse.
Garnelo et al, 20174
predicts survival.
Ho et al, 20219
responders.

iTLS-associated gene expression signature associated with lower
T cell and B cell density, as well as the expression of CD40,

The absolute number of TLS within the tumor was enriched in

30 (M-TLS)
Surgery 962
Surgery 240
Surgery 85
Surgery 273

103, 112, and 54
respectively
Neoadjuvant cabozatinib 12
and nivolumab

Surgery

CLR: Crohn-like lymphoid reaction; DFS: disease-free survival; dAMMR: mismatch repair deficient; E-TLS: early-stage TLS; iTLS: intratumoral TLS; M-
TLS: mature TLS; NAC: Neoadjuvant Chemotherapy; NLR: neutrophil-to-lymphocyte ratio; OS, overall survival; pMMR: mismatch repair proficient;
PRs: partial responses; pTLSs: peritumoral TLS; TLS: tertiary lymphoid structure; TLS™: TLS high frequency.

neal metastases from 19 patients who underwent
resection, had recurrence, and were then treated with
nivolumab."®! The response rate for this cohort of
patients was 15.8%, which mirrors that seen in other
clinical trials of CPIs and gastric cancer." The percent
area staining positive for TLSs was determined by
pathology analysis and cases were then classified to be
TLS™ or TLS'®". Patients with TLS™ tumors demonstrated
more frequent immune-related adverse events, and all
patients who had a partial response to nivolumab were
classified as TLS™.[*>! Further, the disease control rate for
patients classified as TLS™ vs TLS'°" was 66.7% and 20%,
respectively.!'®! This striking association indicates a
potentially complex dynamic between TLSs and disease
progression in gastric cancer. However, more data are
needed to accurately evaluate the predictive value of
TLSs for response to CPIs in patients with gastric cancer.

Tertiary Lymphoid Structures Unique to
Colorectal Cancer Predict Survival

Colorectal cancer (CRC) can be classified as d-MMR/
MSI-H (mismatch repair deficient/MSI-high) or p-MMR/
MSS (mismatch repair proficient/MSS), with MSI-H
tumors having significantly more mutations, increased
neoantigen load, and a more proinflammatory tumor
microenvironment (TME).*¢! Increased CPI efficacy is
seen in patients with MSI-H CRC tumors and as a result,
pembrolizumab and nivolumab with or without ipili-
mumab are approved for treatment of these patients.*”]
Unfortunately, 85% of patients with CRC have MSS
tumors and successful treatment with immunotherapy is
rare.[*®! The size of TLSs that formed in these tumors was
evaluated and scored as having high or low TLS activity,
with higher TLS activity reflecting larger TLS formation
on average as measured by an established histomorpho-
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metric method.!?! Average TLS activity score was found
to be higher in MSI-H CRC tumors, although there was
much more variability in both TLS activity score and
infiltration of CD8" tumor-infiltrating lymphocytes (TIL)
than in MSS tumors.**! This increased variability could
explain why response rates to CPIs remains limited in
MSI-H tumors.®® CRC tumors also have peritumoral
lymphoid aggregates referred to as Crohn’s-like lym-
phoid reaction (CLR), which despite its name, has no
known relationship with Crohn’s disease and can be
considered a type of TLS specific to CRC.®! Multivariate
analysis has shown that both TILs and CLR have strong
prognostic value for survival of patients with CRC,
whereas microsatellite status does not.’? Further under-
scoring the prognostic significance of TLSs in CRC, meta-
analysis revealed that lower clinical grade, lower N stage,
and lower relapse rates were associated with higher TLS
formation in patents with CRC.[>?!

