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Abstract
Meningiomas, the most common tumors of the central nervous system (CNS), present significant challenges in treatment, parti-
cularly for atypical and anaplastic subtypes where standard therapies often fall short of therapeutic expectations. Chimeric antigen
receptor (CAR) T-cell therapy, a groundbreaking immunotherapy approach, has demonstrated great success in hematological
malignancies but faces obstacles in solid tumors, including CNS tumors like glioblastomas. This article provides a comprehensive
review of the efficacy of CAR-T therapy in meningiomas, highlighting the tumor’s immunogenic potential and the challenges
associated with applying this therapy in clinical practice. Through an extensive literature review, the study explores potential antigens
for CAR-T targeting in meningiomas, shedding light on the tumor-immunemicroenvironment interactions. Challenges such as tumor
heterogeneity, blood-brain barrier penetration, off-target effects, and tumor recurrence are discussed, alongside potential strategies
to overcome these obstacles. The study also investigates recent advancements in CAR-T therapy, including the identification of
novel target antigens and the development of engineering approaches to enhance therapeutic efficacy. Furthermore, the article
highlights the importance of ongoing research efforts in exploring the tumor-immune dynamics in meningiomas and underscores the
urgent need for clinical trials to validate the safety and efficacy of CAR-T therapy in this context. By addressing these challenges,
CAR-T therapy holds the promise of revolutionizing meningioma treatment, offering new hope for patients suffering from this
disease.
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Introduction

Meningiomas are the most common tumors of the central ner-
vous system (CNS), accounting for approximately one-third of all
primary intracranial adult tumors. However, they are rare in
children and adolescents[1]. Meningiomas are more prevalent in
females, with a female-to-male ratio of 2-4:1. The annual inci-
dence of meningiomas increases with age[2] and is highest among

Caucasian populations. Interestingly, being of African American
descent is an independent risk factor for tumor relapse[3]. The
majority of meningiomas (80–90%) are benign and are typically
cured by either surgery or radiotherapy. Conversely, the less
common atypical and anaplastic meningioma subtypes are
malignant, and the traditional treatment modalities of surgery,
radiotherapy, or chemotherapy are often ineffective[4]. Hence,
there is an urgent need to explore new strategies to address the
limitations in the treatment of these aggressive meningioma
variants.

HIGHLIGHTS

• Chimeric antigen receptor (CAR) T-cell therapy, a ground-
breaking immunotherapy modality, has shown great suc-
cess in hematological malignancies but faces some
challenges in solid tumors, including CNS tumors like
glioblastomas.

• This article provides a comprehensive review of the efficacy
of CAR-T therapy in meningiomas, highlighting the
tumor’s immunogenic potential and the challenges asso-
ciated with applying CAR-T therapy in clinical practice.

• Through a comprehensive literature review, potential
antigens for CAR-T targeting in meningiomas are
explored, shedding light on the tumor-immune microen-
vironment interactions.
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Chimeric antigen receptor (CAR) T-cell therapy is a revolu-
tionary form of cellular immunotherapy that involves extracting
T cells from a patient’s blood, engineering these T cells to express
synthetic antigen receptors, and then infusing the modified T cells
to target tumor antigens[5]. CAR-T-cell therapy has achieved
remarkable success in the treatment of hematological
malignancies[6]. However, the application of CAR-T therapy in
solid tumors, including intracranial tumors, has faced unique
challenges. The success of CAR-T-cell therapy in solid tumors,
such as mesothelioma[7], breast[8], prostate[9], and ovarian
cancers[10], has spurred interest in applying this technology to
solid tumors, including meningioma. The hostile tumor micro-
environment and the heterogeneous antigen expression patterns
of solid tumors represent significant obstacles for effective CAR-T
therapy[11]. While numerous clinical trials have been conducted
to assess the efficacy of CAR-T-cell therapy in the treatment of
glioblastoma multiforme, the benefits of this modality have been
limited[12]. Further challenges faced by CAR-T therapy in solid
tumors are the dense structure of the tumors, making the infil-
tration and penetration an obstacle[13]. Various engineering
challenges were also found as obstacles in solid tumors, as
designing T cells with optimized structures for different tumors is
a time and energy-consuming task[14]. Furthermore, safety was a
concern where potential off-targets by the CAR-T therapy may
constitute healthy tissues and get damaged, leading to adverse
and unwanted effects[15].

