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Editorial on the Research Topic

Clinical Therapy of Brain Tumors

Brain tumors are devastating diseases, accounting for a significant proportion of

cancer-related mortality and morbidity in both adults and children. Over the past few

years, treatment for brain tumors have witnessed dramatic progress. This is largely due to

advances in surgical skills, more rational and personalized radiotherapy and chemotherapy,

and continually updated immunotherapies that modulate the immune microenvironment

or specifically target tumor cells. This editorial summarizes significant findings on surgery,

radiotherapy, chemotherapy, immunotherapy and other treatment published in the

Research Topic, Clinical Therapy of Brain Tumors, Frontiers in Neurology, emphasizing

their impact on advancing the understanding and treatment of brain tumors. The current

Research Topic includes 17 papers, among which 7 were considered as Original Research,

with 3 Reviews and 7 case reports.

1 Surgical treatment for brain tumors

Prior to surgery, various imaging techniques can provide information about the

nature of the tumor, including its location, blood supply, metabolic status, and key

surrounding functional areas. Furthermore, magnetoencephalography (MEG) and guided

transcranial magnetic stimulation (nTMS) have emerged as new tools for the localization

of important areas of function. It was found that the application of nTMS could improve

surgical total resection rates for low-grade gliomas (LGGs) by approximately 16% and

increase median progression-free survival (PFS) from 15.4 months to 22.4 months (1,

2). Moreover, application of intraoperative assistive technology such as intraoperative

navigation, intraoperative magnetic resonance imaging, intraoperative ultrasound and

intraoperative fluorescence, which can assist the operator in effectively localizing lesion

and extent of the tumor, can also increase the success of the operation. In addition,

intraoperative electrophysiological monitoring techniques and intraoperative awakening

technique can help the surgeon localize the important functional areas of the brain, which

play a significant role in protecting the function of the important functional areas of

the patient. Duan et al. highlighted that with proper management of the sagittal sinus

and protection of the associated veins, the surgical treatment strategy for the “radical”
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resection of parasagittal sinus meningioma is effective, safe and

simple to perform. He et al. reviewed the clinical characteristics

and treatment outcomes of 14 patients with polymorphic low-

grade neuroepithelial tumor of the young and highlighted that

stereoelectroencephalography was pivotal for cases with unclear

lateralization, aiding in identifying the link between the tumor and

seizures. They suggested that following established epilepsy surgery

protocols for brain tumor management, early intervention and

extended resection can improve the rate of postoperative seizure

freedom. Gui et al. reported a rare case of neurocytoma originating

from cranial nerve V.

2 Radiotherapy for brain tumors

Radiotherapy is primarily used to treat malignant neoplasms,

including gliomas and brain metastases, benign neoplasms that

are not amenable to complete resection, such as meningiomas,

as well as neoplasms that appear sensitive to radiotherapy, such

as germ cell tumors. In recent years, with the development in

science and technology, a multitude of novel techniques have been

employed in radiotherapy, such as proton radiotherapy and heavy

ion radiotherapy (HIRT), which has led to significant improvement

in patient prognoses. Compared with conventional radiotherapy,

proton radiotherapy, with more precise dose distribution, is able

to further protect the surrounding normal tissues without loss

of clinical efficacy (3). Although the current evidence for proton

radiotherapy in brain tumors is limited, it still shows good

prospects for application (4). In the current Research Topic,

Palenzuela et al. studied acute toxicity of chemotherapy in central

nervous system germ cell tumor patients according to age. Li

et al. found that adjuvant beam radiation therapy could enhance

overall survival (OS) in younger primary single intracranial atypical

meningioma patients.

3 Systemic therapy for brain tumors

Systemic anti-tumor agents broadly include traditional

cytotoxic chemotherapeutic agents, molecularly targeted

agents and immunotherapeutic agents, mainly for high grade

gliomas, brain metastases, lymphomas, etc. The molecularly

targeted agents includes IDH1/2 mutant inhibitors, BRAF/MEK

inhibitors, NTRK fusion inhibitors, MET kinase inhibitors,

antiangiogenic drugs, etc. Vorasidenib, an oral IDH1/2 mutant

inhibitor, was shown in a phase III study to significantly increase

progression-free survival (PFS) in patients with grade 2 IDH-

mutated oligodendroglioma or astrocytoma (5). In the Research

Topic, Bao et al. made a retrospective study of chemotherapy

strategies for adults with IDH-wildtype glioblastoma (GBM). In

addition, National Comprehensive Cancer Network Guidelines

(NCCN) recommended that patients with NTRK-compatible

gliomas should be treated with NTRK fusion inhibitors, such

as larotrectinib and entrectinib (6, 7). Although it can increase

PFS of patients, bevacizumab, the first antiangiogenic drug

approved by the FDA and recommended by NCCN to treat

recurrent GBM, still failed in prolonging OS (8). Currently, the

most promising immunotherapeutic agents against brain tumors

are only immune checkpoint inhibitors, such as PD-1/PD-L1

antibodies (Pembrolizumab, Nivolumab). Although failed in

phase III clinical trial against recurrent GBM (9), anti-PD-1

immunotherapy still showed efficiency in increasing GBM patient

OS as neoadjuvant systemic therapy (10).

Other forms of immunotherapy, including tumor vaccine

therapy, chimeric antigen receptor T (CAR-T) cell therapy and

oncolytic virus therapy, have also shown promise in the treatment

of brain tumors. A dendritic cell vaccine called DCVax-L showed

obvious efficacy in clinical trials against primary GBM, with a

median OS of 23.1 months (11). G471, based on human herpes

simplex virus, had markedly improved 1-year survival rate to

84.2%, and median OS to 20.2 months for residual or recurrent

GBM patients (12). In 2021, G471was approved for marketing in

Japan for the treatment of residual or recurrent GBM. According

to these above results, the Society for Immunotherapy Of Cancer

(SITC) published a consensus statement that immunotherapy

can be used as a salvage treatment option for gliomas patients

after conventional treatment, which required further optimization

of combination therapy (13). In the current Research Topics,

Chen et al. performed a literature review about the immune

microenvironment and immunotherapy for chordoma. In addition,

Pu et al. unveiled substantial involvement of MAP2K3 in gliomas,

indicating the potential of the enzyme to serve as a prognostic

biomarker related to immunity. Through the regulation of the

infiltration of immune cells, MAP2K3 can affect the prognosis of

patients with glioma. Shen et al. performed a multivariate Cox

proportional hazards regression analyses to identify independent

prognostic variables for GBM patients with synchronous metastasis

(SM). They found that radiotherapy, chemotherapy, and surgery

constitute an effective treatment regimen for patients with SM. Luo

et al. performed a literature review in which they summarized the

latest advancements in understanding the molecular mechanisms

that regulate regulated cell death in glioma and explore the

interconnections between different cell death processes. Palenzuela

et al. compared the tolerance of chemotherapy across age-groups

within the SIOP-CNS-GCT-II trial.

4 Tumor treating fields for brain
tumors

Tumor treating fields (TTF) is a new type of therapy

applying physics that works by delivering low-intensity, medium-

frequency alternating electric fields through a patch applied to

the scalp. The fundamental mechanism by which TTF exerts its

therapeutic effect involves anti-tumor cell mitosis, suppression

of DNA damage repair, disruption of tumor cell migration, and

potentiation of anti-tumor immune responses (14). The versatility

of this therapeutic modality renders it a promising candidate

for concurrent utilization with chemotherapy, radiotherapy, anti-

angiogenic therapy, and immunotherapy (15). The results from

a prospective, single-arm, phase I clinical trial demonstrated

that the combination of TTFields and chemotherapy may offer

survival benefits for recurrent GBM patients (16). Moreover, TTF

in combination with TMZ and pembrolizumab adjuvant therapy

could improved the median OS of primary GBM patients to

24.8 months, with a two-year OS rate of 52.4% (17), which
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supported the safety and efficiency of TTF in combination with

chemotherapy and immunotherapy, and thus requires further

exploration. Currently, TTF has been recommended by the

NCCN for combined administration with TMZ for primary GBM

patients after surgery or radiotherapy, or alone for recurrent GBM

patients (15).

5 Conclusion

Recent advancements in surgical assistive technologies have

led to significant progress in the field of neurosurgery. These

technologies play a crucial role in protecting vital neurological

functions, enabling neurosurgeons to more accurately determine

the margin between tumor and normal brain tissue. Additionally,

these technologies have also contributed to increasing the extent

of brain tumor resection and, consequently, enhancing the

prognosis for brain tumor patients. Radiotherapy constitutes

a critical localized treatment modality for gliomas, playing a

pivotal role in the management of inoperable cases and/or

for local disease control. Continuous advancements in novel

radiotherapy techniques have led to enhanced control of brain

tumors while concurrently reducing adverse effects. Drug therapy,

immunotherapy and TTF, emerged as critical tools in the control of

brain tumors, have also demonstrated efficacy in the management

of brain tumors. Consequently, the future holds more promising

significant advancements in the treatment of brain tumors, which

will further improve patient outcomes.
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The imaging dynamic changes in 
the malignant transformation of 
an epidermoid cyst: a case report 
and literature review
Tian Yang 1†, Jibo Hu 1†, Lele Li 2, Houyun Xu 1, Caijuan Zhang 1, 
Zhilan Huang 1, Jun Yang 1*‡ and Huiqing Zhang 1*‡

1 Department of Radiology, The Fourth Affiliated Hospital of School of Medicine, and International 
School of Medicine, International Institutes of Medicine, Zhejiang University, Yiwu, China, 
2 Department of Clinical Laboratory, The Fourth Affiliated Hospital of School of Medicine, and 
International School of Medicine, International Institutes of Medicine, Zhejiang University, Yiwu, China

Malignant transformation of epidermoid cysts is a rare complication. Most of the 
previously reported cases have involved postoperative malignant transformations. 
We present a case of malignant transformation of a nonpostoperative epidermoid 
tumor into squamous cell carcinoma (SCC) that occurred in a 61-year-old 
Chinese woman. The patient’s initial cranial MRI scan showed an epidermoid cyst 
with marginal enhancement in the pre-pontine cistern, and the lesion gradually 
enlarged after 10 months. A craniotomy was performed using to remove part 
of the tumor via the right retrosigmoid approach, and postoperative pathology 
confirmed that the transformation of the epidermoid cyst was malignant. Our 
case study suggests that the possibility of malignant transformation of epidermoid 
cyst should not be ignored on the basis of enhanced imaging features, regardless 
of whether they are nodular, annular, or patchy, as is the case for inflammation. 
Strict follow-up is required for early detection of malignant transformation to 
prompt correspondingly early clinical treatment.

KEYWORDS

epidermoid cysts, malignant transformation, squamous cell carcinoma, pre-pontine 
cistern, follow-up

Introduction

An intracranial epidermoid cyst is a rare developmental benign tumor whose malignant 
transformation is very rare and has been poorly reported. Most of the reported cases involved 
postoperative malignant transformation, and cases without surgical treatment for malignant 
transformation are even rarer. In this paper, we report a case in which malignant transformation 
of an epidermoid cyst was confirmed by pathology and describe its dynamic imaging 
manifestations within 2 years to improve the clinical understanding of the malignant 
transformation of a cranial epidermoid cyst.

Case report

A 61-year-old female patient was admitted to the Department of Neurosurgery, the Fourth 
Affiliated Hospital of Zhejiang University School of Medicine, due to restricted right eye 
abduction. The patient had progressive worsening of symptoms for 8 months, accompanied by 
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blurred vision and double vision. She had no history of tumors or brain 
disorders, and no family members had any related medical history. 
Laboratory tests did not reveal abnormalities, such as tumor markers or 
thrombotic markers. On December 28, 2021, a cranial MRI scan revealed 
a nodular abnormal signal in the pre-pontine cistern with unclear 
borders and irregular morphology, which was consistent with the 
imaging findings of epidermoid cysts (Figures 1A−E). However, a patchy 
enhancement lesion was shown in the adjacent pons, and the clinician 
thought that this feature might due to inflammation in the pons adjacent 
to the epidermoid cyst and could not rule out the possibility of a tumor 
(Figures  1F−I). The lesion extends from the optic chiasm to the 
beginning of the right abducens nerve, the lesion is in close proximity to 
the right trigeminal nerve, abducens nerve, and optic chiasm nerve 
(Figures 1C,J–L). The patient and their families refused surgery because 
of the high risk of surgery. Doctors recommended treatment with 
methylprednisolone sodium succinate to improve symptoms of abducens 
nerve irritation and instructed the patient regarding the need for close 
follow-up. However, the patient did not pay enough attention to the 
treatment and stopped treatment independently after 8 days.

On July 6, 2022, the patient underwent another MRI scan, which 
showed that the right pontine edge enhancement lesion was larger 
than it was on December 28, 2021, and that cystic lesions had appeared 
(Figure 2). The lesion at the right margin of the pons exhibited annular 
enhancement and extended into the brachium pontis. On October 10, 

2022, the patient underwent another cranial computerized 
tomography (CT), a magnetic resonance enhancement scan, and 
magnetic resonance spectroscopy (MRS) due to worsening symptoms. 
The results showed that the lesion was further expanded than it was 
on July 6, 2022 (Figures 3A−D). A cystic solid lesion was revealed in 
the immediate vicinity of the right pontine border, the right brachium 
pontis, and the right cerebellar hemisphere. The boundaries of the 
cystic-solid lesions were unclear, and the solid component was 
markedly enhanced. The lesions were in close proximity to the right 
abducens nerve, some lesions invaded the brainstem, and the 
meninges adjacent to the brainstem were thickened (Figure 3E). CT 
of the brain showed an area of low-density lesions with speckled 
calcifications (Figure 3F). The area of the lesion located in the pontine 
and right brachium pontis showed an elevated Cho peak, a decreased 
NAA peak, and a Lac peak (Figure 3G). At the same time, the patient 
underwent a comprehensive examination, and no obvious tumor signs 
were found outside the brain.

On October 13, 2022, the doctor performed a craniotomy to 
remove part of the tumor via the right retrosigmoid approach. 
Histopathological examination of tissue taken from the anterior 
pre-pontine cistern showed features consistent with epidermoid cysts 
(Figure  4A). Histopathological results of tissue taken from the 
brainstem showed invasion by carcinoma (Figure  4B); 
immunohistochemistry (IHC) confirmed that CK (AE1/AE3) was 

FIGURE 1

MRI in December 2021. (A−E) The nodule in the pre-pontine cistern showed a low-intensity signal on T1-weighted imaging, a high-intensity signal on 
T2-weighted imaging, a high-intensity signal on diffusion-weighted imaging (DWI), a low-intensity signal on an apparent diffusion coefficient plot 
(ADC), and no enhancement on contrast-enhanced T1-weighted imaging; (F–I) the lesion is adjacent to the right edge of the pons and shows patch-
like enhancement, the boundary is not clear; (C,J–L) the lesion extends from the optic chiasm to the beginning of the right abducens nerve, the lesion 
is in close proximity to the right trigeminal nerve, abducens nerve, and optic chiasm nerve.
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positive (Figure 4C), GATA3 (Figure 4D) was positive, vimentin was 
focally expressed (Figure 4E), GFAP, S-100, IDH-1, Oligo-2, TTF-1, 
PAX8, CK20, and CDX-2 were negative, and the Ki-67 proliferation 
index was 20% (Figure 4F).

On October 18, 2022, the patient underwent the first cranial MRI 
enhancement examination (Figure 5A) after surgery, and the patient 
underwent radiation therapy in another hospital for 1 month. On 
January 6, 2023 (Figure  5B), magnetic resonance enhancement 
revealed that the unresected cystic solid lesions in the brainstem were 
slightly smaller than on October 18, 2022. On February 25, 2023, the 
lesions (Figure  5C) were slightly larger than before, with diffuse 
meningeal metastases (Figure 5D). Ventriculoperitoneal shunt was 
performed on April 6, 2023, and six cycles of bevacizumab (avastin) 
combined with nab-paclitaxel combined with carboplatin 
chemotherapy were performed from April 24, 2023 to September 22, 
2023. During this period, on July 6, 2023 (Figure 5E), MRI showed that 
the condition of cranial metastases has improved compared to before. 
On October 06, 2023, the cranial metastases (Figure 5F) progressed 
than it was on July 6, 2023, and chemotherapy was performed with 
temozolomide. The patient was hospitalized on October 31, 2023 due 

to terminal tumor and lung infection, and unfortunately passed away 
on November 11, 2023 due to worsening of his condition.

Discussion

During normal embryonic development, there is no epithelial 
tissue in the human brain. Therefore, the vast majority of intracranial 
squamous cell carcinomas (SCCs) are secondary to distant metastasis 
of primary malignancies, such as head and neck cancer and lung 
cancer. Since 1912, when Ens first proposed the malignant 
transformation of epidermoid cysts, corresponding studies have been 
performed, most of which involved postoperative malignant 
transformations, which occurred only rarely. Cases of malignant 
transformation without surgical treatment, as reported here, are 
even rarer.

At present, the reported malignant transformation of 
epidermoid cysts mostly occurs in middle-aged female patients, 
with an average age of 54 years (1–3). The most common location 
is the cerebellopontine angle, accounting for approximately 61.5% 

FIGURE 2

Imaging taken in July 2022. (A) Cystic lesions are visible on the right side of the pons on T1-weighted imaging; (B−D) contrast-enhanced scan image 
showing that the lesion had a ring shape and nodular enhancement features, and the lesion invaded the brachium pontis and was considered to be a 
neoplastic lesion.

FIGURE 3

Imaging examination in October 2022. (A−D) A cystic solid shadow was observed in the right pons, brachium pontis, and right cerebellar hemisphere; 
(E) the adjacent meninges were slightly thickened; (F) speckled calcification appeared in the low-density lesion area; and (G) single-voxel 1H  +  MR 
spectroscopy (MRS).
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of cases. The average postoperative malignant transformation time 
is 82.7 months, and the prognosis is poor (1). It has been reported 
that patients who have undergone surgery alone have survived the 
shortest time to die within 1 month, and it is very rare to survive 
for more than 5 years (4). The lesion in a 61-year-old woman 
described in this article originated from the pre-pontine cistern, 
developed diffuse meningeal metastases only 4 months after 
surgery, and unfortunately led to the patient passing away 
13 months after surgery. However, the mechanism of malignant 
transformation in epidermoid cysts is unclear, and studies have 
suggested that chronic inflammation caused by epidermoid cyst 
rupture or surgical foreign body presence and incomplete surgical 
resection may be  the main factors involved (5). Several studies 
have suggested that when squamous metaplasia or p53 mutation is 
observed in pathological specimens of epidermoid cysts, vigilance 
is needed for malignant transformation (1). This novel study 

reported the malignant transformation of an epidermoid cyst in 
the pineal region in which gene sequencing revealed a low 
mutational burden (l Mut/Mb), microsatellite stability, and loss of 
CDKN 2A/B, MTAP (exons 2–8), and PTEN (exons 6–9) (6). IHC 
of malignant transformation of epidermoid cysts is positive for CK 
and EMA (7–9). In this case, IHC revealed CK and GATA3 
expression, which was similar to what was previously reported.

Epidermoid cysts are slow-growing, benign lesions that are 
usually asymptomatic for many years. Epidermoid cysts are 
variable and exhibit multiple outcomes as the disease progresses, 
such as resolution, hemorrhage, and malignant transformation 
(10–12); however, when symptoms and signs develop rapidly, 
enhancement of lesion margins and nodular enhancement suggest 
the possibility of malignant transformation of epidermoid cysts 
(13). Patchy enhancement of adjacent tissues of epidermoid cysts 
has been reported to indicate chemical meningitis, but malignant 

FIGURE 4

Histopathology. (A) Histopathology taken from the anterior pre-pontine cistern shows lamellar keratoses with a stratified squamous epithelium lined 
with a sac wall, consistent with the characteristics of an epidermoid cyst (HE  ×  100). (B) Histopathology taken from within the brainstem shows 
carcinoma invasion (HE  ×  100). (C–F) IHC results were taken from brainstem lesions: CK (AE1/AE3) was positive (C), GATA3 (D) was positive, Vimentin 
was focal-expressing (E), and Ki-67 proliferation index was 20%.
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transformation should not be ruled out (14). To rule out malignant 
transformation, it is necessary to observe the patient’s signs, 
morphology, and progression of the lesion, such as whether there 
is prominent rapid tumor growth, tissue edema, and nodular 
enhancement in adjacent or cystic lesions. The initial imaging 
results of the patient we reported showed patchy enhancement of 
the lesion adjacent to the pons, and the initial diagnosis was 
chemical inflammation around the epidermoid cyst. After 7 months 
of follow-up, the patient’s symptoms progressively worsened, the 
lesion was obviously enlarged with necrosis, the adjacent brain 
tissue was invaded, and edema bands had formed around the 
lesion. MRS showed an increase in the Cho peak. The nonsignificant 
decrease in NAA peak intensity may have been due to the inclusion 
of normal tissue at the time of selection of the region of interest. 
Nodular leptomeningeal enhancement is an early imaging sign of 
leptomeningeal metastasis after malignant transformation of 
epidermoid cysts (14). Similarly, the last MRI of this patient before 
surgery showed lesion invasion of the brainstem and thickening of 
the meninges near the brainstem, which indicated leptomeningeal 
invasion. Diffuse meningeal metastases developed 4 months 
postoperatively and subsequently progressively worsened.

Imaging findings of epidermoid cyst malignancy are not specific 
and often present with enhancement features of the lesion, with or 
without cerebral edema. It has been suggested (15) that enhancement 
of epidermoid cyst margins or nodular enhancement is usually a sign 
of malignant transformation, and patchy enhancement of lesion 
margins is often thought to be  chemical meningitis due to cyst 
rupture, but atypical for malignant transformation. It has also been 
suggested (10) that almost all cases have worsening of signs and 

different degrees of enhancement of lesions before malignant 
transformation, so atypical enhancement methods need to 
be combined with patients’ signs to make the best diagnosis.

The most important differentiating factor of intracranial 
epidermoid cyst malignancy on imaging is metastasis; therefore, 
when a single intracranial lesion is present, a comprehensive 
examination should also be performed to rule out the diagnosis of 
extracranial metastases. In this case, after comprehensive 
inspection to rule out metastatic tumors, malignant transformation 
of the epidermoid cyst was diagnosed according to the pathological 
results, which were consistent with the criteria of Hamlat et al. 
(16). The history of early disease progression was unknown 
because the patient did not undergo relevant tests before starting 
to experience symptoms or within 8 months of symptom onset. 
This case is the first cases diagnosed in our hospital; moreover, 
there are no other case data for comparison, and it is still necessary 
to summarize the characteristics of similar cases.

Conclusion

Although epidermoid cysts are mostly benign and malignant 
transformation is rare, it does occur. Patients with epidermoid cysts 
should be followed up, either surgically or conservatively. In addition, 
if there are nodal, annular or patchy imaging enhancement features, 
such as is in inflammation, the possibility of malignant transformation 
of epidermoid cysts cannot be ignored, and close follow-up is required 
for early detection of malignant transformation to prompt 
correspondingly early clinical treatment.

FIGURE 5

MRI-enhanced image of postoperative lesions. (A) The image of some unresected lesions in the brainstem area before postoperative radiotherapy; 
(B) unresected cystic solid lesions in the brainstem on January 6, 2023; (C) the image of brainstem lesions on February 25, 2023; (D) diffuse meningeal 
metastases on February 25, 2023; (E) diffuse meningeal metastases on July 6, 2023; and (F) diffuse meningeal metastases on October 06, 2023.
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Adult supratentorial extraventricular 
anaplastic ependymoma with 
cerebrospinal fluid dissemination 
metastases: a case report
Daojin Zhang †, Hongbing Liu †, Maosong Zhang † and Jun Cao *

Department of Neurosurgery, The First Affiliated Hospital of Wannan Medical College (Yijishan 
Hospital of Wannan Medical College), Wuhu, China

Background: Ependymomas mostly locate in the infratentorial region and 
often occur in children. Anaplastic ependymomas account for 45–47% of 
supratentorial and 15–17% of infratentorial ependymomas, also known as 
malignant ependymomas. Adult supratentorial extraventricular anaplastic 
ependymoma (SEAE) is rare in clinical practice, and only a few cases have been 
reported so far, and there is no clinical study with large sample size. We report 
a case of adult supratentorial extraventricular anaplastic ependymoma in the 
occipital lobe with cerebrospinal fluid dissemination metastases.

Case description: A 58-year-old female patient presented with unexplained 
pain in multiple parts of the body for the past half a year, mainly manifested 
as pain in the head, abdomen and chest. On August, 2022, Head MRI of the 
patient showed abnormal signal shadow in the left occipital lobe, which 
was considered a malignant lesion. The patient underwent tumor resection 
under general anesthesia on September 3, 2022. Postoperative pathological 
examination showed anaplastic ependymoma. The postoperative follow-up 
head MRI showed multiple cerebrospinal fluid dissemination metastases in the 
brain.

Conclusion: Adult SEAE is a rare tumor with high malignancy and have a tendency 
to disseminate into the CSF, resulting in drop metastases. Immunohistochemistry 
is very important for the diagnosis of SEAE. It is recommended to administer 
adjuvant chemotherapy or radiation therapy appropriately after surgery, based 
on the tumor being completely resected as much as possible.

KEYWORDS

supratentorial extraventricular, anaplastic ependymoma, dissemination metastases, 
operation, pathology

Introduction

Ependymoma refers to central nervous system tumor originating from the ependymal cell 
of the ventricle and the central canal of spinal cord, or ependymal cell nest in the white matter 
of the brain. It often occurs in children and accounts for only 2–9% of adult neuroepithelial 
cell tumors (1). In 2021, World Health Organization (WHO) revised the classification of 
ependymoma to supratentorial ependymoma, posterior fossa ependymoma, spinal 
ependymoma, and subependymoma (2). As a WHO grade III tumor, supratentorial 
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extraventricular anaplastic ependymoma has the characteristics of 
high recurrence rate, low survival rate and rare occurrence. At present, 
there are only a few case reports of supratentorial extraventricular 
anaplastic ependymoma, and there is no clinical study with large 
sample size. In this study, the clinical manifestations, imaging features, 
pathological features, treatment methods and prognosis of a patient 
with supratentorial extraventricular anaplastic ependymoma with 
cerebrospinal fluid dissemination metastases were analyzed and the 
results were reported as follows.

Case presentation

A 58-year-old female patient presented with unexplained pain 
in the head, abdomen and chest in the past 6 months, and has been 
checked many times in the hospital without special abnormalities 
was found. Before admission, she experienced symptoms of nausea, 
vomiting, and fatigue, and has lost 10 kg of weight in the past 
2 months. On August, 2022, PET-CT of the patient showed a 
hypermetabolic mass in the left occipital lobe and left basal ganglia, 
which was considered to be malignant. Visual examination upon 
admission revealed that the patient had contralateral hemianopsia 
in both eyes. After admission, the head CT showed a slightly high-
density mass in the left occipital lobe, hippocampus, and corpus 
callosum. T2-weighted image of head MRI showed hyperintensity 
of the lesion with surrounding edema. Axial T1-enhanced image 

of head MRI showed patchy mild enhancement of the lesion, part 
of the lesion encompassed the posterior part of the left lateral 
ventricle (Figure 1).

On September, 2022, the patient underwent microsurgical 
resection of the space-occupying lesion in the left occipital lobe under 
general anesthesia. During the operation, the lesion can be seen to 
be dark red in color, with rich blood supply, infiltrative growth and 
soft texture. The lesion tissue and part of the occipital lobe were 
resected along the edema zone of the tumor. The size of the excised 
lesion is approximately 5.5 cm × 5.0 cm × 4.0 cm. Due to the extensive 
infiltration of the patient’s tumor, in order to preserve the patient’s 
neurological function and ensure life safety, the tumor was not 
completely removed during surgery.

The pathological diagnosis was anaplastic ependymoma 
(Figure 2). However, the patient’s consciousness gradually deteriorated 
and seizures occurred after operation. She was transferred to the 
neurosurgical intensive care unit and underwent tracheostomy 7 days 
after operation. After treatment, the patient regained clear 
consciousness, and had V-grade muscle strength in both limbs. One 
month after surgery, focal radiation therapy (59.40 Gy in 1.8 Gy daily 
fractions) and chemotherapy (temozolomide) were administered. 
Eight months after operation, the patient developed frequent epileptic 
seizures, and head MRI showed multiple cerebrospinal fluid 
dissemination metastases in the brain (Figure 3). The patient’s family 
decided to give up treatment, and the patient died 9 months 
after operation.

FIGURE 1

(A) Head CT on admission showed a slightly high-density mass in the left occipital lobe. (B) The lesion was hypointense on T1-weighted image. (C) 
T2-weighted image of head MRI showed hyperintensity of the lesion with surrounding edema. (D) T2-FLAIR image showed mixed signals with ill-
defined borders. (E) Axial T1-enhanced image showed patchy mild enhancement of the lesion, part of the lesion encompassed the posterior part of 
the left lateral ventricle. (F) The head CT at 4  h after operation showed that the tumor was largely removed, and there was no obvious bleeding in the 
operation area.
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Discussion

Supratentorial anaplastic ependymoma is a rare and highly 
malignant tumor, most of which occurs in the ventricle, but a small 
part of which can occur in the brain parenchyma and has no obvious 
correlation with the ventricle. Adult supratentorial extraventricular 
anaplastic ependymoma (SEAE) is rare in clinical practice, and only a 
few cases have been reported so far (Table 1). SEAE grows rapidly, 
mainly characterized by headache, vomiting, lethargy, anorexia, 
diplopia and other intracranial hypertension symptoms, and may 
be accompanied by epileptic seizures. Specific symptoms also depend 
on the location of the tumor, such as the tumor located in the frontal 

lobe, which can cause memory loss and mental abnormalities, and the 
tumor located in the occipital lobe, which can cause visual field 
changes (14). This patient presented with multiple unexplained pain 
throughout the body and visual field changes, which we speculated 
was related to the tumor invasion of the occipital lobe, the splenium 
of the corpus callosum and the hippocampus.

The pathological features of anaplastic ependymoma were high 
tumor cell density, diverse cell morphology, poor cell differentiation, 
obvious nuclear atypia, more mitoses, and loss of the arrangement 
structure of ependymal epithelial cells (10). Compared with 
ependymoma, the perivascular pseudorosette structures of anaplastic 
ependymoma were significantly reduced, and vascular endothelial cell 

FIGURE 2

(A) Hematoxylin–eosin staining showed poorly differentiated tumor cells with hyperchromatic nuclei and proliferation of vascular endothelial cells 
(×100). (B) Immunohistochemical results showed diffuse cytoplasmic glial fibrillary acidic protein (GFAP) immunoreactivity (×100), (C) diffuse 
cytoplasmic and nuclear S100 immunoreactivity (×100), and (D) diffuse perinuclear epithelial membrane antigen (EMA) immunoreactivity suggestive of 
ependymal differentiation (×200). (E) Diffuse cytoplasmic and nuclear AE1/AE3 immunoreactivity (×100). (F) Ki-67 proliferation index was 
approximately 20% (×100).

FIGURE 3

Eight months after operation, head MRI showed multiple cerebrospinal fluid dissemination metastases in the brain. (A) On enhanced magnetic 
resonance imaging, the arrow points to the tumor metastasis at the brainstem. (B) The arrow points to the metastatic tumor near the right ventricle. 
(C) The arrow points to a metastatic tumor in front of the right central sulcus.
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proliferation and pseudopalisade necrosis were common. 
Immunohistochemistry is very important for the diagnosis of anaplastic 
ependymoma. GFAP, S-100 and vimentin are positive in anaplastic 
ependymoma, and AE1/AE3 and EMA staining can also be positive (11).

Anaplastic ependymoma also have a tendency to disseminate into 
the cerebrospinal fluid (CSF), resulting in drop metastases (11). 
According to the 16 reported cases of supratentorial extraventricular 
anaplastic ependymoma so far, 3 of them reported cerebrospinal fluid 
dissemination and metastasis, with an incidence rate of 18.8% 
(Table 1). In the present case, dissemination and drop metastases 
occurred without recurrence at the primary site after adjuvant local 
field radiotherapy were identified.

The standard treatment for anaplastic ependymal tumors is 
total resection as far as possible, and adjuvant therapy such as 
appropriate local radiotherapy and chemotherapy after surgery (14). 
However, opinions on adjuvant therapy are divergent. For SEAE 
patients with high Ki-67 positive rate, some studies suggest that if 
the benefits of postoperative radiotherapy exceed the risk of 
recurrence of natural therapy in non-children and patients without 
obvious contraindications, appropriate radiotherapy can be given 
according to clinical practice (12). Therefore, the patient in this 
study was treated with appropriate extended resection of the lesion 
combined with local radiotherapy and chemotherapy.

According to previous literature, the factors that lead to poor 
prognosis of patients with anaplastic ependymoma include young age, 
incomplete tumor resection, tissue differentiation insufficiency, and 
tumor location above the tentorium and outside the ventricle. Among 
them, age and whether the tumor is completely resected are the most 
important factors (17). Ependymomas recur more frequently in the 
initial location after local failure. Kharosekar et al. (15) believed that 
if the tumor was completely located in the cortex, the patient might 
have a better prognosis. And, Saito et al. (16) reported that anaplastic 
ependymomas can disseminate within the central nervous system 
without local failure.

Conclusion

Adult SEAE is a rare tumor with high malignancy and variable 
clinical features. SEAE also have a tendency to disseminate into the 
CSF, resulting in drop metastases. Immunohistochemistry is helpful 
for the diagnosis of SEAE. The treatment of adult SEAE has not 
been completely unified. It is recommended that on the basis of 
surgical treatment, appropriate adjuvant chemotherapy or 
radiotherapy should be given according to the specific conditions 
after surgery.

TABLE 1 Cases of supratentorial extraventricular anaplastic ependymoma in the literature.

Report Age 
(years)

Sex Location Therapy CSF dissemination 
metastases

Overall 
survival

Takeshima et al., 2002 (3) 70 Female Right frontal lobe Surgery Not find >14 months

Kojima et al., 2003 (4) 56 Female Left temporal lobe Surgery + radiotherapy Not find Unknown

Moritani et al., 2003 (5) 50 Female Right temporal lobe
Surgery + 

chemotherapy
Not find 20 months

Miyazawa et al., 2007 (6) 33 Male Left angular gyrus
Surgery + radiotherapy 

+ chemotherapy
Not find >6 months

Niazi et al., 2009 (7)
36 Female Right frontal lobe

Surgery + radiotherapy Not find
>29 months

18 Male Right frontal lobe 14 months

Davis et al., 2011 (8) 22 Female Frontotemporal Surgery + radiotherapy Not find >54 months

Romero et al., 2012 (9) 23 Male Frontal lobe Surgery + radiotherapy Not find Unknown

Iwamoto et al., 2014 (10) 61 Male Right temporal lobe
Surgery + radiotherapy 

+chemotherapy

Dissemination metastases in 

spine
>12 months

Han et al., 2014 (11) 23 Male Left occipital lobe Surgery + radiotherapy
Dissemination metastases in 

spine
>48 months

Khilji et al., 2014 (12) 2 Male
Superolateral to the 

Right lateral ventricle
Surgery + radiotherapy Not find Unknown

Pachella et al., 2015 (13) 21 Male Light temporoparietal
Surgery + radiotherapy 

+ chemotherapy
Not find Unknown

Lavrador et al., 2018 (14) 69 Female Right frontoparietal
Surgery + 

chemotherapy
Not find 18 months

Kharosekar et al., 2018 (15) 11 Female Right frontoparietal Surgery + radiotherapy Not find Unknown

Seo et al., 2019 (16) 42 Male Right frontal lobe Surgery + radiotherapy Not find >12 months

Falcón et al., 2023 (17) 19 Male Right frontal lobe Surgery + radiotherapy Not find Unknown

This study 58 Female Left occipital lobe
Surgery + radiotherapy 

+ chemotherapy

Dissemination metastases in 

brain
9 months
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Rethinking the effects of adjuvant 
beam radiation therapy on overall 
survival in atypical meningioma 
patients: age considerations
Chao Li 1†, Jiajun Qin 1†, Fei Xue 1†, Zhaoli Shen 1, Qi Lin 1, 
Yajun Xue 2* and Xianzhen Chen 1*
1 Department of Neurosurgery, Shanghai Tenth People’s Hospital, School of Medicine, Tongji 
University, Shanghai, China, 2 Department of Neurosurgery, Shanghai General Hospital, Shanghai Jiao 
Tong University School of Medicine, Shanghai, China

Background: This study aimed to investigate the effects of adjuvant beam 
radiation therapy (ABRT) on overall survival (OS) in patients with primary single 
intracranial atypical meningioma (AM), with a focus on age-related outcomes.

Methods: We conducted a retrospective study using data from SEER database. 
Our cohort consisted of patients diagnosed with a primary single intracranial 
AM  tumor and had undergone surgery. The primary endpoint was OS. For 
survival analysis, univariable and multivariable Cox regression analysis were 
performed. A multivariable additive Cox model was used to assess the functional 
relationship between age and OS in patients with or without ABRT.

Results: Of the 2,759 patients included, 1,650 underwent gross total resection 
and 833 received ABRT. Multivariable Cox analysis indicated that ABRT did not 
significantly influence OS across the entire cohort. According to the multivariable 
generalized additive Cox model, the relative risk of all-cause mortality increased 
with advancing age in both ABRT-yes and ABRT-no group. ABRT-yes had a 
lower relative risk than ABRT-no when age  ≤  55  years old while a higher relative 
risk when age  >  55  years old. Subsequent multivariable Cox analysis showed 
that ABRT was associated with a significant lower risk for all-cause mortality 
in patients with age  ≤  55  years old while a significant higher risk in patients with 
age  >  55  years old.

Conclusion: Our study found that ABRT enhanced OS in younger primary single 
intracranial AM patients. But we also revealed a negative correlation between 
OS and ABRT in older patients.

KEYWORDS

atypical meningioma, gross total resection, radiation therapy, overall survival, age

Introduction

Meningiomas are the most common primary tumors of the central nervous system, 
accounting for 40.0%, and are predominantly located in the cranial region (1). Atypical 
meningioma (AM) is the predominant subtype of WHO II meningiomas which accounts for 
18.3% of total meningiomas (2). Surgery and adjuvant radiotherapy are two main treatment 
therapies for AM  patients according to the 2016 and 2021 European Association of 
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Neuro-Oncology (EANO) guidelines (3, 4). Surgery, aiming for 
Simpson I resection, stands as the primary treatment given that the 
extent of resection has been identified as an independent prognostic 
risk factor, supporting by abundant evidence (5–9). However, the 
efficacy of adjuvant beam radiation therapy (ABRT) for the treatment 
of AM patients remains an area of contention (4, 10). Conflicting 
results regarding ABRT’s effectiveness have been reported for 
AM patients. Some studies found ABRT was independently associated 
with worse overall survival (OS) and/or progression free survival 
(PFS) in AM patients (11–15), while some studies argued ABRT’s 
protective role against mortality and/or recurrence (9, 16–20). There 
are also studies that have found ABRT did not significantly influence 
the prognosis (21–25). The effect of ABRT in AM patients still needs 
to be elucidated.

Age is a recognized risk factor for the occurrence of meningiomas. 
Meningiomas mostly occur in old individuals and the incidence rate 
increase obviously with age, rarely occurring in children (1). 
Interestingly, the gender distribution of patients shifts with age, 
showing an initial rise in the female to male ratio that eventually 
declines in older populations (26). A previous study showed that tumor 
gene expression and chromosome abnormalities were associated with 
patient gender (27). Some studies also found that younger and older 
meningioma patients had different tumor pathology characteristics 
(28–32). Additionally, age could potentially influence the effect of 
radiation therapy. As some tumors’ clinical and biology behavior can 
change with age (33), and as aging process is associated with a decrease 
function of various organ systems, potentially heightening the risk of 
radiation-related side effects (34–37). The influence of age on the effect 
of radiation therapy with respect to prognosis has been discussed 
across various tumor types and many studies have elucidated that age 
might modulate the impact of radiation therapy, leading to prognosis 
variations among different age groups. Some studies reported that 
radiation therapy significantly decreased adverse outcomes in younger 
tumor patients, but increasing adverse outcomes in older patients 
(37–39). While some studies reported the opposed results (40–42). 
Considering impaired neurocognitive function and comorbidities 
might lead to radiation-induced toxicity, radiation therapy for old 
brain tumor patients is challenging (43).

The Surveillance, Epidemiology and End Results (SEER) database 
is a public database, which covers approximately 28% of population of 
United States. SEER database record demographic, oncology, treatment, 
and survival data. Surgery and radiation therapy information is 
released as part of the first course of treatment.1 And a lot of studies 
employed SEER data to discuss the efficacies of surgery type and 
adjuvant radiotherapy in a variety of tumor types (44–46). Some 
research studies have also assessed the role of ABRT in AM patients 
utilizing SEER or other database (6, 8, 25, 47). However, there are 
limited research studies which focus on the influence of age on the 
radiation therapy efficacy in AM patients who have undergone surgery. 
Hence, the aim of this study was to investigate impact of ABRT on OS 

1 https://seer.cancer.gov/

in primary single intracranial AM patients with a focus on age, drawing 
upon a vast pool of carefully selected cases from SEER database.

Materials and methods

Ethics statement

The SEER database is publicly accessible, and we have obtained 
the access. Since all patients in this study were from this database, this 
study did not require the procedure, participate, or publish consent of 
patients, nor the approval of the ethics committee.

Patient selection

This research adhered to the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guidelines. Patients 
diagnosed with primary single intracranial AM who had undergone 
surgery were selected from a dataset containing 17 registries [Nov 2021 
Sub (2000–2019)] in the SEER database. The inclusion criteria were: 
(1) Diagnosis of AM; (2) Primary site should be intracranial; and (3) 
Microscopic confirmation for each case. The exclusion criteria were: 
(1) History of tumors; (2) Clinical information was missing or unclear; 
(3) Surgery was not performed; (4) Chemotherapy was administered; 
(5) Age < 18 years old; and (6) Follow-up time ≤ 3 months. Details of 
the inclusion and exclusion criteria are presented in 
Supplementary Note 1. Meningioma sizes larger than 150 mm were 
rare and more likely to be coding errors, so the limit was set at 150 mm, 
in line with previous research (48). The research query can be found 
in Supplementary Note 2. The flow diagram is shown in Figure 1.

Variables

Demographic, oncological, treatment, and survival information 
were obtained for analysis. Demographic information included age, 
gender, race, and marital status. Oncological information such as year 
of diagnosis, tumor size, primary site, and laterality were recorded. 
Treatment information included surgery and ABRT (yes or no). 
Regarding surgery information, entries recorded as “55” and “30” 
under “Surg Prim Site (1998+)” were classified as gross total resection 
(GTR), while codes “20,” “21,” and “40” constituted subtotal resection 
(STR). Patients with “RX Summ--Surg/Rad Seq” recorded as 
“Radiation after surgery” and “Radiation recode” recorded as “Beam 
radiation” were identified as having undergone ABRT. The endpoint 
was OS, with a maximum follow-up period of 60 months.

