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Exploiting Tertiary Lymphoid Structures to Stimulate
Antitumor Immunity and Improve Immunotherapy
Efficacy
Giulia Petroni1, Serena Pillozzi2, and Lorenzo Antonuzzo1,3

ABSTRACT
◥

Tumor-associated tertiary lymphoid structures (TLS) have been
associated with favorable clinical outcomes and response to
immune checkpoint inhibitors in many cancer types, including
non–small cell lung cancer. Although the detailed cellular and
molecular mechanisms underlying these clinical associations have
not been fully elucidated, growing preclinical and clinical studies are
helping to elucidate the mechanisms at the basis of TLS formation,

composition, and regulation of immune responses. However, a
major challenge remains how to exploit TLS to enhance na€�ve and
treatment-mediated antitumor immune responses.Here, we discuss
the current understanding of tumor-associated TLS, preclinical
models that can be used to study them, and potential therapeutic
interventions to boost TLS formation, with a particular focus on
lung cancer research.

Introduction
Immune checkpoint inhibitors (ICI) have significantly revolution-

ized the clinical management of many humanmalignancies, including
non–small cell lung cancer (NSCLC). Despite these advantages, most
patients with NSCLC normally fail to respond to treatment with ICIs
irrespectively of PD-L1 expression or tumormutational burden (TMB;
refs. 1–3). Although several efforts have been made in this field, the
identification of reliable predictors of response to ICIs, as well as of
approaches to improve clinical outcomes, is still a major challenge (4).
In this context, although most of the studies have been focused on T-
cell populations as mainly mediators of treatment-na€�ve and ICI-
mediated antitumor immune responses,mounting evidence reported a
favorable impact of tumor-infiltrating B cells and plasma cells (which
can be collectively referred asTIL-B) on prognosis and response to ICIs
across many cancers (5–9), including NSCLC (10).

TIL-Bs normally reside in the tumor microenvironment (TME) in
organized structures, known as tertiary lymphoid structures (TLS;
refs. 11, 12). TLS can be generally defined as lymphoid aggregates
surrounded by a stromal network and located in close proximity to
specialized blood vessels [called high endothelial venules (HEV)]
involved in lymphocyte trafficking and whose alteration in density
or morphology can result in immune activation (13). In TLS, the
coordinated presentation of neighboring tumor antigens by dendritic
cells (DC), activation ofT cells with cytotoxic function, andmaturation
of B cells toward antibody-secreting plasma cells, can generate both
local and systemic antitumor immune responses, thus resulting in the
clearance of adjacent tumor cells or distant metastases (12, 14).

Noteworthy, althoughTLS aremostly composed ofT cells, B cells and
DCs, other immune populations, such as regulatory T cells (Treg) and
macrophages, have been found in tumor-associated TLS in some
settings (15–17), and impact of TLS on survival and response to ICIs
reportedly depends on both their cellular components and maturation
stage, which can differ among cancer types (6, 17–19). Complicating this
scenario, other factors seem to affect the impact of TLS on tumor
progression (12), including (but not limited to) the local environment or
TLS location, throughout mechanisms that are still poorly understood.

Overview of TLS Presence and
Composition in Lung Cancer

In the setting of treatment-na€�ve humanNSCLC, high density of TLS
characterized by the presence of lysosome-associatedmembrane protein
3 (LAMP3)þ antigen-presenting mature DCs, together with T cells
skewed toward a T helper 1 (Th1) and CD8þ cytotoxic T lymphocyte
(CTL) phenotype (20), or follicular B cells (21), has been correlated to
prolonged survival.

So far, some factors have been proposed to influence TLS devel-
opment in lung cancers. In particular, IHC analysis of NSCLC speci-
mens showed a predominant accumulation of PD-1þCD8þ exhausted
T cells in TLS near to T follicular helper (Tfh) cell and B-cell areas,
proposing them as potential active players in the recruitment of
immune cells by secreting C-X-C motif chemokine ligand 13
(CXCL13; ref. 22). In addition, data obtained by the TME charac-
terization of untreated human lung squamous cell carcinoma
(LSCC) tissues suggested that the lung parenchyma may provide
a favorable environment for TLS development and germinal center
(GC) B-cell maturation, involving CXCL13þ perivascular and TLS-
associated stromal cells, C-C motif chemokine ligand 21 (CCL21)þ

TLS-associated HEVs, and CXCL12þ hyperplastic alveolar epithe-
lial cells (23). However, direct experimental evidence is needed to
verify these assumptions.

Conversely, the presence of Tregs in tumor-associated TLS (but also
in non-TLS areas) has been associated to reduced survival in patients
with NSCLC (16), and to suppression of TLS-mediated antitumor
immunosurveillance in a preclinical model of lung adenocarcinoma
(LUAD; ref. 15). Interestingly, TLS formation andmaturation can also
be impaired by therapies with immunosuppressive properties, such as
corticosteroids (23), which are administered to manage comorbidities
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or side effects of coadministered neoadjuvant chemotherapy. On the
other hand, higher abundance of mature TLS have been observed in
NSCLC tissues from patients treated with neoadjuvant chemoimmu-
notherapy, compared with both untreated patients or patients treated
with neoadjuvant chemotherapy only (17), thus suggesting that ICIs
may foster TLS formation. Supporting these clinical findings, treat-
ment with a PD-1 blocker increased TLS abundance andTfh-mediated
B-cell activation in a subcutaneous mouse model of LSCC (24).

Finally, fascinating preclinical findings unraveling mechanisms by
which TLS-associated B cells mediate na€�ve and ICI-mediated anti-
tumor immunity in LUAD have been recently published by Ng and
collaborators (25). In particular, by harnessing a novelmousemodel of
immunogenic LUAD the authors demonstrated that lung resident B
cells associated to TLS contribute to response to immunotherapy
through the production of antibodies targeting tumor antigens derived
from endogenous retroviruses (ERV), and that ICI efficacy can be
augmented by inducing TLS formation in a CXCL13-dependent
manner (25).

Overall, these findings suggest that antitumor immunity mediated
by TLS relies on CTL-mediated responses, as well as on GC B-cell
maturation and production of tumor antigen–specific antibodies, at
least in the setting of lung cancer. However, mechanisms bywhich TLS
promote ICI efficacy still need to be fully elucidated. In this review, we
discuss the latest interesting preclinical and clinical findings that have
been made in the attempt to address these knowledge gaps and all the
exciting potential developments for the management of cancer (in
particular of NSCLC).