Our study aims to investigate the feasibility and efficacy of
CAR-T-cell therapy in the treatment of meningiomas. Through a
comprehensive review of the literature, we explore the potential
antigens for CAR-T-cell targeting in meningiomas and the chal-
lenges associated with implementing this therapy in meningioma
patients. By shedding light on the therapeutic potential of CAR-
T-cell therapy in meningiomas, our study contributes to the body
of literature aimed at enhancing the management of these chal-
lenging tumors.

Methods

A comprehensive literature search was conducted on PubMed/
MEDLINE using the MeSH keywords “CAR T cell”, “menin-
gioma”, “chimeric antigen receptor”, and “t-cell”. All relevant
English-language studies, including original articles, case reports,
clinical trials, systematic reviews, and meta-analyses, were
included in our review. However, gray literature, posters,
abstracts, non-peer-reviewed articles, non-English articles, and
articles without full-text availability were excluded from the
analysis. The efficacy and challenges of CAR-T-cell therapy in
meningiomas were evaluated through a qualitative synthesis of
relevant studies, categorized by focus. Key information on
mechanisms, target antigens, outcomes, and challenges was
analyzed to identify common themes and gaps. This provided a
comprehensive overview of the current state of CAR-T-cell
therapy in meningiomas and highlighted areas needing further
research.

T-cell profile of meningioma

For patients with metastatic cancer, tumor immunotherapy is a
potentially effective treatment approach. T cells have been shown
to be essential for cancer immunotherapy, as they are important
mediators of anti-tumor action, specifically identifying and

responding to antigens expressed by tumors. However, T cells do
not combat cancer as effectively as one might anticipate. This is
partially due to the fact that T cells eventually reach a dysfunc-
tional or fatigued state, which is distinguished from functioning
effector or memory T cells by the prolonged expression of inhi-
bitory receptors and a different transcriptional state.

Tumors that grow out of control are often caused by this T-cell
malfunction. T-cell dysfunction has been extensively studied in a
variety of clinical and experimental contexts. Despite this, pro-
gress has been made in understanding the molecular definition of
T-cell malfunction and its underlying causes. This review will
cover the development of prospective immunotherapies to block
the processes of tumor-induced T-cell dysfunction, along with
current developments in the molecular mechanisms affecting the
TME and causing T-cell dysfunction. Gaining further insight into
these fundamental processes could result in the development of
fresh approaches to enhance the clinical outcomes for cancer
patients[16].

Meningiomas are the most common primary cerebral tumors.
While surgery and/or radiation therapy can manage the majority
of symptomatic cases, a significant proportion of patients have an
unfavorable clinical course, necessitating the need for additional
therapeutic alternatives. Meningiomas may be an accessible tar-
get for immunotherapy since they are frequently perfused by
dural branches of the external carotid artery, which are situated
outside the blood-brain barrier. However, it is unknown how
many naturally occurring tumor antigens are present in
meningioma.

This study offers a T-cell antigen atlas for meningioma using
detailed LC-MS/MS profiling of the naturally occurring immu-
nopeptidome. A comprehensive immunopeptidome data collec-
tion of normal tissues was used to inform the comparative
technique that was used to determine candidate target antigens.
The authors describe HLA class I and II meningioma-exclusive
antigens and further characterize the immunogenicity of top-
ranking targets through in-vitro T-cell priming experiments. This
atlas of meningioma T-cell antigens will be made freely available
to support future research on potential meningioma immu-
notherapy strategies[17].

According to the WHO categorization, there are three distinct
grades of malignancy in meningiomas. Radiation therapy is
typically reserved for certain instances with unfavorable clinical
behavior or higher-grade histological and molecular character-
istics. Surgery remains the cornerstone of treatment for sympto-
matic meningiomas. Other systemic therapy approaches are still
in the experimental stage, despite recent progress in the molecular
understanding of meningiomas and the introduction of con-
temporary diagnostic techniques like next-generation sequencing
and DNAmethylation profiling. These methods have only shown
limited success thus far, leading to the lack of a clear standard of
care. Effective therapeutic alternatives are still desperately needed
formeningiomas that are resistant to radiation and surgery. T-cell
immunotherapy has shown promise in treating other tumor
types, suggesting that meningiomas may also benefit from this
approach. Moreover, meningiomas are supplied by vascular
branches of the external carotid artery, which are more accessible
to immune cell infiltration as they are not blocked by the blood-
brain barrier. However, little is known about the landscape of
relevant T-cell antigens in meningiomas that could serve as the
basis for antigen-specific immunotherapy[17].
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One of the most prevalent adult CNS neoplasms is meningio-
mas, which are brain tumors that develop from the meninges
around the brain and spinal cord. Despite being slow-growing,
non-malignant grade I tumors according to the WHO, 80% of
meningiomas can nevertheless be harmful if they have a mass
effect on nearby structures. Surgical excision of the entire tumor
can often result in favorable outcomes for those WHO grade I
tumors. On the other hand, WHO classifications II and III of
atypical meningiomas have the potential to be more catastrophic.
Patients with grade II and grade III tumors have 5-year survival
rates of 78.5% and 44%, respectively, and corresponding 10-
year survival rates of 53.3% and 14.2%, despite receiving opti-
mal management, which includes surgical excision and radiation
therapy.

