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Abstract

Tertiary lymphoid structures (TLSs) are ectopic lymphoid formations that develop in chronically inflamed tissues,
including various solid tumours. In the context of gliomas, the presence of TLSs has recently attracted considerable
attention because of their potential implications in tumour immunology and therapy. The tumour immune
microenvironment (TIME) plays a crucial role in cancer progression, and tumour-infiltrating immune cells (TILs)
are key players in this environment. These immune cell aggregates, known as TLSs, display distinct characteristics
across different solid tumours. However, central nervous system (CNS) tumours are highly heterogeneous, and
the immune environment within these tumours is often more deficient than that of peripheral tissue tumours.
This leads to differences in the formation and function of TLSs in CNS tumours. These variations are particularly
relevant in the context of glioma immunotherapy and could have important implications for treatment strategies.
This review focuses on the composition and function of TLSs, examines the complexity of the glioblastoma (GBM)
immune microenvironment, and highlights the unique characteristics of TLSs in GBM, providing new theoretical
insights and practical foundations for targeting TLSs in glioma immunotherapy.
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Introduction

Gliomas, particularly glioblastomas (GBMs), represent
a major challenge in neuro-oncology. Despite advances
in diagnostic techniques and treatment modalities,
the prognosis of glioma patients remains dismal, as the
5-year survival rate is less than 10% for GBM patients
[1]. The immunosuppressive tumour microenvironment,
characterized by a lack of effective immune surveillance
and a highly immunosuppressive tumour-associated
stroma, plays a pivotal role in facilitating tumour growth
and therapeutic resistance.

In recent years, the presence of tertiary lymphoid
structures (TLSs) in various solid tumours, includ-
ing gliomas, has garnered increasing interest. TLSs are
organized, ectopic lymphoid aggregates that form in
response to chronic inflammation [2] and have been
identified in several malignancies, including breast, lung,
and colon cancers [3-5]. TLSs have been shown to form
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within the glioma microenvironment. The role of TLSs
in gliomas remains controversial, as some evidence sug-
gests that these structures can either enhance or inhibit
immune-mediated tumour control. The formation of
TLSs helps recruit T cells and other immune cells to pro-
mote an anti-tumour immune response, thereby inhibit-
ing tumour growth. High endothelial venules (HEVs) and
active lymphocyte infiltration in these structures may
play key roles in an effective tumour immune response.
However, TLSs may also provide shelter during tumour
immune escape through local immune tolerance or they
may promote immune escape mechanisms. Tumour cells
may inhibit effective antitumour immune responses by
modulating immune cell function within TLSs, particu-
larly by inducing T-cell failure or promoting the accu-
mulation of regulatory T cells (Tregs) [6]. Studying the
formation and function of TLSs in gliomas may offer
novel insights into the complex interplay between the
immune system and glioma cells, potentially revealing
new avenues for therapeutic intervention.

Structure and formation of TLSs

TLSs do not exist under normal physiological condi-
tions; instead, they develop in specific pathological envi-
ronments, such as in autoimmune diseases, during graft
rejection and chronic inflammation, and in cancer [7].
These structures are organized in a way that mimics sec-
ondary lymphoid organs (SLOs), such as lymph nodes.
The anatomical structure and function of TLSs are
closely related to those of SLOs, such as lymph nodes [8].
However, TLSs lack the fibrous capsule that typically sur-
rounds SLOs. This absence of a fibrous capsule enables
immune cells within TLSs to interact directly with
tumour tissue, thereby facilitating the rapid and efficient
generation of anti-tumour immune responses [9].

TLSs are characterized by the presence of CD20+B
cells surrounded by CD3+T cells, similar to the lym-
phoid follicles of SLOs [10]. The B lymphocyte subsets
include plasma cells (PCs), regulatory B cells (Bregs)
and memory B cells. The main subsets of T cells include
CD4 +follicular helper T cells (Tths), CD8 + cytotoxic T
cells, CD4+ T helper 1 (Thl) cells and Tregs. Other cells
in the immune microenvironment also play crucial roles
in the formation of TLSs. Macrophages, particularly pro-
inflammatory M1 macrophages, contribute to the for-
mation of TLSs by producing inflammatory cytokines.
Stromal cells, including fibroblasts, endothelial cells and
follicular dendritic cells (FDCs), are critical for the for-
mation of TLSs [11]. These cells establish a favourable
microenvironment for the formation of TLSs, which
promotes the accumulation and functional activation of
immune cells. Dendritic cells (DCs), natural killer cells,
innate lymphoid cells, and neutrophils [2] may also be
present. Peripheral node addressin (PNAdJ)-positive
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HEVs form a specialized vasculature for TLSs and pro-
mote lymphocyte recruitment [10].

SLOs, including the lymph nodes, spleen, tonsils, Pey-
er’s patches, and mucosa-associated lymphoid tissue,
are found throughout the body and can collect antigens
from different tissues, thus promoting the induction of
adaptive immune responses. In the case of persistent
chronic inflammation, extranodal seeding of lymphatic
tissue occurs, which leads to the formation of TLSs at the
organ site [12]. To understand the way in which TLSs are
formed, this process can be compared with the formation
of SLO:s.