Statistical analysis

The comparison of categorical variables between different groups 
was performed using Chi-square test or, when appropriate, Fisher’s 
exact test. The comparison of continuous variables was performed by 
Student’s t-test or Mann–Whitney U test where appropriate, as our 
previous study described (49). For OS analysis, Kaplan–Meier method 
was used to estimate OS rate. Univariable Cox regression analysis was 
performed and variables with p values less than 0.1 in univariable 

Abbreviations: ABRT, adjuvant beam radiation therapy; AM, atypical meningioma; 

OS, overall survival; GTR, gross total resection; STR, subtotal resection; SEER, 

Surveillance, Epidemiology and End Results; HR, hazard ratio.
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analysis were included in the multivariable Cox regression analysis. 
Hazard ratio (HR) and 95% confidence interval were calculated. A 
multivariable additive Cox proportional hazard model was used to 
assess the functional relationship between age and OS in patients with 
or without ABRT. The relative risk was calculated and then visualized 
with smooth spline curve. The abscissa value at the intersection point 
of the curves for the ABRT-yes group and the ABRT-no group was 
used as the cut-off value for age. The effect of ABRT was assessed using 
multivariable Cox regression analysis, and the interaction was 
inspected using likelihood ratio test in different age groups.

A p-value of less than 0.05 was considered statistically significant. 
All statistical analyses were performed using R-4.2.0 (R Foundation 
for Statistical Computing, Vienna, Austria) and Empower Stats 4.1 
(X&Y solutions, Inc. Boston, Massachusetts).

Results

Patient characteristics

From the 4,138 patients who initially met the inclusion criteria 
(Figure 1), 1,379 were excluded, leaving 2,759 for study. All the patients 
were diagnosed by histology. The characteristics of the patients are 
shown in Table 1. The mean age was 58.5 ± 14.9 years old. Major patients 
were females (57.8%; female to male ratio = 1.37). Most patients were 
white race (73.5%). The mean tumor size was 49.0 ± 16.8 mm. Most 
tumor sites were identified as cerebral meninges, with only 0.7% being 
recorded as the brain. Cases of left laterality and right laterality were 
similar. And most patients (58.5%) were married. As for treatment, 
1,650 (59.8%) patients underwent GTR and 1,109 (40.2%) patients 
underwent STR. Most patients (1926, 69.8%) did not received ABRT 
and 833 (30.2%) patients received it. There are some variables that are 
different between ABRT-yes and ABRT-no group, including age 
(p = 0.003), year of diagnosis (p < 0.001), tumor size (p = 0.001), laterality 
(p = 0.039), marital status (p = 0.040), and surgery type (p < 0.001). 
Patients received ABRT was younger and had a large tumor size. 

Notably, there was an observed increase in the ratio of ABRT-yes to 
ABRT-no trend over the years. Importantly, ABRT-yes group had a 
higher proportion (48.1% vs. 36.8%) of patients who received STR.

Univariable and multivariable Cox analysis 
for OS in the entire cohort

The maximum follow-up time was established at 60 months, 
during which 349 (12.7%) patients experienced all-cause mortality. 
The estimated 3-year OS rate was 90.3 ± 0.6%, the estimated 5-year OS 
rate was 82.8 ± 0.9%.

The univariable and multivariable Cox analysis results were shown 
in Table 2. Univariable Cox analysis showed that age (HR 1.06 [1.05, 
1.07], p < 0.001), male gender (HR 1.26 [1.02, 1.56], p = 0.029), black 
race (HR 1.47 [1.12, 1.93], p = 0.005), tumor size (HR 1.01 [1.01, 1.02], 
p < 0.001), marital status (HR 3.76 [2.85, 4.97], p < 0.001 for ‘Widowed’; 
HR 1.83 [1.19, 2.80], p = 0.006 for ‘Other’), and STR (HR 1.41 [1.15, 
1.75], p = 0.001) had a significant HR for OS. These variables and 
ABRT were enrolled in the multivariable analysis. Older age (HR 1.06 
[1.05, 1.07], p < 0.001), male gender (HR 1.32 [1.05, 1.65], p = 0.016), 
black race (HR 1.47 [1.11, 1.95], p = 0.005), larger tumor size (1.01 
[1.01, 1.02], p < 0.001), and STR (1.43 [1.16, 1.77], p < 0.001) were 
independent risk factors for OS. Interestingly, some marital status also 
had a significant impact for prognosis, such as widowed (2.08 [1.52, 
2.84], p < 0.001) and single (1.78 [1.33, 2.39], p < 0.001). However, 
ABRT did not show a significant HR in the multivariable analysis in 
the overall population (1.21 [0.96, 1.54], p = 0.115).

Association between age and risk of 
all-cause mortality in different ABRT 
groups

Multivariable additive Cox proportional model was used to assess 
the functional relationship between age and the risk of all-cause mortality 

FIGURE 1

The flow diagram of patient selection.
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in patients with and without ABRT, respectively. The model was adjusted 
with variables which showed significant HR in the multivariable Cox 
analysis, including gender, race, marital status, tumor size, and surgery 
type. The HR was calculated at different ages and the results was shown 
in Figure 2. As we can see, the relative risk for OS increased with age in 
both ABRT-yes and ABRT-no group. But when age ≤ 55 years old, 
ABRT-yes had a lower relative risk for OS than ABRT-no. And when 
age > 55 years old, ABRT-yes was associated with a higher risk for OS.

Effect of ABRT for OS in different age 
groups

The HR of ABRT for OS was calculated with different Cox model 
adjusted by different variables. As we can see in Table 3, the crude 

model was adjusted with no variable, the Adjust model I was adjusted 
with demographic variables, including gender, race, age, and marital 
status. The Adjust model II was adjusted with demographic, tumor, 
and treatment variables, including gender, race, age, marital status, 
tumor size, laterality, primary site, and surgery type. In the crude 
model, although the HR of ABRT in patients with age ≤ 55 years old 
was small (0.51 [0.26, 1.02]), the p value (0.058) did not meet the level 
of statistical significance. The HR of ABRT in patients with 
age > 55 years old was 1.20 [0.94, 1.53] (p = 0.152) in the crude model. 
And in Adjust model I, the HR of ABRT was 0.49 [0.25, 0.97] 
(p = 0.042) and 1.59 [1.23, 2.06] (p < 0.001) in patients with 
age ≤ 55 years old and > 55 years old, respectively. In Adjust model II, 
the HR of ABRT was 0.49 [0.25, 0.99] (p = 0.045) and 1.52 [1.17, 1.98] 
(p = 0.002) in patients with age ≤ 55 years old and > 55 years old, 
respectively. These results from multivariable adjusted models showed 

TABLE 1 Baseline characteristics of atypical meningioma patients.

All
ABRT

p
No Yes

Subjects, n (%) 2,759 1,926 833

Age, years 58.5 ± 14.9 59.0 ± 15.3 57.3 ± 13.7 0.003

Gender 0.765

Female, n (%) 1,595 (57.8%) 1,117 (58.0%) 478 (57.4%)

Male, n (%) 1,164 (42.2%) 809 (42.0%) 355 (42.6%)

Race 0.448

White 2028 (73.5%) 1,410 (73.2%) 618 (74.2%)

Black 388 (14.1%) 281 (14.6%) 107 (12.8%)

Others 343 (12.4%) 235 (12.2%) 108 (13.0%)

Year of diagnosis <0.001

2004–2008 527 (19.1%) 410 (21.3%) 117 (14.0%)

2009–2016 1,445 (52.4%) 985 (51.1%) 460 (55.2%)

2017–2019 787 (28.5%) 531 (27.6%) 256 (30.7%)

Tumor size, mm 49.0 ± 16.8 48.3 ± 16.7 50.7 ± 16.7 0.001

Primary site 0.170

Cerebral meninges 2,740 (99.3%) 1,910 (99.2%) 830 (99.6%)

Brain 19 (0.7%) 16 (0.8%) 3 (0.4%)

Laterality 0.039

Left 1,346 (48.8%) 932 (48.4%) 414 (49.7%)

Right 1,276 (46.2%) 885 (46.0%) 391 (46.9%)

Paired site 137 (5.0%) 109 (5.7%) 28 (3.4%)

Marital status 0.040

Married 1,615 (58.5%) 1,101 (57.2%) 514 (61.7%)

Divorced 235 (8.5%) 173 (9.0%) 62 (7.4%)

Widowed 217 (7.9%) 167 (8.7%) 50 (6.0%)

Single 548 (19.9%) 379 (19.7%) 169 (20.3%)

Other 144 (5.2%) 106 (5.5%) 38 (4.6%)

Surgery type <0.001

GTR 1,650 (59.8%) 1,218 (63.2%) 432 (51.9%)

STR 1,109 (40.2%) 708 (36.8%) 401 (48.1%)

ABRT, adjuvant beam radiation therapy; GTR, gross total resection; STR, subtotal resection.
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that ABRT associated with a lower risk of all-cause death in patients 
with age ≤ 55 years old while a higher risk of death in patients with 
age > 55 years old. And a significant interaction was observed between 
age group and ABRT across all three models (p = 0.015, 0.001, and 
0.001 for Crude model, Adjust model I, and Adjust model II, 
respectively).

Discussion

Our study aimed to investigate the effect of ABRT for OS in 
primary single intracranial AM patients, with a focus on the age. Our 

results demonstrated that in younger patients (age ≤ 55 years old) 
ABRT associated with a lower risk of all-cause mortality while in older 
patients (age > 55 years old) ABRT associated with a higher risk 
of death.

Given the small number of AM patients at individual centers, 
various studies have also used public database to investigate the 
efficacy of different treatment methods in AM patients. But the results 
of these studies are not consistent. In 2012, Stessin et al. (50) used 
SEER database to explore the effect of ABRT in nonbenign 
meningioma patients. They included both WHO II and III cases, 
enrolling and analyzing 657 patients together. After multivariable 
analysis, they found that ABRT did not appear as a significant 

TABLE 2 Univariable and multivariable Cox analysis of atypical meningioma patients.

Univariable analysis Multivariable analysis*

HR (95% CI) p HR (95% CI) p

Age, years 1.06 (1.05, 1.07) <0.001 1.06 (1.05, 1.07) <0.001

Gender

Female Ref Ref

Male 1.26 (1.02, 1.56) 0.029 1.32 (1.05, 1.65) 0.016

Race

White Ref Ref

Black 1.47 (1.12, 1.93) 0.005 1.47 (1.11, 1.95) 0.005

Others 0.69 (0.47, 1.01) 0.057 0.72 (0.49, 1.05) 0.091

Year of diagnosis

2004–2008 Ref

2009–2016 0.97 (0.76, 1.24) 0.792

2017–2019 1.21 (0.82, 1.80) 0.337

Tumor size, mm 1.01 (1.01, 1.02) <0.001 1.01 (1.01, 1.02) <0.001

Primary site

Cerebral meninges Ref

Brian 0.73 (0.18, 2.92) 0.653

Laterality

Left Ref

Right 1.17 (0.94, 1.45) 0.149

Paired site 1.03 (0.60, 1.74) 0.923

Marital status

Married Ref Ref

Divorced 1.02 (0.67, 1.55) 0.936 1.04 (0.68, 1.59) 0.866

Widowed 3.76 (2.85, 4.97) <0.001 2.08 (1.52, 2.84) <0.001

Single 1.33 (1.00, 1.76) 0.051 1.78 (1.33, 2.39) <0.001

Other 1.83 (1.19, 2.80) 0.006 1.87 (1.21, 2.88) 0.005

Surgery type

GTR Ref Ref

STR 1.41 (1.15, 1.75) 0.001 1.43 (1.16, 1.77) <0.001

ABRT

No Ref Ref

Yes 1.02 (0.81, 1.29) 0.855 1.21 (0.96, 1.54) 0.115

*ABRT and variables with p < 0.1 in univariable analysis were enrolled in the multivariable analysis. GTR, gross total resection; STR, subtotal resection; ABRT, adjuvant beam radiation 
therapy; HR, hazard ratio; 95% CI, 95% confidence interval.
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prognostic factor. In 2015, Aizer et  al. (6) also utilized the SEER 
database, enrolling 575 AM patients. The authors found ABRT did not 
affect OS. In 2018, Rydzewski et al. (5) enrolled 3,529 AM patients 
from the National Cancer Data Base and identified ABRT as a 
significant factor in enhancing OS in multivariable analysis. In 2019, 
Zeng et  al. (8) also used SEER database and enrolled 1,014 AM 
patients, founding that ABRT did not significantly influence OS across 
the cohort.

When we used the SEER database, we enrolled a large number 
of AM  patients (covering overing 2,700 cases), second only to 
Rydzewski et al.’s study (5), as far as we know. And we carefully 
selected patients and made the cohort homogeneous, consisting 
only of patients with primary single intracranial AM, and excluding 
patients with multiple meningiomas or spinal meningiomas. Given 

that AM is not a malignancy tumor and is associated with lower 
mortality compared to malignant tumors, such as glioblastoma 
(51), lung cancer (52), cervical cancer (53), and gastric cancer (54), 
the inclusion of these malignant tumors could introduce bias into 
the survival analysis of AM. So, patients with tumor history were 
also excluded. Additionally, to eliminate the impact of perioperative 
mortality, we included only patients with follow-up time exceeding 
3 months. Strict inclusion and exclusion criteria can make our 
results more reliable.

The increased risk of all-cause mortality in older AM patients 
receiving ABRT can be  attributed to two primary factors. Firstly, 
ABRT may not offer benefits to older AM patients, possibly due to 
heightened radiation toxicity in this age group. Studies have reported 
that elderly patients were more susceptible to brain atrophy and 

FIGURE 2

Multivariable additive Cox proportional hazard model demonstrated the relationship between age and the risk of all-cause mortality in patients with or 
without ABRT. The model was adjusted with variables, including gender, race, marital status, tumor size, and surgery type. HR, hazard ratio; ABRT, 
adjuvant beam radiation therapy.

TABLE 3 Effect of adjuvant beam radiation therapy for overall survival in different age groups.

Crude model Adjust model I Adjust model II

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age ≤ 55 years old 0.51 (0.26, 1.02) 0.058 0.49 (0.25, 0.97) 0.042 0.49 (0.25, 0.99) 0.045

Age > 55 years old 1.20 (0.94, 1.53) 0.152 1.59 (1.23, 2.06) <0.001 1.52 (1.17, 1.98) 0.002

P for interaction 0.015 0.001 0.001

The Hazard ratios (HR) of adjuvant beam radiation therapy (ABRT) intervention were calculated with Cox proportional hazards model in different age groups. Interaction analyses were 
conducted for ABRT and age group on overall survival in different models.
Crude model: adjust for none.
Adjust model I: adjust for demographic variables including: gender, race, age, and marital status.
Adjust model II: adjust for demographic, tumor, and treatment variables including: gender, race, age, marital status, tumor size, laterality, primary site, and surgery type.
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dementia induced by radiation than younger patients (55, 56). As a 
result, younger AM patients may benefit from ABRT with a good 
tolerance of radiation toxicity, while older patients may be  less 
tolerable and thus experience worse outcomes from ABRT. Secondly, 
the increased mortality observed in older patients receiving ABRT 
could be  due to the patients’ inherently worse oncological 
characteristics, such as a more aggressive pathological phenotype or 
larger postoperative residuals. This may suggest that treatment for 
tumors with ABRT in older patients was insufficient.

Despite observing an increased risk of all-cause mortality in older 
AM patients, we cannot conclusively state that ABRT will cause the 
deterioration of OS in older AM patients since the burden of proof 
needs to be high. The efficacy of ABRT in moderating AM prognosis 
remains to be validated through robust prospective research, such as 
the ROAM/EORTC-1308 trial (57).

Anyway, our observations underscore the need for refined 
treatment approaches for older AM patients. And it is gratifying to 
note that we observed ABRT noticeably improved OS in younger 
AM  patients. This insight suggests that younger patients with 
AM  might be  more suitable candidates for ABRT, potentially 
guiding clinicians toward more aggressive treatment approaches in 
this demographic.

Future research should investigate the biological and pathological 
variances in AM  tumors between younger and older patients. 
Biomarkers that can predict response to ABRT should also 
be identified. The 2021 EANO guidelines advocate for ABRT in WHO 
II meningioma patients, particularly patients without GTR. Our 
findings also revealed that patients receiving ABRT had a significantly 
higher proportion of STR (see Table  1). The impact of ABRT on 
patients with different extent of resection (GTR or STR) should also 
be explored in the future.

There are several limitations in this study. Firstly, the details of 
ABRT, including dose, time, fractionation, etc., are unavailable from 
SEER database. Secondly, the details of pathology information for 
tumors are also not available, such as Ki-67 index. Thirdly, 
we employed the additive Cox proportional hazard model to calculate 
the relative risk and visualized it using smooth spline curve, with the 
age cut-off value (55 years old) determined by the intersection point. 
Although the additive Cox proportional hazard model is commonly 
utilized to build smooth spline curves and identify cut-off values 
(58–64), several considerations must be considered. For instance, the 
inclusion of smoothing parameters might complicate the 
interpretation of the results and cause the overfitting. Moreover, the 
cut-off value was chose based on the statistical criteria alone, its 
medical and biological significance needs to be clarified. Lastly, PFS 
information and cause-specific death data are not available for 
AM patients in the SEER database. Nevertheless, our study’s results 
based on OS also warrant attention since OS is the gold standard 
primary endpoint in the tumor studies of clinical investigations 
(65, 66).

Conclusion

In conclusion, our study found that ABRT improved OS in 
younger primary single intracranial AM patients. We also revealed 
a negative correlation between OS and ABRT in older patients. 

This observation might stem from the long-term toxicity of 
radiation therapy for older patients. And it also might be attributed 
to the more invasive nature of tumors or larger postoperative 
residuals in this age group treated with ABRT, rendering the 
treatment insufficient. Our results call for a careful examination of 
both possibilities and further research is needed explore the 
optimal treatment strategies for AM  patients, especially for 
elderly patients.
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Efficacy and safety of a “radical” 
surgical strategy in the treatment 
of parasagittal sinus meningioma
Zihao Duan , Changlong Zhou , Xiaoxiao Yan , Wei Du , 
Xiaohui Xia , Hui Shi , Hai Su , Yi Zhang , Xuenong He  and 
Qijiang Xiong *

Department of Neurosurgery, the Affiliated Yongchuan Hospital of Chongqing Medical University, 
Chongqing, China

Background: No standardized criteria for surgical resection of parasagittal sinus 
meningiomas (PSM) have been established, and different surgical strategies have 
been proposed. The aim of the present study was to investigate the efficacy and 
safety of a “radical” surgical strategy in the treatment of PSM.

Methods: The clinical histories, radiological findings, pathologic features, and 
surgical records of 53 patients with PSM admitted by the same surgical team 
using the “radical” surgical strategy were retrospectively analyzed between 2018 
and 2023.

Results: Among the 53 PSM cases, 16 (30.2%) had a patent sinus proper, 28 
(52.8%) had partial obstruction of the sinus proper, and 9 (17.0%) had complete 
obstruction of the sinus proper before the operation. During operation, Simpson 
grade I resection was performed in 34 (64.2%) cases and Simpson grade II in 19 
(35.8%) cases. Postoperative pathologic examination suggested tumors of WHO 
grade I  in 47 (88.7%) cases, WHO grade II in 4 (7.5%) cases, and WHO grade 
III in 2 (3.8%) cases. Postoperative complications primarily included a small 
amount of delayed intracerebral hemorrhage in 3 (5.7%) cases, exacerbation of 
cerebral edema in 3 (5.7%) cases, exacerbation of motor and sensory deficits 
in 4 (7.5%) cases, and intracranial infection in 2 (3.8%) cases. There were no 
cases of death or new-onset neurological dysfunction. Dizziness and headache 
symptoms improved to varying degrees, and a seizure-free status was achieved 
postoperatively. Excluding one case lost to follow-up, the average follow-up 
period was 33  months, and there were no cases of recurrence.

Conclusion: A “radical” strategy for the surgical management of PSM is effective, 
safe, and simple to perform, provided that the sagittal sinus is properly managed 
and its associated veins are protected.

KEYWORDS

sagittal sinus, meningioma, surgical strategy, microsurgery, parasagittal sinus 
meningioma

1 Introduction

Parasagittal sinus meningioma (PSM) was first described by Cushing and Eisenhardt (1) as a 
tumor that occupies the parasagittal angle of the sagittal sinus, with no brain tissue between the 
tumor and the sagittal sinus. PSMs may also partially or completely invade the sagittal sinus. PSM 
accounts for 20%–30% (2) of all meningiomas and 25% of the meningiomas seen in our department 
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during the same period. Although meningiomas grow slowly and are 
generally well-defined, PSMs tend to invade the superior sagittal sinus to 
varying degrees and are adjacent to many cortical veins and major 
functional areas. This greatly increases the difficulty of complete surgical 
resection, making radical resection of PSMs without complications and 
recurrence a major challenge for neurosurgeons.

Given these difficulties and risks, no consensus on the surgical 
management of PSM currently exists. A literature review showed that 
surgical strategies can be broadly categorized as “radical” (3–8) or 
“cautious” (2, 9–11). “Radical” resection strategies typically consist of 
resecting the tumor inside and outside the sagittal sinus, followed by 
ligation and division, suture repair, or reconstruction of the sagittal 
sinus, to enhance the likelihood of achieving surgical cure. “Cautious” 
resection strategies typically focus on intraoperative protection of the 
venous sinuses and only involve resection of the tumor outside the 
sinus without operating on the part inside the sinus, followed by 
observation, radiotherapy, or re-operation; however, there is an 
increased risk of tumor residue and recurrence.

In this study, we  adopted a “radical” surgical strategy for 53 
patients with PSM at our center and achieved satisfactory results. 
We summarize and detail the surgical techniques and perioperative 
management of PSM with different degrees of sinus invasion.

2 Materials and methods

A total of 53 cases of PSM treated by the same surgical team using a 
“radical” surgery strategy at the Department of Neurosurgery of 
Yongchuan Hospital, Chongqing Medical University were collected 
between 2018 and 2023. MRI (plain + enhanced + MRV) and CT were 
performed at the time of admission; some patients also underwent CTV 
or DSA. The lesions were on the right side of the sinus in 31 (58.5%) cases 
and on the left side in 22 (41.5%) cases. The maximum size was 7.7 × 6.5 
× 6.7 cm, the minimum size was 1.6 × 1.4 × 1.0 cm, and the mean size was 
4.0 × 3.6 × 4.0 cm. There were 23 (43.4%) cases accompanied with 
peritumoral brain edema, of which 7 (13.2%) cases were severe. PSM was 
broadly classified into three types based on the degree of sinus invasion. 
Type I (patent) tumors adhere to or invade only the outer layer of the 
sagittal sinus wall and do not affect the sinus proper; this is comparable to 
Sindou type I. Type II (partial obstruction) tumors have broken through 
the outer layer of the sagittal sinus wall and are pushing or growing into 
the sinus proper, resulting in partial obstruction of the sinus cavity; this 
includes Sindou types II-IV. Type III (complete obstruction) tumors 
involve two or all walls of the sagittal sinus with complete obstruction of 
the sinus proper and includes Sindou types V and VI. General 
characteristics and preoperative clinical symptoms concerning 53 patients 
with PSM are summarized in Tables 1, 2, respectively.

The study was approved by the Medical Research Ethics 
Committee of Yongchuan Hospital, Chongqing Medical University 
(no. 2023-KLS-65).

2.1 “Radical” surgical strategy

2.1.1 Management of sinuses and associated 
veins with tumor involvement

For type I, the outer layer of the sinus wall was resected while 
keeping the sinus proper intact, and a gelatin sponge or muscle 

paste was used to cover the defect and immobilize it with 
“bio-protein gel” (Figures 1A,B). For type II, if the tumor grew into 
the lateral recess and only compressed the sinus cavity, the lateral 
recesses were cut open, the tumor was resected, and the roof of the 
sinus and the lateral wall were then closed with sutures 
(Figures 1C,D). If the tumor had grown into the sinus proper and 
invaded the one or both two sinus walls, the sinus wall and the 
tumor inside the sinus were resected, and sinus repair or sinus 
reconstruction was performed using autologous dura mater, the 
temporal fascia, or artificial meninges (Figures 1E,F). For type III, 
the sinus was ligated proximally and distally, and the sinus and the 
tumor inside the sinus were resected (Figures 1G,H). Patch repair 
for reconstruction of the sinus cavity could also be considered if 
poor venous compensation is observed.

2.1.2 Management of tumors involving the skull
If the tumor only caused local hyperplasia or destruction of the 

inner table of the skull, the skull was ground with a bur to remove the 
diseased bone and completely cauterized using an electric knife. If the 
tumor had caused serious changes in the skull, then that part of the 
skull was removed, and a titanium mesh or other material was used to 
repair the cranial defect.

2.1.3 Management of tumors near the arachnoid, 
pia mater, or brain tissue

Tissues were resected together in cases of tumor involvement.

2.1.4 Management of the tumor base
The dura of the tumor base, which includes 2 cm of normal dura 

outside the tumor, was resected.

TABLE 1 General characteristics of the 53 patients with PSM.

Parameter Frequency (%)

Number of patients 53

Age (years, mean ± SD) 53.4 ± 14.1

Primary: Recurrent 53:0

Sex (male: female) 22:31(1:1.4)

Mean tumor size 4.0 × 3.6 × 4.0 cm

Tumor site

  Anterior 1/3 of SSS* 12(22.6%)

  Middle 1/3 of SSS 25(47.2%)

  Posterior 1/3 of SSS 11(20.8%)

  Confluence of sinuses 5(9.4%)

Extent of SSS invasion

  Type I* (patent) 16(30.2%)

  Type II* (partial obstruction) 28(52.8%)

  Type III* (complete obstruction) 9(17.0%)

WHO pathological grade

  I 47(88.7%)

  II 4(7.5%)

  III 2(3.8%)

*SSS, superior sagittal sinus; type I equivalent to Sindou type I, type II equivalent to Sindou 
types II–IV, type III equivalent to Sindou types V–VI.

30

https://doi.org/10.3389/fneur.2024.1364917
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Duan et al. 10.3389/fneur.2024.1364917

Frontiers in Neurology 03 frontiersin.org

2.2 Postoperative observation and 
evaluation

Postoperatively, the patient was admitted to the neurosurgical 
intensive care unit for management for 1–3 days, and cranial CT was 
performed immediately after resuscitation and respirator weaning. 
The first MRI (plain + enhanced + MRV) examination was completed 
within 3 days postoperative. Surgical outcomes were assessed clinically 
and by imaging.

2.3 Follow-up

Radiological follow-up and clinical evaluation were performed at 
3, 6, and 12 months postoperative and annually thereafter. The 
follow-up interval was shortened for patients who underwent sinus 
wall resection with patch reconstruction.

3 Results

Based on the Simpson grade of meningioma resection (12), all 
53 cases in the cohort underwent complete resection under 
microscopy and MRI confirmation within 3 days postoperative. 
Simpson grade I resection was achieved in 34 (64.2%) cases, and 
Simpson grade II resection was achieved in 19 (35.8%) cases. Among 
the patients presenting with preoperative symptoms of cognitive 
dysfunction, limb numbness or fatigue, and vision loss, 33 (62.3%) 
patients demonstrated postoperative improvement, while 20 (37.7%) 
patients continued to experience persistent symptoms (Table  3). 
Postoperative dizziness and headache symptoms improved to 
varying degrees, and a seizure-free status was achieved. The outer 
layer of the sinus wall was resected in 14 (26.4%) patients (a 
representative case is illustrated in Figure 2) and electrocoagulation 
only occurred in 2 (3.8%) patients. The sinus wall was directly 
sutured in 13 (24.5%) patients, all exhibiting mild stenosis (Figure 3). 
Patch reconstruction was performed in 20 (37.7%) patients, with 
sinus patency confirmed using MRV in all cases (Figure 4). Sinus 
ligation and division were performed in 4 (7.6%) patients (Figure 5).

There were no cases of perioperative death. There were 3 (5.7%) 
cases of small late-onset intracerebral hemorrhage after heparin 

anticoagulant therapy, which did not increase after heparin was 
discontinued; 3 (5.7%) cases of postoperative exacerbation of 
cerebral edema and symptoms of cranial hypertension, which 
gradually improved with dehydration, protein, and hormones; 4 
(7.5%) cases of postoperative exacerbation of limb numbness and 
paralysis, which recovered in 1 month in conjunction with 
rehabilitation therapy; and 2 (3.8%) cases of intracranial infections, 
which recovered after antibiotic treatment. There were no definitive 
cases of air embolism and MRV-confirmed venous sinus 
thrombosis. Pathologic findings suggested tumors of WHO grade 
I in 47 (88.7%) cases, WHO grade II in 4 (7.5%) cases, and WHO 
grade III in 2 (3.8%) cases.

Excluding one patient lost to follow-up, 52 patients were followed 
up through June 2023 for a total ranging from 6 to 63 months (mean 
follow-up 33 months). There were no cases of recurrence.

4 Discussion

In a seminal paper published in 1957, Simpson et  al. (12) 
introduced a classification system consisting of five levels for 
meningioma resection and provided detailed definitions for each level, 
elucidating the relationship between the extent of tumor resection and 
its recurrence. This correlation has since formed the theoretical 
foundation underlying the aggressive surgical treatment strategy for 
meningiomas. However, parasagittal sinus meningiomas are often 
located in critical intracranial areas, and surgical procedures are prone 
to damage important cortical areas, the superior sagittal sinus, and its 
important collateral draining veins, which are often accompanied by 
various degrees of complications, such as limb paralysis, severe 
cerebral edema, and even death.

To mitigate these risks, researchers have adopted a surgical 
strategy of “conservative resection,” but a large body of evidence 
suggests that meningioma recurrence is strongly correlated with the 
degree of resection. Conservative resection of PSM is associated 
with an increased recurrence rate (3, 5, 6), emphasizing the 
importance of radical resection. Management of the tumor invading 
the sinus and the associated veins is essential for achieving radical 
resection of PSM. Sindou et  al. (3) found that repair and 
reconstruction of the sinus after radical tumor resection or 
restoration of sinus circulation by a bypass resulted in a recurrence 

TABLE 2 Preoperative clinical symptoms.

Site Anterior 1/3 of 
SSS

Middle 1/3 of 
SSS

Posterior 1/3 of 
SSS

Confluence of 
sinuses

Total

Symptom

Dizziness, headache 9(75.0%) 14(56.0%) 7(63.6%) 5(100.0%) 35(66.0%)

Cognitive dysfunction 4(33.3%) 6(25.0%) 10(18.9%)

Numbness (lower and/or 

upper limbs)

7(28.0%) 7(13.2%)

Fatigue (lower and/or 

upper limbs)

8(32.0%) 8(15.1%)

Generalized seizures 3(25.0%) 2(8.0%) 5(9.4%)

Focal seizures 4(16.0%) 1(9.1%) 5(9.4%)

Decreased vision 3(25.0%) 2(8.0%) 2(18.2%) 3(60.0%) 10(18.9%)

Asymptomatic 1(8.3%) 5 2 8
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rate of only 4%. Zhang et al. (8) reported a recurrence rate of 0% 
and a postoperative complication rate of 7.2% after radical tumor 
resection and sinus reconstruction with a simplified surgical 
strategy. All complications were treated aggressively, and all patients 
recovered uneventfully.

Our team has formulated a “radical surgery strategy” for PSMs 
based on “Simpson Grade I Resection Criteria” for meningiomas, 
especially the corresponding sinus management strategy according to 
the degree of sinus invasion of PSMs, which is easy to implement 
during surgery, does not significantly increase surgical risk and 
postoperative complications, and has shown remarkable therapeutic 
results. To improve the surgical management of PSMs, we believe that 
the following issues should be considered.

4.1 Assessment, identification, and 
protection of the sagittal sinus, tributary 
veins, and collateral veins

Protection of the venous circulation is known to be critical to 
surgical success for PSMs. Preoperative prognosis combined with 
intraoperative reality or intraoperative evaluation, utilizing 
techniques such as indocyanine (ICG) (13) video angiography, is 
required. First, a detailed preoperative evaluation of the cerebral 
veins based on DSA, CTV, or MRV imaging was performed. In 
particular, MRV is increasingly becoming the preferred option for 
visualization of intracranial veins because it is non-invasive and 
radiation-free. However, preoperative imaging of the sinus does not 

TABLE 3 Surgical outcomes.

Extent of SSS 
invasion

Cases Grade of resection Neurological function

Simpson I Simpson II* Improvement Same as 
preoperative

Type I (patent) 16 14 2 11 5

Type II (partial 

obstruction)

28 16 12 19 9

Type III (complete 

obstruction)

9 4 5 3 6

*Simpson grade II resection is defined as electrocoagulation only with complete or partial preservation of the sinus wall to avoid affecting the collateral veins.

FIGURE 1

Reclassification of PSM and its corresponding surgical methodologies was illustrated. (A) Type I (patent) preoperatively, the tumor invaded the outer 
layer of the ipsilateral sagittal sinus wall only and did not affect the sinus proper. (B) Postoperatively, the extra-sinus tumor and the outer layer of the 
sinus wall, which was involved owing to the tumor, were resected. (C) Type II (partial obstruction) preoperatively; the tumor grew into the lateral recess 
and only pushed the sinus cavity, resulting in mild obstruction of the sinus proper. (D) Postoperatively, the lateral recess was cut open, the extra- and 
intra-sinus tumor was resected, and the roof of the sinus and the ipsilateral wall were then closed with sutures. (E) Type II (partial obstruction) 
preoperatively, the tumor grew into the sinus cavity and invade the one or both of the two sinus walls with more severe obstruction of the sinus 
proper. (F) Postoperatively, the sinus wall involved owing to the tumor, and the extra- and intra-sinus tumor were resected, and sinus repair or sinus 
reconstruction was performed using a patch. (G) Type III (complete obstruction)preoperatively, the tumor involved two or all walls of the sagittal sinus 
with complete obstruction of the sinus proper. (H) Postoperatively, the sinus involved owing to the tumor was ligated proximally and distally, and the 
sinus and the extra- and intra-sinus tumor were resected.
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always match the actual condition of the sinus, so intraoperative 
biopsy or opening of the sinus wall is recommended for exploration 
to determine whether the sinus is completely obstructed. 
Furthermore, it is not recommended to perform direct ligation and 
resection of the superior sagittal sinus without assessing whether 

the local drainage vein is well compensated, even if preoperative 
imaging indicates type III. When preoperative symptoms of venous 
hypertension are under consideration, along with imaging 
indicating a scarcity of side drainage veins around the tumor, 
characterized by small venous vessel diameters and a singular 

FIGURE 2

Representative case 1, type I (patent sinus). (A–C) Preoperative enhanced MRI images. (D) Intraoperative resection of the outer layer of the sinus wall. 
(E,F) Postoperative enhanced MRI images.

FIGURE 3

Representative case 2, type II (partial sinus obstruction). (A–C) Preoperative enhanced MRI images. (D) Preoperative MRV images. (E) Intraoperative 
suture repair of the sinus wall. The arrow shows the intact inner layer compressed by tumor. (F,G) Postoperative enhanced MRI images. 
(H) Postoperative MRV images.
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drainage pattern, or when peritumoral brain edema (PTBE) 
coincides with poor brain-tumor interface-related edema (PIRE) 
(14, 15), there is a likelihood of insufficient local compensatory 
drainage veins. Hence, reconstruction of the sinus cavity warrants 
consideration (Figure  4). Conversely, we believe excision of the 
sinus without reconstruction is safe (Figure 5). Increased tumor size 
is accompanied by compression of the cerebral cortex and cortical 
bridging veins, which usually exhibit pathological changes upon 
compression by the tumor, resulting in poor venous return. The 
collateral venous circulation will gradually develop and play an 
important role in venous return. Destruction of veins during the 
procedure may lead to several adverse consequences, such as 
cerebral infarction or hemorrhage, seizures or neurological deficits, 
and even death in severe cases. Therefore, protecting the 
peritumoral veins is critical to the success of the procedure (16, 17). 
Intraoperatively, it is necessary to open the dura mater from above 
the tumor to avoid damaging the cortical veins at the tumor 
margins and to fully decompress the tumor. Then, the margins of 
the tumor are isolated after a decrease in peritumoral venous 
tension and relaxation of the tumor-brain interface. Finally, tumor 
veins must be accurately identified, and all preservable normal veins 
must be protected.

4.2 Control of bleeding after opening the 
sinus wall, as well as prevention and 
monitoring of air embolism

In our experience, the sinus wall is opened from the proximal to 
the distal end, and a single gelatin sponge was applied immediately 
afterward to stop proximal hemorrhage; gelatin sponge fragments 

should not be used to prevent leaving residue in the sinus. In addition, 
the tumor is resected from the proximal to the distal end, and the 
sinus wall is sutured or repaired while gradually advancing until the 
tumor is resected and the sinus is reconstructed. The risk of air 
embolism varies among case reports and is affected by surgical 
position. Air embolism was diagnosed in only one of the 100 patients 
(1%) reported by Alvernia and Sindou (18), although most patients 
were in a semi-sitting position. The management of air embolism is 
primarily focused on prevention, with particular emphasis placed on 
ensuring that the operative area is positioned below the level of the 
heart when incising the sinus wall. After the proximal sinus wall was 
opened, the surgical assistant immediately closed the defect with a 
gelatin sponge and resected the tumor toward its distal end while 
ensuring that the proximal end remained closed. When the 
reconstruction was completed, the last of the residual tumor in the 
distal sinus was resected, and blood flowed from the distal end, 
confirming adequate perfusion of the reconstructed sinus segment 
and overflowing from the distal end (terminal pinhole). Then, the 
sinus was closed by tightening the suture. Currently, no effective 
monitoring procedures are available for early identification of air 
embolism. Indicators of air embolism can appear on transesophageal 
ultrasound or various anesthesia monitoring systems but with a clear 
time lag.

4.3 Prevention and treatment of venous 
sinus thrombosis

Although most meningiomas are benign tumors, they are 
strongly associated with systemic thromboembolic states. The 
intrinsic biological activity of meningiomas exerts local and 

FIGURE 4

Representative case 3, type III (complete sinus obstruction). (A–C) Preoperative enhanced MRI images. (D) Preoperative MRV images. (E) Intraoperative 
patch reconstruction of the sinus wall. (F,G) Postoperative enhanced MRI images with concurrent titanium mesh repair of the cranial defect. 
(H) Postoperative MRV images.
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systemic hormonal and hematologic effects that play a major role 
in venous sinus thrombosis. In particular, parasagittal sinus 
meningiomas are more prone to promote local thrombosis because 
of their complex connections with vascular structures (4). In 
addition, excessive intraoperative manipulation of the venous sinus 
and sacrifice of peritumoral veins can promote thrombosis in the 
injured vessels. Currently, the preferred imaging modality for 
diagnosing venous sinus thrombosis is MRV, which is highly 
sensitive, non-invasive, and free of radiation, making it favored by 
many physicians and patients (19). The need for anticoagulants in 
the management of venous sinus thrombosis has been underscored 
by many researchers in the literature. Sindou et al. (3) concluded 
that anticoagulant therapy is required for at least 3 months after 
radical resection, a strategy that does not increase the rate of 
bleeding complications. A review of 34 studies on the interventional 
management of venous sinus thrombosis by Medel et  al. (20) 
concluded that systemic anticoagulant therapy is a rational initial 
strategy for the treatment of venous sinus thrombosis, even in the 
presence of cerebral hemorrhage. A retrospective study of patients 
with cerebellopontine angle tumors by Moore et al. (21) found that 
five of the 43 patients developed thrombosis of the transverse and 
sigmoid sinuses after tumor resection. All patients with thrombosis 
were treated with intravenous heparin without any complications, 
allowing us to conclude that initiating anticoagulant therapy early 
in the postoperative period is safe and effective and prevents the 
progression of venous sinus thrombosis. Similar to other 
researchers, we hypothesized that patients undergoing patch repair 
or venous sinus reconstruction may have a higher incidence of 
venous sinus thrombosis due to the surgical procedure 
simultaneously compromising the original support of dural 
structures at the three corners of the sagittal sinus, rendering the 

sinus cavities more vulnerable to factors such as blood pressure, 
blood volume, blood viscosity, intracranial pressure, and cerebral 
edema. Therefore, meticulous management of these aforementioned 
factors is imperative during the postoperative period. We routinely 
implemented low molecular weight heparin anticoagulant therapy 
after the initial CT re-examination to rule out intracranial 
hemorrhage, during which the patient was closely observed for 
neurological symptoms and gastrointestinal, oral, and skin mucosal 
bleeding. In addition, coagulation function, thromboelastography, 
coagulation index, and other indicators were monitored with 
detailed follow-up. Following discharge, appropriate oral 
antiplatelet or anticoagulant medications were administered for 
3–6 months post-operation. In the present cohort, anticoagulant 
therapy was applied in 20 cases of patch reconstruction and 13 cases 
of sinus wall suturing. There were no cases of hemorrhage other 
than only 3 cases of small delayed intracerebral hemorrhage in the 
edematous area outside the tumor, and there were no cases of 
venous sinus thrombosis.

4.4 Innovations of this study

This study has several innovations compared with other studies. 
The “radical” surgical strategy for PSMs is described in detail, and all 
the technical details of this surgical strategy, including the 
management of tumors with different types of sinus involvement, the 
method of sinus reconstruction, and the control of intraoperative 
hemorrhage are described in detail so that our treatment model is 
clear and easy to understand. Additionally, the details of the venous 
reconstruction technique are relatively simple and do not require 
complicated operations, such as the use of autologous saphenous vein 

FIGURE 5

Representative case 4, type III (complete sinus obstruction). (A–C) preoperative enhanced MRI images. (D) preoperative MRV images. (E–H) 
Postoperative enhanced MRI images. Intraoperative sinus ligation and division without sinus reconstruction.
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bypass, making the approach to venous sinus reconstruction easier 
to implement.

4.5 Limitations

The follow-up period of this study was limited, so the long-term 
effectiveness of our “radical” surgical strategy must be confirmed 
with a longer follow-up period. Given that our surgical approach 
was as aggressive as that reported by Sindou et al. (3), we predict 
that the long-term recurrence rate of our procedure will 
be comparable to theirs, at approximately 4%. At the same time, 
we recognize that our sample size is relatively small compared to 
other studies, which may affect our judgment of the long-term 
effects of surgical strategies. Therefore, the sample size should 
be  increased in future studies to facilitate a more in-depth, 
comprehensive, and accurate investigation of the long-term efficacy 
and safety of this surgical strategy.

5 Conclusion

A “radical” surgical strategy for increasing the degree of 
parasagittal sinus meningioma resection and reducing the rates of 
residual tumor and recurrence is effective, safe, and simple to perform, 
provided that the sagittal sinus is properly managed and its associated 
veins are protected.
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Case report: complete long-
lasting response to multimodal
third line treatment with
neurosurgical resection,
carmustine wafer implantation
and dabrafenib plus trametinib in
a BRAFV600E mutated high-
grade glioma
Barbara Castelli 1*, Marco Tellini 1, Melina Guidi1,
Marco Di Nicola1, Laura Giunti 1, Anna Maria Buccoliero2,
Maria Luigia Censullo1, Alessandro Iacono3, Isacco Desideri4,
Lorenzo Genitori5, Iacopo Sardi1 and Carla Fonte1

1Neuro-oncology Department, Meyer Children’s Hospital IRCCS, Florence, Italy, 2Pathology
Department, Meyer Children’s Hospital IRCCS, Florence, Italy, 3Radiology Department, Meyer
Children’s Hospital IRCCS, Florence, Italy, 4Radiotherapy Department, Careggi Hospital, Florence, Italy,
5Neurosurgery Department, Meyer Children’s Hospital IRCCS, Florence, Italy
Dabrafenib plus trametinib is a promising new therapy for patients affected by

BRAFV600E-mutant glioma, with high overall response and manageable toxicity.