Meningiomas have complex interactions with the immune
system that present significant challenges for effective treatment.
The tumor microenvironment of meningiomas is often highly
immunosuppressive, with the presence of various immunosup-
pressive factors and cells[18]. Additionally, the blood-brain bar-
rier (BBB) surrounding meningiomas acts as a major obstacle,
limiting the penetration and efficacy of many therapeutic agents,
including immunotherapies[19].

The BBB is a highly selective barrier that tightly regulates the
transport of molecules between the bloodstream and the CNS.
This barrier plays a crucial role in maintaining homeostasis and
protecting the delicate brain tissue[20]. However, in the context of
meningiomas, the BBB can present a significant challenge for
therapeutic interventions[19]. Meningiomas, unlike many other
brain tumors, are not confined by the BBB, which allows per-
ipheral immune cells to infiltrate the tumor microenvironment
more readily. Nevertheless, the BBB can still limit the penetration
of certain therapeutics, particularly large molecules like mono-
clonal antibodies, into the CNS. The restricted access of these
therapeutic agents to the tumor site can hinder their ability to
exert their intended anti-tumor effects[19].

This challenge posed by the BBB highlights the need for novel
delivery strategies or the development of smaller, more BBB-
permeable therapeutic agents to overcome this barrier and
improve the efficacy of immunotherapies and other targeted
treatments for meningiomas.

In addition to the barrier presented by the BBB, the tumor
microenvironment of meningiomas can also be highly immuno-
suppressive, further complicating the treatment of these tumors.
In meningiomas, a significant fraction of the cells in the tumor
microenvironment are immune cells with CD45+ status. Despite
the presence of immune cells, including natural killer (NK) cells,
myeloid cells, and CD3+ T cells (predominantly CD8+ cells) in
the meningioma microenvironment, the tumor actively sup-
presses the anti-tumor immune response[21]. One mechanism by
which meningiomas create an immunosuppressive environment
is through the recruitment of regulatory T cells (Tregs), which can
inhibit the anti-tumor immune response and foster an immuno-
suppressive landscape.

Meningiomas also secrete immunosuppressive factors, such as
transforming growth factor-beta (TGF-β), which can directly
suppress the activity of effector immune cells, such as cytotoxic T
cells and NK cells, further hindering the anti-tumor immune
response[22]. Furthermore, meningiomas can upregulate the
expression of immune checkpoint proteins, like programmed
death-ligand 1 (PD-L1), which can induce an inhibitory signal

that leads to T-cell exhaustion and the suppression of the anti-
tumor immune response[23].

Numerous studies on non-CNS tumors, including melanoma,
lung cancer, ovarian cancer, and colon cancer, have shown that
the presence and distribution of infiltrating lymphocytes can play
a significant role in predicting clinical outcomes. It has been
proposed that the patterns and types of these infiltrating lym-
phocytes may serve as more potent prognostic markers than the
pathological criteria for oncogene expression or tumor stage that
were previously employed. For instance, long-term survival is
frequently associated with a high ratio of regulatory T cells (Treg)
to tumor-infiltrating CD8+ cells. On the other hand, rapidly
expanding tumors can also have a strong T-cell response and
antibody production, suggesting that an immunological response
does not always translate into immune protection. The interac-
tion between the immune system and tumors is complex, and the
outcome cannot be predicted based solely on the size of
the tumor.

These mechanisms employed by meningiomas to create an
immunosuppressive microenvironment represent significant
challenges in harnessing the immune system for effective anti-
tumor responses. Overcoming this immunosuppressive environ-
ment is crucial for developing successful immunotherapeutic
strategies against meningiomas.