The formation of SLOs requires a progressive interac-
tion between the lymphoid tissue organizer (LTo) and
the haematopoietic lymphoid tissue inducer (LTi). LTi
cells are a type of innate lymphoid cell (ILC) derived
from fetal liver hematopoietic stem cells that express the
transcription factors RORyt and Id2. LTo cells are mes-
enchymal-derived stromal cells located at sites destined
to form SLOs [10]. During embryogenesis, LTi cells are
initially recruited to the site of scheduled lymph nodes
by lymphatic endothelial cells (LECs) or mesenchymal
cells expressing CCL21 [13]. Lymphotoxin, a member
of the TNF superfamily, plays a pivotal role in lymphoid
tissue development and exists primarily in two forms:
lymphotoxin-a (LTa) and lymphotoxin-f (LTp). When
co-expressed with LTP, LTa forms a cell surface-bound
heterotrimer LTal1P2 that exclusively binds to the LT[
receptor (LTBR). LTi cells bind to their respective recep-
tors on LTo cells via Lalp2 and TNF [14]. This interac-
tion triggers the NF-kB pathway [2], up-regulating the
expression of adhesion molecules such as vascular cell
adhesion molecule 1 (VCAM1), intercellular adhesion
molecule 1 (ICAM1), mucosal addressin cell-adhesion
molecule 1 (MAdCAM1) and PNAJ, as well as the pro-
duction of a group of lymphoid chemokines, includ-
ing CCL19, CCL21, and CXCL13 [10]. These molecules
regulate the recruitment of immune cells and the vascu-
larization of HEVs. Moreover, the secretion of lymphoid
chemokines also induces a positive feedback pathway,
which leads to the recruitment of more LTi cells [15]. In
addition to LTalf2, the LTPR also binds LIGHT as its
ligand. In TLSs, the LIGHT-LTPR signaling pathway pri-
marily induces the formation of high endothelial venules
HEVs and facilitates lymphocyte migration [16]. Conse-
quently, many researchers consider LIGHT a potential
tumor immune target that can target specific receptors
on tumor vasculature to promote TLSs formation [17].

During TLS formation, the definitions of LTi cells and
LTo cells are not as strict as they are during SLO forma-
tion (Fig. 1). T helper 17 (Th17) cells, ILC3 cells, CD8 + T
cells, B cells, and M1-polarized macrophages can serve
as LTi cells, whereas fibroblasts, adipocytes, and vascu-
lar smooth muscle cells in the tumour microenvironment
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Fig. 1 Interaction of LTo and LTi

can act as LTo cells [11, 18—-23]. Moreover, the induction
of TLSs may not always be dependent on lymphoids, for
example, T cell-produced IL-17 can induce mouse stro-
mal cells to express CXCL13 and CCL19, thus promot-
ing the induction of broncho-associated lymphoid tissue
(iBALT) formation, a type of TLSs that is formed in lung
tissue [24].

Chemokines play an important role in the formation
of TLSs. They form a strong local chemical gradient that
attracts lymphocytes from neighboring HEVs and pre-
cisely regulates their entry into T cell and B cell regions.
This spatial separation depends on the differential distri-
bution of chemokines, forming a well-defined T/B cell
partition [25]. CCL19/CCL21 and CXCL13 are the most
important chemokines. CCL19/CCL21 binds to CCR7,
produced mainly by stromal and epithelial cells, and can
attract T cells and antigen-stimulated DCs, promoting
the development of T cell regions in TLSs [26]. In triple-
negative breast cancer, the presence of CCL19+DCs
is associated with TLSs and T cell aggregation [27]. In
addition to its role in inducing chemotactic migration,
CCL21 also acts as a co-stimulatory factor for CD4 +and
CD8+T cell expansion and induces Thl polarization
[28]. Anti-tumor effector NK and NKT cell subsets also
express the CCR7 receptor and are chemically attracted
to CCL21. In conclusion, CCL19/CCL21 has a power-
ful anti-tumour immune effect and is highly important
in cancer treatment. CXCL13 recruits B cells by selec-
tively binding to CXCR5. Initially, activated stromal cells,
particularly fibroblast reticular cells (FRCs), are the pri-
mary source of CXCL13 during the early stages of TLSs
development [29]. Subsequently, macrophages, DCs,
FDCs, and T cells can also produce CXCL13. After the
construction of FDCs network, FDCs become the main
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cell producing CXCL13 in germinal centres (GCs) [2].
Recruited B cells also produce CXCL13, which creates a
positive feedback loop that is important for lymphocyte
aggregation, GC formation, and antibody production.
CXCL13 can also exhibit antitumor effects by recruiting,
activating, and expanding CXCR5+CD8+T cells [30].
However, high levels of CXCL13 do not always predict
a good prognosis. Recent studies have shown that infil-
tration of CD8+ T cells with high CXCL13 expression in
renal carcinoma leads to an immunosuppressive micro-
environment [31, 32].

Although numerous studies have identified factors
influencing TLSs formation within the tumour microen-
vironment, our understanding of the specific molecular
in the local environment that either promote or inhibit
TLS development remains incomplete. Moreover, the
induction mechanism of TLSs in different tumors is still
unclear, and a unified model is lacking. Addressing these
limitations will be pivotal in advancing TLSs research
from biological discovery to clinical translation.