We described a complete and long-lasting response in a case of recurrent

anaplastic pleomorphic xanthoastrocytoma CNS WHO-grade 3 BRAFV600E

mutated. Due to very poor prognosis, there are a few described cases of high-

grade glioma (HGG) patients treated with the combined target therapy as third-

line treatment. The emergence of optimized sequencing strategies and targeted

agents, including multimodal and systemic therapy with dabrafenib plus

trametinib, will continue to broaden personalized therapy in HGG improving

patient outcomes.
KEYWORDS

high-grade glioma, MEK inhibitors, target therapy, dabrafenib, trametinib, pleomorphic
xanthoastrocytoma, BRAFV600E, BRAF inhibitors
frontiersin.org0138

https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1359093/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2024.1359093&domain=pdf&date_stamp=2024-05-07
mailto:Barbara.castelli@meyer.it
https://doi.org/10.3389/fonc.2024.1359093
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2024.1359093
https://www.frontiersin.org/journals/oncology


Castelli et al. 10.3389/fonc.2024.1359093
GRAPHICAL ABSTRACT

Timeline.
1 Introduction

High-grade gliomas (HGGs), tumors of neuroepithelial origin

(1), represent the most common primary intracranial tumor in adults

(2, 3). Differently, low- grade gliomas (LGGs) predominate in

children (4, 5).

HGGs display a dismal prognosis despite surgical and chemo

radiotherapeutic advances (1) and standard of care is commonly not

curative. Throughout the understanding of molecular basis of tumors

and recent insights, survival outcomes modestly increased, however,

remaining limited and challenging. Therefore, worldwide researches

are moving towards new frontiers and ongoing trials are investigating

novel targeted agents (1). In the last years, important advances in the

field of molecular biology and pathology have been accomplished (6).

MAPK (mitogen-activated protein kinase) pathway, implicated in

carcinogenesis, has been found altered in most glial tumors (7, 8),

promoting cellular overgrowth and overcoming metabolic stress (9).

The pathway includes a small G protein (RAS) and three protein

kinases in a downstream signaling pathway (respectively RAF –

composed of A-RAF, B-RAF and RAF-1 or C-RAF kinases, MEK –

composed of MEK1 andMEK2, ERK – composed of ERK1 and ERK2)

(10, 11). ERK (extracellular signal-regulated kinase) is a MAPK that

functions as the major effector of the RAS oncoprotein, translocating to

the nucleus to activate transcription factors (10). Driving oncogenic

mutations should develop upstream of the MAPK pathway (11).

Most BRAF variants are missense mutations at amino acid position

600, resulting in an exchange of valine for glutamate (referred to as

BRAFV600E) (12). Activating BRAFV600E kinase mutations occur in

~7% of human malignancies (13). Initially described in melanoma,

colon and papillary thyroid carcinoma, these alterations have also been

observed in primary nervous system tumors (14). High mutation

frequencies have been detected in pleomorphic xanthoastrocytomas

(PXA), gangliogliomas and extra-cerebellar pilocytic astrocytomas (14),

but the mutation has also been found in others HGGs (12), in

particular in epithelioid glioblastoma (15).

The BRAF inhibitors vemurafenib, dabrafenib and encorafenib

selectively target BRAF kinase, interfering with MAPK signaling

pathway (16). Selumetinib and trametinib are MEK inhibitors

(MEKi) (7). The combination of BRAF and MEK inhibitor have

been approved in various cancers by the US Food and Drugs

Administration (FDA) (17) and the European Medicines Agency

(EMA). It is known that the blockage of two downstream pathway
Frontiers in Oncology 0239
components with dual BRAF/MEK inhibition may improve tumor

control and patient survival (18).

Recently, MEK inhibitors and BRAF inhibitors have been

successfully used in pediatric LGG patients (19), with a relatively

well-tolerated side effect profile (1). Few data are available on their

efficacy in relapsing refractory HGGs.

Herein we report a case of complete long-lasting response to

combined dabrafenib/trametinib as third-line therapy in a patient

with frontal HGG.
2 Case report

In February 2016, a 21-year-old white female presented her first

seizure episode. In August 2016 she was admitted to Anna Meyer

Children’s Hospital IRCCS in Florence for recurrent episodes. Imaging

revealed a left frontal lesion (Figure 1). A partial resection was

performed. The histological examination diagnosed anaplastic PXA

BRAFV600Emutated CNSWHO-grade 3. The lesion was composed of

pleomorphic, xanthomatous and oligodendrocyte-like cells.

Perivascular lymphocytic cuffing and numerous granular bodies were

present. Mitoses (more than 5 X 10 HPF) and necrosis were seen

(Figure 2). At immunohistochemistry GFAP, CD34 and BRAF

p.V600E resulted positive; rare cells expressed synaptophysin.

Molecular study confirmed BRAF p.V600E mutation (c. 1799T>A)

whereas FISH analysis documented homozygous deletion of CDKN2A.

From October 2016 to December 2016 a volumetric modulated

radiotherapy course was delivered for a total dose of 59,4 Gy in 33

fractions with concomitant and adjuvant temozolomide therapy (Stupp

regimen). However, O6-methylguanine-DNA methyltransferase

(MGMT) promoter was not methylated. Brain MRI at the end of

radiotherapy revealed residual disease (Figure 3A).

In October 2017 (14 months after first surgical resection), a

brainMRI showed progressive disease next to the resected area (first

progression, Figure 3B), therefore six courses of chemotherapy with

procarbazine, lomustine and vincristine (PCV) were administered

(the last in June 2018) with disease control.

In January 2019 (7months after the end of second line treatment) a

cranial MRI showed progression of disease (second progression,

Figure 3C) and another neurosurgical partial resection with

carmustine wafers implantation was performed. The histological

analysis confirmed the previous diagnosis. Considering the residual
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disease, in April 2019 the 24-year-old female patient with BRAF

mutated anaplastic PXA started third-line therapy with dabrafenib.

In August 2019 she suffered fromHerpes Zoster reactivation, leading to

temporary target drug suspension. The well-known tumor residue was

less evident on the subsequent MRIs performed every three/four

months. Given the literature data of the most effectiveness with

better tolerability and the reduced possibility of resistance (13, 20–

22), in August 2020 the patient started combination treatment with

dabrafenib plus trametinib. Temporary interruption was required for

pyrexia and in September 2020 for the occurrence of erythema

nodosum grade 3 Common Terminology Criteria for Adverse Events

(CTCAE) v.4. Dabrafenib and trametinib were then continued at a

reduced dose (25%-50% reduction). The combined therapy was overall

well tolerated. Since December 2021 the residual tumor has not been

longer visible (Figure 3D). MRI evaluation, performed on
Frontiers in Oncology 0340
July 27th,2023, showed no recurrence of the disease, three years after

BRAF/MEK inhibitor combination treatment beginning. In December

2023, considering the optimal response and the reported toxicity, the

dual target treatment was interrupted. Last MRI, performed on January

29th, 2024 (one month after drug cessation, 5 years after second

progression) revealed persistent complete response (Figure 3E).
3 Discussion and conclusion

PXA is a tumor with a wide range of morphology (19). TwoWHO

grades (CNS WHO 2 or 3) are assigned, based on a mitotic count of

more than 5 mitoses per 10 microscopic high power fields (19). Grade

3 includes the anaplastic variant (23). Anaplastic PXA is associated

with poorer clinical outcomes compared with PXA CNSWHO 2 (24).
FIGURE 2

Pleomorphic xanthoastrocytoma, CNS WHO grade 3, lesion composed of pleomorphic cells (A) and oligodendrocyte-like cells (C). Perivascular
lymphocyte cuffing and granular bodies are present (A) as well as necrosis [(B), arrow] and mitoses [(C, D), arrows]. Hematoxylin and eosin stain (A-
D); Original magnification: a-b 10 X, c 40 X, d 20 X.
A B C

FIGURE 1

Brain CT scan at diagnosis, August 2016 [(A): axial, (B): coronal, (C): sagittal].
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Anaplastic variant of PXA shows histological characteristics as well as

clinical course comparable with Grade 3 astrocytoma (25). Gross total

resection should be the goal of initial treatment and it remains unclear

whether adjuvant radiation and chemotherapy are able to prevent

progression or dissemination (24). Early disease recurrence in

anaplastic PXA is associated with fatal outcomes (25). BRAFV600E

mutation can be detected in up to 70% of these tumors, combined with

CDKN2A homozygous deletion in greater than 90% (19). Considering

the emerging molecular landscape and the frequent failure of

conventional therapies, novel therapeutic strategies are under

investigation in the treatment of HGGs.

Targeted therapies, includingmutant BRAF inhibitors (dabrafenib)

and MEK inhibitors (trametinib), have yet shown promising results in

other cancers refractory to conventional chemotherapy (26). The safety

and effectiveness of MEKi treatment have also been established in

improving symptomatology and quality of life in patients affected by

plexiform neurofibromas in Neurofibromatosis Type I (7). Considering

brain tumors, MAPK inhibitors have shown encouraging results in

LGG showing alterations of this pathway. Dabrafenib demonstrated

meaningful clinical activity and acceptable tolerability in patients with

BRAFV600-mutant LGG (27). Trametinib was an active and feasible

treatment for progressive pediatric MAPK-aberrant LGGs, leading to

disease control (28). Recently, the Food and Drug Administration

(FDA) approved dabrafenib in combination with trametinib for the

treatment of pediatric BRAFV600E LGG (29). Instead, data are still

limited on their efficacy in BRAFV600E mutated HGGs. In 2014

Robinson et al. described the first known case of complete response

in a BRAFV600E-mutated HGG to vemurafenib (BRAF inhibitor)

therapy (20). In 2022 Arbour et al. reported an 18-year-old female with

a grade 3 PXA treated upfront with dabrafenib and trametinib and

conducted a systematic literature review of patients with HGG and

BRAFV600E mutations treated with BRAF inhibitors (30).

In a phase 2 Rare Oncology Agnostic Research (ROAR) basket

trial (NCT02034110) Dabrafenib plus trametinib showed clinically

meaningful activity in patients with BRAFV600E mutation-positive

recurrent or refractory HGG: 15 (33%; 95% CI 20-49) of 45 patients

had an objective response by investigator assessment, including

three complete responses and 12 partial responses (31). Further

ongoing studies are evaluating MEK inhibition also in HGG

patients. An Open Label, multi-center Roll-over Study is assessing

Long-term effect of BRAFV600E and MEK inhibition with

dabrafenib and trametinib in a subset of HGG (NCT03975829)

(1). A phase I/II Trial is designed to study the combination of

Dabrafenib, Trametinib and Hydroxychloroquine for Patients with

Recurrent LGG or HGG with a BRAF aberration (NCT04201457).
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Another phase II trial studies how well the combination of

dabrafenib and trametinib after radiation therapy in children and

young adults with BRAF V600 mutated HGG (NCT03919071).

Our case report suggests that BRAF/MEK inhibition is a potential

promising strategy also in the treatment of recurrent and refractory

HGG, non-stable responsive to surgery, radiotherapy, first and

second line chemotherapy. The patient on the third-line combined

target therapy achieved even a complete extraordinary response, with

disappearance of residual disease.

The patient started a therapy with BRAF and MEK inhibitors

on the basis that previous studies on melanoma suggested the

possibility of resistance (13, 20), Moreover, Hargrave et al. in a

phase II trial in pediatric relapsed/refractory BRAFV600–mutant

HGG assessed tolerable safety and durable responses of the

combined therapy, compared to traditional chemotherapy (32).

Hypotheses for mechanisms of acquired resistance to BRAF

inhibition include secondary mutations in BRAF, MAPK

reactivation, and activation of alternative survival pathways (13).

Reports in colorectal cancer suggest BRAF-mutant tumors may

escape inhibition by amplifying receptor tyrosine kinases (20, 33),

Additionally, combination of MEK and BRAF inhibitors reduces

squamous cell carcinoma risk observed with BRAF inhibitors

monotherapy (1). Combined treatment is reported to be well

tolerated with mostly moderate and reversible side effects (21). In

an open-label study involving patients with metastatic melanoma

with BRAFV600 mutations, dabrafenib and trametinib were safety

combined at full monotherapy doses, with significatively

improvement of progression-free survival (22). In our case in

combined therapy temporary interruption was required in two

events: pyrexia and for the occurrence of erythema nodosum,

recurred some months later. Dabrafenib was then continued at a

reduced dose (25% reduction) and the combined therapy was

overall well tolerated.

Data on long-term response are still poor. Our case report

describes an extremely great 3-year persistent response on

combined target therapy. We must take into account that the

combined target therapy was a component of a multimodal

approach including neurosurgery and carmustine wafers

implantation (CW). Approved to treat newly or recurrent HGG,

CW efficacy was reported doubtful: CW may provide a therapeutic

coverage during the usual radiotherapy delay of 2 to 6 weeks (34). In

our case, the optimal neuro radiological response was observed at

almost two years since CW implantation, therefore it was most

likely related to the dual target treatment. However, CW was a part

of the third line therapy, thus composed of a multimodal approach.
A B C D E

FIGURE 3

Axial T1 contrast-enhanced brain MRI [(A): after first line therapy, January 2017; (B): at first progression, October 2017; (C): at second progression,
presurgical, December 2018; (D): complete response during target therapy, December 2021; (E): persistence complete response one month after
target therapy interruption, January 2024].
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Despite promising preclinical and clinical trials, several issues

persist (1). Disease control after MEKi withdrawal was not sustained

in a fraction of patients (28). Even on temporary effect, therapeutic

goals could include extending survival and improving quality of life in

patients with relapsed disease (20). CNS tumors with alternative

BRAF alterations, such as alternate V600mutations or BRAF fusions,

may differently respond to target therapy (20): for example it is

important to note that BRAF inhibitor therapy in patients with BRAF

gene fusion or duplications activates the MAPK signaling pathway in

cells with wild-type BRAF at V600 (27), therefore in this setting MEK

inhibitors represent the strategy of choice (35).

Moreover, several studies are investigating the use of targeted

therapy as a first-line treatment (26), which could open

extraordinary perspectives.

Long term follow up would supply data on disease evolution

after treatment discontinuation and further studies are expected to

provide standardized treatment duration indications.

In conclusion, our case report suggests that BRAF/MEK inhibition

may represent a potential therapeutic strategy also in patients with

refractory relapsing HGGs BRAF mutated, not responsive to

conventional therapies. The achieved complete response in a

recurrent disease is an exceptional reached goal. The long-lasting

response is also of great importance, giving long-term insights in

combined target therapy. However, this is a limited study, reporting

our favorable experience only in a single patient. Further studies are

ongoing and more data on larger cohorts are needed to clarify present

issues. Despite this exciting result, ongoing prospective studies will

determine whether dabrafenib and trametinib combination can

improve relapsed HGGs BRAF mutated outcomes.
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Background: Primary central nervous system post-transplant

lymphoproliferative disorder (PCNS-PTLD) is a rare condition, posing diagnostic

and treatment challenges, with histological biopsy essential for diagnosis.

Standardized treatment protocols are lacking. This disease requires urgent

attention due to the increasing number of organ transplant surgeries and the

use of immunosuppressive agents.

Methods: From 2020 to 2023, our center diagnosed five patients with PCNS-

PTLD. We reviewed their clinical records and conducted a comprehensive

analysis of 22 literatures on PCNS-PTLD cases following renal transplantation

or allogeneic hematopoietic stem cell transplantation (HSCT).

Results: Four patients had previously received a kidney transplant, one had

undergone allogeneic HSCT. Themedian time from the last transplant surgery to

the diagnosis of PCNS-PTLD di�ers between kidney transplant (21.5 years) and

allogeneic HSCT (9months). Common symptoms includedmotor weakness (n =

4), headache (n = 2), confusion (n = 2), and nausea (n = 2), with ring-enhancing

(n = 5), typically solitary (n = 3) and supratentorial (n = 3) lesions on imaging.

Diagnosis involved robot-assisted stereotactic brain biopsy (n = 4) or craniotomy

(n= 1), all showing Epstein-Barr virus and CD20 positivity. Most cases (n= 4) were

monomorphic di�use large B-cell lymphoma. Treatment included rituximab (n =

3), surgical resection (n = 2), zanubrutinib (n = 1), whole-brain radiation (n = 1),

and methotrexate (n = 1). At the last follow-up, the median duration of follow-

up for all patients was 19 months. During this time, 3 patients had died and 2

patients were still alive.

Conclusion: In patients with a history of kidney transplantation or allogeneic

HSCT who are on long-term immunosuppressive therapy, any neurological

symptoms, particularly the presence of supratentorial ring-enhancing masses in

the brain on imaging, whether solitary or multiple, should raise high suspicion

for this disease, warranting a timely brain biopsy. Additionally, we found that

besides reducing immunosuppressants, zanubrutinib may be a potential, safe,
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and e�ective treatment for this condition.Moreover, post-surgical administration

of rituximab in conjunction with whole-brain radiotherapy also appears to be a

potentially safe and e�ective approach.

KEYWORDS

primary central nervous system post-transplant lymphoproliferative disorder, kidney

transplant, hematopoietic stem cell transplantation, robot-assisted stereotactic brain

biopsy, brain tumor

1 Introduction

Post-transplant lymphoproliferative disorder (PTLD) refers to

a group of lymphoproliferative disorders that occur in recipients

of solid organ transplantation (SOT) or hematopoietic stem cell

transplantation (HSCT) under pharmacologic immunosuppression

(1). Although about 7%–15% of all PTLD patients involve

the central nervous system (CNS), primary involvement of

the nervous system is quite rare (2, 3). Primary CNS post-

transplant lymphoproliferative disorder (PCNS-PTLD) is defined

as a lymphoproliferative disorder limited to the CNS occurring

after SOT or HSCT, with no evidence of systemic PTLD (2, 4). The

incidence rate of PCNS-PTLD is approximately 11.5 per 100,000

person-years (3). Due to its extreme rarity, diagnosing and treating

PCNS-PTLD pose significant challenges (5). Currently, there are no

standard treatment protocols for PCNS-PTLD, and management

relies solely on existing case reports and small retrospective case

series to guide therapy (6). Additionally, to our knowledge, there

have been no independent case series reports of PCNS-PTLD

following HSCT to date.

With an increasing number of successful organ transplant

surgeries, the growing use of immunosuppressive agents, and the

introduction of new immunosuppressive drugs, PCNS-PTLD is

expected to occur more frequently (4, 7, 8). Consequently, it is

imperative for medical professionals, especially neurosurgeons, to

be aware of this condition and maintain a high index of suspicion

to initiate appropriate treatment before disease progression (9).

Here, we present a single-institution case series of 5 patients, 4 of

whom developed PCNS-PTLD after kidney transplantation, and 1

after allogeneic HSCT. Additionally, we reviewed 22 case reports

and case series of PCNS-PTLD following kidney transplantation or

allogeneic HSCT, focusing on clinical presentations, radiological

features, pathological characteristics, treatment modalities, and

prognosis to aid in the better diagnosis and management of this

disease in the future.

2 Patients and methods

We conducted a thoroughly retrospective review of all clinical

records from the Department of Neurosurgery at XuanwuHospital,

Capital Medical University, from January 2020 to December 2023,

and identified a total of 5 patients diagnosed with PCNS-PTLD

after kidney or allogeneic HSCT over the past 3 years. Among

them, four patients were diagnosed via robot-assisted stereotactic

brain biopsy, while pathology findings from tumor resection

during craniotomy confirmed the diagnosis in one patient. All

patients underwent staging computed tomography (CT) imaging

or whole-body postoperative positron emission tomography-

computed tomography (PET-CT) to rule out systemic involvement

of lymphoma. This study primarily reviewed preoperative clinical

symptoms, preoperative magnetic resonance imaging (MRI), or CT

scan for each patient. We also examined the immunosuppressive

agents used by each patient at the onset of clinical symptoms,

treatments administered after diagnosis, and their survival status.

Basic information for each patient, including age at onset of clinical

symptoms and time interval from last transplantation to onset of

clinical symptoms, was collected and is presented in Table 1. The

last follow-up date was January 9, 2024.

Furthermore, we conducted a literature review on PCNS-

PTLD occurring after kidney or HSCT. Two independent

researchers screened titles and abstracts of published manuscripts

available on PubMed (https://pubmed.ncbi.nlm.nih.gov/) from the

establishment of the database until December 2023. Inclusion

criteria required manuscripts to be published in English, meet

the definition of PCNS-PTLD (2, 4), involve patients who

underwent kidney or HSCT before the onset of clinical symptoms,

and qualify as case reports or case series. The search strategy

involved combinations of the following terms: “primary central

nervous system post-transplant lymphoproliferative disorder”,

“PCNS-PTLD”, “kidney transplant”, “HSCT”, “renal transplant”,

and “hematopoietic stem cell transplantation”. Ultimately, 22

manuscripts were selected, reporting on a total of 45 patients.

Based on the descriptions provided in the literature, we

summarized and compiled Table 2.

3 Illustrative cases

3.1 Case 1

A 57-year-old male presented to a local hospital with a

two-month history of progressive weakness in the left limbs,

characterized by leftward deviation while walking. He underwent

a kidney transplant six years prior due to chronic renal failure and

has been on a regimen of tacrolimus, mycophenolate mofetil, and

prednisone as immunosuppressive therapy since then. There is no

personal or family history of malignancies. He denied headaches,

dizziness, weight loss, fever, or any prodromal symptoms. A head

CT scan revealed a heterogeneous density nodular lesion in the

right frontal lobe with finger-like brain edema. Contrast-enhanced

MRI of the head exhibited ring-enhancing lesions in the right

frontal lobe with surrounding extensive edema (Figure 1). Over

the past ten days, weakness in his left upper limb progressively
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TABLE 1 Main characteristics of this case series.

No. Age at
diagnosis,
median

Sex Time
from the
most
recent
transpl-
antation
to
diagnosis,
median,
y

Type of
transpl-
antation

Neurolo-
gical
symptoms

Immuno-
suppre-
ssive
agents#

Lesions Exact
lesion
location

Lesion
location

Lesion
enhanc-
ement

Histologi-
cal
subtype

Treatments Overall
survival*

Survival
status

1 57 Male 6 y Kidney Left motor

weakness

Tacrolimus,

mycophenolate,

prednisone

Solitary Right

frontal lobe

Supra. Ring

enhancement

Polymorphic

PTLD

ROI,

rituximab,

resection

3 y Die (non-

PTLD)

2 13 Female 9 m Allogeneic

HSCT

Left motor

weakness,

headache,

facial droop

Tacrolimus,

mycophenolate,

prednisone

Multiple Right basal

ganglia, left

cerebellum

Supra. &

infra.

Ring

enhancement

Monomorphic,

DLBCL

ROI,

rituximab,

WBRT,

resection

42 m Alive

3 59 Female 24 y Kidney Right motor

weakness,

confusion,

speech

difficulties,

depression

mood

Tacrolimus,

mycophenolate,

prednisone

Solitary Left

midbrain

cerebral

peduncle,

thalamus,

basal

ganglia

Supra. &

infra.

Ring

enhancement

Monomorphic,

DLBCL

Rituximab 3 m Die (non-

PTLD)

4 62 Female 19 y Kidney Headache,

nausea

Cyclosporine,

mycophenolate,

prednisone

Solitary Right basal

ganglia

Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI,

zanubrutinib

19 m Alive

5 52 Female 27 y Kidney Confusion,

right motor

weakness,

nausea, right

visual field

defect

Cyclosporine,

mycophenolate,

prednisone

Multiple Bilateral

parietal lobe

Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI, MTX 18 d Die (PTLD)

d, days; DLBCL, diffuse large B-cell lymphoma; HSCT, hematopoietic stem cell transplantation; infra, infratentorial; m, months; MTX, methotrexate; NR, not report; PTLD, post-transplant lymphoproliferative disorder; ROI, reduction of immunosuppression; supra,

supratentorial; WBRT, whole—brain radiation therapy; y, years.
∗Represents the time from date of clinical symptoms appear to date of last follow-up or die.
#Represents the immunosuppressive agents at the time of PTLD diagnosis.
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TABLE 2 Main characteristics of 22 reviewed literatures.

References N Age at
diagnosis,
median

Time
from the
most
recent
trans-
plantation
to
diagnosis,
median

Type of
trans-
plantation

Neurolo-
gical
symptoms

Immuno-
suppressive
agents#

Lesions Lesion
location
(suprate-
ntorial
or infra-
tentorial)

Imaging
charact-
eristics

Histo-
logical
subtype

Treatments Overall
survival∗,
median

Survival
status

1. Lake et al.

(4)

10 49 4.5 y 7 kidney

3 kidney/

pancreas

Confusion,

headache,

speech

difficulties,

facial droop,

diplopia,

motor

weakness,

vertigo, ataxia,

seizure

Cyclosporine,

tacrolimus,

mycophenolate,

prednisone

3 solitary

7 multiple

8 Supra.

1 infra.

1 supra. &

infra.

Ring

enhancement,

incomplete

ring

4 polymorphic,

1monomorphic,

peripheral T

cell

5monomorphic,

DLBCL

ROI,

dexamethasone,

rituximab,

MTX, TMZ,

WBRT

2.75 y die

1.75 y alive

4 die

6 alive

2. Sola-Valls

et al. (7)

5 44 84 m 3 kidney

2 kidney/

pancreas

Headache,

seizure, gait

disturbance,

confusion,

hallucinations,

dysarthria

Mycophenolate,

prednison,

tacrolimus,

cyclosporine

5 multiple 3 supra.

2 supra. &

infra.

Ring

enhancement

monomorphic※ ROI,

rituximab,

WBRT, MTX,

TMZ

9w die

26m alive

4 die

1 alive

3. Ishihara

et al. (10)

6 60 88.3 m Kidney NR Cyclosporine,

azathioprine,

methylprednisolone,

tacrolimus,

mycophenolate

NR NR NR 1 polymorphic

1monomorphic,

malignant

lymphoma

4monomorphic,

DLBCL

ROI, MTX,

WBRT,

cytarabine-

etoposide,

R-CHOP,

resection

39.25 m

alive

3.9 m die

4 alive

2 die

4. Huang et al.

(9)

5 35.3 12 y Kidney Headache,

sleepy,

depression

mood,

consciousness,

disturbance,

nausea,

vomiting,

coma, tremor,

seizure, left

limbs

weakness,

palsy

Azathioprine,

cyclosporine,

tacrolimus,

mycophen,

prednisolone

NR NR Ring

enhancement

5monomorphic,

DLBCL

ROI, WBRT,

resection

36.5m

(alive)
∗∗NR (die)

4 alive

1 die

(Continued)
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TABLE 2 (Continued)

References N Age at
diagnosis,
median

Time
from the
most
recent
trans-
plantation
to
diagnosis,
median

Type of
trans-
plantation

Neurolo-
gical
symptoms

Immuno-
supp-
ressive
agents#

Lesions Lesion
location
(suprate-
ntorial
or infra-
tentorial)

Imaging
charact-
eristics

Histo-
logical
subtype

Treatments Overall
survival∗,
median

Survival
status

5. Law et al.

(11)

2 36 4 y 1 kidney

1 kidney/

pancreas

Seizure, visual

field defect

NR 1 solitary

1 multiple

1 supra.

1 NR

NR 2

monomorphic,

DLBCL

ROI,

rituximab,

MTX,

ibrutinib,

EBV-specific T

cells

25.5 m Alive

6. Yeung et al.

(12)

1 41 26 y Kidney Seizure,

headache

Cyclosporine,

mycophenolate,

prednisone

Multiple Supra. &

infra.

NR Monomorphic,

DLBCL

ROI,

rituximab,

MTX, WBRT

12 m Alive

7. Xu et al. (2) 1 68 5 y Kidney NR Mycophenolate,

tacrolimus

Multiple Supra. Enhancing Monomorphic,

DLBCL

ROI,

rituximab

NR Alive

8. Brennan

et al. (13)

1 6 3 y Kidney Headache,

nausea,

vomiting,

seizure

NR Multiple Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI, acyclovir 26 m Alive

9. Valencia-

Sanchez et al.

(8)

1 55 NR Kidney Gait

instability,

vertigo,

dysarthria

Mycophenolate,

prednison

Multiple Supra. &

infra.

Ring

enhancement

Monomorphic,

DLBCL

ROI,

rituximab,

cyclophps-

phamide,

doxorubicin,

vincristine,

prednisone,

WBRT

17 m Die

10. Teresa

et al. (14)

1 NR 11 y Kidney Weakness,

memory loss,

expressive

dysphasia

Mycophenolate,

prednison

Solitary Supra. Ring

enhancement

CT

Monomorphic,

DLBCL

ROI, WBRT,

rituximab

30 m Alive

11. Imafuku

et al. (15)

1 62 4 y Kidney Peripheral

palsy, bilateral

sensorineural

hearing loss

Tacrolimus,

mycophenolate,

prednisone

Multiple Supra. &

infra.

Ring

enhancement

Monomorphic,

DLBCL

ROI, MTX,

cytarabine,

WBRT,

rituximab

18 m Alive

12. Reis et al.

(16)

1 37 10 y Kidney Confusion,

hemiparesis

Mycophenolate,

prednisone,

tacrolimus

Solitary Supra. Ring

enhancement

Monomorphic※ ROI NR Alive

13. Tanaka

et al. (17)

1 62 13 y Kidney Speech

disturbance

Prednisolone,

tacrolimus,

mycophenolate

Solitary Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI,

rituximab

34 m Alive

(Continued)
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TABLE 2 (Continued)

References N Age at
diagnosis,
median

Time
from the
most
recent
trans-
plantation
to
diagnosis,
median

Type of
trans-
plantation

Neurolo-
gical
symptoms

Immuno-
supp-
ressive
agents#

Lesions Lesion
location
(suprate-
ntorial
or infra-
tentorial)

Imaging
charact-
eristics

Histo-
logical
subtype

Treatments Overall
survival∗,
median

Survival
status

14. Azriel et al.

(18)

1 49 18 y Kidney Headache,

nausea,

declining

visual acuity

Prednisolone,

cyclosporine,

mycophenolate

Solitary Supra. Ring

enhancement

Hodgkin

lymphoma

PTLD

Rituximab,

MTX,

procarbazine,

vincristine,

resection

NR NR

15. Said-Conti

et al. (19)

1 11 82 m Kidney Seizure,

depressed

neurological

state

Prednisolone,

tacrolimus,

mycophenolate

Multiple Supra. Ring

enhancement

Polymorphic ROI,

hydroxyurea,

rituximab,

WBRT

3 y Alive

16. Yaginuma

et al. (20)

1 36 5 y Kidney Consciousness

alter

Tacrolimus,

mycophenolate,

prednisone

Multiple Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI, WBRT 29 m Alive

17. Kittan et al.

(21)

1 49 6 m Allogeneic

HSCT

Confusion,

diplopia,

ataxia

Prednisolone,

mycophenolate

Multiple Supra. &

infra.

Ring

enhancement

Monomorphic,

B cell

lymphoma※

Rituximab,

foscarnet, DLI

8 w Die

18. Aisa et al.

(22)

1 58 340 d Allogeneic

HSCT

Headache,

consciousness

loss

Cyclosporin,

MTX,

prednisolone,

mycophenolate

Multiple Supra. - Monomorphic,

DLBCL

- 8 d Die

19. Toyosaki

et al. (23)

1 32 4 m Allogeneic

HSCT

Convulsion Tacrolimus,

prednisolone,

cyclophosphamide

Multiple Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI, high does

MTX

NR Die

20. Kassa et al.

(5)

1 11 82 d Allogeneic

HSCT

Nausea,

vomiting,

diplopy

Mycophenolate Multiple Supra. &

infra.

- Monomorphic,

DLBCL

ROI,

nivolumab

1 y Alive

21. Mayumi

et al. (24)

1 51 306 d Allogeneic

HSCT

Hemiplegia Prednisolone,

tacrolimus

Solitary Supra. Ring

enhancement

Monomorphic,

DLBCL

ROI,

rituximab, DLI

355 d Alive

22. Sakamoto

et al. (25)

1 17 621 d Allogeneic

HSCT

Seizure Tacrolimus,

prednisolone,

mycophenolate

Solitary Supra. Ring

enhancement

NR ROI,

rituximab,

WBRT

397d Die

d, days; DLBCL, diffuse large B-cell lymphoma; DLI, donor lymphocyte infusion; HSCT, hematopoietic stem cell transplantation; infra, infratentorial; m, months; MTX, methotrexate; NR, not report; PTLD, post-transplant lymphoproliferative disorder; R-CHOP,

rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone; ROI, reduction of immunosuppression; supra, supratentorial; TMZ, temozolomide; WBRT, whole—brain radiation therapy; y, years.

※Represents the specific type of lymphoma was not specified in the literature, only mentioned as monoclonal.
∗Represents the time from date of clinical symptoms appear to date of last follow-up or die.
∗∗Represents the average survival time.
#Represents the immunosuppressive agents at the time of PTLD diagnosis.
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FIGURE 1

MRI findings of patient 1. Irregular ring enhancement lesion in the right frontal lobe on T1-weighted images (A). Extensive perilesional edema in the

right frontal lobe on T2-weighted images (B).

FIGURE 2

Histopathological features of patients 1 and 3. Hematoxylin and eosin staining in patient 1 [(A) magnification ×400]. The atypical cells demonstrated

positive staining for CD20 in patient 1 (B). Detection of Epstein-Barr virus (EBV) encoded small RNA positive cells was observed in patient 1 (C).

Hematoxylin and eosin staining in patient 3 exhibited sheets of atypical cells with prominent nuclear division, visible nucleoli in some cells, and

extensive areas of necrosis, indicative of monomorphic PTLD, di�use large B-cell lymphoma [(D) magnification ×400]. The atypical cells in patient 3

stained positive for CD20 (E). Presence of cells positive for EBV-encoded small RNA in patient 3 was confirmed (F).

worsened, resulting in the inability to move his left hand, although

he could elevate his left upper limb but couldn’t raise it above

the shoulder. Consequently, he underwent right frontal lobe lesion

resection at our neurosurgery department. Postoperatively, there

was improvement in the weakness of the left limbs compared to

preoperative status. Histopathological and immunohistochemical

studies of the lesion confirmed the diagnosis of PTLD, with

a leaning toward polymorphic PTLD (Figure 2). Tumor cells

stained positive for CD20 and CD79a. Epstein-Barr virus-

encoded RNA (EBER) was positive. CT scans of the neck, chest,

abdomen, and pelvis showed no abnormalities. The patient was

ultimately diagnosed with PCNS-PTLD. He underwent reduction

of immunosuppression combined with rituximab therapy. Follow-

up MRI of the head postoperatively revealed no recurrence of
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FIGURE 3

MRI findings of patient 2. Preoperative enhanced MRI prior to brain biopsy showed a ring-enhancing lesion in the right basal ganglia area on

T1-weighted images (A), with extensive edema surrounding the lesion in the right basal ganglia area on T2-weighted images (B), and abnormal signal

intensity in the left cerebellum on T1-weighted images [(C) white arrows]. Enhanced MRI scans obtained four months after the diagnosis of PCNS

PTLD, persistent ring enhancement lesion in the right basal ganglia on T1-weighted images (D). Continued perilesional edema in the right basal

ganglia on T2-weighted images (E). Additionally, the abnormal signal intensity in the left cerebellum persisted on T1-weighted images [(F) blue

arrows].

the disease. Approximately three years after being diagnosed with

PCNS-PTLD, he passed away due to myocardial infarction.

3.2 Case 2

A 13-year-old female presented to a local hospital with a

one-month history of facial asymmetry without apparent cause.

She underwent allogeneic HSCT for aplastic anemia nine months

prior and has been on a regimen of tacrolimus, mycophenolate

mofetil, and prednisone as immunosuppressive therapy since then.

There is no personal or family history of malignancies. She

complained of headaches and left-sided weakness 14 days ago,

along with a decrease in mental status and a weight loss of 15

kg over the past nine months. Contrast-enhanced MRI of the

head revealed ring-enhancing lesions in the right basal ganglia

region and a mass in the left cerebellum (Figure 3). A robot-

assisted stereotactic brain biopsy of the right basal ganglia lesion

was performed at our department, and histopathological and

immunohistochemical studies confirmed the diagnosis of PTLD,

consistent with monomorphic diffuse large B-cell lymphoma

(DLBCL). Tumor cells stained positive for CD20 and CD79a.

EBER in situ hybridization was partially positive. CT scans of the

neck, chest, abdomen, and pelvis showed no abnormalities. The

patient was ultimately diagnosed with PCNS-PTLD. Subsequently,

she discontinued all immunosuppressive agents and underwent

rituximab therapy. Follow-up MRI of the head four months later

showed no significant reduction in the lesion size (Figure 3).

Therefore, five months after diagnosis, she underwent tumor

resection in the right basal ganglia region at our department.

Postoperatively, there was slight improvement in the symptoms of

left-sided weakness. Histopathological and immunohistochemical

analysis of the brain lesion affirmed the diagnosis of PTLD,

exhibiting features characteristic of monomorphic DLBCL, in

agreement with earlier brain biopsy results. Tumor cells stained

positive for CD20 and CD79a. EBER in situ hybridization was

positive. She received rituximab and whole-brain radiation therapy

(WBRT) after discontinuing all immunosuppressive agents. On the

most recent follow-up, there was no recurrence of the disease, and

she remained clinically stable.

3.3 Case 3

A 59-year-old female presented with a three-month history

of progressive weakness in the right lower limb, characterized
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FIGURE 4

MRI findings of patient 3. Preoperative enhanced MRI prior to brain biopsy showed ring-enhancing lesions a�ecting the left cerebral peduncle,

thalamus, and basal ganglia on T1-weighted images (A, B), with surrounding edema around the left cerebral lesion on T2-weighted images (C).

FIGURE 5

MRI findings of patient 4. Preoperative enhanced MRI prior to brain biopsy showed a ring-enhancing lesion in the right basal ganglia area on

T1-weighted images (A), with extensive edema surrounding the lesion in the right basal ganglia area on T2-FLAIR images (B). On follow-up enhanced

MRI images obtained 3 months after the diagnosis of PCNS PTLD, the ring-enhancing lesion in the right basal ganglia area appeared reduced on

T1-weighted images (C), and the edema surrounding the lesion in the right basal ganglia area decreased on T2-weighted images (D).
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by difficulty putting on shoes and walking due to weakness and

heaviness in the right leg. She attributed these symptoms to

lumbar disc herniation and did not seek medical attention. Two

months ago, she began experiencing increased sleep (more than

ten hours per day), along with declining memory and forgetfulness,

primarily involving recent events. One month ago, she developed

weakness in the right upper limb, manifesting as difficulty holding

chopsticks and writing. The weakness in the right lower limb

worsened, and weakness in the left lower limb developed, while

strength in the left upper limb remained normal. She also

experienced disorganized speech and naming difficulties. She

reported recent low mood and a negative attitude toward things,

prompting her to seek treatment at our neurology department.

Contrast-enhanced MRI of the head revealed a solitary ring-

enhancing lesion involving the left midbrain, cerebral peduncle,

thalamus, and basal ganglia (Figure 4). Twenty-four years ago, she

underwent kidney transplantation for uremia and has been on a

regimen of tacrolimus, mycophenolate mofetil, and prednisone as

immunosuppressive therapy since then, with no personal or family

history of malignancies. She denied experiencing any symptoms

of fever, weight loss, or prodromal signs recently. The neurology

department initiated thrombolytic therapy, but there was no

improvement in symptoms. Subsequently, she underwent robot-

assisted stereotactic brain biopsy of the left thalamic lesion at

our neurosurgery department. The pathology report confirmed

the diagnosis of PTLD, consistent with monomorphic DLBCL

(Hans model indicating non-germinal center origin) (Figure 2).

Tumor cells stained positive for CD20 and CD79a. EBER in

situ hybridization was positive. No significant abnormalities were

observed on the CT scans of other body parts. The patient was

ultimately diagnosed with PCNS-PTLD. She did not undergo

reduction of immunosuppressive agents. Despite treatment with

rituximab monotherapy, her condition continued to deteriorate.

Approximately three months after being diagnosed with PCNS-

PTLD, she passed away due to cardiovascular complications.

3.4 Case 4

A 62-year-old female presented to our hospital with occipital

pain persisting for three months, occasional mild headaches, and

intermittent nausea. Nineteen years ago, she received a kidney

transplant for uremia and has been taking mycophenolate mofetil,

cyclosporine, and prednisone ever since, without any personal or

family history of malignancies. She denied vomiting, fever, weight

loss, weakness in the limbs, or any other prodromal symptoms.

A week ago, contrast-enhanced MRI of the head revealed a ring-

enhancing lesion in the right basal ganglia (Figure 5). Subsequently,

she underwent robot-assisted stereotactic brain biopsy of the

right basal ganglia lesion at our department. Histopathological

and immunohistochemical studies confirmed the diagnosis of

PTLD, consistent with monomorphic DLBCL. Tumor cells stained

positive for CD20 and CD79a. EBER in situ hybridization was

positive. CT scans of the neck, chest, abdomen, and pelvis showed

no abnormalities. The patient was ultimately diagnosed with

PCNS-PTLD. She underwent reduction of immunosuppressive

agents combined with treatment with zanubrutinib. Follow-up

contrast-enhanced MRI of the head three months later showed a

reduction in the lesion size in the right basal ganglia (Figure 5). On

the last follow-up, she remained clinically stable.

3.5 Case 5

A 52-year-old female presented with a 23-day history

of cognitive decline characterized by transient inability to

comprehend normal behavior and recent memory loss lasting 2-3

minutes, with spontaneous recovery. Seven days prior to admission,

she developed weakness in the right lower limb, instability while

walking, and a right visual field defect, accompanied by occasional

nausea and vomiting, prompting evaluation at a local hospital.

Twenty-seven years ago, she underwent kidney transplantation

for chronic renal failure and has since been on a regimen of

cyclosporine, mycophenolate mofetil, and methylprednisolone as

immunosuppressive therapy, with no personal or family history

of malignancies. She denied fever, night sweats, numbness in the

extremities, and joint pain. Her weight had decreased by 1 kg over

the past month. Contrast-enhanced MRI of the head revealed a

ring-enhancing lesion in the left parietal lobe with surrounding

edema and a circular lesion in the right parietal lobe (Figure 6).

Robot-assisted stereotactic brain biopsy of the left parietal lobe

lesion was performed at our department. Histopathological and

immunohistochemical studies confirmed the diagnosis of PTLD,

consistent with monomorphic DLBCL. Tumor cells stained

positive for CD20 and CD79a. EBER in situ hybridization was

positive. PET-CT showed a mixed-density mass in the left

parietal lobe with increased glucose metabolism, suggestive of an

intracranial primary malignant lesion. The patient was ultimately

diagnosed with PCNS-PTLD following kidney transplantation.

Mycophenolate mofetil was discontinued, cyclosporine dosage was

increased, and methotrexate was initiated. Three days after the

diagnosis of PCNS-PTLD, she developed coma due to cerebral

edema, and considering the poor prognosis, conservative treatment

with mannitol was decided upon in consultation with the

patient’s family. Serial head CT scans showed worsening cerebral

edema, and transcranial Doppler (TCD) ultrasonography indicated

severe intracranial hypertension with fixed dilated pupils. She

passed away 18 days after the diagnosis of PCNS-PTLD due to

cerebral herniation.