Appropriate Mouse Models to Study
Tumor-Associated TLS

Immunocompetent mouse models are crucial for the investigation
of anticancer immune responses, the preclinical development of
immunotherapies, as well as the identification of mechanisms by
which TLS mediate antitumor immunity. However, few studies
reported the spontaneous development of tumor-associated TLS so
far (Table 1), thus making it difficult to dissect TLS role in antitumor
immunity and to identify effective therapeutic interventions able to
foster their formation, maturity, and function, that could be success-
fully translated to the clinic. This is probably due to the intrinsic
limitations of the vastmajority of the availablemousemodels naturally
hampering the study of both TLS development and immunotherapy
efficacy (26).

Models based on the subcutaneous, orthotopic (to mimic the
anatomic location of the disease), or systemic (intraperitoneally or
intravenously—to monitor their metastatic spread) injection of
murine-derived cancer cell lines in syngeneic immunocompetent
mice, for example, are normally characterized by a rapid growth
(faster than in cancer patients) that might not allow the time window
necessary for the organization of lymphocytes in tumor-associated
TLS. In addition, syngeneic tumor models do not allow the follow-up
of the spontaneous course of the disease in the context of a proficient
native immune microenvironment, as cell lines have already evaded
immunosurveillance in their original host (26, 27).

So far, the development of spontaneous tumor-associated TLS in
transplanted tumors has been reported in models of subcutaneously
injected LSCC cells (24), or of intraperitoneally implanted murine
melanoma, colon adenocarcinoma, and Lewis lung carcinoma (LLC)
cells overexpressing ovalbumin (OVA; ref. 28), a tumor-specific
antigen well known for its ability to enhance tumor immunogenicity.
Interestingly, TLS were also observed inmelanoma tumors established

into the lung of syngeneic immunocompetent mice, but not subcu-
taneously, thus suggesting that TLS development might depend on the
local environment rather than on the growth rate of transplanted cells,
at least in this setting (28). The spontaneous assembly of well-
organized TLS in peritoneal tumors has also been described for a
model of metastatic ovarian cancer obtained by the intraperitoneal
injection of Kras/Trp53-mutant UPK10 cells, only when Satb1
[encoding special AT-rich sequence binding protein 1, a genomic
organizer implicated in regulating the phenotype and differentiation of
different immune cells, including T-cell activation (29)], was knocked-
out in CD4þ T cells (CD4CreSatb1flox/flox mice; ref. 30). Among
orthotopic models, TLS occurrence has been reported in models of
glioma obtained by the intracranial injection of Kras/Trp53-mutant
GL261 cells or Pten-deficient CT2A cells (31, 32). Intriguingly,
similarly to data obtained in human glioma and glioblastoma tissues,
TLS were found in close proximity to the meningeal tissue in these
models, rather than in the tumor mass or in the brain of tumor-free
mice (31, 32).

The spontaneous development of tumor-associated TLS has also
been described in some genetically engineered mouse models
(GEMM), such as models of (i) LUAD and (ii) pancreatic ductal
adenocarcinoma (PDAC) driven by the tissue-specific expression of
KrasG12D mutation in combination with Trp53 deletion or muta-
tions (15, 33, 34), as well as (iii) a mouse model of gastric cancer
driven by a germline knock-inmutation in Il6st (also known asGp130;
gp130757flox/flox mice), encoding a mutated form of the IL6 receptor
subunit and resulting in the hyperactivation of STAT3 (35).

Compared with transplanted models, GEMMs better recapitulate
tumor development and progression as they develop spontaneous
autochthonous tumors in a natural immune microenviron-
ment (26, 27). However, transgene-driven tumors are mostly resistant
to natural immunosurveillance and immunotherapy, due to their low
TMB as compared with their human counterpart (36, 37). These
limitations could be addressed by using carcinogen-induced tumor
models, as they provide a higher level of genomic instability, resulting
in the spontaneous development of more clinically relevant and
heterogeneous tumors characterized by ahighmutational load (27, 37).
However, to the best of our knowledge, the occurrence of tumor-
associated TLS has been only described in amodel of colitis-associated
colorectal cancer induced by azoxymethane and dextran sodium
sulfate (38, 39). Notably, in this model, TLS form in normal tissue
adjacent to the tumor and not within the tumor bed (38, 39).

In the context of lung cancer research, KrasLSL-G12D/þ;Trp53flox/flox

mice (hereafter referred to as KP mice) have been widely used as
GEMMs that recapitulate key features of human LUAD. However,
although the spontaneous formation of tumor-associated TLS has
been described in KP mice bearing lung tumors (15), the intrinsic
resistance to ICIs of this model (40) did not allow to study TLS
involvement in mediating ICI efficacy. To address these issues, Ng
and collaborators recently set out to study TLS formation and
humoral responses by harnessing a novel immunogenic model of
LUAD established by the orthotopic transplantation of LUAD
(KPAR) cells into the lung of immunocompetent syngeneic wild-
type mice (25). This model was previously generated and charac-
terized by the same group by deriving KPAR cells from a single-cell
clone of a lung tumor driven by the expression of the oncogeneKrasG12D

and Trp53 deletion, expressing the apolipoprotein B mRNA-editing
catalytic subunit 3B (APOBEC3B) enzyme [a DNA cytosine deami-
nase responsible for inducing high mutational burden in human lung
cancers (41)], and developed in an immune-deficient background
[i.e., KrasLSL-G12D/þ;Trp53flox/flox;Rosa26A3Bi;Rag1�/� (KPAR) mice]
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Table 1. Summary of preclinical models investigated for the spontaneous formation of tumor-associated TLS.