Although TLSs clearly associate with favorable out-
come in CRC,"* there are limited data demonstrating
the value of TLSs in determining response to immuno-
therapy. In the NICHE trial (ClinicalTrials.gov Identifier:
NCT03026140), early-stage CRC patients with MSI-H
and MSS tumors were given neoadjuvant ipilimumab
and nivolumab."% After 6 weeks, tumor biopsy speci-
mens were stained for CD20, and TLSs were enumerated.
When separating responders from nonresponders, there
was no significant difference in the number of TLSs at
baseline.'>! The authors also did not detect a significant
increase of TLSs in either responders or nonresponders,
although a trend towards increased TLSs in responders
was present.>>l The only biomarker they found to be
significantly associated with response was the number of
CDS8" PD-1" TILs.5%! To better understand the relation-
ship between TLSs and immunotherapy, more investiga-
tion is needed, including more in-depth characterization
of the heterogeneous TLSs and CLRs that are found in
CRC tumors.>>°!

Pancreatic Ductal Adenocarcinomas
Contain Few Intratumoral Tertiary
Lymphoid Structures

PDAC is an immunologically cold tumor characterized
by dense fibrosis, a highly inflamed TME, and poor T cell
infiltration. The immunosuppressive TME of PDAC is
hypothesized to be one cause for low response rates of
PDAC to single-agent CPIs. The small subset of patients
with MSI disease are the exception to this generalization
(1-2% of patients).®”>®! Despite the immunologically
cold nature of PDAC,"'®?! several published studies
have found TLSs in surgical PDAC specimens, albeit at
low frequency.’***?! Stratification of patient tumors by
the ratio of TLS area to tumor area provides prognostic
value for survival and clinical outcome of patients with
PDAC who are receiving neoadjuvant chemotherapy.**
Notably, the data exist only for patients with resectable
disease, while the characteristics and value of TLSs in
advanced PDAC are unexplored. One study proceeded to

classify 308 patients on the basis of location of TLSs
within resected specimens as either intratumoral or
peritumoral (on the tumor margin or adjacent, respec-
tively).!**! In line with poor T cell infiltration previously
reported in PDAC, only a minority of samples contained
TLSs intratumorally. The presence of TLSs within tumors,
regardless of number, was highly predictive of survival
and correlated positively with T-cell infiltration but
inversely with T regulatory cell (Treg) and M2 macro-
phage infiltration.”** This inverse correlation between
immunosuppressive cell subsets and TLSs is striking,
especially given the immunosuppressive nature of
PDAC. Further, increased numbers of TLSs in PDAC also
correlate with an inflammatory signature of chemokines
and cytokines (IFNG, TBX21, IL12B, and TNF).”¥ It is
not clear whether TLSs shift the balance of immunosup-
pressive subsets in PDAC or arise within tissue after
disruption of immunosuppressive inflammatory signals.
The relationship between immune suppression and TLSs
should continue to be elucidated moving forward.

In PDACs that contain higher TLS counts per tissue
section, TLSs demonstrate distinct phenotypes possibly
indicative of differences in priming of the adaptive
immune response between patient tumors.'***! Interest-
ingly, several reports found no association between the
absolute number of TLSs per tissue section and total CD4"
T cell infiltration, but increased frequencies of TLSs
significantly correlated with higher infiltration of CD8"
T cells and CD20" mature B cells within the tumor.[>55%
TLSs containing GC-like B cells are associated with
increased frequency of TLSs as well as increased CD8" T
cell infiltration.*>>°! Unfortunately, we found no pub-
lished studies that quantified TLSs in pre-surgical or
postsurgical pancreatic tumor specimens from patients
treated with CPIs. As combination treatment strategies are
explored in clinical trials for patients with pancreatic
cancer, the predictive value of TLSs should be investigated.

Peritumoral and Intratumoral Tertiary
Lymphoid Structures Are Inversely
Correlated with Outcome in
Cholangiocarcinoma and Hepatocellular
Carcinoma