4 Results

4.1 Demographics and transplantation
information

In our institution, a total of five patients were diagnosed with

PCNS-PTLD (Table 1). Among them, one patient had previously

undergone allogeneic HSCT and was identified with PCNS-PTLD

at the age of 13, while four patients had undergone kidney

transplantation, with a median age of 58 years at the time of

PCNS-PTLD diagnosis. In a review of 22 articles (Table 2), 6

articles reported cases of PCNS-PTLD occurring after allogeneic

HSCT, while 16 articles documented cases following kidney

transplantation. The median age at diagnosis of PCNS-PTLD for
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FIGURE 6

MRI findings of patient 5. Preoperative enhanced MRI images showed a ring-enhancing lesion in the left parietal lobe on T1-weighted images (A), a

circular lesion in the right parietal lobe (B), and extensive edema surrounding the lesion in the left parietal lobe on T2-weighted images (C).

patients who had undergone allogeneic HSCT was 40.5 years,

whereas for those who had kidney transplants, it was 44 years.

In our case series, patients who had undergone kidney

transplantation had a median time of 21.5 years from their last

transplant surgery to the diagnosis of PCNS-PTLD, whereas for

those who had undergone allogeneic HSCT, this period was only

9 months. This trend is also observed in the 22 reviewed articles,

where the median time from the last transplant surgery to PCNS-

PTLD diagnosis for patients who had kidney transplants was 7

years, compared to just 8 months for those who had undergone

allogeneic HSCT.

Immunosuppressive drugs administered to the patients at

diagnosis are shown in Tables 1, 2, respectively.

4.2 Presenting symptoms

The clinical symptoms exhibited by the patients were highly

variable and included motor weakness (n = 4), headache (n =

2), nausea (n = 2), confusion (n = 2), speech difficulties (n = 1),

depressive mood (n = 1), facial droop (n = 1), and visual field

defect (n = 1), as shown in Table 1. These symptoms are consistent

with those reported in previous literature, which also mentions

additional symptoms such as seizures, diplopia, vertigo, ataxia, and

palsy (Table 2).

4.3 Imaging findings

All our patients underwent imaging studies preoperatively.

Through these imaging examinations, we found that all patients

exhibited lesions with ring enhancement (n = 5), with 3 patients

presenting with a solitary lesion and 2 with multiple lesions.

Specifically, 2 patients had lesions involving both supratentorial

and infratentorial regions, while 3 patients had lesions confined

to the supratentorial region only, as shown in Table 1. In the

review of 22 articles (Table 2), there were 10 patients with solitary

lesions and 24 patients with multiple lesions. Among these

22 retrospective articles, 16 mentioned ring-enhancing lesions.

Additionally, 24 patients had lesions confined to the supratentorial

region, 8 patients had lesions involving both supratentorial and

infratentorial regions, and 1 patient had lesions confined to the

infratentorial region.

4.4 Brain biopsy findings

The diagnosis of PCNS-PTLD in our patients was confirmed

through pathological examination of brain tissue obtained via

robot-assisted stereotactic brain biopsies (n = 4) and surgical

resection (n = 1). Among these patients, one was diagnosed with

polymorphic PTLD, while the remaining four were diagnosed with

monomorphic DLBCL (Table 1). In the patients reported in the

22 reviewed articles, 28 were explicitly identified as monomorphic

DLBCL, 6 as polymorphic PTLD, with the remaining pathology

types detailed in Table 2.

All of our patients exhibited EBV and CD20 positivity in their

brain tissue.

4.5 Treatments and survival outcomes

In our patient group, four patients initially had a reduction

of immunosuppression. The treatment protocols for three patients

included rituximab, two underwent surgical resection, one was

treated with WBRT, one with zanubrutinib, and one with

methotrexate, as shown in Table 1. In the 22 reviewed articles,

11 reported the use of WBRT in treatment, 3 reported surgical

resection, and 1 reported the use of ibrutinib, with the rest of the

treatment protocols detailed in Table 2.

As of the most recent follow-up, the median follow-up duration

was 19 months (range: 18 days to 42 months). Three patients have

passed away: two due to complications related to cardiovascular

issues, and one as a result of cerebral herniation, which was

a consequence of the progression of PCNS-PTLD. The specific
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survival times are detailed in Table 1. The survival outcomes

reported in the 22 reviewed articles are presented in Table 2.

Two of our patients are currently alive and in a clinically stable

phase. One patient, diagnosed with PCNS-PTLD after allogeneic

HSCT, was treated with withdrawal of all immunosuppression,

surgical resection, and a combination of rituximab and WBRT.

The second patient, who had a history of kidney transplantation,

received a reduction in immunosuppression and a combination

therapy including zanubrutinib.

5 Discussion

PTLD is a rare complication of SOT or HSCT (13). The etiology

of PTLD is multifactorial, involving immunosuppressive drug

use, Epstein-Barr virus (EBV) infection, and age (26). For HSCT

recipients, factors also include T-cell depletion, HLA mismatch,

unrelated donor transplantation, and chronic graft-versus-host

disease (GVHD) (26, 27). Typically, a competent host can initiate

both humoral immunity through antibody production and cell-

mediated immunity through cytotoxic T-cell responses. However,

in organ transplant patients, the use of immunosuppressive agents

leads to T-cell dysfunction, resulting in loss of T-cell control

over B-cell proliferation, leading to uncontrolled proliferation of

EBV-transformed B cells (2). Among these drugs, mycophenolate

mofetil, tacrolimus, cyclosporine, azathioprine, and corticosteroids

are the major medications associated with increased incidence of

PTLD (28). In kidney transplant recipients, the incidence of PTLD

is approximately 1% (13, 15). In allogeneic HSCT recipients, the

incidence is about 1–3% (25), while it is 6.2% in lung transplant

recipients, 2% in heart transplant recipients, and 1.4% in liver

transplant recipients (29). The variation in incidence rates is related

to the specific immunosuppressive regimens for different organs

(29). Our study found that the time from the last allogeneic HSCT

to the diagnosis of PCNS-PTLD in patients was shorter than that

in kidney transplant recipients, a finding that is also confirmed

in the reviewed literature. This might be related to the specific

immunosuppressive regimen, including the dose of each drug used.

EBV plays a crucial role in the progression of PTLD, with 90%

of PCNS-PTLD cases associated with EBV (8). Our reported five

patients all tested positive for EBV in situ hybridization, confirming

this association. During primary infection, EBV immortalizes B

lymphocytes, leading to polyclonal activation and proliferation,

which is finely balanced by EBV-specific immune control to

maintain EBV latency status. However, in immunocompromised

hosts, defects in EBV inhibition and cytotoxic function lead to

disruption of immune balance, resulting in proliferation of EBV-

infected B lymphocytes and ultimately the development of PTLD

(30). Currently, there is an increasing trend in the number of EBV-

negative PTLD patients, possibly due to new immunosuppressive

regimens and increased awareness of EBV-positive risk factors (31).

The risk of PTLD is higher in SOT recipients under 10 years old

and over 60 years old (26). The incidence of PTLD in children is

four times higher than in adults, primarily because children have a

higher rate of EBV seronegativity, making EBV-negative children

more susceptible to infection from transplanted organs, thereby

increasing the likelihood of PTLD development (29). In contrast,

the elderly are mainly at risk due to declining immune surveillance

capabilities (26).

Diagnosing PCNS-PTLD is often challenging and requires

comprehensive physical examination, diagnostic imaging, and

histopathological biopsy (2). For EBV-positive PTLD, quantitative

polymerase chain reaction (qPCR) testing of EBV DNA is a

sensitive early diagnostic tool. Studies suggest that relying on

plasma EBV viral load for PTLD diagnosis has a sensitivity of up to

92% (32). Additionally, EBV positivity in cerebrospinal fluid (CSF)

also strongly suggests CNS PTLD diagnosis (33). Case reports

indicate that in patients with CNS PTLD, CSF EBV can be positive

even when blood EBV is negative (34). While blood and CSF

EBV DNA testing can support the diagnosis of PCNS-PTLD, final

confirmation still relies on histopathological biopsy. Furthermore,

there are reports of patients diagnosed with PCNS-PTLD whose

EBV is negative in both CSF and blood, highlighting the limitation

of relying solely on EBV testing to exclude the disease (35).

Clinical symptoms in PCNS-PTLD patients are highly atypical,

usually associated with intracranial lesions, presenting mainly as

seizures, neuropsychiatric symptoms, focal neurological deficits,

and symptoms of increased intracranial pressure (29). Specifically,

patients may experience headaches, nausea, vomiting, limb

weakness, hemiparesis, ataxia, gait instability, speech difficulties,

confusion, seizures, among other symptoms. Less commonly,

facial nerve paralysis can occur (15). Therefore, relying solely

on symptomatology for diagnosis or exclusion of PCNS-PTLD is

extremely challenging.

Imaging plays a crucial role in the diagnosis of PCNS-PTLD.

MRI offers advantages in sensitivity and tissue contrast, making it

the preferred imaging modality for evaluating transplant recipients

(4). According to the literature review, the imaging characteristics

of most PCNS-PTLD lesions are multifocal supratentorial ring-

enhancing lesions, although our case series suggests that solitary

supratentorial ring-enhancing lesions should also raise suspicion

for this disease. Tumors with high cell density are prone to

bleeding, cystic changes, necrosis, and surrounding edema (33).

Ring enhancement may indicate necrotic lesions in the CNS (25).

A study reviewing 221 MRI cases with ring enhancement in CNS

found that 40% were gliomas, 30% were brain metastases, 12%

were brain abscesses, 6% were multiple sclerosis, and only 2%

were lymphomas (36). EBV viral encephalitis can also present as

ring-enhancing masses (37). Cases have reported that patients with

EBV CNS infection progressed to PCNS-PTLD after 5 months (8).

CT scans may show various changes, including high, moderate,

and low-density alterations (33). Because PCNS-PTLD patients do

not exhibit specific enhancements on CT and MRI scans (17),

the presence of supratentorial ring enhancement on MRI, while

highly suggestive of PCNS-PTLD, does not exclude other diseases.

Definitive diagnosis relies on histopathological biopsy. Recent case

reports have indicated that PCNS-PTLD lesions may exhibit high

perfusion and elevated levels of choline and lipids, aiding in

differentiation from inflammation (16).

Therefore, whether it’s the results of plasma and CSF EBVDNA,

the clinical presentations of patients, or even imaging findings,

they can only assist in the diagnosis of PCNS-PTLD. The final

diagnosis requires histopathological biopsy (33). In our cases, 80%

of the patients underwent robot-assisted stereotactic brain biopsies
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based on the ROSA robotic system (Zimmer Biomet Robotics,

Montpellier, France) or the REMEBOT domestic neurosurgical

robot (Beijing Baihui Weikang Technology Co., Ltd., Beijing,

China).

Stereotactic brain biopsy is a minimally invasive technique

aimed at obtaining reliable histological diagnoses (38).

Traditionally, there are frameless and frame-based methods,

each with its own advantages and disadvantages (38). However,

stereotactic brain biopsies guided by the ROSA system integrate

the strengths of both methods in terms of technique, time

efficiency, and diagnostic accuracy (38). The use of robotic systems

in neurosurgery has expanded widely following the advent of

MRI-guided stereotaxy (39). Improvements in accuracy, safety,

and user-friendly modalities such as frameless surface registration

and the ROSA system have facilitated the incorporation of robotics

into the biopsy process (40). The ROSA system, an image-

guided device with advanced navigation and haptic capabilities,

allows neurosurgeons to choose between supervising the robot

performing autonomously or directly controlling and moving the

surgical instruments during the procedure after offline planning

(38). The ROSA system enhances the safety and feasibility

of stereotactic brain biopsies, while minimizing surgical risks

and time (38, 41). Both ROSA and REMEBOT are active arm

robotic systems equipped with six degrees of motion freedom.

However, compared to ROSA, the REMEBOT system requires less

registration time for the procedures it guides (42). Preoperatively,

we utilized thin-slice contrast-enhanced MRI and CT for lesion

localization in patients. Patients who were unable to undergo

MRI due to various contraindications underwent preoperative

localization using contrast-enhanced CT. For surgeries requiring

prone or lateral positioning, scalp markers were applied to the

patient’s head prior to preoperative CT examination. Subsequently,

the preoperative MRI and CT imaging data were imported into the

operation planning subsystem of robot-assisted stereotactic biopsy

systems to set the cranial entry point, puncture tract, and biopsy

target. Intraoperatively, facial laser scanning or scalp markers

were used for registration. Following this, guided by the pre-set

biopsy trajectory, biopsies were performed with negative-pressure

aspiration under the assistance of the robot’s mechanical arm. The

biopsy trajectory should steer clear of significant vessels visible on

imaging, extract lesion tissue along its longitudinal axis, and avoid

piercing into brain ventricles, among other considerations. Care

was taken regarding the magnitude of negative pressure during

tissue aspiration. Postoperatively, a cranial CT was conducted

to confirm the accuracy of the puncture site and to check for

complications such as intracranial hemorrhage. Specimens

obtained during surgery were sent for pathological examination,

and subsequent treatment measures were determined based on the

pathological results.

In 2017, the World Health Organization (WHO) categorized

PTLD into six subtypes, with three being non-destructive PTLD,

including plasmacytic hyperplasia, infectious mononucleosis-like

PTLD, and florid follicular hyperplasia (27). The other three are

destructive PTLD, including polymorphic PTLD, monomorphic

PTLD, and classic Hodgkin lymphoma-like PTLD (27). Combining

our cases with other case reports, monomorphic DLBCL appears to

be the most common pathological type of PCNS-PTLD.

Due to the limited number of PCNS-PTLD cases and the lack

of systematic studies, there is currently no standardized treatment

regimen (43). Existing treatment methods include reducing

immunosuppressive drug doses, chemotherapy, rituximab therapy,

EBV-specific cytotoxic T lymphocyte therapy, surgical resection,

and WBRT. Reducing the dose of immunosuppressive drugs is

the primary and initial method for treating PTLD (26). However,

reducing immunosuppressive drugs alone is often insufficient (43).

A retrospective study showed that its effectiveness rate was only

45% (44).

Previous studies have demonstrated that high-dose

methotrexate-based chemotherapy regimens in PCNS-PTLD

patients post-SOT are not only effective but also well-tolerated

(45). High-dose methotrexate is defined as a dose exceeding 500

mg/m2 (46). Since 90% of methotrexate relies on renal excretion

(46), end-stage renal disease is a contraindication for its use (12).

Although chemotherapy has a high success rate, it carries

treatment-related toxicity and mortality rates (43). Additionally,

the most common pathological type of PCNS-PTLD is DLBCL

derived from B lymphocytes, with CD20 positivity in atypical

cells. Rituximab, a monoclonal antibody against CD20 on mature

B lymphocytes, induces apoptosis and complement-mediated

cytotoxicity against CD20-positive cells (19). Therefore, rituximab

is increasingly used (43). Currently, rituximab combined with or

without chemotherapy is gradually becoming a first-line treatment

option (31).

Recent reports suggest that enhanced high-flux hemodialysis

can effectively clear methotrexate from the bodies of end-stage

renal disease patients (12, 46). Therefore, in PCNS-PTLD patients

with concurrent end-stage renal disease, high-dose methotrexate

combined with enhanced high-flux hemodialysis, methotrexate

concentration monitoring, and ready-to-use calcium folinate

rescue therapy can be attempted (46). However, due to limited

related reports, the safety of this method requires further research

confirmation.

Furthermore, in our case series, one patient received reduced

immunosuppression combined with zanubrutinib treatment, and

follow-up MRI revealed a gradual reduction in the tumor mass

in the right basal ganglia region (Figure 5). The patient remained

clinically stable until the last follow-up visit. Our case suggest that

zanubrutinib may also be a potentially safe and effective drug for

treating PCNS-PTLD.

Case reports have shown successful treatment of PCNS-PTLD

patients using the zanubrutinib induction/maintenance therapy

followed by consolidation therapy with third-party specific EBV

T lymphocytes for a duration of one year (11). Zanubrutinib is

a second-generation Bruton’s Tyrosine Kinase inhibitor (BTKi)

with superior inhibitory activity, higher bioavailability, and the

ability to achieve sustained therapeutic exposure compared to the

first-generation BTKi ibrutinib. Moreover, zanubrutinib exhibits

significantly improved drug-drug interaction profiles, indicating its

potential for concurrent use with a wider range of medications

(47). Bruton’s Tyrosine Kinase (BTK) plays a crucial role in

the intracellular signaling pathway of B lymphocyte receptors,

mediating the development, proliferation, and survival of B

lymphocytes (47). Aberrant BTK signaling is pivotal in the

pathogenesis and progression of various B cell malignancies,
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including DLBCL (47). Recent studies have demonstrated that

treatment regimens incorporating BTK inhibitors, such as

zanubrutinib, can safely and effectively treat both systemic high-

risk DLBCL and primary central nervous system lymphoma

(PCNSL) (48). Given the safety and efficacy of zanubrutinib in the

treatment of various B cell malignancies, it has been approved for

use in more than 60 countries and regions (47).

Surgical resection remains controversial in PCNS-PTLD

treatment. Traditionally, surgery has been discouraged due to the

potential occult spread of lymphoma throughout the brain (39).

However, emerging evidence suggests that maximal safe resection

may be beneficial for immediate relief of tumor mass effects

(49). Furthermore, studies have indicated that patients undergoing

subtotal or total resection have significantly improved progression-

free survival and overall survival compared to those undergoing

biopsy alone (50). In our case series, two patients who underwent

surgical resection showed no tumor recurrence on postoperative

MRI, with one patient showing no signs of recurrence to date

and another succumbing to myocardial infarction three years after

surgery rather than PTLD. Therefore, our cases tend to support

surgical resection.

Known lymphomas or PTLDs exhibit sensitivity to moderate

doses (3,000–4,500 cGy) of radiation (4). Additionally, WBRT

offers a high complete remission rate, lacks systemic toxicity, and

poses no risk of allograft dysfunction (4). Based on our literature

review, it can be observed thatWBRT is also a commonly employed

method for treating PCNS-PTLD.

Case series have shown that WBRT following complete

resection can prolong survival in PCNS-PTLD patients (9).

Additionally, case report has confirmed thatWBRT in combination

with rituximab is an effective treatment for PCNS-PTLD (6). In

our case series, there was a patient who developed PCNS-PTLD

following allogeneic HSCT. She underwent a combination of the

above treatments, which confirmed the safety and efficacy of this

combined therapeutic regimen.

The prognosis of PCNS-PTLD is poor and depends primarily

on the patient’s age, severity of the disease at diagnosis, potential

complications, risk of allograft dysfunction, and treatment

strategies (4, 23). Studies have shown that lack of response to

first-line treatment and elevated lactate dehydrogenase levels are

associated with a poor prognosis for PCNS-PTLD (1). Timely

diagnosis of this disease is crucial for initiating potentially side-

effect-ridden long-term targeted therapies (24). Early brain biopsy

is necessary for patients highly suspected of having PCNS-PTLD.

Our study has some limitations. Due to a lack of understanding

of the disease at the time, we did not perform EBV tests in blood or

CSF preoperatively. Additionally, the number of cases we reported,

as well as the quantity of relevant literature, is very limited.

Therefore, the potential effectiveness of the treatment protocols we

identified requires further validation in future studies.

6 Conclusion

Diagnosing PCNS-PTLD is extremely challenging and can

only be confirmed through histopathological biopsy. Clinical

presentations in patients are generally associated with intracranial

lesions and are not typical. MRI scans in patients may also

show various abnormal signals. However, we have found that

supratentorial ring-enhancing lesions are themost common feature

of this disease. Therefore, for patients who have undergone

kidney or allogeneic HSCT and have been on long-term

immunosuppressive therapy, any neurological symptoms and MRI

evidence of intracranial abnormal signals, especially supratentorial

ring-enhancing masses, whether single or multiple lesions, should

raise a high suspicion of PCNS-PTLD. Timely brain biopsy should

be performed to help choose specific treatments related to this

disease as early as possible. The prognosis of PCNS-PTLD is poor,

and due to its rarity, there is currently no recommended standard

treatment protocol. Here, we report four cases of PCNS-PTLD

after kidney transplantation and one case after allogeneic HSCT,

contributing to the limited literature available. Based on our case

series, apart from reducing the dosage of immunosuppressants,

zanubrutinib may be a safe and effective treatment for this

disease. A combined treatment approach with rituximab and

WBRT after complete tumor resection is also a potential safe and

effective strategy.
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Primary brain neoplasms are associated with elevated mortality and morbidity

rates. Brain tumour surgery aims to achieve maximal tumour resection while

minimizing damage to healthy brain tissue. Research on Neuromodulation

Induced Cortical Prehabilitation (NICP) has highlighted the potential, before

neurosurgery, of establishing new brain connections and transfer functional

activity from one area of the brain to another. Nonetheless, the neural

mechanisms underlying these processes, particularly in the context of space-

occupying lesions, remain unclear. A patient with a left frontotemporoinsular

tumour underwent a prehabilitation protocol providing 20 sessions of inhibitory
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non-invasive neuromodulation (rTMS and multichannel tDCS) over a language

network coupled with intensive task training. Prehabilitation resulted in an

increment of the distance between the tumour and the language network.

Furthermore, enhanced functional connectivity within the language circuit was

observed. The present innovative case-study exposed that inhibition of the

functional network area surrounding the space-occupying lesion promotes a

plastic change in the network’s spatial organization, presumably through the

establishment of novel functional pathways away from the lesion’s site. While

these outcomes are promising, prudence dictates the need for larger studies to

confirm and generalize these findings.
KEYWORDS

brain tumour, prehabilitation, neurorehabilitation, neuromodulation, fMRI, case report
Introduction

Brain tumours are characterized by high mortality rate, severe

disability, and burden for the healthcare system. A systematic

analysis from the Global Burden of Disease Study outlined that,

in 2016 alone, the global incidence of primary brain and central

nervous system tumours was 330,000 new cases and 227,000 deaths

(1). The overall 5-year survival rate for malignant brain tumours is

36% (2), despite advancements in the field of neurosurgery,

radiotherapy, and chemotherapy. Patient’s survival is associated

with both the extent of tumour resection and postoperative

neurological deficits, so that the best outcomes are expected for

patients with gross total resection and no worsening of symptoms

(3, 4). However, massive resection and preserved functionality are

often conflicting goals, posing neurosurgeons in the dilemma of

finding a cost-benefit compromise.

One promising approach is Neuromodulation-Induced Cortical

Prehabilitation (NICP) (5). NICP aims at leveraging neuroplastic

changes before surgery, by performing conditioning sessions over

several consecutive days or weeks. This neuroplasticity-based

paradigm holds the potential to modulate brain connectivity and

activity, facilitating the transfer of functional activity from one brain

region to another. The goal of this process is to broaden safe

functional margins for excision, to maximize tumour eradication

while at the same time preserving neurological status. So far,

publications on NICP account for four case reports and one case

series, totalling only eight patients (6–10). A common element of all

NICP studies is a two-step process, the first step being the ‘virtual

lesion’ of areas considered at risk of being compromised during

neurosurgery; and the second step being the promotion of brain

activity of alternative brain resources, while the targeted area has

been inhibited.

The accomplishment of the first step (i.e., virtual lesion), can be

performed invasively, by means of extra-operative continuous high-

frequency cortical electrical stimulation (7–9), or non-invasively,
0261
for instance, by transcranial magnetic stimulation (TMS) (6, 10).

Invasive neuromodulation has been investigated in two case reports

(7, 9) and a case series (8), showing consistent patterns of neural

reorganization studied through functional magnetic resonance

imaging (fMRI). However, invasive techniques required two

surgeries and came at the cost of high rate of complications such

as infections and seizures (8). Non-invasive neuromodulation was

investigated in two case reports by Barcia et al. (6) and Dadario et al.

(10). However, task-evoked brain reorganizations were not

significant (6) or not reported (10).

The second step (i.e., enhancement of activity for alternative

brain areas) is achieved by training the function at risk of being

compromised. Such intervention is performed during and/or

immediately after inhibition of targeted peritumoural areas, in a

condition where the brain is supposedly constrained to recruit

alternative pathways within the same functional network. Type

and amount of training varied greatly among protocols, from no

training (10) up to six hours a day (9).

Given the limited number of studies, the complex nature of the

interventions, and the diversity of protocols, the impact of non-

invasive NICP interventions at the neuroimaging level, as well as the

underlying neurobiological mechanisms responsible for these

changes, remains largely unknown. To this end, the present study

was designed to capitalize on distinct fMRI modalities (11), utilizing

tb-fMRI to investigate the topographical brain changes induced by

NICP, while simultaneously using rs-fMRI to explore the

connectivity modulations induced in the circuits of interest.

During the last decades, tb-fMRI has been a widely used

approach for investigating task-related networks implicated in

various cognitive and motor processes (12–14). More recently, rs-

fMRI has emerged as a valuable tool for investigating brain

functioning in the absence of any specific task engagement (15).

Particularly, rs-fMRI has been extensively utilized to explore brain

functional connectivity, which refers to the temporal correlation

between neurophysiological measurements obtained from distinct
frontiersin.org
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brain regions (16, 17). These patterns of temporally correlated

oscillations observed during rest underlie the activity of the so-

called resting-state networks (18, 19). Notably, Smith et al.

demonstrated that these resting-state networks correspond to the

same set of regions that form ‘networks,’ and are activated and/or

deactivated during task performance, and provide additional means

to explore further features of these neural systems (20). Remarkably,

rs-fMRI data has proven valuable in predicting tb-fMRI evoked

responses (21), even in pre-surgical patient populations with

conditions such as tumour, epilepsy, and vascular lesions (22).

Furthermore, pre-operative rs-fMRI BOLD signal is significantly

affected by tumours affecting motor and language function, and

associated with functionality (23). In particular, for patients with

tumour near the inferior frontal gyrus, Liouta et al. found a

significantly decreased rs-fMRI BOLD signal in patients with

aphasia, as compared with non-aphasics, and a strong positive

correlation between rs-fMRI BOLD signal and phonological fluency

performance (23).

The present case report was investigated to internally validate

the protocol for a subsequent (ongoing) research trial

(ClinicalTrials.gov Identifier NCT05844605) (24), to verify (1)

whether brain functional patterns at risk, as evidenced by tb-

fMRI, could be modified through a non-invasive intensive

plasticity-induction protocol; and (2), to explore the potential role

of functional connectivity, assessed during rs-fMRI, as a mechanism

underlying the observed changes in tb-fMRI brain activity. The

main hypothesis is that the proposed neuroplasticity-promoting

intervention would facilitate the establishment of new functional

connections within the modulated brain system, thus facilitating the

emergence of novel brain activity patterns in language network

regions more distant from the tumour site. Clinically, such dualistic

phenomenon (concurrent inhibition of targeted areas and enhanced

recruitment of alternative resources within the same network)

would result in unaltered language and cognitive performance.
Methods

Case description

The patient is a right-handed adult in the 40s with past medical

history reporting episodic alterations of consciousness, suggestive of

epileptic seizures. During such episodes there was no relaxation of

sphincters, and the patient recovered ad integrum after each

episode; symptomatology presented for approximately three years.

By the time of enrolment in the study protocol, no focal

neurological symptoms nor clinically relevant sensorimotor or

cognitive deficits were evidenced. Brain MRI demonstrated a large

infiltrative lesion in the left frontobasal, temporal, and insular

regions (See Figure 1A). At this stage, the patient was referred to

Institut Guttmann (Guttmann Barcelona, Spain) from the

Neurosurgery Department of Vall d’Hebron Hospital (Barcelona,

Spain) to be enrolled as a voluntary participant in the

PREHABILITA feasibility trial (see individualized prehabilitation

description at paragraph 4.3). At the end of NICP protocol, based

on clinical and MRI outcomes, a left frontotemporoparietal
Frontiers in Oncology 0362
craniotomy was performed, and a resection of the left

frontotemporoinsular space-occupying lesion (transcortical

approach) was carried out without complications. Considering

the size of the tumour and consequent mass effect, the

neurosurgeon (F.M.R.) planned initially a two-step approach:

during the first surgery intratumoural debulking was performed

with the patient under general anaesthesia. Intraoperative

monitoring included continuous recording from a grid of

electrodes placed over the motor cortex, and by monopolar

stimulation to identify the motor pathway at cortical-subcortical

level. Intraoperative neuroimaging comprised neuronavigation,

cerebral echography and neuronavigated echography. As planned,

subtotal resection was performed, the two most limiting factors

being the tumour size and associated mass effect, and the infiltration

of basal ganglia at the level of perforating arteries. Based on

postsurgical histopathology results (diagnosis of a grade IV

frontotemporoinsular glioma with an IDH mutation), the

neurosurgeon decided to cancel the second surgery (with patient

awake, for further tumour removal), and instead opted for

conservative patient’s management including radiotherapy and

oral chemotherapy.

All procedures from the present study were performed in

accordance with the Helsinki declaration. The study was

approved by the Research Ethical Committee of Fundació Unió

Catalana d’Hospitals (approval number: CEI 21/65, version 1, 13/

07/2021).
Assessment protocol

According to the study protocol, the patient received a

comprehensive clinical, neurophysiological (i.e., TMS) and

neuroimaging assessment. The same assessment was conducted at

baseline (TP1, before NICP), at the end of the prehabilitation

intervention (TP2, after NICP), and after neurosurgical

intervention (TP3, after surgery). The feasibility of the

intervention was assessed at TP2 by considering adherence to

planned sessions, absence of adverse events attributable to the

intervention, and patient’s satisfaction of the treatment received

(PATSAT questionnaire) (25). The current case report is focused on

neuropsychological and neuroimaging procedures.

To ensure transparency and reproducibility of the methods, full

protocol description have been previously published (24). Further

details of clinical evaluations, neuroimaging acquisition and specific

processing for the present case report are available as

Supplementary Materials.
Individualized prehabilitation intervention

Figure 1 shows the timeline of interventions (A),

neuromodulation targets with respect to tb-fMRI cortical

activation clusters (B), and multifocal tDCS pattern (C).

Figure 2A illustrates structural MRI of lesion distribution.

The patient performed a total of 20 sessions of NICP within 12

days, primarily organized with a first session in the morning (from
frontiersin.org
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9:00 to 11:00) and a second session in the afternoon (from 14:00 to

16:00). This schedule was designed to reach the goal of at least 10

and maximum 20 sessions of NICP. Each NICP session consisted of

neuromodulation coupled with intensive behavioural training. For

this specific case, the function at risk of being compromised was

language production. Therefore, the goal of NICP was to inhibit

eloquent areas associated with language function (by means of

neuromodulation) while at the same time promoting the activation

of alternative nodes of the same network (by means of intensive

language and cognitive training).

The neuromodulation strategy was designed to induce twofold

objectives. The first aim was to achieve a focal disruption of the

maximum representativity within the semantic language activation

cluster identified by fMRI. The second objective was to achieve

widespread inhibition across the entire semantic fMRI circuit in the

left hemisphere, using parameters effective in inducing language

network changes in healthy subjects and patients with aphasia (26,

27). Each morning session consisted of low frequency rTMS (1800

pulses, 1 Hz, 90% RMT) (28, 29) over the peak fMRI activation

(MNI coordinates: -56, 12, 8) of the targeted cluster for semantic
Frontiers in Oncology 0463
decision task, followed by one hour of intensive training of language

and h igh cogn i t i v e func t ions wi th an exper i enced

neuropsychologist (A.R.V.). The rationale for target selection was

that, among the three language-related fMRI tasks, semantic

decision showed the largest activation cluster, which was also the

closest one to the tumour; hence, peak fMRI activation for this

cluster was considered as target because of both its functional

relevance and the risk of compromission by neurosurgery.

Notably, if only one session per day were performed, this

morning protocol was applied. Each afternoon session consisted

of multifocal tDCS (30, 31) (F3: -400 mA; T7: -300 mA; P3:-300 mA;
C4: 1000 mA). The main goal was to promote a widespread left

inhibition over the representation of language related clusters. The

total duration of tDCS sessions was 30 minutes. After the first five

minutes at rest, for the remaining 25 minutes the patient received

tDCS while performing intensive cognitive training by means of a

dedicated online platform (Guttmann NeuroPersonalTrainer®,

GNPT) (32). At the end of tDCS the patient performed other 30

minutes of cognitive training with GNPT, totalling approximately

one hour of training. At the end of the last daily NICP session, the
B C

A

FIGURE 1

Outline of the methodology for the case report. (A) Study timeline, where neuroimaging assessments are depicted in green for baseline (TP1: day 0),
after NICP (TP2: day 32), and after surgery (TP3: day 70). NICP (azure) consisted of 20 consecutive sessions performed between day 15 and day 30.
Clinical assessments and TMS motor and language mapping (yellow) were performed at day 13, 34, and 69. Neurosurgery was performed at day 36.
Previous timepoints are initial symptoms, MRI scan and diagnosis at day -106, previous MRI scan at day -46. Referral by neurosurgeon to be
included in the NICP protocol was six days before baseline. (B) Brainsight curvilinear brain (grey) and activation clusters (derived from tb-fMRI
analyses) overlay for semantic decision (violet), with targets for TMS (peak fMRI for semantic decision, in violet) and multichannel tDCS (azure)
corresponding to F3, P3, T7, C4 EEG electrodes. (C) Map of multichannel tDCS project on Neuroelectrics software.
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patient performed a High Intensity Interval Training (HIIT)

protocol on a stationary bike, with the following protocol: 5

minutes warm-up, first HIIT bout (30 seconds all-out + 30

seconds rest, 10 times), 5 minutes rest, second HIIT bout (same

as the first bout), 5 minutes cool-down. The goal of intensive

aerobic training after cognitive training was to foster skill learning

encoding and consolidation (33–35).
Results

Neuropsychological results

There were no significant alterations detected in any of the

language tasks, which was the cognitive function of interest, at the

three distinct time points pre-intervention, post-intervention, and

at follow-up (i.e., TP1, TP2 and TP3; Table 1). Notwithstanding,

during the comprehensive cognitive evaluation, a decrease in

attentional, delayed memory and executive functions performance

was observed, yielding clinically significant findings (which were

not significant in the baseline NICP assessment). Processing speed,

immediate memory and some executive function tasks were below

expectation from baseline considering age and education (see

Supplementary Table 1).
Language tb-fMRI results

Prehabilitation resulted in an increment of the distance between

the tumour (Figure 2A) and the nearest activation cluster during the

semantic language fMRI task by 15.9 mm, returning to a similar

distance as baseline after surgery (Figures 2B, C). Further, the

volume of the closest activation fMRI cluster decreased after

prehabilitation in 12.4 mm3, also showing a subsequent

increment to a certain degree following surgery (Figures 2B-D).
Language rs-fMRI network results

There was a noteworthy increase in the resting-state functional

connectivity within the language network. This enhancement was

particularly prominent between the left inferior frontal gyrus (IFG

L, the nearest network node to the target of NICP

neuromodulation) and the remaining regions of the language

network. Remarkably, this pattern on increased connectivity

persisted following the surgical procedure (Figure 3). In addition,

an increase of functional connectivity was observed also for the right

inferior frontal gyrus (IFG R), though to a lesser extent. Notably, no

comparable network reconfigurations were observed within the

control visual network (Supplementary Figure 1).

In terms of feasibility, the patient attended all planned sessions and

did not report any adverse event during the whole intervention period.

Results from questionnaire about patient’s satisfaction were excellent.
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TABLE 1 Language tasks from neuropsychological assessment.

Language
domain

Before
NICP

After
NICP

After
Surgery

Spontaneous language

Conversation

Narrative speech

Picture description

8 8 8

6 6 6

6 6 6

Informative content of language

Fluency and grammar

Content of language

10 10 10

10 10 10

Verbal repetition

Words

Syllables

Pseudowords

Sentences

10 10 10

8 8 8

8 8 8

60 60 60

Verboverbal Naming

Confrontation naming

Responsive naming

6 6 6

6 6 6

Verbal comprehension

Commands
Complex
ideational sentence

16 16 16

9 9 9

Reading comprehension

Sentences and text
Word-picture
Words
Pseudowords

8
6
6
6

8
6
6
6

8
6
6
6

Automatic language

Automatized sequences:
Forward series
Mental control: Backward
series

3 3 3

3 3 3

Naming visuoverbal

Naming pictures 14 14 14

Reading - verbalization

Letters
Numbers
Pseudowords
Text

6
6
6
56

6
6
6
56

6
6
6
56

Writing: Dictate

Letters
Numbers
Pseudowords
Words
Sentences

6
6
6
6
13

6
6
6
6
13

6
6
6
6
13
frontiersin.org

https://doi.org/10.3389/fonc.2024.1390542
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Boccuni et al. 10.3389/fonc.2024.1390542
Discussion

The present case report described clinical outcomes and neural

correlates of a patient undergoing a non-invasive NICP protocol

before neurosurgery for brain tumour. Clinically, the patient

exhibited complete functionality at baseline despite the significant

tumour mass and did not show clinically relevant changes for

language function at the end of NICP nor at follow up after

surgery (i.e., he was stable throughout the course of the

intervention). On the other hand, when looking at the brain level,

the patient presented baseline tb-fMRI activation clusters related to

semantic decision in proximity with the tumour, particularly within

the IFG L, pars opercularis. These clusters dissipated after

prehabilitation with the concomitant enlargement of left

temporoparietal fMRI-related clusters (specifically within the

posterior divisions of the supramarginal and superior temporal

gyri). Finally, after surgery, the activation clusters reappeared at

approximately the same location as at baseline. Such brain activity

changes were paired by resting-state functional connectivity

outcomes, showing increased language network connectivity,

particularly in an anteroposterior manner and mostly evident

from the IFG L resting-state networks language node (with the

centre coordinates over the IFG L, pars triangularis).

Despite full independence in activities of daily living, the patient

presented at baseline with scores in cognitive domains such as

memory and executive function below what expected based on age

and education, which further decreased at the end of the

intervention. Being a single case it is only possible to draw causal

inferences by considering both the intervention and the tumour

itself. In the first hypothesis, it’s worth considering that rTMS was

applied to peak-fMRI of semantic language network and paired
Frontiers in Oncology 0665
with speech training, while multichannel tDCS was applied to a

broad parietofrontal region and paired with cognitive training.

Because of the concurrent application of both modalities, it is

impossible to discriminate the role of each intervention, though it

would be interesting to compare the effectiveness of different

approaches (TMS versus tDCS) in future studies. In the second

hypothesis, the presence of the lesion determined cognitive scores

already below expectations at baseline, with further worsening due

to disease progression.

A critical aspect for the whole intervention was the rationale

leading to the choice of the target of neuromodulation. Previous

cases of non-invasive NICP selected the target based on a

combinat ion of c l in ica l symptoms, neuroanatomica l

considerations, and neural correlates. Barcia et al. applied

neuromodulation over a region corresponding to Broca’s area

because of the proximity with the tumour and symptoms of

speech disorders (6). Similarly, Dadario et al. selected targets close

to the tumour and in proximity with the planned surgical entry

point (10); furthermore, based on rs-fMRI results, areas that were

considered hyperconnected or eligible for excision were inhibited,

and areas hypoconnected or potential candidates to functionally

supply eloquent areas were stimulated (with excitatory paradigms).

When looking at invasive NICP case reports (7, 9) and case series

(8), a common element was the placement of grids of electrodes for

the application of cortical electrical stimulation at the maximum

tolerable intensity; grids were placed over extended regions covering

eloquent areas, based on clinical and neuroanatomical

considerations. For the present study, the patient was completely

functional at baseline, hence the starting point was considering the

anatomical localization of the tumour, the cortical distribution of

language tb-fMRI clusters, and the localization of the peak-fMRI for
B

C

D

A

FIGURE 2

Illustration of brain tumour lesion and language network tb-fMRI results. (A) Anatomical representation of the tumour lesion at the three different
time-points, with the centre of the figure positioned around the centre of masses. (B) Language network tb-fMRI results at the three different time-
points, with the centre of the figure placed over the stimulation site. (C) Distance from the tumour to tb-fMRI clusters, presenting all tb-fMRI clusters
and the nearest fMRI cluster. (D) Volume of tb-fMRI clusters, displaying the nearest one from the tumour and all of them.
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each cluster of interest. By delivering a regional neuromodulation,

the goal was to elicit widespread neuroplastic reorganization. In this

perspective, peak tb-fMRI of the largest cluster close to the tumour

was selected as the centre of a relevant node within the semantic

language network and targeted with low frequency rTMS to induce

a topographical rearrangement of this brain circuit. Furthermore,

inhibitory multifocal tDCS was applied with cathodes mainly

covering the identified circuit of interest, to boost the inhibition

within the targeted cluster in favour of other compensatory

network areas.

When looking at functional activation associated to semantic

decision task, the minimum distance between the tumour and any

activation peak increased by almost 16 mm from TP1 to TP2,

indicating an antero-posterior shift of functional activity (i.e., from

frontal to the temporoparietal brain regions). From a neurosurgical

perspective, a distance between a lesion and eloquent area less than
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5 mm is associated with worse outcomes (36, 37). Therefore, the

increase in minimum distance obtained may be considered of direct

clinical relevance. Furthermore, the minimum distance between the

tumour and peak-fMRI returned to approximately baseline levels at

TP3, hence suggesting that non-invasive NICP provoked a temporal

window of neuroplastic changes beneficial for the preservation of

functionality during neurosurgery; in the absence of any specific

treatment and likely following spontaneous recovery, the brain

reorganized itself by returning to a pattern of functional activity

comparable to what was evidenced before the intervention.

When focusing on rs-fMRI, seed-based analysis revealed a

notable functional connectivity increase within the language

resting-state networks. Specifically, ROI-to-ROI analyses showed

an increased connectivity between the IFG L area and all other

nodes in the network. Additionally, an anteroposterior connectivity

increment between the right hemisphere’s IFG and the posterior
B

C

A

FIGURE 3

Representation of the language network rs-fMRI results. IFG L, left inferior frontal gyrus; IFG R, right inferior frontal gyrus; pSTG L, left posterior
superior temporal gyrus; pSTG R, right posterior superior temporal gyrus. (A) Seed-to-voxel results displayed from the left inferior frontal gyrus (IFG
L) at three different time-points. The colour-map represents the connectivity strength, ranging from 1 to -1. The slices are ordered along the Z-axis,
ranging from -46 to 74 in increments of 8 units. (B) Connectivity matrices considering the four network ROIs at the three time-points. The color-
map also represents the connectivity strength, ranging from 1 to -1. ROI-to-ROI results encompassing all the network couplings at the three time-
points. (C) Histograms representing the same correlation values reported in the connectivity matrices. Each graph shows the evolution of
connectivity for a specific ROI-to-ROI.
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superior temporal gyrus (pSTG) was observed. Importantly, these

functional connectivity patterns were not present in a control visual

network. Therefore, our NICP protocol enhanced the rs-fMRI

connectivity of the language network, with a main emphasis on

the IFG L, the node roughly aligned with the tb-fMRI peak

activation used as the targeted TMS area, and particularly in an

anteroposterior fashion. Interestingly, the rs-fMRI functional

connectivity results for the language network are spatially

consistent with the findings from semantic language tb-fMRI

outcomes, wherein there was a subsequent reduction of clusters

anteriorly, at the level of the IFG L, and the enlargement of clusters

in posterior areas of the network, within the temporoparietal

intersection. Consequently, it appears that our NICP protocol was

capable of modulating both tb-fMRI brain activity and rs-fMRI

functional connectivity. More precisely, this modulation resulted in

an amplification of rs-fMRI functional connectivity within the

language system, which might presumably underlie the

subsequent displacement of brain activation to other regions,

farther from the lesion, during task demands.

Some limitations should be addressed. First, the present study is

a case report, which heavily limits the interpretation and

generalizability of findings, warranting future group-level studies.