Tumor model
Origin of the
tumor Tumor location

Time of TLS
assessment

Method for TLS
detection Definition of TLS Notes Ref

Transplanted models
Metastatic

B16-OVA
melanoma

4 � 105 B16-OVA cells
injected i.v. inWTmice

Lung 20 days after
tumor
injection

IF with antibodies
directed against
B220 (B cells), CD3
(T cells) and PNAd
(endothelial cells)

Aggregates of ≥50 B cells
in juxtaposition to
PNAdþ vasculature

TLS formation not observed
in s.c. tumors

(28)

Metastatic
B16-OVA
melanoma

4 � 105 B16-OVA cells
injected i.p. inWTmice

Peritoneal
cavity

14 days after
tumor
injection

IF with antibodies
directed against
B220, CD3 and
PNAd

Aggregates of ≥50 B cells
in juxtaposition to
PNAdþ vasculature

Only less than 30% TLS show
discrete T- and B-cell
zones, a percentage that
increases after treatment
with ICIs

(28)

Metastatic
LLC-OVA
Lewis lung
carcinoma

4 � 105 LLC-OVA cells
injected i.p. inWTmice

Peritoneal
cavity

14 days after
tumor
injection

IF with antibodies
directed against
B220, CD3 and
PNAd

Aggregates of ≥50 B cells
in juxtaposition to
PNAdþ vasculature

TLS formation not observed
in s.c. tumors

(28)

Metastatic
MC38-OVA
CCR

4 � 105 MC38-OVA cells
injected i.p. inWTmice

Peritoneal
cavity

14 days after
tumor
injection

IF with antibodies
directed against
B220, CD3 and
PNAd

Aggregates of ≥50 B cells
in juxtaposition to
PNAdþ vasculature

TLS formation not observed
in s.c. tumors

(28)

Metastatic UPK10
ovarian cancer

6 � 106 UPK10 cells
injected i.p. in
CD4CreSatb1flox/flox

mice

Peritoneal
cavity

14 days after
tumor
injection

IF with antibodies
directed against
CD19 (B cells), CD3
and PNAd

Aggregates of >0.1 mm2

with B cell zones
adjacent to T cell zones
in juxtaposition to
PNAdþ areas andwith a
central core of T cells

Satb1-competent mice show
small and poorly organized
lymphoid aggregates, and
conditional deletion of
Satb1 in CD4þ T cells
enhances TLS formation

(30)

Orthotopic
CT-2A glioma

5 � 104 CT-2A cells
injected i.c. inWTmice

Brain Ethical end
point

IF with antibodies
directed against
B220, CD3 and
Ki67 (proliferating
cells)

Tight cluster of CD45þ

cells containing B220þ

B cells and CD3þ T cells

TLS are located within the
meningeal regions in
proximity to the tumor,
and their formation is
enhanced upon agonistic
CD40 therapy or LIGHT-
based therapy

(31, 32)

Orthotopic
GL261 glioma

2 � 104 GL261 cells
injected i.c. inWTmice

Brain Ethical end
point

IF with antibodies
directed against
B220, CD3 and
Ki67

Tight cluster of CD45þ

cells containing B220þ

B cells and CD3þ T cells

TLS are located within
meningeal regions, in
proximity to the tumor,
and their formation is
enhanced upon LIGHT-
based therapy

(31, 32)

Orthotopic KPAR
LUAD

1.5� 105 KPARa cells
injected i.v. inWTmice

Lung Ethical end
point

IF with antibodies
directed against
CD3, CD20 (B
cells), and PNA (GC
B cells)

Mature TLS defined as
lymphoid aggregates
with the presence of
segregated T- and B-
cell areas, as well as
active GC responses
(PNAþ)

TLS formation is increased
after treatment with a
KRASG12C inhibitor;
reported sensitivity to
treatment with ICIs

(25)

Orthotopic KPC
PDAC

103 KPCb cells injected
into the pancreas of
WT mice

Pancreas Not specified IF with antibodies
directed against
CD3, B220 and
CD21 (FDCs)

Copresence of B cells, T
cells and FDCs in a
compact organization

TLS develop in approximately
10% of orthotopic PDAC
tumors and this
percentage increases upon
administration of CXCL13
and CCL21

(34)

Subcutaneous
KLN205 LSCC

KLN205 cells injected s.c.
in WT mice

Flank 14 days after
treatment
initiation

IHC with antibodies
directed CD4
(CD4þ T cells) and
CD20

Dense and localized
lymphocyte infiltrations
inside tumors or in the
invasive margins

Abundance of TLS increases
upon treatment with an
anti-PD-1 antibody

(24)

Tissue-specific GEMMs
KP LUAD

KrasLSL-G12D/þ

Trp53flox/flox

Induced by i.t. injection of
Cre lentiviral vectors

Lung 20 weeks after
i.t. infection

IF with antibodies
directed against
CD3, CD20 and
NKX2.1 (cancer
cells)

B-cell clusters of >10 cells
directly associated with
T cells

TLS are rich of Tregs and TLS
area increases after local
Tregs depletion

(15)

KP-NINJA LUAD
KrasLSL-G12D/þ

Trp53flox/flox

R26-NINJA/
NINJACCSP-
rtTAþ

Induced by i.t. injection of
Cre lentiviral vectors
(followed by systemic
injection of Dox/Tam
for antigen
expression)

Lung 8weeks after i.
t. infection

IF with antibodies
directed against
CD3, CD20 and
Ninja (cancer cells)

B-cell clusters of ≥ 20 cells
directly associated with
T cells

Conditional expression of
neoantigens increases the
immunogenicity of KP
LUADs and their sensitivity
to treatment with ICIs

(33)

KPC PDAC
KrasLSL-G12D/þ

Trp53R172H/þ

Pdx-1-Cre

De novo from 4–6 weeks
of age

Pancreas þ
metastases to
liver and
lungs

Not specified IF with antibodies
directed against
CD3, B220 and
CD21

Copresence of B, T, and
FDCs in a compact
organization

TLS develop in approximately
50% of KPC tumors

(34)

(Continued on the following page)
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to avoid immunoediting (42). Differently to the widely used KP cells
(i.e., KPB6 cells, derived from lung tumors established in KP mice),
which differ from human LUADs for the low number of clonal
somatic single-nucleotide variants, their knowingly resistance to
treatment with ICIs and their nonimmunogenic phenotype (40),
KPAR cells have higher TMB, increased immunogenicity, and are
sensitive to therapy with PD-1, PD-L1, and CTLA4 blockers (25, 42).
By harnessing this novel immunogenic LUAD model, Ng and
collaborators were able to demonstrate the formation of perivas-
cular mature TLS in proximity of KPAR tumors by immunofluo-
rescence, while TLS were not detectable in commonly used KP
(KPB6) tumors (25). Consistent with these findings, the presence of
peritumoral TLS, linked to improved sensitivity to dual CTLA4 and
PD-1 blockade, has also been described in mice bearing KP tumors
made more immunogenic by inducing neoantigen expression in
malignant cells (i.e., KP-NINJA mice; ref. 33).