Primary liver cancer (PLC) is comprised of two major
histologic subtypes, cholangiocarcinoma (CC) or BTC and
HCC, with distinct etiologies and immune characteris-
tics.[°”! Both malignancies are characterized by intense
levels of inflammation, which often lead to immunosup-
pression and impaired T cell responses®*®?; however,
TLSs have been detected in both diseases and at least a
subset of patients demonstrate active immune responses.
TLSs are described as either intratumoral (iTLS) or
peritumoral (pTLS) on the basis of their location within
the tumor bed or in adjacent normal liver tissue,
respectively.?®! Interestingly, iTLSs and pTLSs seem to
contribute differentially to active immune responses in
CC vs HCC. A single retrospective analysis of 962 patients
with intrahepatic cholangiocarcinoma (iCC) identified an
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inverse correlation between iTLSs and pTLSs with respect
to survival.?! This study developed a T score reflective of
increased TLSs in the tumor with decreased numbers of
TLSs in the peri-tumoral region, and a P score that reflects
a reciprocal localization of TLSs. In iCC, a higher P score
was associated with decreased overall survival (OS), while
a higher T score positively correlated with longer OS,
increased T follicular helper (Tfh) cells, and increased
Tregs.*”!

In contrast, a higher density of pTLSs (measured as
number of TLSs/mm?), especially in combination with
higher iTLS density, positively associated with greater OS
in HCC.*>%%! In a separate study of 273 patients with
HCC, iTLS density independently associated with a
lower risk of early relapse.*”! Thus, both the density
and location of TLSs provide prognostic insights for
specific populations of patients with liver-associated
tumors. Enriched TLSs, orchestrated-B cell responses,
and the presence of plasma cells may also identify
responders to immunotherapy in HCC.!®* Post-thera-
peutic surgical resection and analysis of HCC tissue from
patients treated with neoadjuvant cabozantinib and
nivolumab identified enrichment of these characteristics
(TLS density per mm?, CD3" and CD8" T cell density, and
CD20" B cell density) in responders compared to
nonresponders.'®*! Owing to lack of baseline tissue
analysis, it is unclear whether TLSs and B cell signatures
are therapeutically induced or rather prime responses to
immunotherapy.!®!

The wide-ranging etiologies of PLCs (e.g.., smoking,
viral infection, and parasite-induced inflammation) are
associated with unique inflammatory responses in the
liver.[°”! Distinct immune subsets have also been detect-
ed between histologic subtypes of CC.[°! In other
diseases, etiologies such as human papilloma virus
contribute to immune phenotypes and the strength of
TLSs as a biomarker of response.*® A more complete
understanding of how iTLSs and pTLSs fuel immuno-
logic responses in specific patient populations, such as
hepatitis C- or hepatitis B—-positive HCC or liver fluke-
induced CC, is needed. Further, many patients with HCC
also present with cirrhosis, which is characterized b
fibrosis, desmoplasia, and activated myofibroblasts.!6% ¢!
Given the key role of stromal fibroblasts in TLS
formation and function, the degree and anatomic
location of cirrhosis and activated fibroblasts with
respect to HCC and TLSs could impact the value of
pTLSs as a biomarker of survival, progression, or
therapeutic response. The heterogeneity of these broadly
classified tumors presents a challenge to understanding
immune response within these tumors but must certain-
ly be taken into account.

THE ROLE OF INTERLEUKIN-7 IN TERTIARY
LYMPHOID STRUCTURE FORMATION

The organizational aspects of TLSs, such as B and T
cell zones and lymphatic vasculature, distinguish TLSs

from ectopic lymphoid aggregates or clusters of TIL.
Mature TLSs are intratumoral sites of B and T cell
differentiation, reflective of processes observed in SLO
such as the spleen or lymph nodes. Although these
characteristics define fully formed and mature TLSs, the
mechanisms mediating formation of TLSs are still
poorly understood. Understanding TLS formation and
the signals that stimulate these processes could pave the
way for successful induction of TLSs in a higher
proportion of patients. Particular attention is being
given to secreted proteins such as IL-7 and CC-chemo-
kine ligand 19 (CCL19), which can prime or induce TLS
formation, as described below. These cytokines are
heavily involved in the expansion of cells that stimulate
TLS formation and the initiation of chemotactic signals
that regulate the growth and maturation of lymphoid
aggregates into TLSs. Here, we will discuss the ligand-
receptor interactions required for initiation of TLS
formation, and the subsequent maturation of bona fide
TLSs, which support adaptive immunologic responses
to solid tumors. Whereas comprehensive reviews of TLS
formation can be found elsewhere,!®”°%! we will instead
highlight the role of IL-7 in TLS formation from
inception to functional maturity.