Another important constraint is that the patient underwent a

complex intervention, composed of two different protocols of

neuromodulation (low frequency rTMS and multifocal tDCS)

coupled with intensive language and cognitive training, followed

by intensive aerobic training to promote the consolidation of

neuroplastic changes. The overall rationale was to provide a

comprehensive intervention based on the best available evidence

to achieve the most ambitious clinical outcome, tailored to specific

patient’s needs. Nonetheless, this prevents us from determining the

relative contribution of each ingredient on the outcome of the

intervention. Future comparative studies may help elucidating this

aspect. Finally, in the absence of a control condition, it is not

possible to determine to which extent neuroplastic changes were

due to the intervention. Indeed, the presence of the tumour itself

may significantly affect the coupling between neural activity and

blood flow (neurovascular uncoupling), possibly jeopardizing the

interpretation of functional neuroimaging outcomes (38). However,

data from the present case indicates a shift of the cortical activation

pattern within nodes of the language network, suggesting a true

neuroplastic reorganization rather than a random artifact. In

conclusion, when putting the present study in perspective with

previous literature, it is important to acknowledge that this is the

first case showing clinically relevant neuroplastic changes after non-

invasive NICP coupled with intensive task training without

neurological sequelae. Hence, non-invasive NICP holds

significance as an attractive alternative to invasive NICP

protocols, warranting further investigation.
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Case report: Slipped capital
femoral epiphysis: a rare
adverse event associated with
FGFR tyrosine kinase inhibitor
therapy in a child
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We report a case of slipped capital femoral epiphysis (SCFE), an on target skeletal

toxicity of a pan-FGFR TKI inhibitor, erdafitinib. A 13-year-old boy was diagnosed

to have an optic pathway/hypothalamic glioma with signs of increased

intracranial pressure and obstructive hydrocephalus requiring placement of

ventriculo-peritoneal (VP) shunt. Sequencing of the tumor showed FGFR1-

tyrosine kinase domain internal tandem duplication (FGFR1-KD-ITD). He

developed hypothalamic obesity with rapid weight gain and BMI >30. At 12

weeks of treatment with erdafitinib, he developed persistent knee pain. X-ray of

the right hip showed SCFE. Erdafitinib was discontinued, and he underwent

surgical pinning of the right hip. MRI at discontinuation of erdafitinib showed a

30% decrease in the size of the tumor, which has remained stable at 6 months

follow-up. Our experience and literature review suggest that pediatric patients

who are treated with pan-FGFR TKIs should be regularly monitored for skeletal

side effects.
KEYWORDS

fibroblast growth factor receptor inhibitors, Slipped capital femoral epiphysis,
On-target skeletal toxicity, Erdafitinib, hypothalamic obesity
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Introduction

The cell surface receptor tyrosine kinases (RTKs) regulate

fundamental cellular processes like cellular proliferation,

differentiation, and survival through their signaling (1). Fibroblast

growth factor receptor (FGFR) tyrosine kinase pathway signaling

plays an important role in normal growth and development

including metabolism and skeletal homeostasis (2). FGFR1–4

pathway alterations are rare in pediatric cancers (1%–3%) but are

enriched in sarcomas and CNS tumors (3) where they account for

10% of pediatric low-grade gliomas and 4% of pediatric high-grade

gliomas (4). FGFR tyrosine kinase inhibitors (FGFR-TKIs) are

being increasingly used off-label in children with hard-to-treat

tumors harboring specific FGFR alterations. This case report

illustrates a rare but significant skeletal side effect of erdafitinib—

a pan-FGFR inhibitor (2). Our case is an important addition to the

recent literature (5) and informs pediatric oncologists to be

monitoring for skeletal side effects when treating with FGFR-TKIs.
Case summary

A previously healthy 13-year-old boy presented to the

emergency department (ED) with 1 day history of emesis and

headaches. His initial neurological exam was unremarkable. He

progressively became unresponsive in the ED, showing signs of

increased intracranial pressure with bradycardia, non-reactive

pupils, and urinary incontinence. An urgent computerized
Frontiers in Oncology 0271
tomography (CT) scan of the head showed a large suprasellar

mass with mass effect on foramen of Munro bilaterally with

obstructive hydrocephalus. The mass extended into the region of

the Sylvian aqueduct resulting in CSF obstruction, which was

relieved by placement of bilateral external ventricular drains

(EVDs). On further query, the father reported that the patient has

been symptomatic with intermittent headaches associated with

nausea and vomiting for the past 6 months.

After stabilization, baseline MRI showed rim-enhancing mass

arising from the optic chiasm with mass effect on the pituitary

infundibulum and perilesional edema involving the splayed cerebral

peduncles and bilateral hypothalamus (Figures 1A–C). He was

treated with Dexamethasone (1 mg, IV, QID) for increased

intracranial pressure over 6 days and subsequently weaned off

steroids over a week. Baseline investigations including renal/liver

functions and endocrine tests including pituitary and thyroid

functions tests were normal except for TSH of 0.3 mU/L (0.7–5.7

mU/L) with normal Free T3 and Free T4 values. The TSH values

normalized in the subsequent follow-up visits. A ventriculo-

peritoneal shunt was placed in the right lateral ventricle. Biopsy

showed a histologically low-grade astrocytoma (WHO, Grade 1).

TruSight RNA Pan-Cancer NGS panel showed FGFR1-tyrosine

kinase domain internal tandem duplication (FGFR1-KD-ITD)

(chromosome 8, exon 18–exon 10). The tumor was negative for

BRAF mutation/fusion. Two weeks after biopsy, he presented to the

ED with 1-week history of abdominal pain and was diagnosed with

abdominal abscess due to VP shunt infection. The shunt was

removed. CSF cultures grew Staphylococcus aureus (methicillin
FIGURE 1

Magnetic resonance imaging (MRI); (A) axial T1 flair, (B) coronal T2, and (C) sagittal T1 flair images showing a rim-enhancing tumor mass likely arising
from the Optic chiasm and extending into the third ventricle, the prepontine cistern, the interpeduncular cistern intermittent to the optic chiasm
measuring 3.0 cm (AP) × 2.7 cm (CC) ×1.8 cm (T). (D) Plain X-ray films, open frog leg view showing inferior displacement of the right femoral capital
epiphysis (blue arrow) relative to the femoral neck associated with widening of the proximal femoral growth plate and minimal joint effusion.
(E) Surgical pinning to stabilize the capital epiphysis on the right hip and prophylactic pinning to prevent SCFE on the left hip.
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sensitive, MSSA). He was subsequently treated with IV antibiotics

for 6 weeks.

Our patient developed hypothalamic obesity due to the location

of the tumor and the perilesional edema involving the hypothalamus

at presentation (Figure 1C). This was clinically manifested by a

voracious insatiable appetite and accelerated rate of weight gain

(82.1 kg->97% percentile for age and sex) (Figure 2). After a 4-

month delay from the initial diagnosis, he was started on

erdafitinib 4.7mg/m2/day (Janssen BioAdvance), a pan-FGFR1–4

inhibitor, through a special access program. Four weeks later, he

developed nail side effects (discoloration and brittleness) and

hyperphosphatemia requiring chelation. Erdafitinib was withheld

for a week and restarted as per protocol. At approximately 7 weeks

into therapy, he started complaining of intermittent pain in his right

leg (knee and ankles), progressing to limping, difficult weight bearing,

and complete cessation of ambulation. There was no history of

trauma or past history of knee, leg, or hip pain. X-rays of the knee/

ankles were reported as normal. At approximately 12 weeks of

treatment, the persistent knee pain was suspected to be due to

pathology of the hip with referred pain to the knee. X-ray of the

hips (Figure 1D) showed slipped capital femoral epiphysis (SCFE) of

the right hip. Erdafitinib was discontinued, and he underwent surgery

with in situ pinning of the right hip and prophylactic pinning of the

left hip (to prevent SCFE) (Figure 1E). MRI of the brain at the time of

discontinuation of the medication showed a 30% decrease in the size

of the tumor, which has remained stable on two subsequent follow-

up MRIs.
Discussion

FGFR1–4 inhibitors are being frequently used for hard-to-treat

pediatric cancers with FGFR alterations in both ongoing clinical

trials (NCI-COG-Pediatric MATCH trial, Phase II, NCT03155620)

(6) and off-label (3, 7). FGFR1 and FGFR3 signaling negatively

regulates endochondral bone growth by inhibiting growth plate

chondrocytes by suppressing mitogenic activity (8, 9). Inhibition of

these receptors causes increased linear growth velocity in growing/

immature skeleton and predisposes to bone- and joint-related
Frontiers in Oncology 0372
complications (5). These complications are rare in adults, as their

growth plates are fused resulting in minimal FGFR signaling in

growth plate chondrocytes.

Tyrosine kinase inhibitors are increasingly being used in the

treatment of pediatric cancers, and TKI-induced adverse effects

have been frequently reported involving multiple organs, most

commonly skin, gastrointestinal tract, blood, and cardiac side

effects (10). Skeletal side effects of targeted therapies (TKIs,

biological therapies) like osteonecrosis and fractures are

summarized in a recent review by Konarski et al. (11). SCFE and

other skeletal side effects as a complication of FGFR-selective

inhibitors was recently reported by Sait et al. (5). In their series,

all the three pediatric patients with SCFE had increased growth

velocity (Table 1). Two of the three patients were also reported to

have obesity. We did not see increased growth velocity in our

patient (height between 25th and 50th percentile for age and sex).

This could be probably explained by the short duration of

erdafitinib treatment in our patient (12 weeks). The unfortunate

delay in starting erdafitinib due to MSSA infection resulted in our

patient being obese (BMI> 30, >99th percentile for age and sex) at

the start of the drug. Obesity has been shown to be a strong and

validated risk factor for SCFE (12, 13). Body Mass Index (BMI)

>95th percentile for age and sex has a strong correlation with SCFE

when compared to children with BMI <85th percentile for age and

sex (14). Based on the rate of weight gain and the BMI, we decided

to do prophylactic in situ pinning for the contralateral (left) hip to

prevent SCFE (14).

Pan-FGFR1–4 inhibitors (like erdafitinib) are pharmacologically

more potent when compared to FGFR1/2/3 inhibitors (like

Debio1347): IC50 values (in nanomolar, nM) for erdafitinib and

Debio1347 are as follows: FGFR1 (2.0 nM vs. 9.3 nM), FGFR2 (2.0

nM vs. 7.6 nM), and FGFR3 (4.0 nM vs. 22 nM) (15). The increased

potency of erdafitinib in combination with other risk factors like

obesity and hyperphosphatemia could probably explain the relatively

early onset of SCFE in patients treated with Pan-FGFR1–4 inhibitor

erdafitinib when compared to FGFR1/2/3 inhibitor Debio1347

(Table 1). The dose of erdafitinib for both patients in this series was

based on the recommendations of the NCI-COG Pediatric MATCH,

APEC1621B protocol, which is 4.7 mg/m2/day (8 mg/1.7 m2) up to a
FIGURE 2

Graphs showing BMI and rate of weight gain in our patient.
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maximum daily dose of 8 mg, orally, once daily (adult recommended

phase II dose-RP2D adjusted for BSA).

Hyperphosphatemia, another on-target toxicity specific to

FGFR TKIs, was seen in all the patients with SCFE (Table 1).

Hyperphosphatemia can potentially contribute to the SCFE, as it

can lead to increased bone turnover and bone fragility (16). Our

patient did not receive any chemotherapy or radiation prior to

starting erdafitinib. Patient 1 in the series was previously treated

with chemotherapy (7), and this could have contributed to the SCFE

in this patient (17).
Summary

We report a case of SCFE, an on-target skeletal toxicity of a

pan-FGFR TKI inhibitor, erdafitinib. Central hypothalamic

obesity, secondary to the location of the tumor along with

hyperphosphatemia due to drug side effect, contributed to the

accelerated onset of SCFE in our patient. Based on our experience

and literature review (5) of pediatric patients who are treated with

pan-FGFR TKIs, we recommend the following: a) monitor both

rate of weight gain/BMI for obesity (especially in suprasellar

tumors) and growth velocity while on therapy; b) promptly rule

out on-target skeletal toxicities (fractures, SCFE, and

osteochondritis) at the onset of clinical symptoms (knee, thigh,

or groin pain) with appropriate diagnostic imaging (AP/frog leg

lateral views of hip and knee X-rays); c) regular surveillance

imaging of the hips to monitor for SCFE especially in pediatric

patients with increased weight gain (suprasellar tumors) and/or

growth velocity; and d) update the drug toxicity profile of FGFR
Frontiers in Oncology 0473
TKIs to include skeletal toxicities and inform parents/patients of

these toxicities at the time of consent for therapy.
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TABLE 1 Characteristics of patients with SCFE treated with FGFR TKIs.

Patient
number/
age
(yrs)/sex

Tumor
histology/site

FGFR
alteration

Skeletal AEs Non-skeletal AEs DOT (months) FGFRi

1) 8/F Pilomyxoid astrocytoma/
Optic pathway

FGFR1 mutation
(V592M, K687E)

SCFE (b/l hips),
AVN of left hip,
non-traumatic
fractures
(finger/hip)

Hyperphosphatemia 9 Debio1347

2) 14/M Rosette-forming low-grade
glioneuronal
tumor/cerebellum

FGFR3–
TACC3 fusion

SCFE (right hip),
osteochondritis
dissecans (b/l), coxa
valga deformity
(b/l)

Hyperphosphatemia 40 Debio1347

3) 12/M Diffuse brainstem
glioma/brainstem

FGFR2–
VPS35 fusion

SCFE (right hip),
non-traumatic
fractures (b/l tibia,
vertebral
compression
fractures)

Hyperphosphatemia 5 Erdafitinib

4) 13/M Low-grade astrocytoma/
Optic pathway (chiasm)

FGFR1-TKD-ITD
(exons 18,10)

SCFE (right hip) Onycholysis (Grade III),
hyperphosphatemia

3 Erdafitinib
AEs, Adverse events; AVN, avascular necrosis; DOT, duration of therapy; F, female; FGFR, fibroblast growth factor receptor; FGFRi, FGFR inhibitor; M, male; SCFE, slipped capital femoral
epiphysis; Yrs, years; TACC, transforming acidic coiled coil; b/l, bilateral.
The first three patients are from Ref. 5.
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Exploring MAP2K3 as a 
prognostic biomarker and 
potential immunotherapy target 
in glioma treatment
Bei Pu 1,2†, Shi Feng 1†, Lijuan Gu 3, Daniel Smerin 4, Zhihong Jian 1, 
Xiaoxing Xiong 1* and Liang Wei 2*
1 Department of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, China, 2 Transplantation 
Health Management Center, Sichuan Taikang Hospital, Chengdu, China, 3 Central Laboratory, Renmin 
Hospital of Wuhan University, Wuhan, China, 4 Department of Neurosurgery, University of Central 
Florida College of Medicine, Orlando, FL, United States

Glioma, the most prevalent primary brain tumor in adults, is characterized by 
significant invasiveness and resistance. Current glioma treatments include 
surgery, radiation, chemotherapy, and targeted therapy, but these methods 
often fail to eliminate the tumor completely, leading to recurrence and 
poor prognosis. Immune checkpoint inhibitors, a class of commonly used 
immunotherapeutic drugs, have demonstrated excellent efficacy in treating 
various solid malignancies. Recent research has indicated that unconventional 
levels of expression of the MAP2K3 gene closely correlates with glioma 
malignancy, hinting it could be  a potential immunotherapy target. Our study 
unveiled substantial involvement of MAP2K3 in gliomas, indicating the potential 
of the enzyme to serve as a prognostic biomarker related to immunity. Through 
the regulation of the infiltration of immune cells, MAP2K3 can affect the 
prognosis of patients with glioma. These discoveries establish a theoretical 
foundation for exploring the biological mechanisms underlying MAP2K3 and its 
potential applications in glioma treatment.

KEYWORDS

glioma, immunotherapy, MAP2K3, tumor immune microenvironment, prognosis

Background

Glioma is the most common primary brain tumor and is a general term for a large group 
of intracranial primary tumors that occur from glial cells derived from neural ectoderm. 
Gliomas can be categorized as grade I–IV according to the World Health Organization (WHO) 
grading standards. Glioblastoma (GBM) is a high-grade glioma, defined as WHO grade IV, 
and is one of the most lethal gliomas. It makes up 70–75% of all diffuse gliomas, and GBM 
patients have a median survival time of about 14–17 months. The main treatment options are 
surgery, radiotherapy, temozolomide (TMZ) chemotherapy and radiotherapy combined with 
TMZ chemotherapy, but none of the treatment outcomes are satisfactory (1).

The surgical elimination of the tumor, followed by chemotherapy and radiation therapy, 
is the conventional treatment for glioblastoma. As a result of the extremely aggressive 
characteristics of glioma cells, complete removal of the tumor is currently difficult to achieve 
(2). The potential mechanisms of glioma migratory invasion remain to be further investigated 
(3). Immunotherapy is able to inhibit tumor growth and spread by activating the patient’s own 
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immune system. Common immune cell types in glioma patients 
include T cells, B cells, dendritic cells, and natural killer cells; which 
are closely related to tumor immune escape and drug resistance (4). 
Immunotherapy has been demonstrated to improve patient survival 
as well as quality of life in glioma patients (5). Additionally, 
immunotherapy may be  used together with more established 
treatments like radiation and chemotherapy to maximize therapeutic 
outcomes. Despite the clinical effectiveness of immunotherapy in the 
management of gliomas, additional investigation is required to 
address potential issues with immune escape and drug resistance (5).

Mitogen-activated protein kinase 3 (MAP2K3) is a member of the 
bispecific protein kinase kinases (MKK) group, which is found in the 
Mitogen-activated protein kinase pathway (MAPK) (6). The MAP2K3 
protein was first discovered in 1996, and current research has focused 
on its role as an activator of the p38-MAPK signaling pathway (7). In 
the therapeutic studies of esophageal squamous cell carcinoma, 
MAP2K3 inhibitors have been reported to be effective in inhibiting 
cell growth. MAP2K3 can mediate cellular responses to external 
stimuli by phosphorylating and activating the p38-MAPK signaling 
pathway (8). When cells are subjected to external stimuli, activated 
MAP3K activates MAP2K3 to phosphorylate and activate the 
p38-MAPK signaling pathway. The downstream target proteins that 
are regulated by the active p38-MAPK signaling pathway are also 
regulating additional biological processes such as cell proliferation, 
differentiation, and apoptosis. p38-MAPK family proteins play 
complex and diverse roles in tumors (9, 10). In order to exert an anti-
tumor effect, p38-MAPK activation may induce apoptosis and cell 
cycle arrest in a tumor cell (11). In addition, it has been shown that 
the p38-MAPK protein can regulate activity of the extracellular signal-
regulated kinases 1 and 2 (ERK1/2) and the phosphoinositide 
3-kinase/Akt (PI3K/AKT) signaling pathways, which in turn 
promotes tumor cell proliferation and growth (12). The p38-MAPK 
signaling pathway may promote tumor growth by regulating 
inflammatory responses and angiogenesis in the tumor 
microenvironment (11). Additionally, this pathway contributes to 
immunomodulation in the tumor microenvironment. The p38-MAPK 
signaling pathway can support immunological functions like tumor 
immune surveillance and immune antigen presentation by modulating 
the activity of immune cells and the production of immune 
components (13). p38-MAPK signaling pathway activation can 
promote the production and secretion of cytokines, such as interferon 
gamma (IFN-γ), interleukin 6 (IL-6), tumor necrosis factor alpha 
(TNF-α), and interleukin 1 (IL-1), which can promote the activation 
of immune cells and an immune response (6). In addition, the 
p38-MAPK signaling pathway can also regulate the activity of antigen-
presenting cells, such as macrophages, to enhance the immune 
response (6). Therefore, a thorough investigation of the function of the 
MAP2K3 gene, which is closely associated with the p38-MAPK 
signaling pathway, in the immune microenvironment of glioma 
tumors may be helpful in understanding the mechanisms underlying 
glioma development and growth, and result in the development of 
novel therapeutic methods and targets.

In our study, MAP2K3 expression was discovered to be aberrantly 
high in a range of tumor tissues, and such high expression was found 
to be  associated with poor clinicopathological characteristics and 
outcome of gliomas. We found that the genes related to MAP2K3 were 
primarily enriched in immunomodulatory pathways through 
functional and pathway enrichment analysis. Finally, we discovered a 

relationship between MAP2K3 expression and immunological 
checkpoints, immune-related genes, and immune infiltration in 
glioma. Taken together, our research highlights the critical function 
of MAP2K3 in tumor immune modulation and glioma prognosis; 
indicating the MAP2K3 gene as a potential novel target for the 
treatment of glioma (see Table 1).

Materials and methods

Collection of data and analysis of MAP2K3 
expression

In this study, clinically relevant mRNA expression profile datasets 
were obtained from the public databases the Gene Expression 
Omnibus (GEO), the Chinese Glioma Genome Atlas (CGGA), and 
The Cancer Genome Atlas (TCGA). We utilized the R software for the 
initial processing of gene expression profiles, which encompassed 
tasks such as background correction, normalization, and Log 2 
transformation. Subsequently, to evaluate the presence of MAP2K3 in 
gliomas and various other tumors, we used the TIMRE database. This 
allowed us to investigate MAP2K3 expression levels in tumor samples, 
juxtaposed with their corresponding healthy tissues. Using the GEPIA 
(Gene Expression Profiling Interactive Analysis) website, we  also 
investigated the expression of MAP2K3 in low grade glioma (LGG), 
GBM, and normal tissues. The expression of MAP2K3 in gliomas of 
different WHO classifications was examined. Using the Human 
Protein Atlas website, we evaluated the amounts of MAP2K3 protein 
expression in glioma and normal brain tissues as well as the location 
of MAP2K3 protein in glioma cells.

Analysis of MAP2K3 protein expression 
levels in gliomas

We used immunohistochemistry to evaluate the differential 
expression levels of MAP2K3 protein in glioma tissue compared to 
normal brain tissue. Images from immunohistochemical staining of 
normal brain tissue, LGG, and HGG were separately sourced from The 
Human Protein Atlas database, specifically the cerebral cortex section. 

TABLE 1 Summary of the relevant databases.

Name of database Link

CGGA http://www.cgga.org.cn/

CancerSEA http://biocc.hrbmu.edu.cn/CancerSEA/

TIMRE https://cistrome.shinyapps.io/timer/

GEPIA website http://gepia.cancer-pku.cn/index.html

Ivy Glioblastoma Atlas Project https://glioblastoma.alleninstitute.org/

UCSC https://xenabrowser.net/datapage/

TIGER http://tiger.canceromics.org/

The Human Protein Atlas https://www.proteinatlas.org

TCGA https://cancergenome.nih.gov/

TISCH (14) http://tisch.comp-genomics.org/home/
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The antibody used for immunohistochemistry was anti-MAP2K3 
primary antibody (HPA043783).

Evaluation of MAP2K3’s prognostic 
significance in glioma

In this study, both univariate and multivariate Cox regression 
analyses were performed to determine whether MAP2K3 might 
be employed as an independent prognostic factor for glioma. WHO 
categorization, IDH status, gender, 1p/19q code, and age were clinical 
variables included in the Cox regression analysis (15). The R package 
“rms” was used to generate column line plots and calibration. To 
predict overall survival (OS) at 1, 3, and 5 years, we used the “survivor” 
package. We utilized the “pROC” R tool to generate AUC curves for 
the ROC study. We additionally investigated the relationship between 
MAP2K3 and Overall Survival (OS) and Progress Free Survival (PFS) 
in several clinical cohorts with LGG and GBM.

Gene set variation analysis

In Gene Set Variation Analysis (GSVA), the distribution of genes 
in a predefined set of genes is used to assess their trends in a table of 
phenotypically related ordered genes to determine their role in 
phenotype definition. To investigate the biological significance of 
MAP2K3, the “GSVA” package in R was used in this study to perform 
GSVA analysis. Based on their mRNA expression levels, MAP2K3 was 
split into low and high expression groups to identify the functional 
and pathway significance differences between the two groups. 
We downloaded “h.all.v7.2.symbols” and “c2.cp.kegg.v7.2.symbols” 
from the MsigDB database as reference gene sets for GMT (Hallmarks) 
and KEGG pathways, respectively. The “Limma” program was used to 
analyze the differences in GSVA pathways between patients in the 
high and low MAP2K3 groups, with adjusted criteria of p < 0.05 and 
abs (log2FC) > 0.3. Through heat maps, we displayed the Hallmarks 
and KEGG differential pathways individually.

Evaluation of immunological 
microenvironment and tumor immune cell 
infiltration

In order to figure out immune, stromal, and ESTIMATE scores; 
our study first examined immune and stromal cell types according to 
gene expression profiling using the “ESTIMATE” R package. Then, 
we assessed the correlation between the MAP2K3 gene and various 
immune cell levels using the CIBERSORT and ssGSEA algorithms, 
and discovered a link between the level of MAP2K3 expression and 
the infiltration of various immune cell types.

Evaluation of immunotherapy-related 
predictors

In this study, we  compared the expression of several 
immunological checkpoints in the groups with high and low levels of 

MAP2K3 expression. The Wilcoxon rank sum test was used to 
evaluate the differences in immune checkpoint expression between 
the high MAP2K3-expressing and low MAP2K3-expressing groups. 
In order to demonstrate the sensitivity of the relevant subgroups to 
immune checkpoint inhibitor (ICI) therapy, we calculated the Tumor 
Immune Dysfunction and Exclusion TIDE (TIDE) scores for the 
high MAP2K3 expression group and the low MAP2K3 expression 
group. TIDE scores are used to assess the effectiveness of 
immunotherapy, with high TIDE scores indicating high tumor 
tolerance to immune checkpoint inhibitor therapy and low TIDE 
scores indicating better treatment outcomes. We then calculated the 
interferon gamma (IFNG) score, T cell receptor abundance (TCR), 
TCR Shannon score, microsatellite instability (MSI) and single 
nucleotide variant (SNV) neoantigens from TCGA. These metrics 
can be  used to predict the ability of T cells in the immune 
microenvironment to exert tumor suppression and calculate levels of 
tumor neoantigens.

Somatic cell mutation analysis

In this study, somatic mutations and copy number alterations 
(CNAs) were downloaded from the TCGA database, and VarScan2 
software was used to whole-genome sequence data of somatic 
mutations in the high MAP2K3 expression group and low MAP2K3 
expression group. The Fisher’s exact test was used to discover 
various mutation patterns, the CoMEt algorithm was utilized to find 
both co-occurring and mutated genes, and p < 0.05 was established 
as the threshold for choosing differentially mutated genes. For the 
purpose of visualizing somatic mutations, “maftools” was a 
R package.

Single-cell sequencing to assess MAP2K3 
expression levels in gliomas

CancerSEA and TISCH, two single-cell sequencing data 
platforms, were employed to evaluate MAP2K3 expression at the 
single-cell level in gliomas.

In vitro validation of MAP2K3’s function in 
glioma

U251 glioma cells were cultured in Dulbecco’s Modified Eagle 
Medium supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin, maintained at 37°C with 5% CO2. For gene silencing, 
cells underwent transfection with siRNA targeting MAP2K3 and a 
control siRNA from GenePharma (Shanghai, China), using 
Lipofectamine 3,000 as per manufacturer’s guidelines. MAP2K3 
knockdown was verified by qRT-PCR 48 h post-transfection using 
specific primers (16). The primers used were as follows: for MAP2K3; 
Forward: GACTCCCGGACCTTCATCAC, Reverse: GGCCCAGTTC 
TGAGATGGT, and for GAPDH; Forward: TGTGGGCATCAA 
TGGATTTGG, Reverse: ACACCATGTATTCCGGGTCAAT. The 
CCK-8 kit was deployed to ascertain the viability of U251 cells, as well 
as the survival of U251 cells.
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Wound healing assay

Cellular migration was assessed using a wound healing assay. 
Cells seeded in 6-well plates were grown to confluence, and a sterile 
200 μL pipette tip was used to scratch a line through the monolayer. 
After washing away debris with phosphate-buffered saline, the cells 
were incubated in serum-free medium. Images were captured at 0 
and 24 h post-scratch using an inverted microscope, and the rate of 
migration was quantified by measuring the gap with 
ImageJ software.

Transwell migration assay

For the Transwell migration assay, cells were suspended in serum-
free medium (1 × 105 cells/mL) and 100 μL was placed into the upper 
chamber of a Transwell insert (Corning, United States). The lower 
chamber contained 600 μL of medium with 10% fetal bovine serum as 
a chemoattractant. Following a 24 h incubation at 37°C and 5% CO2, 
cells on the upper membrane were removed, while those on the lower 
surface were fixed, stained with crystal violet, and counted in five 
fields under a light microscope.

Statistical analysis

The Wilcoxon test was used in this study to compare the 
differences in MAP2K3 expression between normal tissues and 
gliomas in the dataset obtained from the GEO database. We compared 
the variations in MAP2K3 expression in gliomas of various WHO 
classifications using the data acquired from TCGA and the Kruskal–
Wallis test. To examine the association between survival and MAP2K3 
expression levels, Kaplan–Meier curves were used.

Results

MAP2K3 is differentially expressed in 
gliomas and multiple other tumors

To explore the expression pattern of MAP2K3 in gliomas, we first 
analyzed the expression of MAP2K3 in tumor tissues. We used the 
TIMER database to explore the expression of MAP2K3 in 33 human 
cancers and found that MAP2K3 was expressed in multiple tumors 
(Figure 1A). The HR values of the MAP2K3 gene in LGG and GBM 
were higher than 1, suggesting that high MAP2K3 expression is 
associated with an increased risk of LGG and GBM occurrence 
(Figure 1D). We also used the GEPIA2 website to examine the TCGA 
database in order to investigate the expression of MAP2K3 in gliomas 
and healthy brain tissues. The findings demonstrated that GBM had 
higher levels of MAP2K3 mRNA expression than normal brain 
(Figure 1B). In addition, the expression level of MAP2K3 in gliomas 
correlated with the WHO grade of glioma, and the expression level of 
MAP2K3 in gliomas increased with the grade of glioma (Figure 1C). 
We found higher levels of MAP2K3 expression in multiple glioma 
cohorts with WHO grade 3 gliomas than WHO grade 2 
(Figures 1G–K). MAP2K3 expression levels were also upregulated in 
the single-cell EXP0059 glioma cell group (Figures 1E,F).

We then assessed the protein expression level of MAP2K3  in 
gliomas using The Human Protein Atlas database. According to the 
results of immunohistochemical staining, glioma tissues generally 
express more MAP2K3 than healthy brain tissues do, and high-grade 
gliomas express more of the MAP2K3 protein (Figure  1L). 
We evaluated the localization of MAP2K3 protein in the glioma cell 
line SH-SY5Y, and the results showed that MAP2K3 was localized in 
the cytoplasm (Figure  1M). These results show that MAP2K3 is 
substantially expressed in both high-grade and low-grade gliomas, 
and that its expression level rises with increasing WHO grades. This 
suggests a potential association between MAP2K3 and the malignant 
behavior of gliomas.

Patient prognosis is correlated with 
MAP2K3 expression in gliomas

By analyzing multiple GBM cohorts and LGG cohorts, we found 
that MAP2K3 expression levels differed among glioma patients by age, 
1p/19q co-deletion and gender; with higher MAP2K3 expression 
levels in young and middle-aged (<60 years), 1p/19q non-co-del, and 
male glioma patients (Figures 2A–K).

To investigate whether high expression of MAP2K3 could be an 
independent predictor of glioma prognosis, univariate and 
multivariate Cox regression analyses were conducted. Univariate Cox 
regression analysis showed that MAP2K3 expression, WHO staging, 
and age were associated with the prognosis of glioma (Figure 3A). 
Multivariate Cox regression analysis revealed that MAP2K3 
expression, WHO staging, and age were independent prognostic 
factors affecting glioma prognosis (Figure  3B). Furthermore, by 
performing Cox regression analysis on multiple GBM cohorts and 
multiple LGG cohorts, we  found that the MAP2K3 gene was a 
significant risk factor for poor patient prognosis (Figures 3C,D).

We discovered through a multiple cohort survival study that 
patients with high expression levels of MAP2K3 had shorter overall 
survival, regardless of whether they had high- (Figures  4A–I) or 
low-grade gliomas (Figures 4J–N). The Nomogram and calibration 
curves demonstrate that MAP2K3 is an independent prognostic factor 
that accurately predict patient prognosis at 1, 3, and 5 years; indicating 
that MAP2K3 is a good predictor of prognosis for glioma patients in 
the multiple regression model (Figure 4O). Time-dependent analysis 
of ROC showed AUC values of 0.89, 0.92, and 0.92 for glioma at 1, 3, 
and 5 years, respectively, indicating a high predictive power 
(Figure  4P). As a result, MAP2K3 may be  employed as a glioma 
diagnostic marker. These results all point to MAP2K3’s prognostic 
potential in gliomas.

The potential biological mechanism of 
MAP2K3 in glioma

To investigate the potential biological mechanisms of MAP2K3 in 
gliomas, we explored the function of MAP2K3 molecules in multiple 
cancer-related signaling pathways in the TCGA cohort. To analyze 
Hallmarker pathway differences between gliomas with two different 
MAP2K3 expression levels (17), we performed GSVA gene enrichment 
analysis. “Inflammatory response,” “interferon gamma response,” 
“NF-κB/TNFA signaling pathway,” “complement,” “IL6/JAK/STAT3 
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FIGURE 1

MAP2K3 is differentially expressed in gliomas. (A) MAP2K3 is differentially expressed in pan-cancer (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon 
test). (B) MAP2K3 is differentially expressed between GBM and normal patients (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon test). (C) MAP2K3 is 
differentially expressed among three WHO grades (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon test). (D) Prognostic significance of MAP2K3 in pan-

(Continued)
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signaling pathway,” and “interferon α response,” which are vital for 
inflammatory and immunological responses, were significantly 
elevated. This suggests that high MAP2K3 expression levels are closely 
related to immune-related signaling pathways (Figure 5A). To further 
explore the biological pathways of gliomas at both MAP2K3 
expression levels, we performed KEGG enrichment analysis on the 
high MAP2K3-expressing and low MAP2K3-expressing groups of the 
TCGA cohort. We discovered that the group with high MAP2K3 
expression was primarily related to “autoimmune thyroid disease,” 
“IgA-producing intestinal immune network,” “systemic lupus 
erythematosus,” and “antigen processing and presentation.” The 
MAP2K3 expression group was mainly associated with “autoimmune 
thyroid disease,” “IgA producing intestinal immune network,” 
“systemic lupus erythematosus,” “antigen processing and presentation” 
and other processes related to immune response (Figure 5B). These 
findings all point to MAP2K3’s potential involvement in immune-
related pathways in gliomas.

Based on previous publications, we  performed ssGSEA 
enrichment scoring of 10 classical oncogenic signaling pathways for 
two MAP2K3 expression levels in TCGA_GBM and LGG cohorts. 
Scoring signaling pathways including Wnt, TP53, TGF, RAS, PI3K, 
NRF2, NOTCH, MYC, cell cycle, and Hippo pathways. Based on the 
enrichment analysis outcomes, groups with higher MAP2K3 
expression demonstrated elevated scores in several signaling pathways; 
namely the Hippo, NRF2, PI3K, and TGF pathways (Figures 5C,D). 
Each of these pathways are known to be closely intertwined with 
tumor immune evasion responses (18–22).

MAP2K3-associated somatic mutations in 
glioma

We analyzed somatic mutations in glioma patients from the 
TCGA cohort to investigate the mechanisms associated with MAP2K3 
expression levels. Non-synonymous mutations are mutations that 
result in altered amino acid sequences (23). Some nonsynonymous 
mutations lead to mutations in tumor-associated genes, which may 
result in enhanced cell proliferation and invasiveness. Synonymous 
mutations are mutations in which genomic variants do not lead to 
amino acid sequence alterations (24). Although synonymous 
mutations do not directly alter the structure and function of proteins, 
they may affect the expression level and regulation of proteins. These 
aberrantly expressed proteins or peptides can be recognized by the 
immune system as allosteric antigens, triggering an immune response. 
Many tumor somatic mutations can be targets for immunotherapy 
and thus improve the therapeutic effect. Studying mutations in tumor 
cells and uncovering mutation-related molecular mechanisms can 
provide important references and guidance for immunotherapy and 
prognosis of tumors (25). In comparison to the low MAP2K3 
expression group, more mutations were discovered in the high 

MAP2K3 expression group (Figure 6A), including non-synonymous 
mutations (Figure 6B) and synonymous mutations (Figure 6C).

We further analyzed the mutation frequencies of the nine most 
mutated genes (NF1, FUBP1, EGFR, PTEN, TTN, CIC, ATRX, TP53, 
IDH1) in glioma somatic cells both in the groups with high MAP2K3 
expression and those with low MAP2K3 expression. Forest plots 
showed that IDH1, CIC, ATRX, FUBP1, and TP53 mutation 
frequencies were significantly higher in the low MAP2K3 expression 
group; while PTEN, EGFR, NF1, and TTN mutation frequencies were 
higher in the high MAP2K3 expression group (Figure 6D). Among 
them, EGFR mutations can inhibit tumor immune response through 
various mechanisms, such as reducing the number and function of 
antigen-presenting cells, decreasing T-cell infiltration and activation, 
and increasing the number of immunosuppressive cells (26). In 
addition, we observed a large number of co-occurrence of tumor-
associated genes in these genes; such as NF1 and TTN, PTEN; FUBP1 
and IDH1, CIC; EGFR and TTN, PTEN; PTEN and TTN; CIC and 
IDH1; ATRX and IDH1, TP53; TP53 and IDH1, which may indicate 
that these genes are interdependent or synergistic and have important 
roles in tumorigenesis and development (Figure 6E).

Relationship between glioma immune cell 
infiltration and MAP2K3 expression level

Since tumor progression and suppression are closely related to 
immunity, we  investigated the differences in the immune 
microenvironment of tumors at different MAP2K3 expression levels 
(27, 28). First, we explored the differences in immune checkpoints and 
immunomodulatory factors at different MAP2K3 expression levels. 
By analyzing the effect of MAP2K3 expression levels on chemokines 
in the tumor immune microenvironment, the results showed elevated 
expression of several chemokines in the MAP2K3 high expression 
group; such as CXCL10, CCR5, CCR10, CCL5, CCL7, CCR2, and 
CCL22 (Figure 7A, upper part). Previous studies have shown that 
these chemokines exert immunosuppressive effects by attracting 
immunosuppressive cells, such as regulatory T cells (Tregs), 
macrophages, myeloid-derived suppressor cells (MDSCs) and 
monocytes, which may play an important role in the immune escape 
of gliomas. Furthermore, the analysis revealed increased expression of 
interferon receptors, interleukins, interleukin receptors and some 
other cytokines in the high MAP2K3 expression group. In contrast, 
immunomodulatory factor levels were significantly lower in the low 
MAP2K3-expressing group (Figure  7A, middle and lower part). 
We further calculated the overall immune cell infiltration abundance 
using the ssGSEA and CIBERSORT algorithms. By analyzing the gene 
expression patterns of immune cells, the analysis showed that more 
immune cells with significant immunosuppressive functions, such as 
Th2 cells, MDSCs, Treg cells, and M2-type macrophages, were present 
in the high MAP2K3 expression group, which were closely associated 

cancer. (E) MAP2K3 is highly expressed compared with housekeeping genes. The box plot illustrates the distribution of MAP2K3 gene expression in the 
glioma EXP0059 dataset. (F) The t-SNE plot showed the expression distribution of MAP2K3. T-SNE describes the distribution of cells, every point 
represents a single cell, and the color of the point represents the expression level of MAP2K3 in the cell. (G–K) MAP2K3 is differentially expressed in 
CGGA301 (G), CGGA325 (H), CGGA693 (I), GSE108474 (J), and TCGA-LGG (K) cohorts. (L) Representative images of MAP2K3 among different grades 
in immunohistochemistry. (M) Immunofluorescence staining of MAP2K3 in the SH-SY5Y cell line.

FIGURE 1 (Continued)
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FIGURE 2

Differential expression of MAP2K3 in different clinical features. (A–D) MAP2K3 is differentially expressed between different ages in TCGA-GBM (A), 
CGGA301 (B), CGGA325 (C), and TCGA-LGG (D) cohorts. (E–J) MAP2K3 is differentially expressed between different 1p19q status in CGGA301 (E), 
CGGA325 (F), CGGA693 (G), E-MTAB-3892 (H), CGGA325 (I), and CGGA693 (J) cohorts. (K) MAP2K3 is differentially expressed between different 
genders in GSE61335 cohort (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon test).
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with immune escape, drug resistance, and poor prognosis of the 
tumor. Notably, CD8+ T cells, naive B cells, memory B cells, M1-type 
macrophages, resting natural killer (NK) cells and neutrophils were 
also enriched in the high MAP2K3-expressing group; suggesting that 
the group with high MAP2K3 expression has a significant number of 
immune cells and immunological-related factors. Therefore, the high 
MAP2K3-expressing group potentially could respond well to the 
recognition and attack of the immune system, thereby allowing for 
better results in immunotherapy may have better results (Figure 7B, 
middle part; Figure 7O).

Relationship between the glioma’s immune 
microenvironment and MAP2K3 expression 
levels

Seven immune checkpoint molecules were expressed at higher 
levels in the high MAP2K3 expression group compared to the low 
MAP2K3 expression group, including CD274 (PD-L1), CD247, 
PDCD1, TNFRSF4, PDCD1LG2, TLR9, PDCD1, and CTLA4 
(Figure 7B, upper part). This result suggests that the high MAP2K3 
expression group expressed higher levels of immune checkpoint 

molecules to evade an activated anti-tumor immune response. For 
the antitumor immune response to effectively kill tumor cells, 
tumor immunotherapy must complete a series of steps and 
be allowed to iterate and expand, which is referred to as the tumor 
immune cycle. We calculated scores for the seven tumor immune 
cycle steps using ssGSEA. The analysis showed that all seven tumor 
immune cycle steps were scored higher in the high MAP2K3 
expression group, which validates the important impact of the 
MAP2K3 gene on the tumor immune microenvironment 
(Figure 7B, bottom part).

We also used the TIDE algorithm and ESTIMATE algorithm to 
compare the relevant differences in the tumor immune 
microenvironment between the two MAP2K3 expression levels to 
quantify the association between MAP2K3 expression levels and 
potential immunotherapeutic effects. As can be  seen, the high 
MAP2K3 expression group had higher stromal scores and immune 
scores and lower tumor purity, indicating that the high MAP2K3 
expression group had a more active immune microenvironment 
relative to the low MAP2K3 expression group (Figure 7B, top part; 
Figures 7K,L). Next, using the TIDE algorithm, we found that the high 
MAP2K3-expressing group showed higher TIDE scores and exclusion 
scores (Figure 7B, top part; Figures 7I,J), which is consistent with the 

FIGURE 3

Prognostic significance of MAP2K3 in multi-center cohorts. (A) Univariate Cox regression analysis of Stage, age, and MAP2K3 expression. 
(B) Multivariate Cox regression analysis of Stage, age, and MAP2K3 expression. (C) Univariate Cox regression analysis of MAP2K3 expression in multi-
center GBM cohorts. (D) Univariate Cox regression analysis of MAP2K3 expression in multi-center LGG cohorts.
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previous analysis, suggesting that higher TIDE scores may be related 
to immune escape in the high MAP2K3-expressing group.

We scored the tumor immune microenvironment by scoring 
patients in different MAP2K3 expression groups, and as a result, 
the high MAP2K3 expression group was found to have a higher 
exclusion score. In tumor immune microenvironment analysis, the 
exclusion score is typically used to evaluate whether immune cells 
are prevented from infiltrating the tumor tissue, thereby indirectly 
affecting their ability to recognize and eliminate the tumor. This 
higher exclusion score implies that the group with higher MAP2K3 
expression would be more suitable for immunotherapy. By further 

analysis of the relevant indicators of immunotherapy, we found that 
IFN-γ, SNV neoantigens expression, the TCR Shannon score and 
the TCR abundance score were elevated in the high MAP2K3 
expression group. All these related expression indicators were 
elevated suggesting that glioma patients with high MAP2K3 
expression levels respond better to immunotherapy (Figures 7C–H).