Thus, the selection of an adequate mouse model that recapitulates
key aspects of human immunogenic cancers (such as NSCLC) is
fundamental to better understand (i) the cross-talk between tumor
and immune cells, (ii) to investigate cellular and molecular mechan-
isms underlying TLS formation, composition, and their involvement
in na€�ve and immunotherapy-driven antitumor immune responses, as
well as (iii) to assess the antitumor efficacy of novel combinatorial
immunologic interventions.

Current Understanding on TLS Role in
Mediating Antitumor Immune
Responses
Antigen-driven differentiation of GC B cells and B-T-cell
collaboration

The presence of TLS-associated TIL-Bs has been associated with
extended overall survival in patients with melanoma, soft-tissue
sarcomas, renal cell carcinoma, and NSCLC, treated with
ICIs (5, 6, 8–10), thus suggesting a role for TLS and humoral immunity
in mediating ICI responses in these settings. Generally, TIL-Bs have
been proposed to mediate antitumor immunity in both antibody- and
cell-dependent ways, by producing antibodies that recognize tumor
antigens and redirect cytotoxic cells [such as natural killer (NK) cells

and macrophages] against tumor cells, or cross-presenting antigens to
T cells and activating them (43). Ex vivo production of IgG and IgA
antibodies against tumor antigens has been demonstrated for B cells
isolated from human NSCLC and breast cancer biopsies (21, 44). Of
note, B cells have been associated with the presence of TLS and
improved disease outcomes in these settings (21, 44), and recent
evidence suggested that TLS could be the drivers for the in situ
generation of B cell–mediated responses (45). In particular, spatial
transcriptomics of human clear-cell renal cell carcinomas showed all
B-cell maturation stages (including the differentiation in IgG- and
IgA-producing plasma cells) in tumor-associated TLS, and that plasma
cells can disseminate into the tumor bed along fibers formed of
CXCL12þ fibroblasts (6). TLSþ tumors also showed a higher infiltra-
tion of IgG-producing plasma cells linked to a higher number of IgG-
labeled and apoptotic cancer cells, as well as macrophages, thus
suggesting an antitumor effector activity for these antibodies (6).

In line with these findings, GC B-cell maturation is paralleled by
increased levels of IgG and IgA antibodies specific for tumor antigens
(specifically ERV envelope glycoproteins) in the serum ofmice bearing
immunogenic LUADs obtained by the orthotopic injection of KPAR
cells, and transferred serum from donor KPAR-bearing mice to
recipient KPAR-bearing mice significantly extended the overall sur-
vival of recipient mice (25). Interestingly, prolonged survival of
recipient mice is linked to increased tumor infiltration by NK cells
and antibody-dependent cellular cytotoxicity (ADCC)-mediated by
NK cells, an effect that is abrogated by NK cell (but not CD8þ T cell)
depletion, thus confirming the effector activity of tumor-specific
antibodies and suggesting an independency on CD8þ T cell–
mediated responses in this model (25). An absent cross-talk between
B and CD8þ T cells has also been suggested by clinical findings
obtained from the profiling of pretreatment tumors of patients with
NSCLC progressed following platinum-based chemotherapy from
randomized phase II (NCT01903993) and III (NCT02008227) trials
evaluating the efficacy of the PD-L1 blocker atezolizumab versus
docetaxel in NSCLC (10). Although B cells have been found in close
proximity to CD8þ T cells organized in TLS in NSCLC specimens,
Patil and colleagues (10) found that increased plasma cell signatures
are predictive of extended overall survival for patients treatedwith PD-
L1 blockade (but not with chemotherapy), independently of the
presence of CD8þ T cells. Similarly, improved objective response

Table 1. Summary of preclinical models investigated for the spontaneous formation of tumor-associated TLS. (Cont'd )

Tumor model
Origin of the
tumor Tumor location

Time of TLS
assessment

Method for TLS
detection Definition of TLS Notes Ref

Germline GEMMs
Gastric cancer

Gp130757flox/flox
De novo from

approximately
6 weeks of age

Stomach 3–6 months of
age

IHC with antibodies
directed against
CD3 and B220

Dense accumulations of T
and B cells

TLS develop in the gastric
submucosa

(35)

Carcinogen-induced models
AOM/DSS-

induced
inflammatory
CRC

Chemically induced by
sequential
administration of AOM
and DSS

Intestine 9–12 weeks
after AOM

IF with antibodies
directed against
CD4, CD19 and
CD11c (DCs)

Dense accumulations of
cells containing clear T-
and B-cell zones

TLS mainly develop in normal
tissue adjacent to the
tumor and theirmaturation
improves upon
colonization with
immunogenic intestinal
bacteria

(38, 39)

Abbreviations: AOM, azoxymethane; CRC, colorectal cancer; Dox/Tam, doxycycline/tamoxifen; DSS, dextran sodium sulfate; FDCs, follicular dendritic cells; IF,
immunofluorescence; i.c., intracranially; i.p., intraperitoneally; i.t., intratracheal; i.v., intravenously; GC, germinal center; LSCC, lung squamous cell carcinoma; NINJA,
inversion inducible joined neoantigen; PNA, peanut agglutinin; PNAd, peripheral node addressin; s.c., subcutaneous; WT, wild-type.
aKPAR cells were obtained from a tumor driven by the expression of oncogenic KRASG12D, deletion of Trp53, and the expression of a human APOBEC3B minigene
(A3Bi) in the Rosa26 locus in lung epithelial cells in immunodeficient mice [i.e., KrasLSL-G12D/þ;Trp53flox/flox;Rosa26A3Bi;Rag1�/� (KPAR) mice].
bKPC cells were obtained from a tumor established in KPC (KrasLSL-G12D/þ;Trp53R172H/þ;Pdx-1-Cre) mice.
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(OR) rate to ICIs has been correlated to the presence of mature TLS (as
defined by the presence of CD23þ follicular DCs) in several human
cancers, including NSCLC, independently of CD8þ T-cell density and
PD-L1 expression (18).