The heterogeneity of TLSs in cancer

In recent years, with further elucidation of the composi-
tion and function of TLSs, the prognostic value of these
structures in various solid tumours has gradually become
clearer. TLSs exhibit significant heterogeneity, which is
reflected in noticeable differences in the density of TLSs,
their distribution within the tumour, and their matu-
rity, both between patients with the same type of cancer
and those with different cancer types. These factors are
closely associated with patient prognosis.
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Density of TLSs

The density of TLSs is associated with the formation of
GCs and the expression of genes involved in adaptive
immune responses, thus, the density is an independent
prognostic marker for some tumours. For example, one
study that reviewed 1,033 patients with gastric cancer
who underwent gastrectomy revealed that high lev-
els of TLSs were significantly associated with tumour
size (p=.047), histological grade (p=.039), pIN stage
(p=.044), and World Health Organization (WHO) sub-
type (p<.001), which suggests that high TLS density is
associated with a favourable prognosis among patients
with gastric cancer [33]. Another study of lung squamous
cell carcinoma confirmed that TLS density was the stron-
gest independent prognostic marker in untreated patients
and that TLS density was associated with the expression
of genes associated with GC formation and the adaptive
immune response [34]. However, in patients who receive
neoadjuvant chemotherapy, the TLS density is similar,
but GC formation is impaired, and the prognostic value
of TLS density is lost, which suggests that GC forma-
tion is strongly associated with a favourable prognosis. In
addition, TLS density and GC formation are independent
prognostic markers in both colorectal [35] and pancreatic
cancers [36].

Location of TLSs

The relative spatial positioning of TLSs within the
tumour may also influence their mechanism of action and
potentially affect patient prognosis [37]. With respect to
their location, when TLSs are located within the tumour,
cancer patients tend to have a better prognosis. A study
of intrahepatic cholangiocarcinoma that included 962
patients was performed to establish a TLS scoring sys-
tem for the intratumoral area (T score) and peritumour
area (P score) [38]. The results revealed that the T score
was positively correlated with favourable prognosis
(p<.001). In another study of intrahepatic cholangio-
carcinoma, samples with a high T score had a smaller
tumour diameter than did those with a low T score
(p=.010) [39]. However, when TLSs are located around
a tumour, strong heterogeneity is observed in progno-
sis. In a study of 114 colorectal cancer (CRC) patients,
low peritumoral TLS (P-TLS) density (<0.098/mm?)
was associated with reduced relapse-free survival (RES)
in non-metastatic colorectal cancer (nmCRC) patients
(HR=6.597 95% CIL: 2.882-15.103, p<.001) and lower
overall survival (OS) (HR=6.628 95% CI: 2.893-15.183,
p<.001) [4]. These findings suggest that high P-TLS den-
sity is an independent and favourable prognostic factor
for nmCRC patients and may provide a new direction
for targeted therapy for CRC. According to one study, in
cholangiocarcinoma, a high P score was negatively asso-
ciated with a good prognosis (p <.001) [38]. Patients with
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high P scores had a greater incidence of satellite lesions
(p=.048) and lymphatic metastases (p=.040) than did
patients with low P scores, and higher P scores were also
found to be positively associated with fatty liver disease
(p=.022) [39]. The proportions of both T follicular helper
cells and regulatory T cells were significantly greater in
intratumoral TLSs than in peritumoral TLSs (p<.05),
but the percentage of regulatory T cells in intratumoral
TLSs was positively correlated with the P score (p<.05)
but not the T score [38]. In summary, intratumoral TLSs
are associated with a good prognosis, while peritumoral
TLSs are associated with some prognostic heterogeneity.

Maturity of TLSs

With respect to the maturity of TLSs, Posch et al. [35]
proposed that the development of tumour-associated
TLSs involves three stages. The first stage involves early
TLSs (CD21-CD23-) containing T cells, B cells, and
perivascular cells that express CXCL13, with no FDCs
or GCs. The second stage involves primary follicle-like
TLSs (CD21 + CD23-) that contain HEVs and FDCs but
not GCs. Finally, the third stage involves secondary folli-
cle-like TLSs (CD21 +CD23+) that are more mature and
contain HEVs, FDCs, and GCs, resembling SLOs. Meylan
et al. reported that in precancerous lesions of the liver,
early TLSs lacking GCs may favour immune evasion by
tumour cells and promote the progression of precancer-
ous lesions to mature hepatocellular carcinoma [40]. In a
study of lung adenocarcinoma, researchers analysed 218
patients who underwent radical resection for lung adeno-
carcinoma [41]. TLSs were divided into a high-maturity
group (high DC-Lamp group) and a low-maturity group
(low DC-Lamp group) according to immunohistochem-
istry results, and mature TLSs were confirmed to be
associated with an increased number of cytotoxic T
lymphocytes (CTLs) in draining lymph nodes (20.0 vs.
15.1, p=.017) and a decreased frequency of lymphocyte
metastasis (p<.0001). Mature TLSs were also indepen-
dently associated with good overall survival (HR=0.17,
p=.0220) and disease-free survival (HR =0.54, p =.0436).
These findings suggest that mature TLSs may enhance
the antitumour effects of immunotherapy by activating
lymphocytes and increasing the number of CTLs in the
draining lymph nodes.

In general, the density, location, and maturity of TLSs
vary greatly among individuals, and this high degree of
heterogeneity requires better classification and research
for clinical application.