In addition, we investigated biomarkers of several widely recognized 
immune pathways. The analysis showed that the immune-related gene 
sets were scored higher in the high MAP2K3 expression group, including 
a variety of gene sets including CD8+ T effector cells, DNA damage 
response, DNA replication, cell cycle regulation, epithelial-mesenchymal 

FIGURE 4

Survival analysis of expression level of MAP2K3. (A–I) OS Kaplan–Meier survival curves between glioma patients with high and low expression level of 
MAP2K3 in multi-center GBM cohorts. (J–N) OS Kaplan–Meier survival curves between glioma patients with high and low expression level of 
MAP2K3 in multi-center LGG cohorts. (O) Plots depicted the calibration of the nomogram. (P) Predictive accuracy at 1, 3, and 5  years of the nomogram 
in TCGA cohort. (Q) The nomogram plot revealed the prognostic prediction model based on MAP2K3, stage, and age in TCGA cohort.
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FIGURE 5

Investigations of MAP2K3-related signal pathways. (A,B) GSVA enrichment analyses between low and high MAP2K3 expression group illustrated the 
activation status of Hallmark (A) and KEGG (B) pathways in TCGA cohort. Pink and blue represent activation and inhibition of the pathway, respectively. 
(C) The Wilcoxon rank-sum test revealed the variances in the normalized scores of ten cancer-related signaling pathways between the low and high 
MAP2K3 expression group (*p  <  0.05, **p  <  0.01, and ***p  <  0.001).

FIGURE 6

The correlation between MAP2K3 expression and tumor mutation status. (A–C) The relationship between all mutation (A), non-synonymous (B), and 
synonymous (C) counts and the MAP2K3 expression level, respectively. (D) Forest maps show differences of glioma patients in gene mutations in the 
high and low MAP2K3 expression groups. (E) Interaction of differentially mutated genes in glioma patients, including cooccurrence and mutual 
exclusion.
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FIGURE 7

Changes in immunomodulators and quantitative types of several tumor immune microenvironments between different MAP2K3 expression groups. 
(A) Heatmap revealed changes in mRNA expression levels of chemokines and their receptors, interleukins and their receptors, interferons and their 
receptors, and other cytokines between two groups (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon rank-sum test). (B) Heat maps showing the 
enrichment scores of immune cells between two groups in the TCGA cohort. At the left of the heatmap were annotated the TIDE score, dysfunction 
score, exclusion score, tumor purity, immune score, and stromal score. (C–H) The different level of IFN (C), MSI (D), CTA.Score (E), SNV.Neoantigens 
(F), TCR.Shannon (G), and TCR.Richness (H) between the two groups. (I–M) The different level of TIDE score (I), Exclusion score (J), Tumor purity (K), 
Stromal score (L), and Immune score (M) between the two groups. (N,O) Two different MAP2K3 expression groups were distinguished by different 
TME-related signatures (N) and immune cells (O) (*p  <  0.05, **p  <  0.01, and ***p  <  0.001, Wilcoxon test).
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transition markers, immune checkpoints, homologous recombination, 
mismatch repair, and nucleotide excision repair (Figure 7N).

Relationship between MAP2K3 expression 
and the TGF signaling pathway in the 
glioma microenvironment

Previous results demonstrated that TGF-β1, TGF-β2, TGF-β3, and 
TGF-βR1 were expressed at higher levels in gliomas in the high 
MAP2K3 expression group, suggesting that high levels of MAP2K3 
may convey immunosuppressive effects by activating the TGF-β 
signaling pathway, thereby promoting immune escape in gliomas with 
high MAP2K3 expression levels (Figures 8E–H).

According to the Ivy Glioblastoma Atlas Project, MAP2K3, CD68 
and CD276 were found to be upregulated in human glioma samples 
in the Perinecrotic zone (CTpnz) region of expression. In addition, 
according to the Ivy Glioblastoma Atlas Project database, the 
distribution of MAP2K3 was consistent with the distribution of 
macrophage markers CD68 and CD276 (Figures 8I–L). The above 
analysis further demonstrates that MAP2K3 regulates the immune 
microenvironment through multiple signaling pathways and promotes 
immune escape in glioma patients, indicating the potential of 
MAP2K3 molecules as immunotherapeutic targets.

Validation of MAP2K3 function and 
expression at the single cell RNA 
sequencing level

We used the single-cell RNA sequencing database TISCH to 
further validate MAP2K3 expression in gliomas. The analysis of 17 
distinct transcriptome sequencing datasets of glioma single cells 
from various cell types revealed the presence of MAP2K3 
(Figure 8A). MAP2K3 is expressed in various glioma cell lineages 
and its expression is most abundant in immune and malignant cells, 
of which we show representative single cell sequencing datasets 
(GSE102130, GSE163108_10X, and GSE148842) (Figures 8B–D). 
In the GSE102130 dataset, MAP2K3 was mainly expressed higher 
in monocytes/macrophages, astrocyte-like malignant cells (AC-like 
Malignant). In the GSE163108_10X dataset, MAP2K3 was mainly 
expressed higher in monocytes/macrophages, exhausted CD8+ T 
Cells (CD8Tex), and mesenchymal-like malignant cells (MES-like 
Malignant). In the GSE84465 dataset, MAP2K3 was positive in 
monocytes/macrophages and was positively expressed in 
monocytes/macrophages and neuronal cells. In addition, the 
distribution of MAP2K3, TGF-β1, and TGF-βR1 were concentrated 
in monocytes/macrophages according to the single cell sequencing 
analysis, which was consistent with our previous analysis. The 
outcomes of the single cell transcriptome sequencing study 

FIGURE 8

The analysis of the function and expression of MAP2K3 in single-cell RNA sequencing datasets. (A) The distribution of MAP2K3 expression in 17 single-
cell RNA sequencing datasets. (B–D) The t-SNE plots showed the distribution of MAP2K3, TGFB1, and TGFBR1 expression in different cell types. (E–H) 
The expression levels of TGF beta signaling pathway between two MAP2K3 groups (Wilcoxon rank-sum test). (I) Annotation of tumor characteristics in 
human glioma samples from the Ivy Glioblastoma Atlas Project. (J–L) The expression level of MAP2K3, CD68, CD276 in different parts of the human 
glioma samples.
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completely corroborated our earlier findings and present a 
macroscopic view of MAP2K3 in glioma.

MAP2K3 facilitates the migration and 
invasion of glioma cells

We then proceeded with in vitro experiments to delve into the role 
of MAP2K3 in glioma cells. The mRNA expression of MAP2K3 was 
effectively suppressed in U251 cells through the use of siRNA-MAP2K3 
(Figure 9A). As a result, siRNA-MAP2K3 curbed the viability of the 
glioma cells (Figure  9B). Analysis through wound healing 
demonstrated that the application of siRNA-MAP2K3 lessened the rate 

of wound closure compared to the siRNA control group (Figure 9D). 
The Transwell assay demonstrated that the invasive capacity of U251 
glioma cells was reduced by MAP2K3 knockdown (Figure 9C). Taken 
together, these results provide strong evidence that silencing MAP2K3 
notably impedes both migration and invasion of U251 cells.

Evaluation of MAP2K3 in the effectiveness 
of tumor immunotherapy

Based on the previous assessment of MAP2K3  in the glioma 
tumor microenvironment, we  evaluated the impact of MAP2K3 
expression levels on tumor immunotherapy. In the GSE78220, Braun, 

FIGURE 9

Low expression of MAP2K3 inhibited the proliferation and migration of glioma cell in vitro. (A) The mRNA expression level of MAP2K3 was effectively 
suppressed in U251 cells by siRNA-MAP2K3 (****p  <  0.0001, dots represent different sample). (B) CCK8 assay detected cell viability after decreased 
MAP2K3 expression (n  =  3). (C) Transwell assay detected the invasive ability of U251 cells after decreased MAP2K3 expression (n  =  3, scale bar  =  20  μM, 
***p  <  0.001). (D) Cell scratch assay detected the proliferation of U251 cells after decreased MAP2K3 expression (n  =  3, scale bar  =  400  μM).
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and phs000452 cohorts with treatment by PD-1 inhibitors, survival 
curve analysis showed that the high MAP2K3 expression group had 
a significant prognostic advantage with longer prognostic survival 
after anti-PD-1 immunotherapy (Figures 10A–C). Notably, the same 
result was found in the PRJNA482620 cohort, an immunotherapy 
cohort of glioblastoma patients. Small sample sizes may have led to 
insignificant statistical analysis (Figure 10D). Simultaneously, the 
high MAP2K3 expression group in the GSE78220, Braun, and 
phs000452 cohorts indicated more effective anti-PD-L1 
immunotherapy (Figure 10E). Additionally, in the Lauss 2017 cohort 
study exploring predictors and biomarkers in CAR-T therapy, the 
high MAP2K3-expressing group had a prognostic advantage 
(Figure  10B). The above results suggest that patients in the high 
MAP2K3 expression group may derive more benefit from tumor 
immune checkpoint inhibitor therapy.

Discussion

Glioma is a common primary intracranial malignancy in adults, 
of which glioblastoma is more malignant and the most aggressive and 
incurable type with high recurrence rate and high mortality. 
Traditional treatments such as surgery, radiotherapy and chemotherapy 
have reached a bottleneck and therefore there is an urgent need to find 

new treatment methods. The advent of immunotherapy and targeted 
therapy offers new hope for glioma patients.

In previous studies, MAP2K3 was identified as an oncogene, and 
reducing MAP2K3 expression could reduce the rate of tumor growth 
and improve the biological response to chemotherapy. In our study, 
based on an individual dataset of 33 tumors in the TCGA database, 
we analyzed the expression of MAP2K3 in different types of cancers. 
Data analysis showed that MAP2K3 expression differed in a variety of 
tumors, and the results of applying the Cox Proportional-Hazards 
model suggested that high MAP2K3 expression was associated with an 
increased risk of LGG and GBM development. By analyzing the TCGA 
database, multiple clinical study cohorts and single cell sequencing 
sets, we  found that MAP2K3 mRNA expression was elevated in 
gliomas and closely correlated with tumor grade. In addition, by 
analyzing multiple cohorts, we found that MAP2K3 expression levels 
in gliomas correlated with various clinical characteristics such as age, 
gender, and 1p/19q mutation status. Among them, MAP2K3 
expression levels were higher in male patients, young and middle-aged 
glioma patients, and glioma patients with 1p/19q present. By 
performing univariate and multivariate Cox regression analyses, 
we found that high MAP2K3 expression was an independent predictor 
of prognosis in glioma patients. It was also established by analysis of 
survival data from numerous clinical cohorts that glioma patients with 
high MAP2K3 expression had considerably shorter survival periods 

FIGURE 10

MAP2K3 predicts the response of gliomas to immunotherapy. (A–C) The Kaplan–Meier curve showed a significant difference in survival rate between 
the high and low MAP2K3 expression groups in the GSE78220 (A), Braun (B), and phs000452 (C) cohorts. (D) The Kaplan–Meier curve shows the 
relationship between survival rate and MAP2K3 expression level in PRJNA482620 cohort. (E) The stacked histogram shows the difference in 
immunotherapy responsiveness between the high and low MAP2K3 expression groups in GSE78220, Braun, and phs000452. (F) The Kaplan–Meier 
curve showed a significant difference in survival rate between the high and low MAP2K3 expression groups in the Lauss cohort.
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and shorter progression-free survival than those with low expression. 
These findings imply that MAP2K3, which may be utilized to predict 
the prognosis of gliomas by MAP2K3 expression levels, is directly 
implicated in the biological malignancy of glioma. The mechanism by 
which MAP2K3 may function biologically in gliomas is not yet known.

Therefore, to investigate the potential biological mechanisms of 
MAP2K3 in glioma, we explored the functions of MAP2K3 molecules 
in various cancer-related signaling pathways in the TCGA cohort by 
GSVA gene enrichment analysis, which showed that several signaling 
pathways related to immune response and inflammation were 
significantly activated in gliomas with high MAP2K3 expression 
levels. We  performed KEGG enrichment analysis on the high 
MAP2K3-expressing and low MAP2K3-expressing groups in the 
TCGA cohort and found that the high MAP2K3-expressing group was 
mainly associated with immune response and DNA repair pathways, 
and all these results suggest that high MAP2K3 expression levels are 
closely related to immune-related signaling pathways in gliomas. By 
ssGSEA enrichment scoring of 10 classical oncogenic signaling 
pathways, we found that the Hippo signaling pathway, NRF2 signaling 
pathway, PI3K signaling pathway and TGFβ signaling pathway scored 
higher in the high MAP2K3 expression group.

Given that the TGF signaling pathway is crucial for controlling 
immune cell activity and tumor immune escape, we  specifically 
focused on the relationship between TGF-β1, TGF-β2, TGF-β3, 
TGF-βR1, and this MAP2K3 expression level in the TGF signaling 
pathway. In the tumor microenvironment, activation of the TGF 
signaling pathway can inhibit the function of immune cells, thus 
protecting tumors from the immune system (29–31). TGF-β1, 
TGF-β2, and TGF-β3 are three isoforms of the TGF-β family, which 
are the most important ligands in the TGF signaling pathway (22). In 
tumors, ligands of the TGF-β family often lose their normal functions, 
thus promoting tumor proliferation, metastasis, and invasion. 
TGF-βR1 is an important signaling molecule in the TGF-β signaling 
pathway, and it is a subtype of TGF-β receptor type I. TGF-βR1 can 
activate a variety of downstream signaling pathways through 
phosphorylation and kinase activation, thereby regulating cell 
proliferation, apoptosis, cell cycle and many other biological processes 
(32). In tumors, abnormal expression and uncontrolled function of 
TGF-βR1 can affect the normal function of the TGF signaling 
pathway, thus promoting tumor growth and development.

Current studies have shown that MAP2K3 plays an important role 
in regulating the TGF-β signaling pathway. In the TGF-β signaling 
pathway, TGF-β, upon binding to its cell membrane receptor, activates 
Smad proteins and allows them to enter the nucleus, thereby regulating 
gene transcription (33). In contrast, MAP2K3, a mitogen-activated 
protein kinase (MAPK) kinase activator, activates JNK and p38 MAPK, 
members of the MAPK family associated with the regulation of Smad 
proteins. TGFB1, TGFB2, TGFB3, and TGFBR1 expression in the 
TGFβ signaling pathway were higher in the high MAP2K3 expression 
group. This suggests that high levels of MAP2K3 may convey 
immunosuppressive effects by activating the TGFβ signaling pathway, 
thus promoting immune escape in gliomas with high MAP2K3 
expression levels. Somatic mutations may be an important predictor of 
tumor response to immunotherapy. By analyzing somatic mutations in 
glioma patients in the TCGA cohort, we found more somatic mutations 
in the high MAP2K3-expressing group. These results suggest that there 
may be strong immune escape in the high MAP2K3-expressing group.

Another important finding of this study was the correlation 
between MAP2K3 expression and the level of immune infiltration in 

gliomas. Tumor cells tend to evade cytotoxic T lymphocytes by 
upregulating immune checkpoint ligands, such as PD-L1. MAP2K3 
may regulate immunity in gliomas by interacting with or modulating 
immune checkpoints. Immunological checkpoint inhibitors can 
be used to suppress immunological checkpoint expression, stimulate 
T cells, and alter the tumor microenvironment. However, it is the 
high tumor heterogeneity, the altered expression of immune 
checkpoints and the widespread presence of a suppressive tumor 
immune microenvironment in tumors that make immunotherapy in 
glioma more challenging. Therefore, it is important to predict the 
likely therapeutic outcome of patients to immune checkpoint 
inhibitor therapy. We  found elevated expression of multiple 
immunosuppressive chemokines, increased abundance of multiple 
immune cell infiltrates with immunosuppressive functions, and 
higher expression levels of seven immune checkpoint molecules in 
the high MAP2K3-expressing group; including CD274 (PD-L1), 
CD247, PDCD1, TNFRSF4, PDCD1LG2, and TLR9. The high 
expression of these immune checkpoints suggests that glioma patients 
have a poor prognosis due to the immune escape phenomenon. In 
addition, multiple tumor immune microenvironment scores were 
higher in the high MAP2K3 expression group, all suggesting a more 
active immune microenvironment in glioma patients with high levels 
of MAP2K3 expression and possibly a better response to 
immunotherapy. By analyzing multiple clinical cohorts, we evaluated 
the impact of MAP2K3 expression levels on tumor immunotherapy 
and found a significant prognostic advantage in the high MAP2K3 
expression group after anti-PD-1 immunotherapy, which is consistent 
with our predicted results. All of these results suggest that patients in 
the high MAP2K3-expressing group may derive more benefit from 
tumor immune checkpoint inhibitor therapy.

There are several shortcomings of this study: First, MAP2K3 
expression was only validated at the mRNA level, not at the protein 
level or cellular level, and ex vivo experiments are needed to further 
validate the possible signaling pathways involved in MAP2K3  in 
glioma. Second, the mechanistic studies in this study were all 
concomitant phenomena and did not demonstrate a causal association 
between the two. In addition, this study needs to further expand the 
sample size and increase the number of study centers to further 
enhance the significance of the results.

In conclusion, we found that MAP2K3 is expressed at high levels in 
gliomas and that high MAP2K3 expression predicts poor prognosis in 
glioma patients. This study also suggests that MAP2K3 may be a novel 
biomarker for prognosis prediction and immune checkpoint inhibitor 
therapy in glioma. In addition, patients with high MAP2K3 expression 
may be considered for immune checkpoint inhibitors treatment.

Conclusion

In summary, we observed a marked overexpression of MAP2K3 in 
gliomas, correlating with the WHO classification system. Higher levels 
of MAP2K3 were found to be linked with poor outcomes in low-grade 
gliomas, gliomas across all WHO grades, as well as recurrent tumors. 
Additionally, MAP2K3 expression in gliomas displayed associations 
with a range of immune cells, and showed links with numerous 
immune checkpoints, implying its potential significance in 
determining patient responsiveness to immunotherapy. Furthermore, 
MAP2K3 bore associations with immune-related pathways. These 
insights point towards the potential of MAP2K3 as a prognostic 
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indicator for gliomas, and predictive biomarker for 
immunotherapy responses.
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Immune microenvironment and
immunotherapy for chordoma
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Chordoma, as a rare, low-grade malignant tumor that tends to occur in the

midline of the body, grows slowly but often severely invades surrounding tissues

and bones. Due to the severe invasion and damage to the surrounding tissues,

chordoma is difficult to be gross totally resected in surgery, and the progression

of the residual tumor is often unavoidable. Besides, the tumor is insensitive to

conventional radiotherapy and chemotherapy, thus finding effective treatment

methods for chordoma is urgent. Nowadays, immunotherapy has made a series

of breakthroughs and shown good therapeutic effects in kinds of tumors, which

brings new insights into tumors without effective treatment strategies. With the

deepening of research on immunotherapy, some studies focused on the immune

microenvironment of chordoma have been published, most of them

concentrated on the infiltration of immune cells, the expression of tumor-

specific antigen or the immune checkpoint expression. On this basis, a series

of immunotherapy studies of chordoma are under way, some of which have

shown encouraging results. In this review, we reviewed the research about

immune microenvironment and immunotherapy for chordoma, combined with

the existing clinical trials data, hoping to clarify the frontiers and limitations of

chordoma immune research, and provide reference for follow-up

immunotherapy research on chordoma.
KEYWORDS

chordoma, immune microenvironment, immunotherapy, immune checkpoint,
clinical trial
1 Introduction

Chordoma is a relatively rare, low-grade malignant tumor originating from residual

notochord tissue during embryonic development, accounting for 1% to 4% of malignant

bone tumors, with an incidence of about 0.08/100,000 people in the population (1–3). It is

prone to occur in the midline structures of the human body, with common sites including

the skull base (35%), sacrococcygeal region (50%), and the spine (15%) (2). Occasionally, it

can be found in metastatic lesions such as ribs, lungs, brain, or spinal cord (4–6).

Although chordoma has a slow proliferation rate, it often causes severe destruction of

surrounding soft tissue and bone during tumor progression, which makes it extremely difficult

to completely resected and the 5-year progression-free survival (PFS) rate is only 59.2% (3, 7).

Besides, chordoma is not sensitive to conventional radiotherapy and chemotherapy, which
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requires higher radiation doses (usually greater than 74 Gy) to achieve

therapeutic goals, meanwhile also increasing the risk of radiational

damage for the surrounding tissues (8, 9). Multiple phase II clinical

trials have confirmed that targeted therapy against growth factors could

significantly benefit patients overall and also significantly prolong their

survival. However, further phase III clinical studies are still lacking to

support the clinical application of these targeted treatment strategies

(10–12). Such limited treatment options often lead chordoma patients

to undergo multiple cycles of “surgery-recurrence” and face a dilemma

of “incurable” at last when surgery is no longer possible (13). It’s an

urgent need to explore new treatments for chordoma.

Previous studies found that Brachyury is a tumor-specific

antigen in chordoma, leading to some studies designed tumor

vaccines targeting this protein and conducted clinical trials

accordingly, which became the beginning of research on

immunotherapy of chordoma (14, 15). Since then, more research

on the characteristics of the immune microenvironment in

chordoma has continued to emerge, which has also provided a

theoretical basis for more clinical immunotherapy, especially the

immune checkpoint inhibitor (ICI) therapy (16).

In this review, we reviewed the existing evidence on chordoma

immune research, clarified the state of the immune microenvironment

in chordoma, presented the frontier and focus issues of chordoma

immunotherapy clinical research hoping to provide a guideline for

follow-up immunotherapy research on chordoma.
2 Immune microenvironment
characteristics of chordoma

Due to the low incidence, research on the immune

microenvironment of chordoma had been relatively lacking
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compared to other bone tumors. While the basic research technology

developing and the emphasis on tumor immune characteristics

increasing, the research on the immune microenvironment of

chordoma, especially the infiltration of immune cells, the secretion of

cytokines and chemokines in tumor microenvironment (TME), and

the expression of immune checkpoints in chordoma had made

significant progress nowadays (Figure 1).
2.1 Immune cell in chordoma

2.1.1 The infiltration of immune cell
The infiltration of immune cells are an important part of the

immune microenvironment and the cellular basis for

immunotherapy. Several studies illustrated the characteristic of

immune cells infiltration in chordoma detected by different

methods. Shalin performed immunohistochemical (IHC) staining

of 24 chordoma specimens and found CD4+ T lymphocyte

infiltration in 21 patients and CD8+ T lymphocyte infiltration in

only 11 patients (17). Dridi also found that macrophages and CD4+

T cells were the most abundant immune cell groups in chordoma

tissues, followed by CD8+ T cells (18). Several studies further

analyzed the subgroups of the infiltrated CD4+ T cells and

macrophages in chordoma. Wanru conducted single-cell

sequencing on 6 chordoma specimens and found that chordoma

tissue had abundant regulatory T cells and M2 macrophages (19).

Morimoto et al.’s study of 54 skull base chordomas also showed that

there were a large number of CD163+ M2 macrophages and Foxp3

+ regulatory T cells in skull base chordomas (20). These studies

indicated that there was a large infiltration of CD4+ T cells and

macrophages in chordoma, especially regulatory T cells and

M2 macrophages.
FIGURE 1

Immune microenvironment characteristics of chordoma. Common sites of chordoma include the skull base, sacrum, and spine. Metastatic lesions
may be found in the ribs, lungs, brain, or spinal cord(left). In the immune microenvironment of chordoma, CD4+ T cells and CD163+ M2
macrophages are the most abundant immune cells subsets. Kinds of secretome,such as TGFb, TNFa, CCL5, IL-8, IL-6, LIF are highly expressed in
chordomas and some of them play important roles, as well as growth factors. The expression of some immune checkpoints,especially PD-1/PD-L1
has been ddetected in the tumor tissue and peripheral blood.
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Although previous studies had been consistent on the degree of

infiltration of macrophages, there was inconsistent on the extent of

tumor-infiltrated lymphocytes (TIL) in chordoma in the literature.

Dancsok detected and calculated the number of infiltrating immune

cells per unit area in 28 chordoma cases, they found that

macrophages were the highest density infiltrating cell population,

with CD163+ M2 macrophages far more than CD86+ M1

macrophages, but both of them were much more than TILs,

which differed from the presence of large CD4+ T cell infiltrated

in chordomas mentioned in other studies (21). This inconsistence

might be due to different experimental assay methods or materials,

which need further research to elucidate.

2.1.2 The distribution of immune cell
Previous research also focused on the spatial distribution of

immune cells in chordoma. Diana et al. used multiple

immunofluorescence (mIF) to observe the distribution of immune

cells in 75 chordoma patients. They distinguished the immune cells

distribution between tumor parenchyma and the extracellular

matrix, observed that macrophage infiltration density was

significantly higher in the tumor parenchyma than in the matrix,

while helper T cells, cytotoxic T cells and regulatory T cells were

more abundant in the tumor matrix than in the tumor. NK cells in

chordoma were rare and hardly activated (22). Additionally, since

these chordoma tissues came from patients in different locations

and stages, the study also found that there was no difference in the

distribution of immune cells in chordomas among different

locations and stages (22). This research suggested that immune

cell infiltration in chordoma was relatively stable, and myeloid cells

were more closely distributed to tumor cells than T cells (22).

2.1.3 The correlation between immune cell
and prognosis

Several studies had analyzed the correlation between specific

immune cell subsets and prognosis in patients with chordoma.

Dridi found that the infiltration of CD8+ T cell was a protective

factor for chordoma (18). Mingxiang et al. also found that there was

a significant positive correlation between CD3+ T lymphocyte

infiltration and the degree of tumor invasion, overall survival

(OS) and local relapse-free survival (LRFS) in 54 spinal

chordomas, and the density of CD4+ T lymphocytes was

significantly associated with OS and LRFS, while the density of

Foxp3+ regulatory T cells and CD8+ T cells was associated with OS

(23, 24). Jinpeng et al.’s study on TIL staining in 93 chordomas

found that the content of TIM3+ TILs was associated with the

degree of chordoma invasion and was an independent prognostic

risk factor for LRFS and OS (25). Furthermore, studies

demonstrated that the patient’s tumor/stromal ratio and CD8

+/Foxp3+ ratio were independent risk factors for prognosis (26, 27).

However, previous studies had mainly observed the correlation

between the infiltration of TILs and the prognosis of patients in

chordoma, but few of them studied on the correlation between the

infiltration of myeloid cells and the prognosis of patients. Only

Morimoto’s study of 54 skull base chordomas showed that the

infiltration of CD163+ M2 macrophages and Foxp3+ regulatory T
Frontiers in Oncology 0394
cells were significantly higher in rapid-progressing chordomas than

in slow-progressing chordomas, suggesting that M2 macrophages

and regulatory T cells might have a potential role in the progression

of chordomas (20).
2.2 Secretome in chordoma

Studies of chordoma immune cells had confirmed the presence

of a large number of immune cells infiltrated in chordomas,

indicating the presence of complex cell-to-cell interactions. In

addition to the direct contact between cells, many cell interactions

also require the mediation of cytokines, chemokines, growth factors,

and even metabolic products, collectively known as secretome.

Although previous studies had not reported on the expression

and secretion of growth factors in chordoma, several phase II

clinical studies had confirmed that inhibiting growth factors could

prolong the survival of patients with chordoma, demonstrating the

crucial role of growth factors in chordoma (10–12).

Recently, it had been discovered that kinds of cytokines and

chemokines, such as TGFb, TNFa, CCL5, IL-8, IL-6 and LIF, also as
important mediators of cellular interactions, had been found to be

highly expressed in chordomas and play important roles in the

immune microenvironment.

2.2.1 The TGFb family in chordoma
Studies on TGFb in chordomawere relatively abundant, suggesting

that the TGFb pathway played a crucial role in chordoma. Studies

showed that the loss of heterozygosity for 1p36 presented in 75%-90%

of chordoma samples, which suppressed the expression of RUNX (an

inhibitor gene of TGFb) and in turn led to the activation of the TGFb
pathway in chordoma cells (28–31). Stefan et al. performed RNA-seq

on 5 chordoma samples and 3 chordoma cell lines, compared them

with notochord tissue and found that TGFb was highly expressed in

chordoma and that inhibition of the TGFb pathway could attenuate

chordoma cell growth (32). Another study performed single-cell

sequencing analysis on 6 chordoma cases and revealed that the TGF-

b signaling pathway was not only essential on the progression of

chordoma, but also induced the malignant progression of tumor cells

to extracellular matrix (ECM), maintained the tumor stem cells self-

renewal, promoted the change of extracellular matrix (EMT) and the

transformation of CD4+T cells to Treg+ cells in chordoma (19). A

more detailed study of TGFb found that the expression level of TGFB1
was an important factor affecting the prognosis of skull base chordoma

(33), and the down-regulation of TGFB3—a gene that acted opposite to

TGFB1—might be a key factor for chordoma tumorigenesis (34). As

for the source of TGFb, single-cell sequencing studies had shown that

TGFb in chordoma was mainly secreted by fibroblasts and

macrophages (19). Overall, the above results suggested that

inhibition of TGFb secretion or activation might be a potential target

for chordoma treatment.

2.2.2 The CCL5 in chordoma
The first research on CCL5 in chordoma were just published,

demonstrating a critical role for CCL5 in tumor-macrophage
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interactions in chordoma. Jiuhui et al. constructed a tumor-

macrophage co-culture model to simulate the in vivo situation of

chordoma, and then screened the expression levels of RNA and

protein in MUG-chor1 chordoma cells after co-culture with

macrophages. The expression level of CCL5 was significantly

increased in chordoma cells, and experiments confirmed that

CCL5 could induce the M2 polarization of macrophages and

promote the invasion and migration of chordoma cells. It was

also confirmed that the expression of CCL5 in recurrent chordoma

was significantly higher than that in the original tumor (35).

Although there was only this one research on CCL5 in chordoma,

the study clearly confirmed the secretory source of CCL5 and

verified its role in the chordoma microenvironment.

2.2.3 Other cytokines and chemokines
in chordoma

Previous studies suggested that some cytokines and

chemokines, including TNFa, LIF, IL-6 and IL-8 played

important roles in the immune microenvironment of chordoma,

but relatively few studies had been conducted.

Sukru et al. stained some kinds of cytokines in 14 chordoma

tissues and found that the expression level of TNFa in chordoma

was negatively correlated with the survival time of patients, and

positively correlated with higher LIF and PD-L1expression in

chordoma (36). And LIF, as a member of the IL-6 cytokine

family, was inversely correlated with poorer overall survival and

was shown to inhibit tumor inflammatory responses (37). However,

the source of their secretion in chordoma and how they played a

role in influencing patient outcomes remained unclear.

As for IL-6 and IL-8, studies have shown that the expression

levels of IL-6 and IL-8 in the serum of patients with chordoma are

significantly higher than those of normal people (38), and their

secretion levels in chordoma cells are significantly increased after

co-culture with macrophages in vitro (35), indicating that their

secretion was affected by tumor-immune cell interactions, but the

mechanism was still unclear. Based on the finding, a Phase I clinical

trial of IL-8 monoclonal antibody for chordoma treatment had been

carried out and showed good safety, but the efficacy had yet to be

verified (39).

Overall, although we had some understanding of cytokines and

chemokines expression, cellular interactions in the immune

microenvironment of chordoma, there was still a lack of in-depth

research on the source of cytokine secretion, the specific

mechanisms by which cytokines mediated cellular interactions,

and the expression levels in chordoma. Further addressing these

issues was crucial for seeking new potentially effective treatments

for chordoma.
2.3 Immune checkpoint in chordoma

2.3.1 PD-1/PD-L1 in chordoma
Due to the excellent therapeutic efficacy of ICI therapy in a wide

range of tumors, the expression of immune checkpoints was one of

the hotspots in current immune research in chordoma. Among
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them, PD-1/PD-L1 was the focus of immune checkpoint research

in chordoma.

Previous studies on the PD-1/PD-L1 in chordoma mainly

focused on the expression levels and sites, but the number of

published studies was not substantial. Mathios detected the

expression of PD-1 and PD-1 ligands in 10 chordoma specimens

and 3 chordoma cell lines by reverse transcription-polymerase

chain reaction (RT-PCR) and found that PD-1 expressed on TILs,

while PD-L1 expressed on both TILs and tumor-associated

macrophages (TAMs) in 3/10 tumor specimens (40). Laura

detected two pediatric poorly differentiated chordomas using

whole-genome, transcriptome and whole-genome bisulfite

sequencing (WGBS) and multiplex immunohistochemistry,

revealed the expression of PD-L1in both patient samples (41).

Dride stained 81 chordoma specimens and found that PD-L1 was

detected on inflammatory cells but not expressed on tumor cells in

26% of patients (18). Interestingly, while other studies have found

that PD-L1 is only expressed on immune cells, Chao et al.’s

immunofluorescence staining study on 92 chordomas showed

that PD-L1 expression could also be found in patient tumor cells,

which was inconsistent to other studies, and needed further studies

to explain the difference.

Besides, studies had found that the expression of PD-L1

correlated to the prognosis of patients in chordoma. The degree

of PD-L1+ immune cells correlated to tumor blood vessel density

and lower PD-L1 expression correlated to the better patient

prognosis (18, 42). Both PD-1+ cell density and PD-L1+ cell

density were significant risk factors for local PFS and OS in

chordoma (23, 26, 43).

2.3.2 Other immune checkpoints in chordoma
In addition to the PD-1/PD-L1, research on the others immune

checkpoints in chordoma were relatively scarce. He et al.’s study on

thirty-two spinal chordomas showed that the expression level of

CTLA-4 in chordoma tissues was higher than that in nucleus

pulposus tissue, and it was a risk factor for OS (44). Long et al.

detected the expression of six kind of cell surface receptors,

including PD-L1, B7 -H3, B7-H4 and VISTA which could be

targeted by CAR-T in forty-five skull base chordoma samples, the

results showed that B7-H3 had the highest positive rate (7/45, 16%)

in samples, and the positive rate was ranked as B7-H3 > PD-L1 >

VISTA = B7-H4, suggesting that B7-H3 was a good target for CAR-

T treatment of chordoma (45). The study also designed a CAR-T

targeting B7-H3 and verified its good effectiveness against

chordoma in vitro experiments.

2.3.3 Soluble immune checkpoints in chordoma
Some studies had attempted to detect the expression of soluble

immune checkpoints in peripheral blood of chordoma patients.

Kushlinskii et al. conducted ELISA detection for soluble PD-1

(sPD-1), soluble PD-L1 (sPD-L1) and soluble VISTA (sVISTA) in

the peripheral blood of chordoma patients and found that there

were higher expression of sPD-L1 and lower expression of sVISTA

in chordoma patient than in control, no matter the tumor location,

stage, tumor type, patient age and gender (46, 47), suggesting that
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chordoma could affect the expression of soluble immune

checkpoints and might affect the immune status of the whole body.

Overall, studies on immune checkpoints in chordoma had

showed that there certainly were kinds of immune checkpoints

expressed in chordoma tissues. Although the expression level was

general low, the existing preliminary studies still suggested that

there were effective targets for ICIs therapy or other

immunotherapies targeting these immune checkpoints (such as

CAR-T therapy) in chordoma, and related treatments may be

effective against chordoma.
3 Research on immunotherapy
of chordoma

The tumor immune microenvironment is closely related to

tumor immunotherapy. Deeply understanding the immune

microenvironment is essential to develop and optimize

immunotherapy strategies and find more effective treatment

methods. As the understanding of the immune microenvironment

of chordoma deepens, research on immunotherapy for chordoma

also continues to grow.

Currently, kinds of clinical trials on immunotherapy of chordoma

were ongoing, and the published results mainly involved in vaccine

therapy and ICI therapy, while other immunotherapy methods such as

CAR-T therapy, oncolytic virus therapy, had not been reported in the

literature so far. Due to the paucity of published literature, we searched

for information on clinical trials in chordoma. As of July 3, 2023, there

were 66 registered chordoma clinical trials on the Clinical trial website

(https://www.clinicaltrials.gov) and sixteen of them were effective and
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involved immunotherapy, which was far more than published immune

studies, including 9 trials of ICI therapy, 3 trials of vaccine therapy, 2

trials of oncolytic virus therapy and 2 trials of other immunotherapies

(Figure 2, Table 1).
3.1 Vaccine therapy

Chordoma cells specifically expressed Brachyury, which was

one of the hallmark features of chordoma and constituted a target

for chordoma vaccine therapy (48). In 2015, Christopher designed a

yeast-derived Brachyury vaccine and conducted a Phase I clinical

trial on chordoma. The trial enrolled 34 patients, designed a 3 + 3

dose escalation experiment with three dose gradients, observed the

side-effects and Brachyury-specific T cell responses to access the

safety and efficacy of the vaccine. The results showed that there were

no autoimmune reactions or severe adverse events in all patients,

and a transient Brachyury-specific T cell production was observed

in most evaluable patients, indicating a good safety profile and

potential efficacy (15). Based on this result, Peter et al. conducted a

double-blind randomized placebo-controlled Phase II clinical trial

of the vaccine on chordoma (NCT02383498). The trial enrolled 24

patients with locally advanced chordomas which were ineligible for

surgical resection, and the patients were given a yeast-derived

Brachyury vaccine in combination with standard radiotherapy to

observe the prognosis. However, the results showed that although

Brachyury-specific T cell responses were present in the treatment

group, the median survival was unexpectedly shorter than that in

the control group (20.6 months vs. 25.9 months), which leading to

the termination of this trial (16).
FIGURE 2

Immunotherapies for chordoma. Currently, the immunotherapy research on chordoma mainly includes four categories: vaccine, immune
checkpoint inhibitor (ICI), oncolytic virus and others, and previous published studies primarily focused on the first two categories. In terms of the
Brachyury vaccine research, the safety of the yeast-derived Brachyury vaccine and the MVA-BN-Brachyury-TRICOM vaccine has been identified, but
their efficacy still requires further research. The phase I clinical trial of TAEK-VAC-HerBy vaccine was ongoing (NCT04246671). There have been one
case report on autologous tumor cell vaccine. Previous ICIs studies mostly been based on individual cases, lacking large-scale studies, and its afty
and efficacy varies. Currently, there are multiple clinical studies underway exploring immune checkpoint inhibitors with different ICI regimens and
combination therapies. Research on oncolytic virus and other treatments is relatively limited, but several relevant clinical trials are also underway.
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TABLE 1 Immunotherapy Clinical Trials in Chordoma.

Classification NCT
Number

Study Title Interventions Age Phase Enrollment Combination
with
Other
Therapy

Immune
Checkpoint
Inhibitor
Therapy NCT04416568

Study of
Nivolumab and
Ipilimumab in
Children and
Young Adults with
INI1-
Negative Cancers

Nivolumab (Anti-
PD-1 antibody),
Ipilimumab (Anti-
CTLA-4 antibody)

Child, Adult Phase2 45 /

NCT03623854

Nivolumab and
Relatlimab in
Treating
Participants with
Advanced
Chordoma

Nivolumab (Anti-
PD-1 antibody),
Relatlimab (Anti-
LAG-3 antibody)

Child, Adult,
Older adult

Phase2 10 /

NCT03058289

A Phase 1/2 Safety
Study of
Intratumorally
Dosed INT230-6

Anti-PD-1
antibody,
Anti-CTLA-4
antibody,
INT230-6 (A
novel drug)

Adult,
Older adult

Phase1,
Phase2

110

Combination with
a novel,
experimental drug,
INT230-6.

NCT02936102

A Study of
FAZ053 Single
Agent and in
Combination with
PDR001 in
Patients with
Advanced
Malignancies.

FAZ053 (Anti-PD-
L1 antibody),
PDR001 (Anti-PD-
1 antibody)

Adult,
Older adult

Phase1 154 /

NCT05407441

Tazemetostat
+Nivo/Ipi in INI1-
Neg/SMARCA4-
Def Tumors

Tazemetostat
(EZH2 Inhibitor),
Nivolumab (Anti-
PD-1 antibody),
Ipilimumab (Anti-
CTLA-4 antibody)

Child, Adult
Phase1,
Phase2

49

Combination with
EZH2
Inhibitor,
Tazemetostat.

NCT02989636

Nivolumab With
or Without
Stereotactic
Radiosurgery in
Treating Patients
with Recurrent,
Advanced, or
Metastatic
Chordoma

Nivolumab (Anti-
PD-1 antibody),
Stereotactic
Radiosurgery

Child, Adult,
Older adult

Phase1 21
Combination with
Stereotactic
Radiosurgery

NCT05286801

Tiragolumab and
Atezolizumab for
the Treatment of
Relapsed or
Refractory
SMARCB1 or
SMARCA4
Deficient Tumors

Tiragolumab
(Anti-TIGIT
antibody),
Atezolizumab
(Anti-PD-
L1 antibody)

Child, Adult,
Older adult

Phase1,
Phase2

86 /

NCT03190174

Nivolumab
(Opdivo) Plus
ABI-009 (Nab-
rapamycin) for
Advanced Sarcoma
and
Certain Cancers

Nab-Rapamycin
(mTOR Inhibitor),
Nivolumab (Anti-
PD-1 antibody)

Child, Adult,
Older adult

Phase1,
Phase2

34
Combination with
mTOR Inhibitor,
ABI-009.

NCT02834013 Phase2 818 /

(Continued)
F
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Although this clinical trial failed, it did not dissuade researchers

from designing new Brachyury vaccines. Peter et al. conducted another

Phase I clinical trial of a recombinant carrier Brachyury vaccine (MVA-

BN-Brachyury-TRICOM vaccine) and the results showed good safety

and significant Brachyury-specific T cell responses for this carrier

Brachyury vaccine (49). At present, the Phase II clinical study of this

BN-Brachyury had also been completed (NCT03595228). It enrolled

29 patients with chordoma to evaluate whether BN-Brachyury vaccine

combined with radiotherapy could improve the objective radiological

response rate (ORR) of patients, and the relevant results had not yet
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been published. Expect for this study, another Phase I clinical trial of

Brachyury vaccine was ongoing (NCT04246671). The experiment used

a novel recombinant virus TAEK-VAC-HerBy which expressed both

Brachyury and HER2 peptides to stimulate the immune system and

activate the anti-tumor immunity. The trial was currently recruiting

patients, and the results had not yet been observed.

In addition to Brachyury vaccine therapy, there had been

studies using irradiated autologous tumor cells as vaccine to treat

chordomas. In 2015, Denis et al. subcutaneously implanted

irradiated autologous tumor cells in a 49-year-old male skull base
TABLE 1 Continued

Classification NCT
Number

Study Title Interventions Age Phase Enrollment Combination
with
Other
Therapy

Nivolumab and
Ipilimumab in
Treating Patients
With Rare Tumors

Ipilimumab (Anti-
CTLA-4 antibody),
Nivolumab (Anti-
PD-1 antibody)

Adult,
Older adult

Vaccine
NCT03595228

BN Brachyury and
Radiation
in Chordoma

BN-Brachyury
Radiation

Child, Adult,
Older adult

Phase2 29
Combination
with radiation.

NCT02383498

QUILT-3.011
Phase 2 Yeast-
Brachyury
Vaccine Chordoma

GI-6301 Placebo,
GI-6301 Vaccine
(Yeast- Brachyury),
Radiotherapy

Adult,
Older adult

Phase2 55
Combination
with radiation.