The contribution of B-cell responses to the efficacy of ICIs against
NSCLC has also been investigated in the immunogenic mouse model
of LUAD by Ng and collaborators. In particular, the authors showed
that the antitumor activity of PD-L1 inhibition is linked to augment-
ed avidity of serum IgG and IgA binding to lung cancer cells, as well as
to increased levels of GC B cells in the lungs of mice bearing LUAD
tumors (25). Interestingly, the expansion of GC B cells is always
linked to enhanced CD4þ Tfh cell responses in this model, thus
suggesting a potential B-Tfh-cell collaboration in mediating both
na€�ve and ICI-mediated antitumor immune responses (25). However,
the eventual collaboration between B and Tfh cells (as well as the
impact of other cellular components) on TLS formation and ICI
efficacy has not been investigated in this model (25). These questions
have been partially answered by previous findings obtained in
another mouse model of LUAD obtained by the subcutaneous
injection of engineered KP cells expressing a fusion protein that can
be recognized by both B and T cells (KP-HELLO cells; ref. 46). The
introduction of tumor neoantigens in KP tumors led to the stimu-
lation of specific B cells necessary for the differentiation of CD4þ Tfh
cells, which in turn promoted antitumor CD8þ T-cell responses via
IL21 secretion, thus providing the necessary stimuli to further
support B-cell differentiation in plasma cells (46). However, these
interactions occurred in tumor draining lymph nodes of mice bearing
KP-HELLO tumors (46), thus B-T-cell interactions in LUAD-
associated TLS, as well as whether T cell–mediated responses in
KPAR tumors are elicited by the cross-presentation of tumor antigens
by B cells or independently of B cells, still need to be elucidated. Along
similar lines, Tfh cell–mediated B-cell activation, with consequent
production of antitumor antibodies and enhanced T-cell priming,
has also been described in a subcutaneous mouse model of LSCC
and in a GEMM of triple-negative breast cancer (TNBC) charac-
terized by a high TMB, after treatment with ICIs (24, 47). Note-
worthy, while PD-1 blockade also increased TLS formation in
LSCC tumors (24), the occurrence of TLS has not been investigated
in the TNBC model (47).

Despite some mechanisms at the basis of TLS function in LUAD
tumors still need additional investigations, the preclinical findings
we discussed above nicely demonstrate potential mechanisms by
which TLS are drivers of the in situ activation and maturation of T
cells, B cells, and antibody-producing plasma cells, and how TLS
may mediate tumor control by favoring T-B cell collaboration
(Fig. 1A), thus significantly improving our understanding on
LUAD immunology.

CXCL13 as the main driver of TLS formation
Accumulating evidence proposed CXCL13 as one of the main

initiators of TLS formation (12, 14). In addition, transcriptional
upregulation of CXCL13 has been associated with improved survival
for patients treated with immunotherapy in different cancer
settings (48–50), including LUAD (22, 50–52), thus suggesting a role
for CXCL13 inmediating ICI efficacy by promoting the recruitment of
CXC chemokine receptor 5 (CXCR5)þ lymphocytes and their orga-
nization in tumor-associated TLS. In line with these findings, recom-
binant CXCL13 improved PD-1 blockade efficacy in subcutaneous
murine models of ovarian cancer, colorectal carcinoma, and NSCLC,
an effect linked to increased levels of tumor-infiltrating CD8þ T
cells (48, 52). In addition to CD8þ T cells, CXCL13 reportedly

improved ICI efficacy against mouse LUADs by recruiting B cells (25).
Indeed, the survival benefit offered by PD-L1 blockade was further
improved by intranasal treatment with an expression vector encoding
Cxcl13 (resulting in increased CXCL13 expression in LUAD tumors)
in mice bearing immunogenic LUAD tumors, and conversely abro-
gated by CXCL13 neutralization or B-cell depletion (25). These results
are in linewith data obtained in a preclinicalmodel of PDACwhere the
coinjection of CXCL13 with CCL21 into orthotopic tumors promoted
the recruitment of both B and T cells and their organization in tumor-
associated TLS, as well as the ability of the chemotherapeutic gemci-
tabine in delaying PDAC growth (34). Accordingly, the delivery of the
cytokine LIGHT (also known as TNF superfamily member 14,
TNFSF14) specifically to tumor vessels promoted the de novo TLS
assembly in PDAC tumors, by inducing the production of CCL21 in
tumor endothelial cells, and ultimately sensitized resistant PDAC
tumors to treatment with PD-1 and CTLA4 blockers (53).

Of note, CXCL13 can be secreted by multiple cellular sources
depending on the type of cancer, including stromal cells, follicular
DCs, and Tfh cells (12, 14). In this context, Thommen and collea-
gues (22) suggested tumor-infiltrating PD1þ T cells as cellular source
for CXCL13-mediated B-cell recruitment in NSCLC-associated TLS.
However, although they demonstrated a proximity between
PD1þCD8þ T cells and B cells in intratumoral and peritumoral TLS
in human NSCLC specimens (22), functional experiments confirming
this hypothesis are missing. Along similar lines, single-cell RNA
sequencing (scRNA-seq) of human nasopharyngeal carcinomas iden-
tified PD1þCD4þ T cells as potential drivers of B-cell recruitment in
tumor-associated TLS and differentiation in plasma cells, via CXCL13
and IL21 secretion (54). Consistent with these data, findings obtained
by harnessing a mouse model of metastatic ovarian cancer (30) and
scRNA-seq of treatment-na€�ve human PDAC specimens (55) showed
that TGFb impairs Treg formation in favor of CXCL13þ Tfh cell
differentiation, in turn promoting B-cell recruitment and activation in
a CXCL13-dependent manner, and ultimately resulting in the assem-
bly of intratumoral TLS. Intriguingly, activated Tfh cells also secreted
high levels of LIGHT, which in turn, by triggering the secretion of
CCL21 by endothelial cells (53), may contribute to the initial recruit-
ment of lymphocytes into the tumor bed (30). Finally, evidence
obtained in a murine model of B16-OVA melanoma suggested CD8þ

T cells as the initiators of tumor-associated TLS aggregation through
the promotion of a reticular network of cancer-associated fibroblasts
(CAF), which in turn foster B-cell recruitment by CXCL13 secretion,
and subsequently B cells drive CAFs proliferation and TLS expansion
via lymphotoxinb receptor (LTbR) signaling, thus pointing toCAFs as
important players in TLS formation (28). Interestingly, treatment with
ICIs induced the formation of larger and well-organized TLS in this
model, an effect also linked to improved disease control by ICIs (28).