Meningiomas can include varying amounts of T cells, B cells,
plasma cells, and macrophages within their immune cell infil-
trates. While the descriptive presence of these immune cells in
meningiomas has been clearly defined, many of their properties
remain unclear. One of the first steps towards understanding their
significance in tumor biology is determining whether such cells
exhibit fatigued phenotypes, have differentiated into activated
effector cells, or demonstrate antigen experience. In the current
work, we began elucidating the function of the immune cells that
comprise the tumor parenchyma in meningiomas[21].

The analysis revealed that meningiomas contained populations
of immune checkpoint marker-expressing cells, including PD-1
and Tim-3-positive T cells, regulatory T cells, and antigen-
experienced CD4+ and CD8+ memory/effector T cells, all of
which were suggestive of an exhausted immunological state.
These phenotypes were significantly enriched compared to their
frequency in the circulation. Moreover, there were distinct T-cell
populations present within the tumor microenvironment that
were not found in the matched peripheral blood samples[24].

The B cell populations identifiedwere frequently from the post-
germinal center, and were consistently present in the tumor
microenvironment of meningiomas. Additionally, a specific,
antigen-experienced effector T-cell population that was enriched
in cells expressing hallmarks of an exhausted phenotype was
consistently observed in these tumors[24].

The importance of the tumor microenvironment (TME) in the
pathogenesis of various cancers has become increasingly appar-
ent. However, the TME in meningiomas is poorly understood,
and it is uncertain whether glial cells play a role in the develop-
ment and behavior of these tumors. This scoping review examines
the available data on the involvement of the brain parenchyma
in the pathophysiology of meningiomas and investigates whether
the literature supports tumor-brain crosstalk in meningiomas[25].

The most prevalent immune cell type found to infiltrate
meningiomas was monocytes. Notably, a monocytic response
was only observed at the tumor-brain interface in brain-invasive
meningiomas. Substantial research has been conducted on the
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production of cytokines and chemokines in meningiomas, with
some of these factors creating autocrine loops within the cancer
cells. However, how glial cells and cancer cells communicate
paracrinally remains unexplored. In conclusion, the extent to
which meningiomas trigger an immune response in the brain
parenchyma is unknown. It is hypothesized that tumor-brain
interaction may only be significant when invasive meningiomas
cause damage to the pial-glial basement membrane[25].

Non-neoplastic inflammatory cells, primarily macrophages
with minor proportions of T- and B-lymphocytes, plasma cells,
and mast cells, can comprise up to 24% of all cells in meningio-
mas. There is evidence that the meningioma lymphocytic infil-
tration is antigen-experienced and may partially reflect
underlying molecular changes. The relationship between menin-
gioma tumor-infiltrating lymphocyte (TIL) density and WHO
grade is inconclusive. It has been documented that atypical and
anaplastic meningiomas express PD-L1 and have decreased
CD4+ and CD8+ TIL density along with elevated FOXP3 +
TILs. Conversely, other studies have shown elevated CD3+ TILs
in meningioma grades above grade I. Despite these findings, few
studies have examined TIL density in a large meningioma cohort
to assess variations in TIL density according to meningioma
histology and its potential predictive value. The purpose of this
study was to determine whether the density of any of these TIL
subgroups predicts recurrence and how the staining density of
TILs for CD3, CD8, CD4, FOXP3, and PD-1 varies by menin-
gioma histology[22].

The figure (Fig. 1) provides a comprehensive illustration of the
key aspects discussed. Panel A shows the anatomical location of a
meningioma situated in the meninges, pushing against the cere-
bral cortex. Panel B depicts the meningioma tumor micro-
environment, illustrating the interaction between meningioma
cells, CD45+ lymphocytes, and CAR-T cells, along with other
cell types such as B cells, plasma cells, macrophages, and mono-
cytes. The infiltration of CAR-T cells into the tumor site is also
illustrated. Panel C highlights the known antigens that could
potentially be used as targets for CAR-T-cell therapy, with an
inset diagram showing a chimeric antigen receptor (CAR) inter-
acting with a target antigen on a meningioma cell.

Current challenges and limitations

Hematological cancers can now be effectively treated using chi-
meric antigen receptor T-cell (CAR-T) therapy. The FDA
approved Novartis’ Kymriah (CAR-T cells that target CD19) in
August 2017, signaling the actual clinical introduction of CAR-T-
cell therapy and positioning it as a promising technique for
treating tumors. The Food and Drug Administration (FDA)
authorized Yescarta, the second CAR-T-cell treatment in history,
in October 2017. The introduction of these products has brought
widespread attention to CAR-T-cell treatment.