NCT04246671

TAEK-VAC-HerBy
Vaccine for
Brachyury and
HER2
Expressing Cancer

TAEK-VAC-HerBy
(Expressing
Brachyury
and HER2)

Adult,
Older adult

Phase1 55 /

Oncolytic Virus

NCT00931931

HSV1716 in
Patients with Non-
Central Nervous
System (Non-CNS)
Solid Tumors

HSV1716 Child, Adult Phase1 18 /

NCT04091295

BLESSED:
Expanded Access
for DeltaRex-G for
Advanced
Pancreatic Cancer
and Sarcoma

DeltaRex-G

Child, Adult,
Older adult

/

NCT03886311

Talimogene
Laherparepvec,
Nivolumab and
Trabectedin
for Sarcoma

Talimogene
Laherparepvec (A
novel Oncolytic
Virus),
Nivolumab (Anti-
PD-1 antibody),
Trabectedin (A
chemotherapy
drug)

Adult,
Older adult

Phase2 40
Combination with
Nivolumab
or Trabectedin.

Others

NCT01924689

Safety Study of
Intratumoral
Injection of
Clostridium
Novyi-NT Spores
to Treat Patients
with Solid Tumors
That Have Not
Responded to
Standard Therapies

Clostridium novyi-
NT spores (A kind
of
designed
bacterium)

Adult,
Older adult

Phase1 24 /
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chondroid chordoma patient (NCT02193503). The patient received

a total of five injections over a nine-week period, after which time

the patient experienced no systemic toxicity and a delayed-type

hypersensitivity reaction to the patient’s autologous tumor cells.

Two months after vaccination, the tumor showed continuous

shrinkage, the mucosal invasive tumor completely disappeared

and the skull base and facial tumors showed long-term reduction,

showing the good effect of the autologous tumor vaccine (50).

The results mentioned above indicated that the vaccine therapy for

chordoma might be effective. However, there were still very few studies

at present, and the data obtained were very limited. More clinical trials

were needed to screen safe and effective vaccines for chordoma.
3.2 ICI therapy

ICI therapy had shown good results in a variety of tumors. In

chordoma, the published literature on ICI therapies were mostly

sporadic case reports, and clinical cohort studies were rare. The first

ICI study in chordoma was reported in 2017. Denis treated 2

chordoma patients with PD-1 monoclonal antibody, including one

conventional chordoma with metastases and one dedifferentiated

chordoma with local recurrence. Although IHC staining showed low

expression of the PD-1/PD-L1 in both cases before the ICI treatment,

both of them received clinical and imaging remission after ICI

treatment, and one of them showed a significant increase in PD-L1

expression after (50). Andrew et al. reviewed the cases of 17 patients

with recurrent chordomas who received ICI therapy from 2016 to

2020, most of whom received Pembrolizumab (n=9, 53%) treatment.

The results showed that the safety of ICI therapy was acceptable, but 2

patients experiencing grade 3/4 immune-related toxicity. In terms of

efficacy, most patients had clinical benefits (n=15, 88%), including

complete remission (CR, n=1, 6%), partial remission (PR, n=3, 18%)

and stable disease (SD, n=11, 65%). Among all responders (n=15), the

median response duration was 12 months. The 1-year OS rate was

87%, the 1-year PFS rate was 56% and the median PFS was 14 months

(51). Carine et al. reviewed ICI therapies for SMARCB1-deficient

sarcomas, including 1 case of atypical chordomawhose tumor shrunk

significantly after receiving PD-1 inhibitor treatment (52). The results

were encouraging, indicating that ICI therapy had a high clinical

benefit rate for patients with recurrent chordomas.

In contrast to the above encouraging results, a Phase II clinical

study on PD-L1 monoclonal antibody combined with CTLA-4

monoclonal antibody for advanced or metastatic bone tumors

showed that among the 5 chordoma patients included in the

study, only 1 patient had obvious tumor shrinkage and achieved

CR after receiving a full course of twelve cycles (53). Xiang et al.

conducted a systematic review of 22 chordoma cases involving

progression from 2015 to 2022 and found that combination therapy

with PD-1/PD-L1 antibodies and CTLA-4 monoclonal antibody

was no more effective than monotherapy with PD-1/PD-L1

antibodies, but it was more toxic (54). However, due to the small

number of cases and inconsistent drug regimens, the reliability of

this result needed to be further verified. At present, there were two

Phase II clinical trials (NCT04416568, NCT02834013) of PD-1
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ongoing, and the efficacy of them was yet to be reported.

Reviewing the existing clinical data of ICI treatment of

chordoma, we thought that ICI therapy might be effective for

chordoma, and the choice of treatment plan might have a great

impact on the treatment effect. However, it was still difficult to draw

conclusions about when chordomas should receive ICI therapy and

what treatment plan was optimal because of the limited ICIs

therapies cases. Multiple ICI combination regimens, including

two-ICI or multi-ICI combination, ICI combined with

radiotherapy, ICI combined with chemotherapy were currently in

clinical trials, and the relevant results would further deepen our

understanding of chordoma immunotherapy.
3.3 Other immunotherapies

Some other immunotherapy options were on the clinical trials,

such as CAR-T therapy or oncolytic virus therapy but had not yet

been reported in clinical research on chordoma.

For CAR-T therapy, Long et al. had designed a kind of B7-H3

targeted CAR-T and verified its efficacy in vitro, but no further

clinical trials had been registered (45). And regarding the oncolytic

virus, there were three oncolytic virus clinical trials (NCT00931931,

NCT00931931, NCT03886311) were in progress and relevant

experimental results had not yet been published.

In addition to the above-mentioned common immunotherapy

regimens, there was another rare immunotherapy clinical trial

ongoing, a Phase I clinical trial (NCT01924689) enrolled 1 case of

chordoma patient and studied the safety of the intratumoral

injection of Clostridium novyi-NT spores in solid tumors which

were not sensitive to standard treatment. Clostridium novyi-NT

spores were an attenuated strain of C. novyi that lacked the lethal

alpha toxin. When administered intravenously or intratumorally, C.

novyi-NT spores could colonize and replicate in hypoxic regions of

the tumor, triggering strong, precise, and tumor-limited cell lysis

and immune-inflammatory responses, resulting in tumor death (55,

56). In this Phase I clinical trial, there were 8 cases of grade 3/4

adverse reactions in all 24 enrolled patients and the chordoma was

stable for efficacy assessment after treatment (57). Based on the

safety and efficacy of this study, we believed that the safety of this

immunotherapy might still need to be further improved, and there

was still a long way to go.

Combining the immunotherapy studies results mentioned

above, we could see that currently, the only immunotherapy with

significant research outcomes for chordoma was vaccine therapy.

This was mainly because the presence of the tumor-specific antigen,

Brachyury, in chordoma, which provided a clear target for vaccine

research. Therefore, it was theoretically feasible to develop a vaccine

targeting Brachyury to treat chordoma. The focus of current

research on Brachyury vaccine was how to stimulate T cells more

effectively to achieve a tumor-killing effect.

In addition, ICI therapy, due to its numerous selectivity options,

was part of the widely conducted clinical trials. However, research

reports on its safety and drug combinations were controversy and
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lacking in large-scale studies. In future research, the safety issue

must be addressed first in order to continue further studies. Overall,

vaccine therapy and ICI therapy were the main directions for future

immunotherapy of chordoma.
4 Conclusion

Through a review of studies on the immune microenvironment

and immunotherapy for chordoma, we found that current studies

were still relatively limited and narrowly scoped.

For the immune microenvironment of chordoma, CD4+T cells

and macrophages were currently believed as the most abundant

infiltration subsets of immune cells, a variety of cytokines and

chemokines were high secretion and multiple immune checkpoints

such as PD-1, PD-L1 and CTLA-4 were high expression there, which

had important impact on tumor progression and patient prognosis.

However, some existing contradictory research results needed to be

further studied, interpreted, and analyzed, and the production

mechanism of immune cell infiltration, cytokine secretion, immune

checkpoint expression and its interaction mechanism with tumor cells

was still blank and needed to be further demonstrated.

For the immunotherapy of chordoma, vaccine therapy and ICI

therapy were currently being developed, but no breakthrough

progress had been made. Other immunotherapy studies, such as

oncolytic virus therapy or CAR-T therapy, were still mainly in the

preclinical stage, with only a few clinical trials underway. Overall,

there were few published clinical studies on immunotherapy of

chordoma and there was a lack of effective pooled analysis.

Although clinical trials were underway, there were still insufficient

types (e.g., no CAR-T clinical trials) and a small number (only 16

clinical trials), which still needed to be further expanded.

In summary, immunotherapy for chordoma still had a long way

to go, and it was necessary to carry out joint research from both
Frontiers in Oncology 09100
basic and clinical aspects to accelerate the pace of immunotherapy

research for chordoma.
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Background: SIOP-CNS-GCT-II European trial was opened for the treatment of

patients of any age with central nervous system germ cell tumour (CNS-GCT).

Four courses of pre-irradiation chemotherapy were delivered. The influence of

patient age on chemotherapy related acute toxicity (CRAT) was assessed.

Methods: CRAT was analysed according to age-groups: children (aged ≤11

years), adolescents (aged 12-17 years), adults (aged ≥18 years) and to

chemotherapy type: CarboPEI (alternating etoposide-carboplatin/etoposide-

ifosfamide) for non-metastatic germinoma; PEI (cisplatin-etoposide-

ifosfamide) for standard-risk non-germinomatous GCT (NGGCT); PEI and

high-dose PEI (HD-PEI), for high-risk or poorly responsive NGGCTs.

Results: 296 patients were assessable for CRAT: 105 children, 121 adolescents,

70 adults (max age: 41 years). Median cumulative doses/m² of chemotherapy

were similar among age-groups. The proportion of germinoma over NGGCT

(and accordingly use of CarboPEI chemotherapy) was higher in the adult groups

(79%) versus the other two groups (62%). Delay in chemotherapy ≥7 days was

noticed in 27%, 38%, and 19% of children, adolescents, and adults, respectively.

Grade ≥3 haematological and non-haematological adverse events (AEs) were

observed in 94%/31%, 97%/36%, and 77%/21% of children, adolescents, and

adults, respectively. No toxic death was reported. Grade ≥3 AEs and delayed

chemotherapies were significantly rarer in adults when compared with

adolescents, even when adjusted on chemotherapy type: odds ratio: 0.1 [95%

CI 0.02-0.4], and 0.2 [95%CI 0.1-0.4] in the group treated with CarboPEI.
frontiersin.org01102

https://www.frontiersin.org/articles/10.3389/fonc.2024.1421418/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1421418/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1421418/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1421418/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2024.1421418&domain=pdf&date_stamp=2024-07-15
mailto:cecile.conter@ihope.fr
https://doi.org/10.3389/fonc.2024.1421418
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2024.1421418
https://www.frontiersin.org/journals/oncology


Palenzuela et al. 10.3389/fonc.2024.1421418

Frontiers in Oncology
Conclusion: Adult patients can be treated safely with a chemotherapy intensive

protocol, with even less toxicity than that observed in adolescents. Further work

is required to understand age-related differences regarding toxicity.
KEYWORDS

germ cell tumour, chemotherapy, children, adults, adolescents, toxicity, age
Introduction

CNS-GCT are observed in children, adolescents, and young adults

(1). In the past, standard treatment was limited to radiotherapy, at least

for pure germinoma (2). To avoid the toxicity of radiation on maturing

brains, therapeutic strategies including pre-irradiation chemotherapies

were developed by paediatric groups (3, 4).

IIn non-metastatic germinoma, the French TC 90 protocol

consisted of two cycles of CarboPEI followed by radiotherapy to the

primary (40 Gy) and laid the basis of the SIOP-CNS-GCT96 trial (5).

Later on, in the SIOP-CNS-GCTII trial, 24 Gy whole ventricular

irradiation was added to prevent ventricular relapses (6). In non

germinomatous germ cell tumour (NGGCT), the European SIOP-

CNS-GCT-96 trial, evaluated a strategy consisting of four courses of

PEI (cisplatin-etoposide- ifosfamide), followed by 54 Gy focal

radiotherapy in non-metastatic NGGCT (or 30 Gy craniospinal if

metastatic) and identified a high-risk (HR) group of patients, namely

those aged less than six years or with Alpha-fetoprotein (AFP) level in

serum and/or cerebrospinal fluid (CSF) above 1000 ng/ml at diagnosis

(7). In the subsequent SIOP-CNS-GCT-II European trial, whose acute

toxicity is presented here, chemotherapy for the HR-NGGCT group

was intensified with 2 courses of high doses (HD) of etoposide and

ifosfamide (HD-PEI) following 2 courses of standard dose PEI.

Meanwhile, the upper age limit in the trial was withdrawn.

The potential toxicity, and thus the feasibility of these more

intensive chemotherapy protocols in adults, currently remain a

matter of debate. Indeed, chemotherapy related acute toxicity

(CRAT) might increase with patient age, as already observed in

other tumours such as medulloblastoma (8). The objective of this

study was therefore to compare the tolerance of chemotherapy

across age-groups within the SIOP-CNS-GCT-II trial.
Patients and methods

Population

Records of patients included in the European SIOP-CNS-GCT-II

protocol (EudraCT number 2009-018072-33) and treated with

chemotherapy were analysed. The inclusion period spanned almost

seven years (06/10/2011 to 01/07/2018). Patients were treated either in

the pure germinoma or NGGCT group. Information regarding gender,
02103
patient age, general status, presence of diabetes insipidus (DI), site of

primary tumour and type of tumour were collected at diagnosis.
Treatment

In the germinoma group (Figure 1A), only patients with localised

tumours (no spinal nor intracranial metastasis and negative CSF

cytology, including bifocal presentation in suprasellar and pineal

areas) received chemotherapy: two cycles of CarboPEI (etoposide 100

mg/m² on days 1-3 and days 22-24, carboplatin 600 mg/m² on day 1,

ifosfamide 1800 mg/m² on days 22-26), followed by 24 Gy whole

ventricular radiotherapy and, in case of post chemotherapy residual

disease, a 16 Gy boost on residual disease. Cumulative doses of

chemotherapy in this group were as follows: etoposide 1200 mg/m²,

carboplatin 1200 mg/m², ifosfamide 18000 mg/m². Patients with

either metastatic or incompletely staged germinoma received

craniospinal radiotherapy alone and were not analysed in this series.

In the NGGCT group (Figure 1B), all patients, regardless of

stage, received four courses of pre-irradiation chemotherapy.

Patients with standard-risk (SR)-NGGCT [serum and CSF AFP

≤1000 ng/ml and age ≥6 years at diagnosis] received three courses

of PEI (cisplatin 20 mg/m² on days 1-5, etoposide 100 mg/m² on

days 1-3, ifosfamide 1500 mg/m² on days 1-5) every 21 days,

followed by tumour imaging reassessment. In case of complete

remission, a fourth course of PEI was administrated; otherwise,

resection of any residual was recommended. If no viable malignant

tumour was identified on pathological review of the resection

specimen, a fourth course of PEI was administrated. Cumulative

doses in this group were as follows: cisplatin 400 mg/m², etoposide

1200 mg/m², ifosfamide 30000 mg/m². If malignant viable tumour

cells were present on pathology of the resection specimen, the

fourth course consisted of HD-PEI (cisplatin 20 mg/m² on days 1-5,

etoposide 300 mg/m² on days 1-5, ifosfamide 2000 mg/m² on days

1-5) with haematopoietic stem cell support on day 7. Cumulative

doses of chemotherapy in this group were as follows: cisplatin 400

mg/m², etoposide 2400 mg/m², ifosfamide 32500 mg/m². Patients

with HR-NGGCT (serum or CSF AFP >1000 ng/ml or age <6 years

at diagnosis) received two PEI with harvest of hematopoietic stem

cells and two HD-PEI before surgery of any resectable residual

disease. Cumulative doses of chemotherapy in this group were as

follows: cisplatin 400 mg/m², etoposide 3600 mg/m², ifosfamide
frontiersin.org
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55000 mg/m². Then, all patients aged 6 years or more with SR and

HR-NGGCT received 54 Gy focal irradiation to the initial tumour

volume, with 30 Gy to the craniospinal axis for metastatic cases.

Data were analysed by therapeutic groups according to the three

chemotherapy schemes: ‘CarboPEI’, ‘PEI’, and ‘PEI/HD-PEI’.

Patients who received non-protocol chemotherapy or a

combination of protocol chemotherapies not described above were

excluded from the analysis.
Chemotherapy-related acute toxicity

CRAT was assessed through two indicators: grade ≥3 adverse

events (AE) and delayed chemotherapy. AE were recorded and graded

prospectively in the database according to the common terminology

criteria for adverse events (CTCAE) v4.0 scale. Grade ≥3 AE were

analysed and split into haematological and non-haematological

(peripheral neurotoxicity, infection/fever, gastrointestinal, renal, and

auditory) AE.

Delayed chemotherapy was defined as an interval ≥28 days

between two courses.
Statistical analysis

Statistical analyses were performed using SAS (Statistical Analysis

System) version 9.4 (SAS Institute). Categorical data were summarised

by frequencies and percentages and presented by age-group. Logistic

regression analyses were performed to assess whether patient age or

therapeutic group was correlated with delayed chemotherapy and/or

occurrence of grade ≥3 AE. The odds ratio (OR) was assessed with a

confidence interval (CI) of 95%. P-values of <0.05 were considered

statistically significant.

Written informed consent was obtained from all patients/

guardians at diagnosis, and national ethics review boards

approved the trial.
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Results

Population and treatment

Among the 306 patients included in the SIOP-CNS-GCT-II

trial, 10 were excluded: two patients did not receive chemotherapy,

five received non-protocol chemotherapy, and three received a

combination of CarboPEI and PEI. Among the 296 remaining

patients (Table 1), 105 (35%) were children, 121 (41%) were

adolescents, and 70 (24%) were adults. Patients were

predominantly male (80%). Median age at diagnosis was 14 years

(range 0 to 41 years). The primary tumour was pineal site in 52% of

patients, suprasellar in 25%, bifocal (pineal and suprasellar) in 20%.

The majority (66%) of patients had germinoma, and this

proportion was higher in adults (79%) than in children and

adolescents (61 and 62%, respectively). All 194 patients with

germinoma received CarboPEI. Among the 102 patients with

NGGCT, 77 (76%) received PEI, and 24 (24%) received PEI/HD-

PEI (eight received one HD-PEI and 16 received two). One child

(1%) with a localised pineal tumour had a CSF HCG level (52 UI/L)

just above the trial threshold but received CarboPEI and was

analysed in germinoma group. Upon local physician’s choice, ten

patients out of 296 (3%) had their chemotherapy doses reduced for

all courses: for three adult patients, the body surface area (BSA) was

capped at 2 m², leading to a 10% dose reduction for all the drugs

(two patients in the CarboPEI group and one in the PEI group). For

six adults and one adolescent (all in the CarboPEI group),

carboplatin doses were capped at 1000 mg. In the PEI/HD-PEI

therapeutic group, the mean doses of etoposide were 25% lower in

the adult patients (2700 mg/m²) than in children and adolescents

(3600 mg/m² and 3500 mg/m², respectively). Reasons for lowering

the etoposide dosing in adults was not captured in the database;

nevertheless, this represents the smallest therapeutic group with

only four adult patients included. Despite those modifications, and

with the exception of etoposide in the PEI/HD-PEI therapeutic

group, cumulative doses of chemotherapy ultimately received by the
A B

FIGURE 1

Overview of treatment for germinoma (A) and non germinomatous germ cell tumours (B).
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patients (Table 2) corresponded to the recommended doses and

were similar within a therapeutic group across age-groups.

The vast majority of patients (n=289; 98%) received the four

planned courses of treatment. Five patients (all with NGGCT)

received only one (n=1 patient), two (n=2) or three (n=2) courses

of chemotherapy (reason unknown). Conversely, two patients

received five courses: one with HR-NGGCT received three PEI

and two HD-PEI, and one patient with germinoma received a

reduced dose course of etoposide-carboplatin and then two

standard dose CarboPEI (reason unknown).
Adverse events

The numbers of patients with at least one grade ≥3

haematological and/or non-haematological AE are presented

by age-group (Table 3). In the whole population, haematological

grade ≥3 toxicity was observed in a vast majority of patients (91%).
Frontiers in Oncology 04105
Haematological grade ≥3 toxicity was less frequent in the adult

group (77%) than in the child and adolescent groups (94 and 97%,

respectively). Non-haematological grade ≥3 AE were rarer and

mainly gastrointestinal or infectious, being observed in

approximately one-third (31%) of patients. Again, the frequency

was lower in the adult group (21%) than in the child and adolescent

groups (31 and 36% respectively). When considering the occurrence

of AE by therapeutic group, all patients with the PEI/HD-PEI

strategy had at least one grade ≥3 AE. The rate of patients with at

least one haematological grade ≥3 AE was slightly greater in

patients receiving PEI/HD-PEI than in patients with PEI or

CarboPEI strategies (100% vs. 92% and 90%, respectively). Non-

haematological grade ≥3 AE were more frequent in PEI/HD-PEI

and PEI strategies than in the CarboPEI strategy (79% and 42% vs.

21%, respectively) and were mainly gastrointestinal and infection/

fever. In the PEI/HD-PEI group, three of 24 patients (12%) had

grade ≥3 peripheral neurotoxicity, and two patients had grade ≥3

renal toxicity.
TABLE 1 Characteristics of patients and tumours at diagnostic by age groups.

Children (0-11 y)
n=105

Adolescents
(12-17 y) n=121

Adults (≥18 y) n=70 All n=296

Sex

Male (%) 63 60% 108 89% 67 96% 238 80%

Female (%) 42 40% 13 11% 3 4% 58 20%

Age (years)

N (missing) 105 0 121 0 70 0 296 0

Mean (std) 9 1,9 15 2 23 4,6 15 6

Median (min; max) 10 0;12 15 12; 18 22 18; 41 14 0; 41

General condition (Lansky/Karnofsky index)

10-50 (%) 6 6% 8 7% 3 4% 17 6%

60-70 (%) 12 11% 12 10% 10 14% 34 12%

80-100 (%) 53 50% 77 64% 33 47% 163 55%

Not available (%) 34 32% 24 20% 24 34% 82 28%

Diabetes insipidus

No (%) 52 50% 77 64% 48 69% 177 60%

Yes (%) 43 41% 42 35% 19 27% 104 35%

Not available (%) 10 10% 2 2% 3 4% 15 5%

Site of primary tumour

Pineal (%) 47 45% 70 58% 38 54% 155 52%

Suprasellar (%) 42 40% 24 20% 9 13% 75 25%

Bifocal (pineal + suprasellar) (%) 15 14% 25 21% 19 27% 59 20%

Other site (%) 1 1% 2 2% 4 6% 7 2%

Diagnosis

NGGCT (%) 41 39% 46 38% 15 21% 102 35%

Germinoma (%) 64 61% 75 62% 55 79% 194 66%
NGGCT, non-germinomatous germ cell tumour.
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Multivariable analyses (Table 4) revealed that the occurrence of

grade ≥3 haematological and non-haematological AE was neither

statistically related to therapeutic group (p=0.9636), nor to sex

(p=0.1617) but instead to age-group (p= 0.0011), with a lower risk

for adults [OR=0.1 (0.03-0.4), when compared with adolescents.

This was confirmed when considering only the subgroup of patients

treated with CarboPEI (main group): adults treated with CarboPEI

were less likely (p=0.0002) to experience a grade ≥3 AE [OR=0.1

(0.02-0.4)] when compared with adolescents treated similarly.
Delayed chemotherapy

The interval between two courses of chemotherapy was

similar in the three age-groups, with a median interval of 22 days
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(range 15-79 days). Twenty-nine percent of patients experienced

delayed chemotherapy. This rate was higher in adolescents than

in the paediatric or adult population (38% vs. 27% and 19%,

respectively) (Table 5).

Logistic regression analyses (Table 6) revealed that the

occurrence of delayed chemotherapy was not statistically related

to sex (p=0.1591) but statistically related to therapeutic group

(p=0.0164), with a greater risk for the PEI strategy [OR: 3.4 (1.4-

8.5)] and was statistically related to patient age (p=0.0001), with a

lower risk for adults [OR: 0.2 (0.1-0.4)] when compared with

adolescents. This was confirmed when considering only the

subgroup of patients treated with CarboPEI (main group), again

adults were less statistically (p=0.0002) likely to experience a delay

in chemotherapy [OR: 0.2 (0.1-0.4)] when compared with

adolescents. Qualitative analysis of missing data demonstrated a
TABLE 3 Patients with at least one ≥ grade 3 adverse event according to age groups.

Children (0-11 y)
n=105

Adolescents (12-17 y)
n=121

Adults (≥18 y)
n=70

All
n=296

Hematological toxicities (%) 99 94% 118 98% 54 77% 271 92%

Non-hematological
toxicities (%)

33 31% 44 36% 15 21% 92 31%

Digestive toxicity (%) 17 16% 29 24% 5 7% 51 17%

Infection/Fever (%) 17 16% 20 17% 7 10% 44 15%

Peripheral
neurotoxicity (%)

6 6% 3 3% 2 3% 11 4%

Renal toxicity (%) 4 4% 3 3% 2 3% 9 3%

Auditory toxicity (%) 1 1% 2 2% 1 1% 4 1%
TABLE 2 Median cumulative doses by therapeutic and age groups.

Children (0-11 y)
n=105

Adolescents
(12-17 y)
n=121

Adults (≥18 y)
n=70

All
n=296

CarboPEI 65 62% 75 62% 55 79% 195 66%

Carboplatin mg/m² (min; max) 1200 (1000; 1200) 1200 (600; 2400) 1200 (600; 2400) 1200 (600; 2400)

Ifosfamide mg/m² (min; max) 18000 (9000; 19000) 18000 (8500; 18300) 18000 (8500; 18000) 18000 (8500; 19000)

Etoposide/Etoposide phosphate mg/m² (min; max) 1200 (1100; 1300) 1200 (300; 1600) 1200 (600; 1300) 1200 (300; 1600)

PEI 32 31% 34 28% 11 16% 77 26%

Cisplatin mg/m² (min; max) 400 (100; 400) 400 (300; 420) 400 (320; 400) 400 (100; 420)

Ifosfamide mg/m² (min; max) 30000 (460; 30500) 30000 (15000; 30500) 30000 (24000; 31000) 30000 (460; 31000)

Etoposide/Etoposide phosphate mg/m² (min; max) 1200 (340; 1400) 1200 (900; 1300) 1200 (1100; 1300) 1200 (400; 1400)

PEI/HD-PEI 8 (a) 8% 12 (b) 10% 4 (c) 6% 24 8%

Cisplatin mg/m² (min; max) 400 (300; 400) 400 (280; 400) 400 (330; 400) 400 (280; 400)

Ifosfamide mg/m² (min; max) 33700 (17000; 38000) 34600 (24100; 35300) 32500 (28700; 34900) 33500 (17000; 38000)

Etoposide/ Etoposide phosphate mg/m²
(min; max)

3600 (2400; 3800) 3500 (2000; 4100) 2700 (2400; 3600) 3600 (2000; 4100)
fro
(a) 5 patients had 2 PEI + 2 HD-PEI, 2 patients had 3 PEI + 1 HD-PEI, 1 patient had 3 PEI + 2 HD-PEI; (b) 8 patients had 2 PEI + 2 HD-PEI, 4 patients had 3 PEI + 1 HD-PEI; (c) 2 patients had 2
PEI + 2 HD-PEI, 2 patients had 3 PEI + 1 HD-PEI. HD-PEI: haute dose PEI.
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similar percentage of missing data per cure across age-group (date

not shown).
Discussion

The current study investigated the impact of age on the

occurrence of (CRAT). It unexpectedly did not reveal higher

levels of CRAT in adults, but reported higher CRAT in the

adolescent group. Apart from lower cumulative doses of

etoposide in the small adult HR-NGGCT group, similar doses of
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chemotherapy were otherwise applied. These results seem not

explained by under-reporting of AEs, although we cannot rule

out the possibility that a longer interval between treatment and

completion of the clinical formulary (CRF) in the adult department

may have underestimated toxicity. This observation may rather

reflect either an age-specific susceptibility to the drug but other

explanations such as differences in the management of supportive

care or at-risk behaviours could be considered.

The relationship between age and CRAT has been widely

reported, but sometimes with conflicting data. Whereas in

sarcoma it has been suggested that the toxicity was equivalent or
TABLE 5 Patients with at least one delayed course of chemotherapy according to age group.

Children (0-11 y)
n=105

Adolescents
(12-17 y)
n=121

Adults (≥18 y)
n=70

All
n=296

Chemotherapy delayed 7 days
or more

28 27% 46 38% 13 19% 87 29%

Reason for delayed chemotherapy

Prolonged aplasia (%) 15 14% 27 22% 5 7% 47 16%

Renal toxicity (%) 0 0% 2 2% 0 0% 2 1%

Clinical status (%) 5 5% 5 4% 0 0% 10 3%

Other (%) 12 11% 15 12% 10 14% 37 13%
TABLE 4 Impact of age, sex and therapeutic group on the occurrence of grade ≥3 adverse event in the whole population and in the CarboPEI group.

Occurrence of grade ≥3
adverse event

All; n=296 Odd ratio [95% confidence interval] p-value

No; n=24 Yes; n=272

Age group

Children (0-11 y) 6 25% 99 36% 105 35% 0.3 [0.1-1.4] p:0.0011

Adolescent (12-17 y) 3 12% 118 43% 121 41% Ref

Adults (≥18 y) 15 63% 55 20% 70 24% 0.1 [0.03-0.4]

Therapeutic group

PEI 6 25% 71 26% 77 26% 0.9 [0.3-2.4] p:0.9636

PEI/HD-PEI 0 0% 24 9% 24 8% ∞ [∞-∞]

CarboPEI 18 75% 177 65% 195 66% Ref

Sex

Male 23 96% 215 79% 238 80% Ref p:0.1617

Female 1 4% 57 21% 58 20% 4.5 [0.5-37.3]

Occurrence of grade ≥3
adverse event

Carbo
PEI; n=195

Odd ratio [95% confidence interval] p-value

No; n=18 Yes; n=177

Age group

Children (0-11 y) 2 11% 63 36% 65 33% 0.9 [0.1-6.3] p:0.0002

Adolescent (12-17 y) 2 11% 73 41% 75 39% Ref

Adults (≥18 y) 14 78% 41 23% 55 28% 0.1 [0.02-0.4]
fro
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inferior in the adult population (9–11) it seems the opposite for

acute leukemia (12, 13). However, data regarding CRAT in the

specific adolescent population is limited and underlines the

heterogeneity of drug metabolism in this unique population (14).

For example, it has been reported in medulloblastoma that alder

patient (10-20 years old) may experience more CRAT than children

aged 5-10 years when treated with identical chemotherapy (8). It is

important to consider the adolescents as a separate age-group

because of the specific physiology at this time: rapid growth and

development. These changes may affect drug distribution, clearance,

and the cytochrome P450 system (14, 15). Metabolism and

clearance of most chemotherapy drugs are related to cytochrome

P450 (CYP) isoenzymes, which play an important role in the

biotransformation of anticancer agents. Activity of CYP enzymes

has a wide inter-patient variation, but is also influenced by puberty,

showing a decreased expression of CYP1A2, CYP2B6, and

CYP2C19 as oestrogen and androgen levels rise (15, 16).

Ifosfamide is an anticancer pro-drug metabolised and activated in

the liver by the P450 cytochrome. In a series of 16 children aged 1 to

16 years, the estimated pharmacokinetic parameters (clearance,

volume of distribution, and half-life) were dependent on body

size and age but not any other patient variable (17). Clearance of

ifosfamide thus appeared to be higher in paediatric patients

compared with adolescents treated with the same dosing and

mode of administration (17).

Several series have reported etoposide pharmacokinetics, but few

have reported data regarding the relationship between etoposide
Frontiers in Oncology 07108
disposition and age, and none were designed to specifically evaluate

differences in clearance between young children and adolescents

leading to conflicting data: some series describing an inverse

correlation between clearance and age, whereas others didn’t (14).

Clearance of cisplatin is influenced by renal function but also

perfusion duration. A circadian variability of tubular uptake of

cisplatin related to testosterone levels has also been reported (18).

Whether this could explain heterogeneity within the adolescent

population according to pubertal stage warrants further study.

In addition to physiological differences, adolescents may display

more at-risk behaviours such as alcohol, tobacco, and/or drug use,

unadvised dietary intake, or non-compliance with e.g., neutropenic

hygiene rules. Compliance with supportive treatment (antibiotic,

mucositis prophylaxis, etc.) might be less effective for adolescents,

thus potentially leading to higher toxicity. Thus, adolescents have

unique medical and psychosocial needs that warrant appropriate

consideration and potential interventions (19).

Moreover, differences in CRAT incidence may represent different

clinical approaches between paediatric and adult oncologists. Some

studies reported that wider use of Granulocyte-Colony-Stimulating

Factor (G-CSF) resulted in a lower incidence of neutropenic fever in

adult patients (9, 10). Unfortunately, no data about the institution

delivering treatment were available in the database and thus it is not

possible to ascertain whether adolescents were treated in paediatric or

adult units. We cannot exclude that a different use of G-CSF between

paediatric and adult oncologists could have had some impact on the

occurrence of haematological toxicity.
TABLE 6 Impact of age, sex and therapeutic group on delayed chemotherapy on the whole population and in the CarboPEI group.

Delayed chemotherapy All; n=296 Odd ratio [95% confidence
interval]

p-value

No; n=209 Yes; n=87

Age group

Children (0-11 y) 77 37% 28 32% 105 35% 0.5 [0.2-1.1] 0.0003

Adolescent (12-17 y) 75 36% 46 53% 121 41% Ref

Adults (≥18 y) 57 27% 13 15% 70 24% 0.2 [0.1-0.4]

Therapeutic group

PEI 57 27% 20 23% 77 26% 3.4 [1.4-8.5] 0.0164

PEI/HD-PEI 10 5% 14 16% 24 8% 3.0 [0.6-13.5]

CarboPEI 142 68% 53 61% 195 66% Ref

Sex

Male 165 79% 73 84% 238 80% Ref 0.1591

Female 44 21% 14 16% 58 20% 2.0 [0.8-5.5]

Delayed chemotheraphy Carbo
PEI, n=195

Odd ratio [95% confi-
dence interval]

p-value

No; n=142 Yes; n=53

Age group

Children (0-11 y) 52 36% 13 24% 65 33% 0.6 [0.2-1.5] 0.0002

Adolescent (12-17 y) 45 32% 30 57% 75 39% Ref

Adults (≥18 y) 45 32% 10 19% 55 28% 0.2 [0.1-0.4]
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CNS-GCT are rarer in adults than in children/adolescents. In

these situations of orphan disease, physicians responsible for such

patients are encouraged either to share discussions in

multidisciplinary boards (20) and/or to use existing paediatric

protocols. Currently, international endeavours such as the

European reference network EURACAN (https://euracan.eu/)

encourage paediatric and adult neuro-oncology collaboration on

orphan brain diseases. However, transposing a paediatric strategy to

adult practice may be challenging. The SIOP-CNS-GCT-II

European trial was opened without age limitation, offering the

opportunity to include older patients than in the preceding SIOP-

CNS-GCT-96 protocol. The current study encourages further trials

without age limitations which has also recently become a reality for

other brain tumours such as medulloblastoma (21). Such an

approach will ensure the most equitable and representative trial

enrollment and ensure improvements to patient outcomes will

benefit all, regardless of age.
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Protection des Personnes SUD-EST IV centre leon berard. The

studies were conducted in accordance with the European

legislation. Written informed consent for participation in the

SIOP-CNS-GCTII trial was provided by the participants or

participants' legal guardians.
Author contributions

GP: Writing – review & editing, Writing – original draft,

Conceptualization. CS: Writing – review & editing, Writing –

original draft, Methodology, Investigation, Formal analysis.
Frontiers in Oncology 08109
DF: Writing – review & editing, Writing – original draft,

Visualization, Methodology, Conceptualization. AP: Writing –

review & editing, Writing – original draft, Data curation.

NG: Writing – review & editing, Writing – original draft, Data

curation. R-DK: Writing – review & editing, Writing – original

draft, Data curation. MP: Writing – review & editing, Writing –

original draft, Visualization, Resources, Investigation.

MZ: Writing – review & editing, Writing – original draft,

Methodology, Data curation. MM: Writing – review & editing,

Writing – original draft, Visualization, Validation, Data curation.

JN: Writing – review & editing, Writing – original draft,

Visualization, Validation, Data curation. GC: Writing – review &

editing, Writing – original draft, Visualization, Validation,

Investigation, Data curation, Conceptualization. CF-C: Writing –

review & editing, Writing – original draft, Validation, Supervision,

Project administration, Methodology, Investigation, Data

curation, Conceptualization.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Gittleman H, Cioffi G, Vecchione-Koval T, Ostrom QT, Kruchko C, Osorio DS,
et al. Descriptive epidemiology of germ cell tumors of the central nervous system
diagnosed in the United States from 2006 to 2015. J Neurooncol. (2019) 143:251–60.
doi: 10.1007/s11060-019-03173-4

2. Allen JC, Kim JH, Packer RJ. Neoadjuvant chemotherapy for newly diagnosed
germ-cell tumors of the central nervous system. J Neurosurg. (1987) 67:65–70.
doi: 10.3171/jns.1987.67.1.0065

3. Calaminus G, Bamberg M, Harms D, Jürgens H, Kortmann RD, Sörensen N, et al.
AFP/beta-HCG secreting CNS germ cell tumors: long-term outcome with respect to
initial symptoms and primary tumor resection. Results of the cooperative trial MAKEI
89. Neuropediatrics. (2005) 36:71–7. doi: 10.1055/s-2005-837582

4. Baranzelli MC, Patte C, Bouffet E, Couanet D, Habrand JL, Portas M, et al.
Nonmetastatic intracranial germinoma: the experience of the French Society of
Pediatric Oncology. Cancer. (1997) 80:1792–7. doi: 10.1002/(ISSN)1097-0142
5. Calaminus G, Kortmann R, Worch J, Nicholson JC, Alapetite C, Garrè ML, et al.
SIOP CNS GCT 96: final report of outcome of a prospective, multinational
nonrandomized trial for children and adults with intracranial germinoma,
comparing craniospinal irradiation alone with chemotherapy followed by focal
primary site irradiation for patients with localized disease. Neuro Oncol. (2013)
15:788–96. doi: 10.1093/neuonc/not019

6. Alapetite C, Brisse H, Patte C, Raquin MA, Gaboriaud G, Carrie C, et al. Pattern of
relapse and outcome of non-metastatic germinoma patients treated with chemotherapy
and limited field radiation: the SFOP experience. Neuro Oncol. (2010) 12:1318–25.
doi: 10.1093/neuonc/noq093

7. Calaminus G, Frappaz D, Kortmann RD, Krefeld B, Saran F, Pietsch T, et al.
Outcome of patients with intracranial non-germinomatous germ cell tumors-lessons
from the SIOP-CNS-GCT-96 trial. Neuro Oncol. (2017) 19:1661–72. doi: 10.1093/
neuonc/nox122
frontiersin.org

https://euracan.eu/
https://doi.org/10.1007/s11060-019-03173-4
https://doi.org/10.3171/jns.1987.67.1.0065
https://doi.org/10.1055/s-2005-837582
https://doi.org/10.1002/(ISSN)1097-0142
https://doi.org/10.1093/neuonc/not019
https://doi.org/10.1093/neuonc/noq093
https://doi.org/10.1093/neuonc/nox122
https://doi.org/10.1093/neuonc/nox122
https://doi.org/10.3389/fonc.2024.1421418
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Palenzuela et al. 10.3389/fonc.2024.1421418
8. Tabori U, Sung L, Hukin J, Laperriere N, Crooks B, Carret AS, et al.
Medulloblastoma in the second decade of life: a specific group with respect to
toxicity and management: a Canadian Pediatric Brain Tumor Consortium Study.
Cancer. (2005) 103:1874–80. doi: 10.1002/cncr.21003

9. Paioli A, Luksch R, Fagioli F, Tamburini A, Cesari M, Palmerini E, et al.
Chemotherapy-related toxicity in patients with non-metastatic Ewing sarcoma:
influence of sex and age. J Chemother. (2014) 26:49–56. doi: 10.1179/
1973947813Y.0000000103

10. Ferrari S, Palmerini E, Staals E, Abate ME, Longhi A, Cesari M, et al. Sex- and
age-related chemotherapy toxicity in patients with non-metastatic osteosarcoma.
J Chemother. (2009) 21:205–10. doi: 10.1179/joc.2009.21.2.205

11. Juergens C, Weston C, Lewis I, Whelan J, Paulussen M, Oberlin O, et al. Safety
assessment of intensive induction with vincristine, ifosfamide, doxorubicin, and
etoposide (VIDE) in the treatment of Ewing tumors in the EURO-E.W.I.N.G. 99
clinical trial. Pediatr Blood Cancer. (2006) 47:22–9. doi: 10.1002/pbc.20820

12. Gupta A, Damania RC, Talati R, O'Riordan MA, Matloub YH, Ahuja SP.
Increased toxicity among adolescents and young adults compared with children
hospitalized with acute lymphoblastic leukemia at children's hospitals in the United
States. J Adolesc Young Adult Oncol. (2021) 10:645–53. doi: 10.1089/jayao.2020.0154

13. Burke MJ, Devidas M, Chen Z, Salzer WL, Raetz EA, Rabin KR, et al. Outcomes
in adolescent and young adult patients (16 to 30 years) compared to younger patients
treated for high-risk B-lymphoblastic leukemia: report from Children's Oncology
Group Study AALL0232. Leukemia. (2022) 36:648–55. doi: 10.1038/s41375-021-
01460-6

14. Veal GJ, Hartford CM, Stewart CF. Clinical pharmacology in the adolescent
oncology patient. J Clin Oncol. (2010) 28:4790–9. doi: 10.1200/JCO.2010.28.3473
Frontiers in Oncology 09110
15. Cotreau MM, von Moltke LL, Greenblatt DJ. The influence of age and sex on the
clearance of cytochrome P450 3A substrates. Clin Pharmacokinet. (2005) 44:33–60.
doi: 10.2165/00003088-200544010-00002

16. Bukowinski AJ, Burns KC, Parsons K, Perentesis JP, O'Brien MM. Toxicity of
cancer therapy in adolescents and young adults (AYAs). Semin Oncol Nurs. (2015)
31:216–26. doi: 10.1016/j.soncn.2015.05.003

17. Boddy AV, Yule SM, Wyllie R, Price L, Pearson AD, Idle JR. Pharmacokinetics
and metabolism of ifosfamide administered as a continuous infusion in children.
Cancer Res. (1993) 53:3758–64.

18. Chen R, Li J, Hu WW, Wang ML, Zou SL, Miao LY. Circadian variability of
pharmacokinetics of cisplatin in patients with non-small-cell lung carcinoma: analysis
with the NONMEM program. Cancer Chemother Pharmacol. (2013) 72:1111–23.
doi: 10.1007/s00280-013-2288-5

19. Coccia PF, Pappo AS, Beaupin L, Borges VF, Borinstein SC, Chugh R, et al.
Adolescent and young adult oncology, version 2.2018, NCCN clinical practice
guidelines in oncology. J Natl Compr Canc Netw. (2018) 16:66–97. doi: 10.6004/
jnccn.2018.0001

20. Frappaz D, Sunyach MP, Le Rhun E, Blonski M, Laurence V, Bonneville
Levard A, et al. La neuro-oncologie des adolescents et adultes jeunes (AJAS): place
d’une RCP nationale. Au nom de l’ANOCEF, GO-AJA et de la SFCE [Adolescent and
Young Adults (AYAS) brain tumor national Web conference. On behalf of
ANOCEF, GO-AJA and SFCE societies]. Bull Cancer. (2016) 103:1050–6.
doi: 10.1016/j.bulcan.2016.10.010
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Introduction: Glioblastoma, despite advancements in molecular evolution,

remains incurable and has low survival rates. Currently, two of the most

commonly used chemotherapy regimens are temozolomide and CCNU. This

review aims to provide a comprehensive analysis of the current status of

chemotherapy strategies for GBM.