Of note, CAFs are a group of heterogeneous cell subtypes, with
different phenotypes and functions depending on the cancer type.
Although CAFs are being generally considered “oncogenic” players,
accumulating evidence ascribes them also antitumor and drug sensi-
tizing abilities (56). In the context of lung cancer, CAFs are the major
components of the TME and their characterization by scRNA-seq
identified five subtypes with different functions (including tumor
progression and both immunosuppressive and immunostimulatory
functions), with differences in term of frequency among lung cancer
histologic subtypes and tumor stages, and different impact on
survival (57–60). In vitro experiments suggested that CAFs are impli-
cated both in resistance and response to tyrosine kinase inhibitors in a
context-dependent manner (61), and secretion of TGFb by CAFs has
been reported to limit T-cell infiltration by promoting the expression
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Figure 1.

A, Summary of mechanisms by which TLS mediate antitumor immunity. On the one hand, GC B cells recognize tumor antigens (potentially presented by
follicular DCs) and differentiate to plasma cells producing tumor-specific antibodies, that in turn propagate in the tumor bed and mediate CDC or NK cell–
mediated ADCC of cancer cells. On the other hand, mature DCs present antigenic peptides to Tfh cells, activating them, and in turn stimulating CD8þ CTLs
against tumor cells. Subsequent interaction of activated Tfh cells with B cells in TLS provide additional activating signals for Tfh cells by B cells (such us,
antigen peptides presented on MHC class II molecules and ICOSL signals), and vice versa for B cells by Tfh cells (i.e., CD40–CD40 L interactions and IL21
production). B, Potential strategies to boost TLS formation and function. TLS neogenesis can be induced by the administration of chemoattractant
chemokines (e.g., CXCL13), or cytokines (e.g., LIGHT) able to induce HEVs, thus boosting the influx of endogenous B and T cells. Immunostimulatory adjuvants
(e.g., TLR9 or STING agonists) can promote TLS functions by mediating APC maturation, such as B-cell differentiation in antibody-producing plasma cells or
maturation of DCs and subsequent cross-priming of CD8þ CTLs. Finally, KRASG12C inhibitors have demonstrated ability to promote tumor-associated TLS
formation by potentially derepressing tumor-intrinsic IFN-mediated effects upon MYC inhibition, and subsequently upregulating MHC class II molecules on
DCs and promoting the infiltration of activated CD8þ CTLs, B cells, and NK cells into the tumor. APC, antigen-presenting cells; BCR, B-cell receptor; CDC,
complement-dependent cytotoxicity; FRC, fibroblastic reticular cells; TCR, T-cell receptor.
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of laminin g2 by cancer cells, as well as the efficacy of PD-1 blockers, in
mouse models of lung cancer (54). So far, the incomplete understand-
ing of CAFs heterogeneity has hampered the development of strategies
that (by targeting CAFs or promoting their immunostimulatory
effects) efficiently improve clinical outcomes of a variety of malignant
diseases, including NSCLC (56).

Overall, although recent preclinical findings point to CXCL13 as a
key player in TLS formation in lung cancers, further experiments are
needed to better understand mechanisms at the basis of CXCL13-
dependent recruitment and organization of immune cells in NSCLC-
associated TLS, as well as to define the potential role of CAFs in
promoting B-cell activation in NSCLC, to efficiently translate these
preclinical findings to the clinic.

Potential Strategies to Exploit TLS
Formation and Function for Improving
ICI Response and Clinical Outcomes

Despite significant advancements in targeted anticancer treatments
and immunotherapies, NSCLC remains a leading global cause of
cancer-related deaths. Responses to ICIs vary among patients with
NSCLC, with only a limited subset of patients exhibiting sustained
responses, while most patients develop intrinsic or acquired resistance
to currently used immunotherapies (1–4). Currently, PD-L1 over-
expression and high TMB are the most extensively studied predictive
markers for ICI response. However, they cannot be considered clear-
cut biomarkers, as the intertumor and intratumor heterogeneity,
coupled with diverse methods applied for their identification, and
often challenging reproducibility in clinical practice, renders their
predictive value variable and not always reliable across different
studies (4). For these reasons, several efforts are being made to
understand the mechanisms underlying intrinsic and acquired resis-
tance to currently used cancer therapies, as well as for the identification
of biomarkers to accurately predict response to anticancer treatments
and of novel druggable targets or combinatorial treatments to effi-
ciently improve survival rates among patients with cancer. In this
context, TLS are emerging as reliable biomarkers of response to ICIs
(as extensively reviewed in refs. 12, 45) independently of commonly
known markers of response to ICIs, such as CD8þ T-cell density and
PD-L1 expression (18). In addition, accumulating preclinical evidence
suggests that the therapeutic modulation of TLS development, com-
position, and function (Fig. 1B) could represent a potential strategy to
enhance antitumor immune responses and thus to improve clinical
outcomes of patients with NSCLC refractory to available FDA-
approved treatments.

Induction of TLS by chemokines, cytokines, or
immunostimulatory adjuvants

Preclinical findings recently published by Ng and colleagues (25)
suggested a potential combinatorial approach with a PD-L1 blocker
and an intranasal vector encodingCxcl13 to enhance TLS formation in
mouse LUADs and to further delay tumor growth. However, the
translational potential of these findings has not been discussed by the
authors, a thing that need to be taken in consideration because
both antitumor and protumor activities have been associated to
the CXCL13/CXCR5 axis in different cancer settings, including
NSCLC (62, 63). In addition, the authors did not investigate why
LUAD-bearing mice eventually relapse to treatment with ICIs and to
combination therapy after an initial response (25). Thus, the inves-
tigation of immunosuppressive cellular and molecular mechanisms

potentially hampering antitumor immune responses in this setting
is missing. Previous findings by other groups described the presence
of immunosuppressive cells in TLS associated to mouse and human
lung tumors (15, 16). For instance, TLS-associated Tregs have been
correlated to poor clinical outcome in patients with NSCLC (16),
and Tregs reportedly suppressed DC-mediated activation and T-cell
expansion in TLS (and thus TLS-mediated antitumor immune
responses) in LUADs established in KP mice (15). Of note, in the
latter model although Treg depletion led to increased TLS area and
percentage of proliferating T cells in TLS, it did not affect B-cell
infiltration in LUAD-associated TLS (15). Conversely, a negative
correlation between B cells (high) and Tregs (low) infiltrating TLS
has been reported in NSCLC specimens from patients with better
clinical outcomes (21). Thus, the cross-talk between Tregs and B
cells associated to TLS in NSCLC, and the potential depletion/target
of Tregs to potentiate TLS-driven humoral responses to ICIs, needs
further investigations.