TLS in autoimmune diseases of the CNS

As mentioned earlier, TLSs can also appear in autoim-
mune diseases. Comparing TLSs in autoimmune dis-
eases of the central nervous system with glioma provides
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insight into their development and function in the brain
cancer environment.

Multiple sclerosis (MS)

MS is a neuroinflammatory autoimmune disease. In a
mouse model of MS, the presence of TLSs was asso-
ciated with an increased proportion of meningeal
PDPN + PDGFRa + PDGERP + fibroblastic reticular cells,
which express the LTBR and CXCL13 [42]. In patients
with secondary progressive multiple sclerosis (SPMS),
TLS have been identified in the meninges of approxi-
mately 40% of cases [6]. These structures contain B cell
follicles, T cell zones, and FDC networks, and are closely
associated with cortical pathology and the degree of dis-
ability. Studies have found a significant presence of acti-
vated Tfh1 cells in the cerebrospinal fluid (CSF) of MS
patients. These cells exhibit high migratory capacity,
enabling them to cross the blood-brain barrier and enter
the CNS. Tfh cells play a crucial role in the formation and
maintenance of TLS. Tfh1 cells in the CSF produce cyto-
kines such as IFN-y, which support the differentiation of
B cells into antibody-secreting cells (ASCs) and promote
the production of autoantibodies, playing an important
role in the pathological process of MS [43]. Additionally,
Tth cells show up-regulation of cytotoxic genes, such as
Granzyme A (GZMA), Granzyme H (GZMH), Granzyme
K (GZMK), and Perforin 1 (PRF1), suggesting that Tfh
cells may possess cytotoxic functions in MS [44]. This
evidence highlights that TLSs exacerbate the characteris-
tic autoreactive immune responses against CNS self-anti-
gens, underscoring their potential as therapeutic targets.

Autoimmune uveitis

In related studies on human samples, TLS were found
in approximately 20% of cases, with the uvea being the
primary ocular tissue affected by immune cell infiltra-
tion, while only sparse lymphocytes were visible in the
retina [45]. However, in mouse models of uveitis, TLS-
like structures are predominantly located in the retina.
This discrepancy may be related to differences in the
anatomical structure of the choroid between mice and
humans, or it may be associated with the chronicity of
the disease. In mouse models of uveitis, TLS-like struc-
tures are composed of Tfh, B cells, plasmablasts, plasma
cells, and antigen-presenting cells (APCs), with B cells
being the dominant population. The formation of TLS is
closely related to Th1 cell-driven immune responses. Th1l
cells play a central role in the disease by producing IFN-y.
IFN-y not only affects immune cells but also influences
Miiller glial cells in the retina. Miiller glial cells may act
as APCs and directly interact with CD4+ T cells, further
promoting local immune responses [46]. Interestingly,
in the early stages of the disease, the presence of TLS is
associated with lower clinical and histological disease
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scores and slower loss of visual function compared to ret-
inas without TLS. However, as TLS mature and the num-
ber of plasma cells increases, TLS become more diffuse
and disorganized, leading to accelerated visual function
loss and disease progression in mice [47]. This suggests
that TLS may not uniformly function to promote autoim-
mune diseases, and well-organized, functional TLS may
hold autoimmune attacks at bay.

Neuropsychiatric lupus erythematosus (NPSLE)

Systemic lupus erythematosus (SLE) is a complex auto-
immune disease that affects multiple organs. The mani-
festations of NPSLE are diverse, including cognitive
dysfunction, mood disorders, and more, but its patho-
genesis remains poorly understood. The choroid plexus
is an important immune interface in the CNS, respon-
sible for the production of CSF and serving as a gateway
for immune cells to enter the CNS under inflammatory
conditions. In mouse models, significant infiltration of B
cells and T cells is observed in the choroid plexus, form-
ing structures similar to TLS with germinal center GC
activity. The TLS in the choroid plexus are likely sites for
the local production of auto-antibodies, directly contrib-
uting to neuropsychiatric symptoms and driving the pro-
gression of NPSLE [48]. Additionally, it has been found
that choroid plexus epithelial cells transport lymphocytes
from the stroma into the ventricles through trans-epithe-
lial migration, further supporting the critical role of TLS
in NPSLE [49].

Tumour-associated lymphoid structures in glioma
Glioma

Glioma is the most common primary malignant tumour
of the CNS in adults, and of all gliomas, grade IV GBM
has the highest incidence and accounts for 50.1% of all
primary malignant CNS tumours. Despite various treat-
ment options, such as surgical resection, radiotherapy,
and chemotherapy, the survival time of GBM patients
remains short. Studies have shown that the median
overall survival (mOS) of GBM patients after diagnosis
is less than one year. The first-line treatment regimen
STUPP can extend the mOS to 16 months, and when
the STUPP regimen is combined with tumour treat-
ment fields (TTFs), the mOS increases to 20.9 months
[50, 51]. Immune checkpoint inhibitors (ICIs) have been
shown to be effective in several solid tumours, but GBM
patients have not benefited from this breakthrough [52].
Adjuvant a-PD-1 therapy has not yet been demonstrated
to be effective for gliomas, and neoadjuvant a-PD-1
therapy only slightly increases immune activation [53].
The main reason for this is that the effectiveness of ICIs
strictly depends on preexisting T-cell responses to the
tumour, but the TIME in the CNS lacks tumour antigen-
specific T cells. Therefore, a deeper understanding of the
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mechanisms underlying the involvement of TLSs in glio-
mas will be beneficial for the clinical application of gli-
oma immunotherapy.