Interleukin-7 Promotes Initiation and
Establishment of Tertiary Lymphoid
Structures Through Lymphoid Tissue
Inducers

Initiation and formation of TLSs requires multifaceted
ligand-receptor interactions between innate lymphoid
cells (ILC), stromal cells, endothelial cells, and B cells.
Among these are CD3 CD4 /*CXCRS'IL-7Ra™ ILC
known as lymphoid tissue inducer (LTi) cells, which are
required for the emergence of SLO.!**~7?! These cells co-
express high levels of IL-7 receptor alpha (IL-7Ra), also
known as CD127, and the C-X-C chemokine receptor
CXCRS, which binds to C-X-C chemokine ligand 13
(CXCL13) and is proposed to both complement and
overlap IL-7 signaling in TLS initiation./®””3 LTi cells
rapidly expand and accumulate in tissues upon increased
in vivo availability of IL-7, which can be secreted by
tibroblasts or administered ectopically to the
host.[%%71721 1.7 primarily acts to support survival of
cells expressing IL-7Ro and the common gamma chain
(yc); however, IL-7 also promotes the expansion and
activation of IL-7Ra" cells and enhances their respon-
siveness to chemotactic signals such as CXCRS (Fig. 1).
Coordinated signaling through IL-7Ro and CXCRS to LTi
cells drives their expansion, infiltration, and eventual
interaction with stromal cells of mesenchymal origin
embedded within inflamed tissue.

LTi cells primarily secrete lymphotoxin alpha-1 beta-2
(Lta1B2), which exists as a membrane-bound heterotri-
mer and promotes chemokine secretion, T cell infiltra-
tion, and de novo vessel formation in solid tissue in a
paracrine manner.”*! Lymphotoxin-dependent signal-
ing between LTi cells and lymphotoxin beta receptor
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Figure 1. IL-7 and LTa1B2 are part of an integrated cycle. IL-7 induces
proliferation and expansion of LTi cells and LTa1B2 secretion by LTi
cells. LTa1B2 induces maturation and secretion of CXCL13 and IL-7 by
LTo cells. Subsequently, mature LTo cells secrete CCL19 and CCL21 to
induce the infiltration of CCR7+ T cells and B cells and support their
survival by the secretion of IL-7.

CCL19 and CCL21: CC-chemokine ligands 19 and 21; CCR7: CC
chemokine receptor 7; CXCL13: C-X-C chemokine ligand 13; CXCRS:
C-X-C chemokine receptor 5; IL-7: interleukin 7; IL-7Ra: IL-7 receptor
alpha; LTi: lymphoid tissue inducer; LTo: lymphoid tissue organizer;
LTa1B2: lymphotoxin alpha-1 beta-2; LTPR: lymphotoxin beta receptor.

(LTBR)—expressing stromal cells induces secretion of
homeostatic chemokines, CXCL13"% and CC-chemo-
kine ligands 19 and 21 (CCL19 and CCL21).B*75 LTBR"
lymphoid tissue organizer (LTo) cells of mesenchymal
origin possess stromal-organizing capabilities and are
primary producers of these chemokines (Fig. 1). In TLSs,
LTo cells demonstrate heterogeneous phenotypes and
plasticity, with the ability to mature into fibroblasts
capable of supporting multiple aspects of TLSs. Even in
an immature state, LTo cells can secrete IL-7 and
CXCL13 in the absence of Ltalp2. Subsequently, IL-7
can induce the secretion of Ltalp2 by LTi cells in a
context-dependent manner. Thus, a potential feedfor-
ward cycle exists during TLS formation, whereby LTo
cells can directly support LTi cell survival and Ltal1f2
secretion in TLSs through IL-7 secretion and, in turn,
LTi cells support LTo cell maturation by secreting
LTa1p27? (Fig. 1).