Although CAR-T-cell therapy has shown great promise in the
treatment of tumors, there are still several clinical challenges,
including high rates of tumor recurrence, poor therapeutic effi-
cacy in solid tumors, and cytokine release syndrome (CRS).
Currently, there is a strong focus on addressing the toxicity and
side effects of CAR-T therapy, leading to research into estab-
lishing better management strategies.

Advances in understanding the treatment and ongoing opti-
mization of therapeutic regimens have helped to somewhat
manage the toxicity and side effects of CAR-T therapy. This study

aims to provide physicians and scientists with a foundational
reference for managing CAR-T therapy in clinical practice and
CAR-T therapy research, by analyzing the recent issues with the
clinical application of CAR-T therapy and introducing corre-
sponding strategies[26].

Selecting the appropriate antigen for CAR-T treatment is a
major challenge, as the majority of antigens found in tumor cells
are also present in healthy human cells[26]. This lack of tumor-
specific antigen targets presents a significant obstacle in devel-
oping effective and safe CAR-T therapies.

Notwithstanding the ongoing advancements in CAR-T ther-
apy, a number of issues with its underlying science and clinical use
remain unresolved and require immediate attention. These
include the several adverse effects associated with cytokine
release syndrome (CRS) and the inadequate therapeutic efficacy
in solid tumors. The ongoing advancements in site-specific gen-
ome editing and cell engineering, however, hold promise to
increase the safety and efficacy of CAR-T therapy, potentially
expanding its clinical use in the treatment of diverse tumor
types[26].

The concept of creating a customized immune response to
cancer has advanced from theory to practice within the past ten
years. Using the patient’s own immune cells, CAR-T-cell treat-
ments have proved revolutionary for certain forms of aggressive
leukemias and other blood malignancies. They have even been
able to cure some patients whose cancer returned despite receiv-
ing numerous prior therapies. For most people, however, CAR-T
cells do not yet result in long-term survival. Furthermore, it has
been challenging to transition from treating blood malignancies
to treating solid tumors like lung, colorectal, or pancreatic cancer.
When immune cells target solid tumors, they encounter various
obstacles, including competition from other cells for limited
nutrients, an environment full of chemicals that might disarm or
inhibit immune cells, and eventually a decreased capacity to kill
other cells—a phenomenon commonly referred to as
exhaustion[27].

The FDA has approved six CAR-T-cell treatments since 2017,
all of which are used to treat blood malignancies[27]. This rapid
regulatory approval highlights the transformative potential of
this novel cancer therapy.

The first trial of CAR-T-cell therapy was published in 2010 by
an NCI research team. They described a single patient with
advanced lymphoma whose disease “underwent a dramatic
regression” as a result of the treatment. When CAR-T-cell ther-
apy was used to treat a patient with an advanced form of leuke-
mia the next year, researchers from the University of
Pennsylvania reported a similar outcome. The FDA authorized
the first two CAR-T-cell therapies in less than seven years, and
with a third clearance anticipated later this year, research teams
worldwide are working quickly to develop additional CAR-T-cell
therapies. These cancer treatments have captivated the interest of
the general public and researchers, and for good reason.

The appeal of CAR-T-cell therapy is partially due to the
amazing manner in which it can completely eradicate cancer in
certain patients who have advanced blood malignancies. It’s also
because the source of the therapy is the patient’s own blood,
which must be transformed through an extremely intricate
manufacturing process into the treatment that is ultimately given
back to the patient. This personalized, autologous approach sets
CAR-T-cell therapy apart from the majority of other cancer
therapies. As Anthony Welch, Ph.D., a project officer in the
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Figure 1. This figure reflects the various components and considerations involved in CAR-T-cell therapy for meningioma. The bottom-left section (A) provides an
anatomical illustration of a meningioma situated in the meninges, pushing against the cerebral cortex. The illustration shows the tumor’s position relative to the
scalp, bone, and brain tissue, to illustrate the location. The top-left section (B) shows themeningioma tumoral microenvironment, illustrating the interaction between
meningioma cells, CD45+ lymphocytes, and CAR-T cells. Other cell types present include B cells, plasma cells, macrophages, and monocytes. The infiltration of
CAR-T cells into the tumor site is illustrated by the blue cells inside the vascular lumen. The right section (C) illustrates the known antigens that could potentially be
used as targets for CAR-T-cell therapy. The inset diagram shows a chimeric antigen receptor (CAR) interacting with a target antigen on a meningioma cell. The
bottom-right section (D) compares the current limitations of CAR-T-cell therapy in meningioma treatment. The challenges are categorized into efficacy, cellular,
tumoral, and safety implications.
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Division of Cancer Treatment and Diagnosis (DCTD) at the
National Cancer Institute (NCI), aptly stated, “the process is the
product with CAR-T cells.” However, this process is also costly,
intricate, and heavily regulated, presenting significant challenges
in the development and deployment of this innovative therapy[28].