The immune microenvironment of GBM

The immune microenvironment of GBM is highly com-
plex and plays a pivotal role in tumour progression,
response to therapy, and overall prognosis. According
to the degree of CTL infiltration, the tumour pheno-
type can be classified as an “immune-desert’, “immune-
excluded” or “immune-inflamed” phenotype. Tumours
with an immune-inflammatory phenotype are more
likely to respond to ICI treatment [54]. Despite the pres-
ence of immune cells such as TILs, macrophages, and
microglia [55], GBM tumours tend to establish an immu-
nosuppressive microenvironment that hampers effective
antitumour immune responses, resulting in an “immune-
desert” phenotype. This means that immune cells in the
GBM tumour microenvironment are unable to play an
effective immune role compared with immune cells in
other tumour types.

This immune escape is driven by numerous factors.
GBM induces systemic immunosuppression by down-
regulating sphingosine-1-phosphate receptor 1 (S1P1)
and isolating naive T cells in the bone marrow [56]. In
addition, blood flow during the neovascularization pro-
cess in GBM is slow and irregular, and many dysfunc-
tional microvessels develop. This results in a hypoxic
tumour microenvironment, which affects immune cell
function [57]. Many immunosuppressive cells, such as
tumour-associated macrophages and microglia, pro-
duce low levels of pro-inflammatory cytokines and lack
key molecules involved in T cell costimulation (CD86,
CD80, and CD40) [58]. Tregs are a subgroup of T cells.
GBMs can express indoleamine 2,3-dioxygenase 1
(IDO1), IL-10, C-C motif chemokine ligand 2 (CCL2)
and transforming growth factor f (TGF-f), which pro-
mote the expansion of Tregs in the TIME, leading to the
dysfunction and depletion of TILs [59]. Additionally, the
blood-brain barrier (BBB) poses a significant challenge
for immune cell infiltration and therapeutic intervention
[60]. Understanding the intricate interactions within the
GBM immune microenvironment is crucial for the devel-
opment of effective immunotherapies and treatment
strategies.

Characteristics of TLS formation in glioma

The formation of TLS in gliomas is limited by the unique
anatomical and immune environment of the central ner-
vous system, characterized by low frequency, immature
structure, and immunosuppressive cell infiltration, and is
therefore relatively rare in gliomas, in contrast to func-
tional TLS in other tumors. Although it is difficult for
circulating immune cells and antibodies in a static state
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to penetrate the BBB, when a danger signal is detected,
peripheral immune cells can cross the BBB and induce
a severe inflammatory response, providing the basis for
immunotherapy in brain tumours [60]. In GBM, due to
increased angiogenesis and the release of cytokines and
chemical mediators, the BBB is partially destroyed, and
consequently, its permeability is increased [61]. Specific
interactions between glioma cells and the vascular sys-
tem allow immune cells to extravasate and promote the
formation of TLSs at the tumour site. Moreover, some
of the processes involved in establishing an immunosup-
pressive microenvironment can be artificially reversed,
which may improve the immune microenvironment of
the CNS and increase the tumour response to immu-
notherapy. Therefore, TLSs are highly important in the
treatment of glioma.

The TLSs in mouse models of glioma are similar to
those found in peripheral tumours, but they are uniquely
encased within extracellular matrix molecules, such as
collagen and fibronectin, and exhibit an elongated mor-
phology (Fig. 2). In humans, TLSs are found mainly
in WHO grade II-IV gliomas. While it was previously
believed that TLSs are present only in the meningeal
region, recent studies have shown that TLSs can also
form within the white matter area near the tumour and
within the tumour tissue itself, and around the PNAd+
HEVs, suggesting that the mechanism of TLSs formation
in brain cancer may be different from that in autoim-
mune diseases [6].

In the past, the brain was considered an immune privi-
leged organ. However, recent studies have shown that
the brain is actually an active immune monitoring point
maintained by the meningeal lymphatic system and
that CNS antigens can be drained from the cerebrospi-
nal fluid into the cervical lymph nodes [62]. Specifically,
CSF enters the brain in the periarterial space, enters the
interstitium via aquaporin 4, and exits through the peri-
venous space into the deep cervical and lumbar lymph
nodes [63]. Immune cells can enter the CNS through
soft meningeal blood vessels and the highly vascular-
ized choroidal plexus from the subarachnoid space. The
meninges are rich in immune cells and contain postcap-
illary venules that support immune cell migration [64],
and immune responses in the CNS are typically initiated
in the meninges. This may explain why TLSs in the CNS
are more often found in the meninges or choroid plexus
than within the parenchyma. In the cortex, TLS usually
surrounds HEVs. The formation of HEVs is associated
with sustained immune responses and can be enhanced
by the depletion of Treg cells in peripheral tumours [65].
Therefore, the presence of HEVs may allow TLSs to form
outside the meninges. Another possibility is that cortical
TLSs are directly connected to meningeal tissue through
the Virchow—Robin space [66].
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Fig. 2 Location and morphology of TLSs in mouse glioma