T Cell Infiltration and Lymphatic Vessel
Development in Tertiary Lymphoid
Structures Is Governed by the Prosurvival
Cytokine Interleukin-7

As stromal cells within TLSs mature and expand,
specialized structures such as GCs and HEVs begin to
emerge. HEV and lymphatic vessel development in
lymphoid organs are the result of lymphatic endothelial
cell (LEC) maturation, possibly from cells that originally
acted as LTo.!®9! Although there are distinct differences
between LTo cells and LECs, both cells express adhesion
molecules such as intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) and produce IL-7.% Further, LEC-driven
lymphangiogenesis in TLSs is reliant on Lto1p2-secreting

cells including LTi cells and infiltrating lymphocytes
during early stages of vessel development. Interestingly,
both IL-7 and Lta1B2 can directly signal to LECs to drive
the formation of lymphatic vessels and HEVs, possibly
through regulation of vascular endothelial growth factor
C (VEGF-C).”] The ability of LECs to secrete IL-7 and
respond to IL-7 through IL-7Ra suggests that autocrine
signaling through IL-7 could fuel lymphatic vessel
development.”% Given the kinetics of IL-7Ra expression
after IL-7 signaling, spatiotemporal IL-7Ro expression by
LECs could hypothetically guide the proliferation of
LECs and the sprouting of vessels during early stages of
TLS development.!”®!

LTo cell maturation is accompanied by upregulation
of CXCL13, CCL19, and CCL21 to promote B and T
cell infiltration into TLSs.**77-78] Simultaneously, LTo
cells increase their expression and secretion of IL-7 to
support the survival and expansion of these lympho-
cytes. A 12-chemokine signature for detecting early TLS
formation was recently published that includes
CXCL13, CCL19, and CCL21, among other chemo-
kines,”?! indicating that these chemokines are actively
secreted within fully formed TLSs. Together, CXCL13,
CCL19, and CCL21 orchestrate the recruitment and
distribution of B and T cells to sites of TLS establish-
ment. Mice lacking CXCRS (the receptor for CXCL13)
or CCR7 (the receptor for CCL19 and CCL21) fail to
develop peripheral lymph nodes, B cell follicles, Peyer
patches, and TLSs, emphasizing the crucial role these
chemokine receptors play in lymphoid organ forma-
tion and organization.”?] The receptors CXCRS5 and
CCR?7 control the migration and organization of LTi
and LTo cells within lymphoid organs, and CXCRS
governs B cell migration within lymphoid organs in a
manner similar to B cell follicles.[”38%81 As TLSs begin
expanding and maturing, expression of CXCL13,
CCL19, and CCL21 increases and drives the infiltration
of CXCR5" and CCR7" T and B cells into TLSs through
HEVs. The observation that CCR7" lymphocytes infil-
trate tissue and organize within TLSs shifted hypoth-
eses concerning organization of adaptive immunity in
cancer, as this marker can identify naive and stem-like
lymphocytes. Rather than T cells becoming primed and
maturing into effector or memory cells in tumor-
draining lymph nodes, this observation suggests anti-
gen priming of naive T cells can occur directly within
tumors via TLSs. Indeed, innovative studies in preclin-
ical models demonstrate that naive T cells infiltrate
tumors directly, even in the absence of SLO, through
lymph node-like vasculature, and differentiate into
effector T cells within the tumor./¥2-#4 Single-cell RNA
sequencing of patient tumors has also revealed that a
sizeable population of tumor-responsive T cells in
patients are not derived from sentinel lymph nodes
and may instead be derived from TLSs, further
highlighting the potential of TLSs to directly prime
tumor-specific T cells in situ.!®%!
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B and T Cell Differentiation in Tertiary
Lymphoid Structures Is Supported by
Interleukin-7

Identification of TLSs is dependent on the discern-
ment of distinct B and T cell zones, as with GC in
lymphoid organs. This is predicated on the stipulation
that TLSs are not just aggregates of lymphocytes but
serve as a center for antigen-driven differentiation of
naive lymphocytes into effector and memory subsets.
During early stages of TLS development, naive lympho-
cytes traffic into TLSs through lymphatic vessels along
CXCL13, CCL19, and CCL21 chemokine gradients. As
TLSs mature, fewer lymphocytes traffic into these
structures; instead, differentiated cytotoxic effector cells
traffic out of TLSs into the tumor bed. Innovative studies
have revealed that T cell factor 1 (TCF1)-expressing stem-
like T cells reside within immune niches such as TLSs and
give rise to more differentiated effector T cells.!!
Moreover, the increased infiltration of patient tumors
by T cells seemingly depends on this process.!*!