Contextually, reduced activation of Tregs, paralleled by (i) increased
expression of activation markers on B cells and DCs, (ii) enhanced
effector functions of CD4þ and CD8þ T cells, and (iii) de novo
formation of tumor-associated TLS, has been observed in lung metas-
tases established in mice by the subcutaneous injection of TNBC 4T1
cells, and treated with intranasal injection of SD-101, a Toll-like
receptor 9 (TLR9) agonist (64). In addition, combination of SD-101
with PD-1 blockade further increased tumor-infiltrating levels of
CD8þ CTLs, ultimately resulting in durable rejection of lung tumors
in this model (64). Interestingly, combination of intratumor injection
of SD-101 with pembrolizumab in a phase II trial (NCT02521870)
induced OR (OR rate was 24%, including two complete and 10 partial
responses) and led to increased levels of CD8þ CTLs and B cells in
biopsies obtained from responder patients with recurrent/metastatic
head and neck squamous cell carcinoma (65). On the basis of these
findings, combination of TLR9 agonists and ICIs for the treatment of
human NSCLC warrants investigation.

Finally, another issue that needs to be addressed is to investigate
whether TLS generation in NSCLC could be enhanced by boosting
lymphocyte infiltration into tumors throughout the therapeutic induc-
tion of intratumoral HEVs, as demonstrated in other preclinical
settings. Indeed, TLS neogenesis has been observed after tumor vessel
remodeling and HEV induction upon the administration of a stim-
ulator of interferon genes (STING) agonist or of the cytokine LIGHT,
respectively in mouse models of melanoma (66), or model of
PDAC (53) and glioma (31). Interestingly, both STING agonist and
LIGHT reportedly synergized with PD-1 blockade in delaying the
growth of melanoma lungmetastases, by respectively remodeling lung
metastases’ TME via the promotion of type I IFN signaling (67), or
the induction of metastatic HEVs (68). Notably, whereas STING
agonists entered clinical evaluation (69), LIGHT-based therapies are
still under preclinical development (70).

Induction of TLS by KRASG12C inhibitors
An important finding recently emerged by harnessing a novel

immunogenic model of LUAD is the impact of the highly selective
KRASG12C inhibitor adagrasib [which has been granted FDA approval
only in 2022 for locally advanced or metastatic NSCLC harboring
KRASG12Cmutation and who have received at least one prior systemic
therapy (71)] on LUAD-associated TLS (25). In particular, the authors
showed increased TLS formation in mice bearing KrasG12C-mutant
LUADs upon treatment with adagrasib, thus highlighting a novel
immunomodulatory effect for KRASG12C inhibitors in LUAD (25).
Interestingly, the same effects were not observed in mice treated with
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the MAPK (also known as MEK) inhibitor trametinib (25), thus
suggesting that antitumor B cell–mediated responses in this model
may be hampered by the ubiquitous inhibition ofMEK,which is highly
upregulated in KRASG12C-mutant cancer cells, but also in B cells as it
plays a key role in B-cell differentiation (72). The mechanisms by
which TLS contribute to the response to KRASG12C inhibitors, how-
ever, remain to be clarified, as well as whether the presence of tumor-
associated TLS could represent a potential indicator of response to
KRASG12C inhibitors for patients with NSCLC.

These preclinical findings open to the possibility of combining
FDA-approved KRASG12C inhibitors with ICIs for the treatment of
NSCLC to promote TLS formation and improve therapy-mediated
antitumor immune responses. Supporting this hypothesis and partially
filling in the missing gaps regarding the mechanisms underlying
KRASG12C inhibitor-mediated TLS formation in LUADs (25), a study
published in 2022 by the same group tested the synergy between
a KRASG12C inhibitor analog for adagrasib (i.e., MRTX1257) and
an anti-PD-1 antibody in mice bearing KrasG12C-mutant lung
tumors (73). In particular, MRTX1257 has been shown to promote
antitumor immunity and to potentiate the therapeutic efficacy of PD-1
inhibition in immunogenic KrasG12C-mutant (KPAR) LUADs (73).
The same synergy, however, has not been replicated in mice bearing
nonimmunogenic (3LL) tumors knockout for Nras or KrasG12C-
mutant conventional KP (KPB6) LUADs, which are highly sensitive
to KRASG12C inhibitors, but intrinsically resistant to therapy with PD-
1 blockers (42), even if MRTX1257 was able to induce a profound
remodeling of the TME in all these models, turning them from “cold”
to “hot” tumors (73). A potential limiting factor in the latter models
(i.e., 3LL and KPB6 tumors) could be the paralleled increase in Treg
infiltration observed following KRASG12C inhibition, that might (i)
inhibit the activity of CTLs, thus hampering the synergy between PD-1
blockers and KRASG12C inhibitor (73), but also (ii) impair the devel-
opment of tumor-associated TLS, as TLS formation has not been
observed in KPB6 tumors (25) and Treg depletion have been shown to
increase TLS formation in lung tumors established in KP mice (15).
Mechanistically, the KRASG12C inhibitor has been proposed to remod-
el lung TME through the upregulation of IFN pathways in cancer cells
via MYC inhibition, in turn leading to enhanced antigen presentation
and intratumoral recruitment of cytotoxic NK cells, CD8þ CTLs (73),
and potentially B cells [as described in a preclinical model of PDAC
upon derepression of IFN signaling by MYC inhibition (74)].