Table 1 Key differences in TLSs between gliomas and peripheral

tumours
Features TLSs in gliomas TLSs in perpheral
tumours

Location Predominantly at Distributed in tumour
tumour margins/peritu-  core/stroma, often near
moral areas, influenced  vasculature
by BBB

Maturity Immature TLSs, poorly ~ More mature TLSs with
defined B cell/T cell GC and clear zoning
zones

Immune B cell and Treg domi- Balanced B cells, CD4+/

composition nance; fewer CD8+T CD8+T cells, DCs

cells

Functional role  Immunosuppressive Pro-inflammatory, sup-
ports antitumor immunity
Co-located with new
lymphatic vessels for cell
trafficking

ICls may enhance TLS-

mediated immunity

Lymphatic link  Lack of functional lym-
phatic vessels, rely on

perivascular spaces
Therapeutic Poor response to ICls

response

Thus far, it is unclear which cells initiate and maintain
the development of TLSs in the CNS. Research suggests
that in the formation of glioma, TLSs may be related to
stromal cells in the CNS, including fibroblasts, LECs,
blood endothelial cells, pericytes, and choroid plexus epi-
thelial cells, all of which are distinctly distributed in spe-
cific stromal niches [67]. However, the potential roles of
these stromal cells in the formation of glioma TLSs and
the mechanisms underlying these roles have not been
investigated.

In conclusion, TLS in gliomas exhibit marked differ-
ences compared to those in perpheral tumours (Table 1).
A thorough comparison of these distinctions not only
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enhances our understanding of the unique mechanisms
underlying TLS formation within the CNS but also paves
the way for novel therapeutic strategies aimed at induc-
ing TLS development.

Heterogeneity of TLSs in gliomas

The role of TLS in gliomas is relatively complex. Zhou et
al. used consensus cluster analysis of TLS gene expres-
sion profiles from the cancer genome atlas (TCGA) to
classify gliomas into three subtypes: A, B and C. Among
them, patients with the C subtype have a shorter survival
period, poorer prognosis, and are associated with malig-
nant features such as high-grade gliomas, isocitrate dehy-
drogenase (IDH) wild-type, and anaplastic glioma. At the
cellular level, gliomas of subtype C have a higher level of
immune invasion, especially the number of anti-tumor
immune cells such as B cells, T cells and natural killer
cells is significantly increased. However, there are also
more immunosuppressive cells in subtype C such as M2
macrophages, regulatory T cells, which may weaken the
anti-tumor effect of TLSs. In addition, subtype C shows
a higher sensitivity to multiple drugs, while subtype A is
more sensitive to certain medications, such as paclitaxel
[68]. This typing revealed the heterogeneity of TLSs in
gliomas.

It provides a new perspective on immunotherapy of gli-
omas. Although TLS has shown a good prognostic cor-
relation in a variety of cancers, in gliomas, its role may
be regulated by the immunosuppressive microenviron-
ment. Future research should focus on optimizing immu-
notherapy strategies by regulating the formation of TLSs,
especially its potential application in immunologically
“cold” tumors.
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TLSs in the clinical treatment of gliomas: applications and
limitations

Effects of radiotherapy and chemotherapy on glioma TLSs
Radiotherapy and chemotherapy are critical aspects of
standard treatments for gliomas. These therapies can
influence the TIME, including TLSs, in complex ways.
For example, the direct injection of chemotherapy drugs
into the GBM site can lead to tumour recurrence and
drug resistance. This approach fails to effectively target
the malignant cells infiltrating the tumour and does not
account for the inherent heterogeneity of the tumour
[69]. Radiotherapy also has an inhibitory effect on acti-
vated B cells and PCs [70]. Neoadjuvant therapy can
reduce the primary tumour load, induce a persistent anti-
tumour immune response, and eliminate small residual
disease, offering patients the ability to undergo surgery.
In a non-small cell lung cancer (NSCLC) study [71], neo-
adjuvant chemotherapy was associated with increased
infiltration of cytotoxic T cells and B cells and reduced
density of forkhead box P3 (FoxP3) cells, which indicates
a positive effect on TLS formation. However, research on
neoadjuvant therapy for gliomas is lacking. Understand-
ing the effects of these therapies on TLSs could help
guide the development of combined treatment strategies
that not only target tumour cells but also modulate the
immune environment to enhance therapeutic outcomes.

TLSs and immunotherapy in gliomas

The immunological significance of TLSs in gliomas is
multifaceted, as emerging evidence suggests both pro-
tumour and anti-tumour effects. TLS formation repre-
sents an attempt by the immune system to counteract
tumour growth, but the tumour microenvironment can
also exploit TLSs to promote tumour progression. The
presence of glioma-associated TLSs suggests that these
structures can serve as alternative sites for antigen pre-
sentation and T-cell activation. As TLSs are sites involved
in controlling tumour progression and generating cir-
culating immune cells, their TLS function does not rely
on programmed death-ligand 1 (PD-L1) expression [72],
thus, they show great promise as therapeutic targets.
Since the formation of TLSs is a dynamic process that
can be manipulated, this process provides an exciting
new target for enhancing the activation of tumour-reac-
tive T cells in gliomas.