The organization and appearance of mature TLSs
harboring stem-like T cells has been compared to B cell
follicles.'*! Distinct B and T cell zones and the formation
of GCs have also been described in TLSs.!1%:25:28:36]
Interestingly, GCs require IL-7 for their formation, and
increased levels of IL-7 drive GC formation in vivo. In
maturity, GC-associated FDCs, along with fibroblastic
reticular cells (FRCs) and Tfh cells, support B cell
survival, proliferation, and maturation through secretion
of survival factors such as IL-7. Further, these supportive
cells direct T-cell migration via production of chemo-
kines such as CCL19 and CCL21.18¢87! The presence of
GCs within TLSs indicate that TLSs are a site of B cells
developing into affinity-matured and class-switched B
cells that can recognize antigen and differentiate into
memory B cells.®®! B cells with a GC-like signature can
distinguish mature and immature TLSs and are associat-
ed with better prognosis and outcome in several solid
tumors.[>°36)

Although FRCs are primarily thought to support T cell
activity, FRCs can also secrete the B cell survival and
maturation factors IL-7, BAFF (B-cell-activating factor),
and APRIL (a proliferation inducing ligand). Additional-
ly, FRCs in T-cell zones secrete IL-7 to promote T cell
survival and proliferation.®® IL-7 is essential for central
memory T cell survival, highlighting the importance of
IL-7 in lymphocyte maturation. Fibroblasts in TLSs are
thought to mature from LTo cells, driven by LTalp2
signaling; secrete IL-7 and CXCL13; and express adhe-
sion molecules to support the infiltration, expansion,
and differentiation of lymphocytes within TLSs. Al-
though fibroblasts resembling FRCs have been identified
in TLSs, cancer-associated fibroblasts demonstrate tre-
mendous heterogeneity and plasticity. Classically, stro-
mal cells are responsible for maintaining homeostatic
levels of IL-7 within the periphery and therefore are
likely the primary source of IL-7 sustaining T and B cell
proliferation, expansion, and differentiation in TLSs. The

inherit plasticity, low frequency, and dynamic abilities of
FRCs within tumors has made them a challenge to study,
and current research seeks to gain a deeper understand-
ing of these cells in cancer. Given the many supportive
roles of FRCs in TLSs, manipulation of these fibroblasts
represents a potential leverage point for TLS induction
by strategic therapeutic intervention.

Altogether, IL-7 plays an essential role in every stage of
TLS development, maturation, and functionality. Con-
sequently, as discussed below, different preclinical and
clinical approaches are being explored to modulate TLS
formation to impact clinical response to immunothera-

py.

THERAPEUTIC STRATEGIES TO INDUCE
AND ENRICH TERTIARY LYMPHOID
STRUCTURE FORMATION WITHIN SOLID
TUMORS

Several studies have now demonstrated strong positive
correlations between the presence of TLSs in solid
tumors and clinical outcome for patients,[>4-26:29:35,67]
Further, an increasing body of evidence point to TLSs as
key mediators of response to immunothera-
py.[514:15:67.89.90] The induction of TLSs has been associ-
ated with inflammatory reactions such as vaccination,
viral infection, arthritis, Sjogren’s syndrome, and insuli-
tis.'#9192] Current strategies to induce TLS formation
aim to kick-start antitumor inflammatory responses with
strong B and T cell involvement. These strategies include
modulation of cytokines and chemokines, infusion of
cellular therapies, and administration of vaccine-based
therapeutics.