One promising approach for treating solid tumors is CAR-T-
cell therapy. To target cancer cells specifically while preserving
normal tissues and minimizing on-target/off-tumor damage, tar-
get antigen (TA) selection is crucial. In clinical trials, the use of
CAR-T cells alone to treat different types of solid tumors has
shown to be largely ineffective, mostly due to immune escape.
While further research is needed to optimize CAR-T-cell treat-
ment for solid tumors, combinatorial techniques with che-
motherapy, radiation, and other immunotherapies show promise
in overcoming the limits of the immunosuppressive TME[29].

It is evident that CAR-T-cell therapy is highly effective against
hematological malignancies, marking a significant advancement
in the management of these diseases. Future developments in
lowering the toxicity profile of CAR-T-cell therapy, in addition to
enhancements in response rate, remission persistence, and pre-
venting CAR-T-cell exhaustion, will serve as a catalyst for
increased application in order to significantly improve patient
prognosis[29].

The current research into CAR-T-cell therapy for meningio-
mas is undoubtedly promising, but it is also beset by several
significant limitations that must be addressed. A primary chal-
lenge lies in the inherent heterogeneity of meningioma tumors,
which exhibit variable expression of potential target antigens.
This diversity complicates the identification of universal antigens
that are consistently expressed across all meningioma subtypes,
thereby impeding the development of broadly effective therapies.

Additionally, the immunosuppressive tumor microenviron-
ment of meningiomas, coupled with the restrictive nature of the
BBB, presents obstacles to the effective trafficking and infiltration
of CAR-T cells into the tumor site. This further complicates the
achievement of optimal treatment efficacy.

Moreover, the potential for off-target effects and toxicity poses
a considerable risk. Many proposed target antigens for menin-
giomas are also present on normal tissues, increasing the like-
lihood of CAR-T cells attacking healthy cells and causing severe
adverse events. Therefore, rigorous preclinical testing and target
selection are essential to mitigate this risk. Another critical con-
cern is the long-term durability of CAR-T-cell responses in
meningiomas. Tumor recurrence remains a significant challenge,
necessitating the exploration of strategies to prevent CAR-T-cell
exhaustion and maintain their therapeutic persistence.

Despite these challenges, the preclinical evidence supporting
the therapeutic potential of CAR-T-cell therapy in meningiomas
is compelling. The discovery of novel target antigens and the
development of enhanced CAR constructs offer promising ave-
nues for improving both the efficacy and safety of this innovative
approach.

The figure provided (Panel D) compares the current limitations
of CAR-T-cell therapy in the treatment of meningioma. The
challenges are categorized into four main areas: efficacy, cellular,
tumoral, and safety implications. These limitations highlight the
need for further optimization of CAR-T-cell therapy to overcome
the unique barriers posed by solid tumors, such as the immuno-
suppressive TME, tumor heterogeneity, and off-target effects.

Future directions

The application of CAR-T therapy to solid tumors is still limited
by various factors, including target antigen heterogeneity, poor
trafficking, and a hostile tumor microenvironment[30].

The key factor affecting the efficacy of CAR-T therapy is the
identification of truly tumor-specific target antigens. Among the
antigens investigated, B7-H3 (CD276) was the only antigen
found to be highly and homogeneously expressed on tumor cells
in a first-in-human study evaluating the bioactivity and safety of
B7-H3-targeted CAR-T cells for treating recurrent anaplastic
meningioma[31]. However, despite observing a slower local
tumor growth, the patient ultimately died after three treatment
cycles due to a pulmonary embolism following surgical excision
of the rapidly growing distal tumor.

Several factors may have contributed to the limited response
observed in this study. To overcome antigen escape relapse, the
combination of B7-H3 with another tumor-specific antigen in the
CAR design may yield more lasting clinical effects. Additionally,
the relatively low infusion dose (maximum dose: 1.5× 107 cells)
used in this study was lower compared to the doses employed in
other successful clinical reports of CAR-T therapy. Furthermore,
the route of administration, as intravenous infusion, may have
impacted the trafficking and localization of the CAR-T cells to the
tumor site, another key obstacle that requires further
optimization.