Several studies have been conducted to provide poten-
tial targeted treatment strategies for gliomas by induc-
ing the formation of TLS. Dimberg et al. [17] found
that targeting vascular endothelial cells in the tumor
microenvironment can regulate the function of TLSs.
They selected LIGHT from a group of molecules associ-
ated with lymphocyte generation as the most promising
therapeutic candidate for GBM. The researchers used
an adeno-associated viral (AAV) vector targeting brain
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endothelial cells to express LIGHT (AAV-LIGHT) in
the glioma vasculature and reported that systemic AAV-
LIGHT treatment induced the formation of tumour-
associated HEVs and T-cell-rich TLSs, thereby extending
the survival of a-PD-1-resistant mice with gliomas. The
mechanism behind this effect is that AAV-LIGHT treat-
ment reduces T-cell exhaustion and promotes the gener-
ation of TCF1 + CD8 + stem cell-like T cells. By targeting
the vasculature to express LIGHT, the vascular pheno-
type is altered, which promotes effective anti-tumour
T-cell responses and extends the survival of glioma-bear-
ing mice (Fig. 3). Toll-like receptor (TLR) can recognise
pathogen-associated molecular patterns (PAMPs) and
are a crucial component of the immune system, pro-
tecting the host from pathogen infections. Additionally,
TLR serves as one of the links between innate immu-
nity and adaptive immunity [73]. Shen et al. [74] suc-
cessfully induced the formation of TLSs in the glioma
microenvironment via the intracranial injection of TLR
agonists and glioma antigens (a«-TLR-mix) into mice.
This approach increased lymphocyte infiltration into the
immune microenvironment and improved the prognosis
of the mice. During this process, certain macrophages/
microglia and Th17 cells express LTo and LTi cell mark-
ers, respectively, which promote TLS formation through
their interactions. Further analysis of the immune cell
components revealed that CD4+T cells play a more
critical role in anti-glioma immunity, while CD8 + T cells
also contribute significantly. In contrast, CD19+B cells
did not exhibit a notable anti-tumour effect. However,
B cells were found to be located within or around TLSs
and were almost entirely absent in normal brain samples,
suggesting their potential as a target for investigating
the function of TLSs in the glioma microenvironment.
Clinical studies demonstrated that a-TLR-mix treatment
was well-tolerated in patients with recurrent GBM and
significantly prolonged progression-free survival (PES)
and OS compared to the control group. Human cyto-
megalovirus (HCMV) immediate early protein 1 (IE1)
is highly expressed in GBM tissues and is closely associ-
ated with the malignant progression of the tumour [75].
Yang et al. [76] developed a therapeutic vaccine target-
ing HCMV IE1 and its mutant form, IE1mut, and con-
ducted experiments in mouse glioma models. The results
demonstrated that the IE1/IE1mut vaccine significantly
reduced tumour size and improved the survival rate of
the mice. The vaccine functions by promoting the for-
mation of TLSs within the tumour and activating the
peripheral immune system. A large number of proliferat-
ing T cells were observed in the treated group, with CTLs
partially polarising into effector memory T cells and
being activated in peripheral immune organs. B cells in
the draining lymph nodes also exhibited high expression
of CD40 and CDB86. Furthermore, the IE1mut vaccine,
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Fig.3 AAV-LIGHT treatment for GBM

while reducing the potential toxicity of IE1, retained the
same immunotherapeutic efficacy as IE1. These findings
not only reveal the key role of TLS in the glioma immune
microenvironment, but also provide an important theo-
retical basis for the future development of TLS-based
induction immunotherapy strategies with important clin-
ical translational potential.

In addition to ongoing experiments, some researchers
have innovatively proposed combining inducible tertiary
lymphoid structures (iTLS) with chimeric antigen recep-
tor T (CAR-T) cells and stimulator of interferon genes
(STING) agonists, providing new insights for the immu-
notherapy of GBM (Fig. 4) [77]. CAR-T cells directly kill
tumor cells by recognizing tumor-associated antigens
(TAA), but their persistence and efficacy in solid tumors
are limited by the tumor microenvironment [78]. By
locally delivering CAR-T cells and combining them with
the formation of TLS, the infiltration and activation of T
cells can be enhanced, thereby overcoming the immuno-
suppressive tumor microenvironment. STING agonists
further amplify the anti-tumor immune response by acti-
vating the type I interferon pathway [79]. Additionally,
glioma stem cells (GSCs), which are the primary source
of tumor recurrence and drug resistance [80], have also
been incorporated into local immunotherapy strategies.
By targeting GSCs, CAR-T cells can more effectively
eliminate tumor cells and reduce the risk of recurrence.
To efficiently deliver these immunotherapeutic com-
ponents to the tumor site, biodegradable scaffolds have

emerged as an ideal carrier. Scaffolds not only provide
structural support but also enable controlled release of
immunotherapeutic agents, maintaining a high local
drug concentration and thereby enhancing therapeu-
tic efficacy [81]. This innovative approach can induce
TLS formation through the injection or implantation of
biomaterials after tumor resection, helping to control
residual disease and prevent recurrence. Despite the sig-
nificant potential of iTLS in GBM treatment, its clinical
application still faces numerous challenges. First, the bio-
compatibility and degradability of scaffold materials need
further optimization to avoid foreign body reactions
(FBR) and immune rejection [81]. Second, the formation
and function of iTLS are influenced by various factors
in the tumour microenvironment, such as inflammatory
factors, stromal cells, and angiogenesis, necessitating in-
depth research into how these factors affect iTLS. Addi-
tionally, the long-term safety and potential side effects of
iTLS need to be evaluated in clinical trials. With a deeper
understanding of the mechanisms underlying TLS for-
mation and immune regulation, iTLS holds promise as a
crucial tool in GBM immunotherapy, offering new hope
for patients.