Recombinant Interleukin-7 Therapies Aim
to Induce Tertiary Lymphoid Structures and
Synergize with Checkpoint Inhibitors

Given the importance of soluble factors in mediating
many early events during TLS formation, modulation of
these soluble factors by direct administration has
emerged as a potential TLS-inducing strategy. Of the
chemokines and cytokines involved in TLS formation
(CCL19, CCL21, LTq, and IL-7), IL-7-based therapies
have advanced most prominently into clinical trials for
the treatment of cancer. Administration of IL-7 into the
host shows promise as a potential TLS-inducing therapy,
with the ability to modulate multiple cell types.'*3! IL-7
treatment could initiate many of the signaling cascades
described above, driving coordinated signaling by fibro-
blasts, DCs, and Tth cells, while simultaneously expand-
ing naive T cells in the periphery with the ability to
traffic into emerging TLSs. Novel strategies are being
used to deliver IL-7 to the host or directly into solid
tumors, including IL-7- and IL-12-producing oncolytic
viruses, IL-7-producing cellular therapies, direct injec-
tion of IL-7 into the tumor, or administration of IL-7
systemically. In rhesus macaques, a glycosylated form of
IL-7 (R-sIL-7-gly) induced rapid increases in peripheral T



Review Article 113

cells expressing CXCR4, CCR6, and CCR?7 followed by
massive infiltration of T cells into lymph nodes, the skin,
and the gut.”¥ Interestingly, R-sIL-7-gly also induced
upregulation of CCL19 and CCL21 within SLO and the
intestines.”* In addition, administration of a long-
lasting Fc-fused mouse IL-7 induced GC formation,
expanding Tfh cells and GC B cells in mice./*!

In the clinical setting, CYT107, a recombinant-human
IL-7 developed by Revimmune, has shown the ability to
increase circulating CD4" and CD8" naive T cells in
patients with solid tumors (ClinicalTrials.gov Identifiers:
NCT01362107 and NCT00062049), and an ongoing
clinical trial is testing CYT107 in combination with
atezolizumab (ClinicalTrials.gov Identifier:
NCT03513952) for patients with inoperable urothelial
cancer.”®! NT-17 (efineptakin alfa) is a long-acting Fc-
fused human IL-7 developed by NeolmmuneTech, Inc.
currently being tested in phase 2 trials in combination
with CPIs (ClinicalTrials.gov Identifiers: NCT04332653,
NCT04594811, and NCT04984811). Although data on
the effect of NT-17 in TLS development and formation
are not available yet, NT-17 favors peripheral expansion
of T memory stem cells (Tscn), increases plasma levels of
chemokines such as CCL19, and enhances T-cell infil-
tration into the tumors, even in immunologically cold
tumors like GI cancers.?%329% NT-17 expands naive T
cells and increases Tscy more than 25-fold,*® both of
which are important mediators of TLS maturation. These
studies demonstrate the potential of IL-7-modulating
therapies to expand key lymphoid progenitors, promote
lymphoid organization, and fuel TLS-associated behavior
within tissues. Whether the TLS-inducing capabilities
will manifest in clinical trials will soon be evident.

Cellular Therapy Delivers TLS-Inducing
Signals into the Tumor Microenvironment

Novel cellular therapies have attempted to leverage
cytokine and chemokine signaling to stimulate immu-
nologic reactions against cancer. Genetically modified
DCs, mesenchymal stem cells (MSCs), and chimeric
antigen receptor T (CAR-T) cells designed to secrete
soluble factors such as IL-7, CCL19, or CCL21 have
demonstrated the ability to induce T-cell infiltration and
even TLS formation within solid tumors in both
preclinical and clinical settings.®’~19?! CCL19 plays an
important role in mediating migration and infiltration of
CCR7-expressing naive and stem-like T and B cells into
TLS. DCs, MSCs, and CAR-T cells genetically modified to
express CCL19 or CCL21 have demonstrated therapeutic
benefit against solid tumors in preclinical and clinical
settings. 0% 101]