CAR-T-cell therapy represents a new and promising class of
cancer treatments, but it is not without its limitations.
Researchers are actively exploring ways to engineer CAR-T cells
to be safer and more effective using synthetic biology and gene-
editing technologies.

While these advanced engineering approaches hold great
promise, they also come with increased complexity and potential
risks[32]. For example, the viral transduction methods and gene-
editing tools used to modify T cells can carry the danger of off-
target disruption of genes, which can have unintended con-
sequences. However, as the field of adoptive cell transfer con-
tinues to mature, researchers are becoming more comfortable
with managing these risks.

An additional challenge is the high cost associated with CAR-
T-cell manufacturing, particularly the production of clinical-
grade retroviruses. Novel engineering methods, such as the use of
non-viral vectors, may help to reduce manufacturing costs and
improve the affordability of these transformative therapies[10].

Beyond the challenges with CAR-T-cell therapy for solid
tumors like meningioma, recent research has identified a pro-
mising T-cell antigen atlas for this disease. A 2023 study has
identified several frequently presented meningioma-associated
antigens, includingNMNA2, PRSS35, A4GALT, FBN2, SNED1,
WNT5A, TBX15/18, and OSR1. While the biological roles of
most of these newly discovered candidate antigens inmeningioma
or other tumor types are not yet fully understood, a few, such as
NMNA2 and WNT5A, are known to promote cancer cell
survival[33].

The HLA class II peptidome includes meningioma-associated
antigens that can be used to elicit a synergistic CD4+ T-cell
response. This atlas of meningioma T-cell antigens can be lever-
aged to design a variety of targeted therapies, including vaccines
using the identified antigens (mRNA, protein, and peptide),
soluble bispecific constructs as T-cell engagers, or for cellular
therapies such as peptide-pulsed dendritic cells or ex vivo
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expanded antigen-specific T cells. These approaches can be tai-
lored for both patient-individualized and off-the-shelf therapeutic
options[34].

Notably, the potential of targeting HLA class II-restricted
antigens has been recently underscored by clinical data high-
lighting the crucial role of HLA class II and CD4+ T cells in
immune-mediated tumor rejection[30,31,35]. Furthermore,
detailed knowledge of the natural HLA class II antigen pre-
sentation patterns will allow for the development ofmulti-epitope
peptide vaccines containing both HLA class I- and HLA class II-
restricted targets. This strategy may induce and boost synergistic
CD8+ and CD4+ anti-tumor immune responses, potentially
enhancing the efficacy of these targeted therapies.

Thus, these limitations necessitate a deeper and wider under-
standing of the behavior of meningioma cells and endogenous T
cells. Future research should focus on more extensive T-cell
profiling, role of regulator and cytotoxic T cells in mediating
tumor growth, and receptor profiling of cancerous meningioma
cells. There is a need for clinical trials, particularly including a
diverse cohort of patients in order to generate results that show
inclusivity. Small steps towards this direction include animal
studies evaluating the safety of such administration, as well as
in-vitro cell assays to have a better understanding of the
mechanisms at play.

The research findings on CAR-T-cell therapy for meningiomas
have profound clinical implications, particularly for the man-
agement of atypical and anaplastic subtypes, which pose sig-
nificant treatment challenges. Current modalities often fail to
provide durable responses, highlighting the urgent need for new
therapeutic strategies. CAR-T-cell therapy represents a novel and
potentially transformative approach to treating these tumors,
offering a glimmer of hope where traditional treatments
fall short.

Should ongoing research successfully address the existing
limitations and demonstrate the safety and efficacy of CAR-T-cell
therapy for meningiomas, it could reveal a new standard of care
for these patients. Positive clinical trial outcomes could lead to
regulatory approval of CAR-T-cell therapies specifically tailored
for meningioma treatment, providing a much-needed therapeutic
alternative for patients with limited options.

Furthermore, the insights gained from studying the tumor-
immune microenvironment and identifying target antigens in
meningiomas could have broader implications for neuro-oncol-
ogy. These findings may facilitate the development of other
immunotherapeutic approaches, such as checkpoint inhibitors or
bispecific antibodies, that could be used in conjunction with
CAR-T-cell therapy to enhance overall treatment efficacy. This
research holds the potential to revolutionize the management of
meningiomas and potentially extend its impact to a wider range
of neurological cancers, offering renewed hope for patients
dealing with these challenging and devastating diseases.