CD40L (CD40 ligand, CD154) is expressed by acti-
vated CD4+T cells and binds to CD40 on DCs and B
cells, driving DC maturation, B cell activation, and anti-
body production [82]. As localised immunological hubs,
TLSs are enriched with CD40+APCs and CD40L+T
cells. Elevated CD40 expression correlates with enhanced
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responses to ICI, positioning it as a potential predictive
biomarker for immunotherapy efficacy [83, 84]. Immu-
nostimulatory agonistic CD40 antibodies («CD40) are
currently under clinical development and have broad
immunostimulatory effects, being used in the treat-
ment of many solid tumors, but they have not yet been
evaluated for gliomas [85]. Preclinical glioma mod-
els have shown that systemic administration of «CD40
leads to the development of TLS near meningeal tissue.
By stimulating B cells to up-regulate LTa expression,
aCD40 promotes the formation of TLS. Additionally,
aCD40 can increase T cell infiltration, but these T cells
are hypo-functional and exhibit reduced responsiveness
to immune checkpoint inhibitors. Analysis has revealed
that these phenomena are associated with the expan-
sion of suppressive CD11b+B cells, which may inhibit
T cell responses through cell-to-cell interactions. Fur-
ther research has found that the expression of CD11b
is not directly induced by aCD40 stimulation of B cells
but is instead related to a systemic increase in IL-10
[86]. A recent study demonstrated that 4-1BBL+B cells
activated in vitro with aCD40 and IFN-y elicited anti-
tumor immunity in glioma-bearing mice [87]. This sug-
gests that by activating B cells ex vivo, it is possible to
bypass the up-regulation of CD11b while enhancing anti-
tumor immune responses. In summary, the pleiotropic
effects of aCD40 therapy in gliomas highlight the need
for further research to explore the importance of TLS in
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immunotherapy responses and how to modulate TLS to
either enhance or suppress immune reactions.

It is also important to note that strong immune activa-
tion within the central nervous system during immuno-
therapy is associated with certain risks, including edema
and autoimmune reactions [6]. CNS oedema, which is
constrained by the skull, can have destructive effects,
such as increasing intracranial pressure, impairing func-
tion, and even causing death. Additionally, immune ther-
apies targeting TLSs formed in the meninges may lead to
the local activation of autoreactive lymphocytes, which
can attack normal neural tissue, similar to MS [88]. Cor-
ticosteroids can be used to alleviate symptoms of CNS
oedema and autoimmune attacks, but they may also
suppress the effectiveness of immunotherapy and TLS
formation. Studies have shown that the use of dexameth-
asone in GBM patients receiving ICI therapy is associ-
ated with a shorter survival time [89]. Therefore, caution
should be exercised when combining corticosteroid treat-
ment with immunotherapy, as it may counteract TLS for-
mation and reduce anti-tumour immune responses.

Breakthroughs and future perspectives of TLSs in glioma
immunotherapy

Many methods for local GBM treatment have been
studied. However, due to the immune-suppressive
tumour microenvironment and complex immune escape
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mechanisms in GBM, these treatments have either shown
limited effectiveness or have been unsuccessful.

The discovery of TLSs in glioma is highly significant.
Future research should focus on several issues to maxi-
mize the potential of local immunotherapy methods and
to overcome the limitations of existing technologies.
First, more research is needed to improve the under-
standing of the complex interplay between TLS-related
immune responses in the GBM microenvironment.
For example, what factors influence TLS formation and
dynamic development in tumours, how can the composi-
tion, function, commonality and characteristics of TLSs
in different cancers be comprehensively characterized,
and are TLSs the cause or effect of tumour immunity?
Second, the composition of the biomaterials that induce
TLS formation should be optimized, and long-term
safety and possible negative effects should be monitored
to achieve better therapeutic outcomes. In addition,
research that focuses on other therapeutic modalities,
such as the combination of conventional drugs or novel
immunomodulatory drugs, can improve the efficacy of
treatment and overcome possible drug resistance mecha-
nisms to reduce the risk of intracranial oedema and auto-
immune diseases.

As more data emerge, the value of TLSs as therapeutic
targets will become clearer. The integration of TLSs into
routine clinical practice could usher in a new era of preci-
sion medicine for glioma immunotherapy.

Conclusions

TLSs in gliomas are an intriguing component of the
tumour microenvironment and play a complex role in
regulating immune responses against tumours. While
TLSs have the potential to enhance anti-tumour immu-
nity, they can also contribute to immune suppression
and tumour progression. The study of TLSs in gliomas
holds promise for the development of novel therapeutic
strategies aimed at modulating the immune response to
improve patient outcomes. However, further research is
needed to fully understand the dynamics of TLSs in glio-
mas and their potential as therapeutic targets.
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