DCs expressing high levels of T-box expressed in T cells
(Tbet) have been shown to induce TLS formation in
murine models of colorectal cancer.”’?! These engi-
neered DCs (DC.Tbet) secrete high levels of [FNy, TNE,
and IL-36v, the latter of which correlates with sponta-
neous TLS formation in colorectal cancer.!®7-99/103l
Relative to control DC, DC.Tbet expressed higher levels

of CCL19, CCL21, and LtalPp2 both in vivo and in
vitro.?7-2°! Vessel formation, B cell infiltration, and
enrichment of Tbet-expressing CD4" T cells were
observed following DC.Tbet injection.”’??) The pres-
ence of lymphoid aggregates resembling TLSs were
detected by H&E in DC.Tbet-injected tumors, but GC-
lik[% 709r anization was not achieved within this mod-
el.”™

CAR-T cells expressing CCL19 and IL-7 have been
developed to mimic the effects of FRCs on T cell zone
generation in lymphoid structures such as TLSs.!'?"!
These CAR-T cells demonstrated efficacy against pancre-
atic cancer and lung cancer in an IL-7-dependent
manner and induced the infiltration and colocalization
of DCs and endogenous T cells within tumors.!'%%
Further, these CAR-T cells induced differentiation of
donor and host T cells into central memory cells,
characteristic of T-cell differentiation associated with
TLSs.1'%% A clinical trial is now underway testing CAR-T
cells secreting IL-7 and CCL19, targeting glypican-3 or
mesothelin, with encoura inﬁ reports (ClinicalTrials.gov
Identifier: NCT03198546).!"°

Additional strategies, including the concurrent admin-
istration of cellular therapies and cytokine-based thera-
pies such as NT-17, are also being explored. A clinical trial
testing the combination of systemic NT-17 administra-
tion after CD19-directed CAR-T cell administration in
diffuse-large B cell lymphoma (ClinicalTrials.gov Identi-
fier: NCT05075603) is currently underway. However, the
relationship between cellular therapies and TLSs is still
poorly understood. As these therapies progress in clinical
settings, every effort should be made to understand how
infused cellular products stimulate TLS formation or
interact with preexisting TLSs.

SUMMARY

Owing to the poor immunogenicity and broad
immunosuppressive nature of GI cancers, a better
understanding of resistance to immunotherapy and the
development of novel therapeutic strategies capable of
promoting immune responses is needed. The infiltration
and expansion of tumor-specific cytotoxic T cells is the
aim of immune-based therapies such as CPIs; however,
most patients with GI cancer have resistance to single-
agent CPIs. TLSs within solid tumors are a source of
cytotoxic T cells, priming naive T cells to expand and
differentiate into tumor-specific effector T cells in situ,
and predict response to CPIs in several indications.
Increased intratumoral TLSs predict survival in gastric,
colon, pancreatic, and hepatic cancer; however, limited
studies have explored associations between response to
CPIs and TLSs, highlighting a lack of knowledge of
adaptive immune responses to GI cancers. A few reports
have found that TLSs correlate with response to CPIs in
gastric and hepatic cancer, meanwhile TLSs arise in
pancreatic and colorectal tumors after treatment with
immune therapies in clinical and preclinical models and
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these results are summarized here. We review the role of
several cytokines (IL-7, Lta1B2) and chemokines (CCL13,
CCL19), which are key for TLS development and
represent therapeutic leverage points in GI cancers. IL-7
is of particular interest for therapeutic modulation in
patients with cancer, as it plays a role in the initiation,
maturation, and sustainment of mature TLSs within
solid tumors. Several novel cytokine-focused therapies,
like long-acting IL-7, are now in preclinical development
or in clinical trials and have demonstrated TLS-inducing
capabilities and show potential synergism with CPIs.
However, demonstrating the ability of these therapies to
enhance TLS formation or maintenance and its relation-
ship with clinical efficacy will be challenging. Determin-
ing whether TLSs preexisted or are induced will require
the collection of strategic pre-treatment and post-
treatment biopsy specimens for longitudinal analysis of
TLS formation. Further, establishing standard guidelines
to guarantee biopsy quality and standardizing assays for
the detection and measurement of TLSs in patient tissues
will be crucial for these efforts. As combination therapies
continue to be developed in preclinical models of GI
cancer, special attention should be given to those
combinations that elicit TLS formation.
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