Take-home message

Using of CAR-T-cell therapy might provide promising treatment
strategy for the treatment of meningioma, Tang and colleagues
have reported their experience with administering low-dose B7-
H3 targeting CAR-T infusions via an Ommoya port. In response
to therapy, the patient experienced no significant side effects from
the treatment, and elevated levels of various cytokines are
detected in CSF. However, on imaging, no definitive signs of

tumor regression were found, that’s why to make conclusions
about the potential of CAR-T therapy for refractory meningio-
mas, more studies investigating appropriate dosing and alter-
native targets are required[35].

Although CAT-T therapy has demonstrated anti-tumor effi-
cacy in hematological malignancies treatment, its application to
solid tumors is still restricted due to multiple factors like
target antigen heterogeneity, trafficking and hostile tumor
microenvironment[30].

CAR-T cells can be engineered to target specific antigens
expressed on the surface of meningioma cells, such as B7-H3,
which has been found to be highly expressed in certain types of
meningiomas. This specificity minimizes damage to normal tis-
sues and enhances the therapeutic efficacy against the tumor[36].

Overview of weaknesses

The application of CAR-T-cell therapy for meningioma is con-
strained by the limited number of clinical trials specifically tar-
geting this disease. This limitation affects the breadth and depth
of available data, making it difficult to draw comprehensive
conclusions about its efficacy and safety in treating meningioma.

The chimeric antigen receptor T cell in solid tumors have not
yet shown the same kind of impressive results as they observed for
hematological malignancies, both the microenvironment and
tumor cells are involved in numerous variables. The main chal-
lenges are the absence of particular target antigens and the severe,
sometimes fatal toxicities caused by on-target off-tumor toxi-
cities. Moreover, the chronic inflammation are frequently found
in the tumor microenvironment, immunological cells and
immunosuppressive can lower CAR-T-cell efficiency and aid
antigen escape[37].

CAR-T-cell therapy in meningioma can present several side
effects, some of which can be severe. However, toxicity consider
to be a major problem because of the potential for immune-
related side effects (off-tumor toxicities targeting the lung, brain,
and heart[37]. Cytokine release syndrome (CRS) usually appears
1–2 weeks post-dosage, CRS present with a variety of symptoms
including high fever, chills, hypotension, tachycardia, headache,
dyspnea, respiratory failure, and even potentially fatal multi-
organ failure are seen in patients. Multiple inflammatory cyto-
kines, including IL-6, interferon gamma (IFN-γ), IL-1, IL-2, and
IL-10, are released and cause CRS[29].

The second most frequent side effect is the possibility of neu-
rotoxicity, the term ICANS (Immune effector Cell-Associated
Neurotoxicity Syndrome) is refers to a spectrum of symptoms
such as difficulty speaking and understanding, aphasia, confu-
sion, agitation, seizures, abnormalities of cranial nerve and visual
hallucinations. Additional major side effects that may occur are
plasma electrolyte level abnormalities (potassium, sodium or
phosphorus), anemia, leukopenia and neutropenia, which
increase the risk of infections, bleeding[37].

Conclusion

In conclusion, the emerging field of CAR-T-cell therapy and other
T-cell applications present promising avenues for the treatment of
meningioma. While traditional therapies have shown limited
efficacy, innovative approaches harnessing the power of the
immune system offer new hope for patients with this challenging
disease. The detailed atlas of meningioma T-cell antigens
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presented here can inform the design of a variety of targeted
immunotherapies, including vaccines, T-cell engagers, and cel-
lular therapies. Our review has comprehensively summarized all
key findings in this field, and we found there is still a need for a
large scale of development, particularly for the generation of
rigorous evidence.

Further research and clinical trials are needed to fully under-
stand the potential for these therapies and optimize their effec-
tiveness in improving outcomes and quality of life for
meningioma patients. With continued advancements in immu-
notherapy and personalized medicine, we are on the brink of
transforming the landscape of meningioma treatment, providing
renewed optimism for patients and clinicians.

To optimize CAR-T-cell therapy for meningioma, future
research should enhance CAR-T-cell persistence, target tumor
heterogeneity, and conduct extensive clinical trials for safety and
efficacy. Collaboration between clinicians and researchers is
crucial for translating these findings into practice. Preliminary
animal studies and in-vitro cell line assays can help evaluate the
efficacy of CAR-T therapy in meningioma cells. Meningioma,
being a tumor that is predominantly influenced by hormones, the
interaction between CAR-T therapy and endogenous hormones is
still an area that hasn’t been explored in literature.
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