Overall, extrapolating from the preclinical studies discussed
above, patients with TLSþ NSCLC are more likely to benefit from
combinations of KRASG12C inhibitors with immunotherapies. Of
note, the efficacy of KRASG12C inhibitors in combination with ICIs
in NSCLC is under clinical investigation in phase I–III trials
(NCT04613596, NCT03785249, NCT05609578, NCT05472623,
NCT05920356, NCT05848843; classic.clinicaltrials.gov), and it will
be very interesting the retrospective evaluation of the impact of TLS
in response to combinatorial treatment for patients enrolled in
those studies.

Of note, supporting the clinical combination of KRASG12C inhibi-
tors with ICIs, similarly to data discussed above, the synergy between
KRASG12C inhibitors and PD-1 blockers has also been reported in
other preclinical cancer models, such as mice subcutaneously injected
with syngeneic KrasG12C-mutant colon carcinoma CT26 cells and
in a models of KrasG12C-driven LUAD, by three independent
studies (75–77). The ability of KRASG12C inhibitors to enhance the
therapeutic activity of PD-1 blockade has been correlated to increased
tumor-infiltrating levels of proinflammatory M1-like macrophages,
DCs, CD4þ and CD8þ T cells, paralleled by reduced levels of immu-

nosuppressive cells, such as anti-inflammatory M2-like macrophages
and myeloid-derived suppressor cells (75). Interestingly, the TME of
CT26 tumors treated with adagrasib used as single agent or combined
with an anti-PD-1 antibody (but not with anti-PD-1 alone) showed
also increased levels of B cells, thus suggesting a potential involvement
of humoral immunity also in this model (75). Whereas the immuno-
modulatory effects for ASP2453 (a novel selective KRASG12C inhibitor
still under preclinical investigation) havenot been investigated yet (77),
sotorasib reportedly remodels the TME of KrasG12C-mutant colon
carcinomas established in mice by promoting the upregulation of
MHC class I molecules, as well as by inducing immunogenic cell death
(ICD) in cancer cells, an effect consequently reflected by the upregula-
tion of IFN signaling (76).

Similarly to KRASG12C inhibitors, radiotherapy and chemotherapy
have the ability to exert immunostimulatory effectsmostly by inducing
ICD in cancer cells (78). Of note, only few reports have studied the
correlation between the use of these conventional cancer treatments
with lung cancer–associated TLS so far, and their impact on TLS
formation and function is still not clear. In particular, by harnessingKP
mice bearing LUADs, hypofractionated radiotherapy has been shown
to temporally decrease the size of tumor-associated TLS, and that
TLS size reincreased 14 days after irradiation, accompanied by a
higher number of infiltrating Tregs compared with baseline (79).
The impact of chemotherapy on TLS formation is controversial.
Indeed, chemotherapy alone seems to impair TLS maturation in
human NSCLC (17) and LSCC (23), whereas mature TLS have been
observed in a higher number of specimens of human NSCLC treated
with neoadjuvant platinum-based chemotherapy in combination
with PD-1 blockers (17).

Noteworthy, one of the advantages in the use of KRASG12C inhi-
bitors is that they exert a tumor cell–restricted activity, thus allowing
the investigation of combinations of therapies without resulting in
excessive toxicities. However, despite the demonstrated benefit of
KRASG12C inhibitors in the management of KRASG12C-mutant
NSCLC relapsing to platinum-based chemotherapy or PD-1/PD-L1
blockers, the overall survival of patients treated with KRASG12C

inhibitors appears disappointingly similar when compared with the
standard-of-care treatment (i.e., docetaxel) used for over 20 years in
this setting (80), potentially due to poorly investigated mechanisms of
intrinsic and acquired resistance, but also to the lack of predictive
biomarkers of response (81). A way to improve therapy responses
to KRASG12C inhibitors could be represented by the combination
(other than with ICIs, as discussed above) with targeted agents with
demonstrated immunostimulatory effects (82), and that could have a
positive impact on TLS formation and function. As an example, a
potential approachwarrants preclinical and clinical investigation is the
combination of KRASG12C inhibitors with agents targeting cyclin-
dependent kinase 4 and 6 (CDK4/6). Indeed, CDK4/6 inhibitors could
(i) limit the immunosuppressive effects that have been observed in a
preclinical model of LUAD following KRASG12C inhibition (73), as
well as (ii) increase NSCLC immunogenicity by augmenting tumor
antigen expression (and thus improving antibody-dependent B-cell
responses against NSCLC), thanks respectively to their demonstrated
ability in repressingTreg proliferation and inducing ERVexpression in
cancer cells (83, 84).

Further investigations in combinatorial treatments able to augment
response to currently used anticancer therapies (such as ICIs and
KRASG12C inhibitors) by promoting immunostimulatory effects
(including the enhancement of TLS formation and function), will
potentially unveil new promising opportunities for developing more
effective cancer therapies for patients with cancer.
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Conclusions
Growing evidence is rapidly corroborating TIL-Bs and TLS as

prognostic and predictive factors of response to ICIs in multiple
human malignancies (5, 6, 8, 9), including NSCLC (10). However,
the investigation of cellular and molecular mechanisms governing the
development of TLS and their involvement inmediating ICI responses
has been limited so far, due to intrinsic limitation of most of the
available preclinical mouse models for immuno-oncology–related
studies (26, 27). In this context, the recent development of more
advanced preclinical models of lung cancer, resembling key features
of human LUAD (i.e., high TMB, increased immunogenicity, and
sensitivity to ICIs; refs. 25, 46) (i) significantly improved our under-
standing on mechanisms at the basis of TLS formation and on their
involvement in mediating na€�ve and treatment-mediated antitumor
responses (Fig. 1A), and (ii) suggested potential interesting
approaches to exploit TLS genesis and function (Fig. 1B), to ultimately

improve response to ICIs and clinical outcomes of patients with
NSCLC. Among these, the enhancement of TLS formation by
KRASG12C inhibitors comes up as the most interesting translational
finding emerging from recent preclinical studies, with exciting impli-
cations for the clinical practice. In the future, more preclinical and
clinical studies are necessary to fully understand (i) the mechanisms
underlying TLS generation, composition, and function, as well as (ii)
the therapeutic opportunities these mechanisms will provide to foster
immune-mediated tumor control and maximize (immuno)therapy
efficacy in a higher percentage of patients with cancer.
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