Methods: We reviewed the published literature describing the chemotherapy

regimen differences in system treatment of GBM reported in the last ten years

and summarised the available information that may reveal the latest changes

in chemotherapy.

Results: In patients with adequate functioning, temozolomide and radiation are

the primary treatments for newly diagnosed GBM. We recommend postoperative

radiation therapy with concurrent and adjuvant temozolomide for patients with

MGMT-methylated GBM who are less than 70 years old. Combining

temozolomide and lomustine with radiation therapy may be an option for

younger, fit patients, but efficacy data is inconclusive. For patients with

unknown MGMT methylation status, radiation therapy combined with

temozolomide remains the standard of care. We recommend hypofractionated

radiation and concurrent temozolomide treatment for elderly patients over 70

years old who have satisfactory performance and no significant underlying health

conditions. We should tailor treatment choices to each patient’s personal

preferences, previous treatments, function, quality of life, and overall

care objectives.

Conclusion: Radiation therapy, along with temozolomide, is still the standard of

care for most people with MGMT-unmethylated GBMs because there aren’t any

better options, and it’s generally safe and well-tolerated. These patients have a

lower overall survival rate and less benefit from temozolomide, but there are no

better alternatives. Clinical trial participation is encouraged.
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1 Introduction

Glioblastoma (GBM) is a type of brain tumour that is believed

to originate from neuroglial stem cells or their progenitors in the

subventricular zone. It is classified as a subtype of adult diffuse

glioma and is located in the primary central nervous system (CNS)

(1–3). The incidence of GBM increases after the age of 40 and peaks

in adults aged 75 to 84 years (4, 5).

Actually, GBM is the most prevalent malignant primary brain

tumour, with a median survival rate of under 2 years. The median

overall survival for IDH-wild-type GBM patients is between 12 and

21 months, with only approximately 7% of patients surviving for 5

years (6, 7).

Histopathologically, GBMs are characterised by pleomorphism,

high cellularity, diffuse infiltration, mitotic activity, and either

microvascular necrosis, proliferation, or both. At the molecular

level, GBMs are characterised by the absence of mutations in IDH1/

2, H3 K27M, and H3 G34, as per their definition. In diffuse gliomas

that do not have mutations in the IDH and H3 genes, the presence

of either microvascular proliferation or necrosis is enough to

diagnose GBM as grade 4. Tumours that have epidermal growth

factor receptor (EGFR) amplification, telomerase reverse

transcriptase (TERT) promoter mutation, or concurrent

chromosome 7 gain/chromosome 10 loss exhibit a clinical course

similar to that of GBM (8, 9). These tumours are now classified as

IDH-wildtype GBM according to the 2021 WHO revision (3). The

diagnosis of GBM in adults is shown in Figure 1.

Consequently, GBM now specifically denotes the most severe

type of isocitrate dehydrogenase (IDH)-wild-type diffuse adult-type

astrocytoma. The prognosis of this condition is determined by the

methylation status of the MGM promoter.

Although there has been progress in comprehending the

molecular evolution of GBM, the disease remains incurable and is

associated with low survival rates. The conventional multimodal

treatments of surgically removing as much of the tumour as possible

and using radiation therapy (RT), along with the simultaneous and

subsequent use of temozolomide (TMZ), continue to be the

mainstay of treatment. Clinical trials are ongoing to further

explore innovative strategies, such as targeted agents and

immunotherapy. This review aims to provide a comprehensive

analysis of the current status of chemotherapy strategies for GBM.
2 Temozolomide: a classic
old medicine

Temozolomide, an oral alkylating agent, is dosed according to

body surface area (BSA). During radiation treatment, 75 mg/m2 of

temozolomide is administered daily (seven days per week).

Temozolomide is taken on an empty stomach, at least two hours

after the previous meal.

Some clinicians recommend timing weekday doses of

temozolomide one hour before radiation therapy to maximise

synergy. Other clinicians have patients take their medication at
Frontiers in Oncology 02112
the same time every day, either first thing in the morning before

breakfast or at bedtime, two or more hours after dinner.

Complete blood counts (CBCs) must be done every week during

the concurrent phase for monitoring. Platelets should not be given if

they drop below 100,000/microL, or ANC should not be given if it

drops below 1500/microL, because counts can drop quickly. After

that, monitoring may need to happen more often until nadirs

are found.

Temozolomide is usually given at a dose of 150 mg/m2 every

day for five days out of a 28-day cycle. The first post-radiation cycle

starts four weeks after the last day of radiation therapy. After the

first six cycles, the dose is 200 mg/m2 if the blood counts are good.

On days 22 and 29 of each cycle, a CBC should be done, along with a

basic metabolic panel and liver function tests once a month. This is

to check for toxicity and help with dose adjustments if needed.

Clinicians should look at the temozolomide product label to see

how to change the dose to avoid hematologic toxicity.

It is recommended to treat patients who have received standard

concurrent and adjuvant temozolomide with six cycles of monthly

adjuvant temozolomide instead of a longer treatment course.

Alternative temozolomide schedules have not demonstrated

superior efficacy compared to the conventional postradiation

schedule of 5 days every 28 days in the adjuvant setting (10–12).

During radiation with concurrent temozolomide, patients with

additional risk factors for opportunistic infections (such as

lymphopenia or the use of glucocorticoids) should be given

antimicrobial prophylaxis to prevent pneumocystis pneumonia.

Given the low risk of pneumocystis, the risks of prophylaxis may

be greater than the benefits for other patients.

3 GBMs, age ≤70 years

3.1 MGMT-methylated GBMs

A European Organisation for Research and Treatment of Cancer/

National Cancer Institute of Canada (EORTC/NCIC) open-label trial

in 573 adults with GBM randomised them to receive involved-field

radiation therapy alone or radiation plus concurrent daily

temozolomide followed by up to six monthly cycles of adjuvant

temozolomide (6). After five years, temozolomide improved median

overall survival compared to radiation alone (14.6 versus 12.1

months, HR 0.63, 95% CI 0.53-0.75) (6). Temozolomide improved

survival at two years (27 versus 11%) and five years (10 versus 2%)

(13). Temozolomide caused more grade 3 or 4 hematologic toxicity,

mostly thrombocytopenia (12%) and lymphopenia (7%) but

maintained health-related quality of life (6, 14). All patient subsets,

including those over 60 and those with poor prognostic factors,

benefited from adjuvant temozolomide (6, 13). A smaller phase II

trial in GBM patients yielded similar results (15).

In a retrospective analysis of 206 EORTC/NCIC trial patients,

MGMT promoter methylation was a major prognostic factor for

improved survival and chemotherapy benefit (16). People with

MGMT methylation (45% of cases) had twice as much two-year

overall survival with temozolomide as with radiation alone (46% vs.
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23%); their median overall survival was 21.7 months vs. 15.3 months,

with an HR of 0.45 and a 95% confidence interval of 0.32-0.61 (16).

Those without MGMT methylation showed a non-significant survival

difference (two-year survival: 14% vs. <2%; median overall survival:

12.7 vs. 11.8 months, HR 0.69, 95% CI 0.47-1.02).

Later trials in MGMT-methylated GBM have tried to improve

radiation plus temozolomide. CeTeG/NOA-09 screened >650

patients to enrol 141 patients aged 18 to 70 with MGMT-

methylated GBM and randomly assigned them to a combined

lomustine/temozolomide regimen during and after radiation

therapy (up to six 42-day cycles of lomustine 100 mg/m2 on day

1 and temozolomide 100 mg/m2 on days 2 to 6) or standard therapy

(17). Centre-stratified randomization, A modified intent-to-treat

(mITT) analysis included 129 patients after 12 randomised patients

(six in each arm) dropped out before therapy. Sex distribution and

other baseline prognostic factors differed statistically and

numerically between treatment groups. Lomustine/temozolomide

and standard temozolomide had similar median overall survival in

mITT patients (37.9 vs. 31.4 months, HR 0.90, 95% CI 0.58–1.41).

Using inverse probability weights, an adjusted mITT analysis of

these 129 patients found a nonsignificant trend towards improved

survival in the lomustine/temozolomide arm (HR 0.74, 95% CI

0.47–1.17) but no difference in progression-free survival. This

matched analysis (n = 109), which excluded 32 randomised

patients, showed that the combination arm had better overall

survival (48.1 versus 31.4 months, HR 0.60, 95% CI 0.35–1.03)

and similar progression-free survival (16.7 months in both groups).
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Grade 3 or 4 hematologic toxicity (36 vs. 29%) and nausea (30 vs.

19%) were more common with combination therapy. Lomustine/

temozolomide completed 39 percent of six chemotherapy cycles,

while standard temozolomide completed 60 percent.

These findings suggest that lomustine/temozolomide

combination therapy may improve survival in younger, fit

MGMT-methylated GBM patients compared to standard

temozolomide. The trial’s small size and the exclusion of a large

number of randomised patients in the prespecified analyses reduce

confidence in combination therapy’s superior efficacy. Combination

therapy has higher nausea and hematologic toxicity risks, so some

patients and clinicians may prefer standard temozolomide until

more is known.

So, we suggest that people younger than 70 who have been

newly diagnosed with MGMT-methylated GBM get temozolomide

and radiation therapy at the same time, followed by temozolomide

every month. Younger, fit patients with MGMT-methylated

tumours may benefit from temozolomide and lomustine

combined with radiation therapy, but efficacy is inconclusive and

toxicity may be higher.
3.2 MGMT-unmethylated GBMs

Patients with MGMT-unmethylated tumours may benefit from

clinical trials due to their poor prognosis and response to standard

treatments. To treat MGMT-unmethylated GBM, we recommend
FIGURE 1

Shows the diagnostic process of GBM according to the 2021 revision of the WHO classification of CNS tumours.
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temozolomide and radiation outside of clinical trials, based on the

EORTC/NCIC trial, where MGMT status was not known (6, 13).

Patients with MGMT-unmethylated tumours have lower overall

survival and less benefit from temozolomide compared to those

with methylated tumours. In a retrospective analysis of 206

EORTC/NCIC trial patients with MGMT-unmethylated tumours

(n = 114), adding temozolomide to radiation therapy resulted in a

non-significant survival advantage (two-year survival 15 versus 2%;

median overall survival 12.7 versus 11.8 months, HR 0.69, 95% CI

0.47-1.02) (16).

Investigations are underway for alternatives to temozolomide in

MGMT-unmethylated tumour patients. For example, a phase II

study of 182 people who had just been diagnosed with MGMT-

unmethylated GBM looked at the effects of bevacizumab during

radiation, bevacizumab plus irinotecan, and radiation with

temozolomide given at the same time or afterward (18). Similar

to unselected GBM trials, bevacizumab improved six-month

progression-free survival (79 versus 43 percent) but not median

overall survival (16.6 versus 17.5 months) or quality-of-life.

Bevacizumab was given to two-thirds of temozolomide patients at

progression. In a trial comparing radiation and nivolumab to

radiation and temozolomide, the nivolumab arm had lower

survival rates (median overall survival 13.4 vs. 14.9 months, HR

1.31, 95% CI 1.09–1.58) (19).
3.3 MGMT status unknown

Due to insufficient tissue, MGMTmethylation assays may fail in

a significant minority of patients, especially those who undergo

stereotactic biopsy. We recommend using temozolomide with

radiation therapy for patients who are candidates for standard

therapy (age ≤70 years, good functional status) and whose

MGMT status is unknown at the time of decision-making. The

rationale for temozolomide is the expected clinically significant

survival improvement for 30–40% of patients with MGMT-

methylated tumours, the lack of better alternatives for

unmethylated tumours, and its relative safety and tolerability.
4 GBMs, age >70 years

4.1 Radiation with concurrent and
adjuvant temozolomide

For individuals over 70 years old who exhibit good performance

status (e.g., Karnofsky Performance Status [KPS] ≥70),

hypofractionated radiation (e.g., 40 Gy in 15 fractions) in

conjunction with adjuvant and concurrent temozolomide is

recommended. However, in older patients compared to younger

patients, the potential for improved survival with the addition of

chemotherapy is more closely balanced with the risks of toxicity.

Individuals with specific concerns regarding side effects may

logically opt for monotherapy.
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The results of a randomised trial of hypofractionated radiation

(40 Gy in 15 fractions) with or without concurrent and adjuvant

temozolomide provide support for combined-modality therapy in

older patients with newly diagnosed GBM (20). Patients with an

Eastern Cooperative Oncology Group (ECOG) score of 0 to 2 who

were 65 years of age or older were eligible. 562 patients with a

median age of 73 years (range 65 to 90) were included in the trial.

Results include the following:
• When temozolomide was added to radiation, the survival

rate was higher than when radiation was used alone (9.3

versus 7.6 months, hazard ratio [HR] 0.67, 95% CI 0.56-

0.80). Additionally, progression-free survival increased (5.3

versus 3.9 months).

• MGMT was examined in 354 patients. In 165 patients with

MGMT-methylated tumours, adding temozolomide

increased overall survival by nearly six months (13.5 vs.

7.7 months, HR 0.53, 95% CI.38–0.73). Despite a smaller

effect (10 versus 7.9 months, HR 0.75, 95% CI 0.56–1.01),

temozolomide improved survival in patients with MGMT

unmethylated tumours (n = 189).

• Functional domain quality-of-life outcomes were similar.

More nausea, vomiting, constipation, and hematologic

toxicity (grade 3 or 4)—thrombocytopenia (11 versus 0.4

percent), neutropenia (8 versus 1 percent), and

lymphopenia (27 versus 10 percent)—were seen in the

combined therapy.
Extra supporting information comes from observational studies

involving older adults, which might have bias related to selection

(21, 22). The median overall survival was 13 months in a pooled

analysis of four phase II trials, including older patients (>65 years

old) with newly diagnosed GBM treated with concurrent and

adjuvant temozolomide plus standard or short-course radiation

therapy. This result compared favourably with outcomes in younger

patients (21). The prevalence of grade 3 or 4 toxicity ranged from 8

to 46%.

Although the patient population for the seminal European

Organisation for Research and Treatment of Cancer/National

Cancer Institute of Canada Clinical Trials Group (EORTC/NCIC)

trial was restricted to individuals aged 18 to 70, a breakdown of

outcomes by age was incorporated into the five-year analysis of

results (13). Thirty percent (170) of the 573 patients in that study

were between the ages of 61 and 70. The combined-modality

approach’s median overall survival for this older patient subset

was comparable to that of radiation therapy alone (median 10.9

versus 11.8 months).

Adjuvant temozolomide significantly increased overall survival

compared to radiation therapy alone, resulting in more long-term

survivors (22% versus 6% at two years and 7% versus 0% at five

years, HR 0.7, 95% CI 0.5-0.97).

In older patients, at least one retrospective study found that

combined therapy had worse outcomes than radiation alone (23),

and other studies found that the benefit of adding temozolomide
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decreased with age (24), particularly in those with MGMT

unmethylated tumours (25).
4.2 Temozolomide alone

Emerging data suggests that temozolomide chemotherapy may

be a viable alternative to radiation therapy for older patients with

MGMT-methylated tumours who cannot benefit from a combined-

modal i ty approach due to poor funct ional status or

significant comorbidity.

Two randomised trials in older patients provide partially

overlapping data on the best approach for this population,

specifically the role of temozolomide alone as an alternative to

radiation. Both the Methusalem (NOA-08) trial (26) and the Nordic

Clinical Brain Tumour Study Group trial (27) compared initial

chemotherapy as monotherapy to initial radiation alone. Neither

trial had a combined temozolomide-radiation arm.

These trials indicate that both hypofractionated radiation

and temozolomide are viable treatment options for older

patients. However, temozolomide is more effective in patients

with MGMT-methylated tumours than in those with

unmethylated tumours.

Table 1 summarises the initial chemotherapy drug regimen for

GBM. In Figure 2, the clinical approach for the initial selection of

chemotherapy drugs for GBM is illustrated.
5 Recurrent GBM

The systemic agents most frequently employed in the treatment

of recurrent GBM include bevacizumab, nitrosoureas, and
Frontiers in Oncology 05115
temozolomide rechallenge (as the majority of patients would have

already received temozolomide as part of their initial therapy).

Whenever feasible, it is preferable for patients with a satisfactory

performance status to engage in a research clinical study.

Prospective studies in patients with recurrent GBM have shown

that using only lomustine as a treatment results in a response rate of

9 to 14 percent and a median progression-free survival of

1.5 to 2.7 months (28–30). The typical initial dosage for

monotherapy is 110 mg/m2, with a maximum limit of 200 mg.

Approximately 50 percent of individuals experience grade 3 or

higher hematologic toxicity.

The largest study, known as RESCUE, examined the effects of

continuous daily administration of temozolomide at a dosage of 50

mg/m2/day for a maximum duration of one year in a group of 120

patients (31). The six-month progression-free survival rate for

patients with GBM varied between 15 and 29 percent, depending

on whether progression occurred during or after the initial adjuvant

temozolomide treatment. The patients who underwent a

rechallenge after completing an adjuvant regimen exhibited the

highest likelihood of responding.

A randomised phase II trial was conducted to compare the

efficacy of two different dosing regimens of temozolomide (150 mg/

m2/day one week on, one week off, or 100 mg/m2/day three weeks

on, one week off) in patients with recurrent GBM. However, the trial

had to be stopped prematurely due to a lack of funding. Despite the

early termination, both dosing regimens showed similar

performance (32). MGMT status was the primary determinant of

effectiveness. The six-month progression-free survival was

significantly higher in patients with MGMT-methylated tumours

compared to those with unmethylated tumours, regardless of the

dosing regimen. The survival rate was 40 percent for patients with

MGMT methylated tumours, while it was only 7 percent for

patients with unmethylated tumours.

Similar to other medications, the administration of high-dose

temozolomide in patients who have not responded well to

bevacizumab-containing treatment plans is linked to a low rate of

positive response and overall survival (33–35).
6 Treatment duration

Based on the design of the original study that led to the

acceptance of temozolomide as the standard of care, up to six

cycles of postradiation temozolomide are recommended (6).

The results of a phase II randomised trial, in which 159

glioblastoma patients who had not progressed after six cycles of

adjuvant temozolomide were randomly assigned to stop

temozolomide (control) or continue temozolomide for up to 12

cycles overall, provide evidence in favour of this approach (36). The

groups’ progression-free survival was comparable after a median

follow-up of 33 months, and the extended temozolomide group’s

overall survival was not significantly worse (hazard ratio [HR] 1.3,

95% CI 0.90-1.88).

Comparable findings have been drawn from observational

studies (37, 38). A retrospective study of 624 patients in four

randomised trials found that receiving more than six cycles of
TABLE 1 Initial chemotherapy strategies for adults with IDH-
wildtype glioblastoma.

KPS≥70

Age ≤70 years

MGMT
-methylated

•Daily TMZ with standard Rt followed by ≤ 6 cycles of
monthly TMZ
•TMZ + CCNU in combination with Rt

MGMT
-unmethylated

•Encouraged to participate in clinical trials.
•Daily TMZ with standard Rt followed by ≤ 6 cycles of
monthly TMZ

MGMT
status unknown

•Daily TMZ with standard Rt followed by ≤ 6 cycles of
monthly TMZ

Age >70 years

no matter what
MGMT status

•Daily TMZ with short-course Rt followed by ≤ 6
cycles of monthly TMZ

KPS<70

•Rt alone
•TMZ chemotherapy alone, particularly in patients with MGMT methylated
tumors.
•Best surpportive care
TMZ, temozolomide; CCNU, lomustine; Rt, radiation therapy.
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adjuvant temozolomide was associated with improved progression-

free survival, particularly in patients with MGMT-methylated

tumours (HR 0.65, 95% CI 0.50-0.85). However, there was no

difference in overall survival (HR 0.92, 95% CI 0.71-1.19), even in

the MGMT-methylated subgroup (HR 0.89, 95% CI 0.63-1.26) (38).
7 Conclusion

Looking at the chemotherapy regimens for GBM, only two

drugs, TMZ and CCNU, are currently in use (Table 1).

Temozolomide and radiation are the primary components of the

initial treatment for newly diagnosed GBM in patients who have a

sufficient level of functioning. For patients with MGMT-methylated

GBM ≤70 years old, postoperative radiation therapy with

concurrent and adjuvant temozolomide is recommended.

Combining temozolomide and lomustine with radiation therapy

may be an option for younger, fit patients, but efficacy data is

inconclusive and toxicity may be higher.

For patients with MGMT-unmethylated GBM ≤70 years old,

postoperative radiation therapy with concurrent and adjuvant

temozolomide is recommended. These patients have lower overall

survival and less benefit from temozolomide, but there are no better

alternatives. Clinical trial participation is encouraged.

For patients with unknown MGMT methylation status (≤70

years), based on the clinically meaningful improvement in survival

that is anticipated from temozolomide for the 30 to 40 percent of

patients who are predicted to have an MGMT-methylated tumour,

the absence of better alternatives for MGMT-unmethylated
Frontiers in Oncology 06116
tumours, and the relative safety and tolerability of temozolomide,

radiation therapy combined with temozolomide continues to be the

standard of care.

In the case of elderly patients (>70 years old) who have a

satisfactory performance status and no significant underlying health

conditions, it is recommended to use hypofractionated radiation

(such as 40 Gy delivered in 15 fractions) along with concurrent and

adjuvant temozolomide treatment (administered in six monthly

cycles) instead of a single treatment modality. With advancing age,

the potential for improved survival more closely balances the risks

of toxicity associated with combination therapy. However, patients

who have significant concerns about side effects may justifiably opt

for single-modality therapy.

In the case of elderly patients (>70 years old) who are not

candidates for a combined-modality approach because of poor

functional status or significant comorbidity, the MGMT

methylation status of the tumour is useful for decision-making. In

cases where patients have tumours with MGMT methylated,

temozolomide rather than radiation is recommended.

Although a combined-modality approach is employed, the

majority of patients ultimately experience a relapse. Managing

patients with recurrent or progressive high-grade gliomas is

challenging, and there is no evidence that active reintervention

extends survival. At this point, treatment choices should be tailored

to each patient, considering their personal preferences, previous

treatments, ability to function, quality of life, and overall

care objectives.

Patients who have experienced a relapse a few months after the

completion of adjuvant temozolomide treatment and whose
FIGURE 2

Initial approach to chemotherapy in GBM patients. TMZ, temozolomide; CCNU, lomustine; Rt, radiation therapy.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1438905
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Bao et al. 10.3389/fonc.2024.1438905
tumours contain a methylated MGMT promoter may be the most

suitable candidates for rechallenge with temozolomide.
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Sichuan, China, 2School of Clinical Medicine, Southwest Medical University, Luzhou, Sichuan, China,
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Gliomas are primary tumors that originate in the central nervous system. The

conventional treatment options for gliomas typically encompass surgical

resection and temozolomide (TMZ) chemotherapy. However, despite

aggressive interventions, the median survival for glioma patients is merely

about 14.6 months. Consequently, there is an urgent necessity to explore

innovative therapeutic strategies for treating glioma. The foundational study of

regulated cell death (RCD) can be traced back to Karl Vogt’s seminal observations

of cellular demise in toads, which were documented in 1842. In the past decade,

the Nomenclature Committee on Cell Death (NCCD) has systematically classified

and delineated various forms and mechanisms of cell death, synthesizing

morphological, biochemical, and functional characteristics. Cell death primarily
Abbreviations: RCD, regulated cell death; PCD, programmed cell death; NCCD, Nomenclature Committee

on Cell Death; ACD, accidental cell death; MPT, mitochondrial permeability transition; CLL, chronic

lymphocytic leukemia; SLL, small lymphocytic lymphoma; AML, acute myeloid leukemia; NASH, non-

alcoholic steatohepatitis; WHO, World Health Organization; TMZ, temozolomide; NCOA4, nuclear receptor

coactivator 4; LA, lipoic acid; CBD, cannabidiol; RTK, receptor tyrosine kinase; EGFR, epidermal growth

factor receptor; ARG, anoikis-related gene; Lnc RNA, long non-coding RNA; ROS, reactive oxygen species;

ER, endoplasmic reticulum; PTE, Pterostilbene; CQ, chloroquine; HCQ, hydroxychloroquine; mTOR,

mammalian targets of rapamycin; AF, amentoflavone; LA, lipoic acid; EGF, epidermal growth factor;

MTD, maximum tolerated dose; ATG, Autophagy-related gene; DAMP, damage-associated molecular

pattern; DHA, dihydroartemisinin; RSV, resveratrol; HP, Haloperidol Tablets.
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manifests in two forms: accidental cell death (ACD), which is caused by external

factors such as physical, chemical, or mechanical disruptions; and RCD, a gene-

directed intrinsic process that coordinates an orderly cellular demise in response

to both physiological and pathological cues. Advancements in our understanding

of RCD have shed light on the manipulation of cell death modulation - either

through induction or suppression - as a potentially groundbreaking approach in

oncology, holding significant promise. However, obstacles persist at the interface

of research and clinical application, with significant impediments encountered in

translating to therapeutic modalities. It is increasingly apparent that an integrative

examination of the molecular underpinnings of cell death is imperative for

advancing the field, particularly within the framework of inter-pathway

functional synergy. In this review, we provide an overview of various forms of

RCD, including autophagy-dependent cell death, anoikis, ferroptosis,

cuproptosis, pyroptosis and immunogenic cell death. We summarize the latest

advancements in understanding the molecular mechanisms that regulate RCD in

glioma and explore the interconnections between different cell death processes.

By comprehending these connections and developing targeted strategies, we

have the potential to enhance glioma therapy through manipulation of RCD.
KEYWORDS

glioma, autophagy-dependent cell death, anoikis, ferroptosis, cuproptosis, pyroptosis,
immunogenic cell death, regulated cell death
1 Introduction

Glioma is a highly heterogeneous, aggressive primary brain

tumor. The current standard of care for patients diagnosed with

glioma includes performing a maximum safe extent resection of the

tumor, undergoing radiotherapy over a 6-week period, and

receiving concomitant systemic therapy with the alkylating agent

TMZ (1). In addition to this, treatments such as immunotherapy,

targeted precision therapy, electric field therapy, and supportive

care have resulted in some improvement in the survival duration of

glioma patients. However, these patients typically experience a poor

prognosis and low quality of life, with only a 4-5% 5-year survival

rate (2). Furthermore, cognitive and focal neurological deficits can

significantly impact long-term survivors of brain tumors, regardless

of tumor histology and grading (3).

The genesis of the scientific inquiry into RCD is often attributed

to Karl Vogt’s discernment of cellular demise in toads in 1842. A

significant leap in the conceptual framework occurred in 1972 when

Kerr, Wyllie, and Currie introduced the term “apoptosis” to the

research lexicon, propelling the study of RCD to the scientific

forefront (4). The discovery by Sulston and Horvitz in 1976,

utilizing the model organism C. elegans, was instrumental in

unearthing the genetic underpinnings of apoptosis and revealing a

predetermined fate for approximately 13% of somatic cells during

embryogenesis (5). Over the past decade, NCCD has meticulously

curated a taxonomy of cell death modalities, based on distinguishing

cellular morphology, biochemistry, and functional outcomes. The
02120
dichotomy between cell death pathways lies within two realms:

accidental pathways triggered by external factors such as

mechanical, chemical, and physical stressors that lead to cellular

demise when they surpass the cell’s compensatory capacities; and

RCD, which represents an inherent and orchestrated cessation of

cellular function mediated precisely by genetic regulation to maintain

internal homeostasis. This gene-directed cessation in a physiological

context is also known as programmed cell death (PCD) (6). Diverging

from the unregulated nature of accidental cell death (ACD), RCD

involves a meticulous network of signaling cascades and molecular

machinery. The exploration of RCD has revealed numerous novel

mechanisms with profound connections to human pathologies,

expanding beyond apoptosis to encompass diverse processes such

as autophagy-dependent cell death, ferroptosis, lysosome-dependent

cell death, mitochondrial permeability transition (MPT)-driven

necrosis, necroptosis, pyroptosis, anoikis, NETosis, among others

(7). Each mechanism reflects a unique aspect of the cell’s ability to

maintain physiological integrity and their ongoing elucidation holds

significant promise in enlightening the pathogenesis of various

diseases and refining therapeutic strategies.

RCD, a significant pathway in the cell death process, exhibits

dual effects in central nervous system tumors, particularly glioma.

On one hand, dysregulated apoptotic pathways in gliomas can

contribute to the anti-apoptotic properties of tumor cells, thereby

facilitating tumor growth and resistance to treatment (8, 9). Over-

expression of anti-apoptotic proteins, such as members of the Bcl-2

family, by glioma cells potentially inhibits the activation of RCD
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(10, 11). Moreover, the abnormal regulation of RCD pathways can

make glioma cells resistant to conventional therapies such as RT

and chemotherapy (12). However, in certain scenarios, RCD can

have an inhibitory impact on glioma. Studies have indicated that by

enhancing RCD in glioma cells, tumor volume can be reduced and

treatment efficacy can be improved (13, 14).

Despite the progress made in the realm of RCD, the journey

toward its clinical application remains challenging. To date,

therapeutic strategies harnessing apoptosis have only yielded a

limited number of approved pharmacological agents for human

disease management. No agents that intentionally inhibit apoptosis

have been established for clinical use. An example of an approved

therapy is Venetoclax, a BCL2 inhibitor which has demonstrated

efficacy as a monotherapy or in combination regimens for treating

chronic lymphocytic leukemia (CLL), small lymphocytic lymphoma

(SLL), and acute myeloid leukemia (AML) (15–17). Furthermore,

the caspase inhibitor Emricasan garnered accelerated attention

from the U.S. FDA in 2016 for its focus on non-alcoholic

steatohepatitis (NASH); nevertheless, the clinical outcomes have

exhibited variability, underscoring the unpredictable nature of

current interventions (18, 19). Looking ahead, a comprehensive

investigation into the molecular intricacies of cell death, particularly

within the context of the interconnected networks among various

RCD pathways, is expected to stimulate innovative breakthroughs.

It is through such a thorough understanding of the interplay

between these pathways that novel therapeutic strategies can be

developed, paving the way for their translation from laboratory

research to practical application in medical treatment. The

emphasis on these mechanistic insights holds great promise for

unveiling new opportunities for clinical intervention and

represents a significant advancement in harnessing RCD for

disease management.

Overall, the regulation of RCD in glioma involves intricate

signaling pathways and regulatory factors. Its influence on glioma

depends on the complex interplay of multiple factors, including

tumor cell characteristics, the tumor microenvironment, and

treatment modalities (20, 21). Thus, this review provides a

concise overview of the role of RCD in the onset, treatment, and

prognosis of glioma. It focuses on several significant apoptotic

pathways including autophagy-dependent cell death (22, 23),

anoikis (24), ferroptosis (25, 26), cuproptosis (27), pyroptosis and

immunogenic cell death (Figures 1, 2; Table 1). We propose

strategies to optimize and coordinate traditional or novel

approaches for glioma treatment based on these pathways. This

comprehensive understanding of RCD in glioma will not only

enhance readers’ comprehension of its underlying mechanisms

but also serve as a theoretical foundation for developing more

effective treatment strategies.
2 Glioma and glioma immunotherapy

Gliomas represent 40-60% of primary central nervous system

tumors in adults and are the most prevalent primary intracranial

tumors in this population. According to the World Health
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Organization (WHO), gliomas are classified into four grades:

grades 1 and 2 are low-grade, whereas grades 3 and 4 are high-

grade (32). Despite advancements in glioma treatment over the past

decades, challenges persist due to their unique location and the

characteristics of “cold” tumors, which contribute to high

recurrence rates, poor prognoses, and short median survival

times (33).

The immune system fulfills three critical roles: immune

surveillance, immune defense, and immune homeostasis, all of

which are integral to tumor initiation, progression, metastasis,

and response to treatment. Immune checkpoint inhibitors (ICIs)

have revolutionized cancer therapy in recent years. However,

gliomas, characterized as “cold” tumors, often exhibit poor or

non-responsive behavior to ICIs, limiting the success of

immunotherapy. Enhancing the immune microenvironment to

convert “cold” tumors into “hot” ones may provide a new avenue

for improving treatment responses (34, 35).

Bevacizumab, an FDA-approved monoclonal antibody

targeting vascular endothelial growth factor (VEGF), inhibits

tumor vascularization rather than directly targeting T cells (36).

PD-1 inhibitors such as Pembrolizumab and Nivolumab have

shown promise in clinical trials. PD-1, a receptor on T cells,

interacts with PD-L1 to suppress T cell activity, aiding tumor

immune evasion. Pembrolizumab disrupts this interaction,

reactivating T cells to recognize and attack tumor cells (37, 38).

Similarly, Nivolumab restores T cell functions by blocking the PD-1

receptor. Although a phase III clinical trial comparing Nivolumab

plus RT to TMZ plus RT in newly diagnosed patients with non-

methylated MGMT promoter gliomas did not achieve the primary

endpoint of extending overall survival, it marked a significant step

towards using Nivolumab with RT in glioma treatment, without

identifying major safety concerns (39). Other immunotherapy

strategies are also being explored. Oncolytic viruses (OVs)

selectively replicate within and induce apoptosis in cancer cells

while sparing normal tissues. A multicenter study using the

oncolytic virus DNX-2401 in combination with an anti-PD-1

monoclonal antibody demonstrated safety and survival benefits

(40). Dendritic cell (DC) vaccines like DCVax-L hold promise in

clinical trials; these vaccines involve extracting and loading

dendritic cells with tumor antigens in vitro before re-injecting

them into the patient to stimulate an immune response (41).

The Nobel Prize in Medicine was awarded to James Allison and

Tasuku Honjo six years ago for their groundbreaking work in

immunotherapy (42). Current standard treatment for glioblastoma

includes surgical resection combined with TMZ chemotherapy but

remains insufficient. Recent studies indicate that RCD can play a

synergistic role in anti-tumor immunotherapy, including for ICI-

resistant tumors. Existing research highlights significant distinctions

in RCD processes between low-grade and high-grade gliomas. In low-

grade gliomas, apoptosis levels are relatively low, and the role of

autophagy remains controversial, though these tumors generally

exhibit better cellular survival activity. By contrast, high-grade

gliomas demonstrate a higher resistance to apoptosis and possess a

more intricate autophagy function, often accompanied by more

extensive necrotic areas. These malignant tumors feature markedly
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different gene expression profiles, which in turn lead to varied

treatment responses. Low-grade gliomas tend to be more

responsive to radiation and chemotherapy, while high-grade

gliomas exhibit a stronger resistance to these treatments (43). As
Frontiers in Oncology 04122
immunotherapy advances, it becomes crucial to investigate the

different pathways that either inhibit or activate various RCD

processes, as well as their synergistic effects. Such exploration could

pave the way for more effective targeted treatments for gliomas.
FIGURE 1

This image provides a comprehensive illustration of the molecular mechanisms underlying three pathways of regulated cell death (RCD): autophagy-
dependent cell death, anoikis, and ferroptosis. Autophagy-dependent cell death is characterized by the crucial role of autophagy in degrading essential
cellular components, ultimately leading to cell demise. During autophagy-dependent cell death, continuous autophagic activity undermines cellular
structure and function, resulting in eventual cell death. Anoikis is primarily initiated when cells dissociate from the extracellular matrix, causing them to
lose vital survival signals. This detachment disrupts integrin and other adhesion molecule signaling pathways, leading to the downregulation of survival
pathways such as PI3K/Akt and Ras/MAPK, while upregulating pro-apoptotic factors like Bim and Bid. The resulting alterations in mitochondrial
membrane potential facilitate the insertion of pro-apoptotic proteins Bax and Bak into the mitochondrial membrane, which then releases cytochrome c
and activates downstream apoptotic caspases, ultimately driving cell apoptosis. The process of ferroptosis is initiated by elevated intracellular iron levels,
which amplify the Fenton reaction and enhance ROS production. This process triggers lipid peroxidation of polyunsaturated fatty acids in the cell
membrane, leading to oxidative stress and compromising membrane integrity, ultimately resulting in cell death.
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2 Regulated cell death and glioma

2.1 Autophagy-dependent cell death

Coined by Christian de Duve and colleagues in 1963, the term

“autophagy” describes the process by which cellular components,

whether originating from within or outside the cell, are transported

to lysosomes for degradation (44). Since the 1990s, research on
Frontiers in Oncology 05123
autophagy has been greatly expanded due to its use as a model

organism in yeast studies. Initial findings showed an accumulation

of autophagosomes and lysosomes in dying cells, leading to the

naming of “autophagic cell death” (45, 46). Autophagy plays

multifaceted roles throughout disease progression, particularly in

tumor. In the early stages of oncogenesis, autophagy acts as a

guardian of genomic integrity and internal stability by regulating

quality control and responding to oxidative stress. This helps
FIGURE 2

This image elucidates the specific mechanisms of three significant RCD pathways: cuproptosis, pyroptosis, and ICD. Cuproptosis, a copper-
dependent form of cell death, is initiated by the intracellular accumulation of copper ions. The mechanism involves the binding of copper ions to
thioredoxin cluster proteins, leading to protein aggregation and mitochondrial dysfunction. Pyroptosis, another RCD process, is mediated by
inflammasome activation in response to pathogens or intracellular danger signals, resulting in a robust inflammatory response. ICD represents an
RCD pathway that triggers a potent anti-tumor immune response. This process involves the release of specific death signals and DAMPs that activate
the immune system.
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TABLE 1 Comparison of distinct aspects of RCD pathways.

Common inspection methods
and indicators

Major
associated
disease

The localization of the transcription factor TFEB,
determination of ATG expression (such as Atg5,

Atg7, and Atg8/LC3), and observation of
autophagosomes (including their membrane

structure and proteins) are necessary.

Tumors,
neurodegenerative

diseases, cardiovascular
diseases, etc.

Apoptosis-related markers, such as Annexin V,
and nuclear and chromosomal histochemical

staining were detected.

It is closely related to
the metastasis of tumor

The degree of lipid peroxidation, the content of
endogenous iron ions, and the expression levels
of related genes and proteins were assessed.

It is mainly associated
with neurodegenerative
diseases and tumors.

The concentration of copper ions, oxidative
stress and cell death were measured.

Neurodegenerative
diseases and metabolic

related diseases.
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RCD pathway Morphological characteristics Occurrence mechanism

Autophagy-dependent
cell death (22, 23, 28)

Cytomembrane
The autophagosome is formed, which wraps

around and encloses the organelles to
be degraded.

The autophagy pathway primarily occurs in two
ways (1): non-selective autophagy, involving the
extensive degradation of encapsulated organelles

and intracellular proteins; and (2) selective
autophagy, targeting the degradation of specific

entities such as diseased cells or viruses.

Cytoplasm
The number of autophagosomes gradually

increased, and the fusion of lysosomes led to the
formation of autolysosomes.

Nucleus No special change.

Organelle

The shape and number of mitochondria are
significantly altered, and the number of

autophagosomes increases, while the structure of
the endoplasmic reticulum also appears to be

expanded or fragmented.

Anoikis (24, 29)

Cytomembrane
The cytomembrane displays folds and bulbous

expansions, leading to the formation of flower-like
ring protrusions.

The loss of cell-matrix force or the weakening of
cell-cell adhesion leads to the activation of
signaling proteins and apoptosis pathways.

Cytoplasm
The organelles gradually compact, resulting in cell

shrinkage and clumping.

Nucleus
Chromatin aggregation, nuclear membrane
rupture, and nucleus fragmentation occur.

Organelle
The cytoskeleton is reorganized, mitochondrial
function is impaired, and ultimately, the system

collapses completely.

Ferroptosis (25, 26)

Cytomembrane
Lipid per, leading to the rupture of

cell membranes.
The main cause is the excessive presence of free
iron ions in the cell, which leads to oxidative

stress and increased lipid peroxidation of the cell
membrane. This triggers the signaling pathway

for cell death.

Cytoplasm Mineralized clusters appear.

Nucleus No special change.

Organelle
Mitochondrial structural changes, increased

oxidative stress, and endoplasmic reticulum stress.

Cuproptosis (27)

Cytomembrane
Multiple villous bulges are formed on

the cytomembrane Intracellular overload of copper ions leads to
oxidative stress, disrupts the intracellular
REDOX balance, and ultimately results in

cell death.

Cytoplasm The organelles become smaller and tightly packed.

Nucleus
Nuclear morphology is irregular and nuclear

fragments appear.
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TABLE 1 Continued

urrence mechanism
Common inspection methods

and indicators

Major
associated
disease

ay to activate Caspase-1 or Caspase-
inflammasome complexes (such as
IM2), these Caspases then cleave
D (GSDMD), causing its N-terminal
insert into the cell membrane and
, leading to cell membrane rupture
of cellular contents, including pro-
y cytokines such as IL-1b and IL-18,
triggering a severe inflammatory
response and cell death.

Lactate dehydrogenase (LDH) release assay,
enzyme-linked immunosorbent assay

(ELISA) etc.

Inflammatory diseases,
cardiovascular diseases,

and tumors.

nly involves the translocation and
pecific signaling molecules, such as
reticulum stress-induced calreticulin
he surface and high-mobility group
GB1) released extracellularly, as well
sed, which are recognized and taken
endritic cells and other antigen-

presenting cells.

Flow cytometry, immunofluorescence staining,
ATP release detection, etc.

Tumors, autoimmune
diseases, and infections.

ignals. These signals encompass DNA damage, perturbation of cell cycle control, cytokine signaling, nutrient deprivation, as well as
pare various RCD pathways in terms of cell morphological characteristics, pathogenesis, commonly employed examination methods
distinctions among different pathways, which could facilitate future practical applications.
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RCD pathway Morphological characteristics Occ

Organelle
Mitochondrial structural changes, increased

oxidative stress, and endoplasmic reticulum stress.

Pyroptosis (30)

Cytomembrane

The cell membrane forms numerous holes, leading
to an ion imbalance that causes the cell to swell
and dissolve, ultimately leading to the rupture of

the cell membrane.
The main w
4/5/11 by
NLRP3,

Gasdermin
fragment t
form pore
and release
inflammato

thereby

Cytoplasm
The cells rapidly swell, and cellular contents leak
out, releasing inflammatory factors such as IL-1b

and IL-18 into the cytoplasm.

Nucleus
The nuclear DNA fragments, but not in a
structured way like apoptosis; chromatin is

partially condensed.

Organelle
Mitochondrial depolarization, loss of integrity of

lysosomal membrane.

ICD (31)

Cytomembrane
The surface exposes high mobility group box

protein B1 (HMGB1), calreticulin (CRT), and heat
shock proteins (HSPs). This mai

release of
endoplasmic
(CRT) on
box 1 (HM
as ATP rele

up by d

Cytoplasm Releases multiple immune stimulating substances.

Nucleus
DNA breaks and chromatin condensation

resemble apoptosis, but also involve the release of
immune-related molecules.

Organelle
The mitochondrial membrane potential is lost,
and there is a significant endoplasmic reticulum

stress response.

The divergence in the mechanisms underlying different RCD pathways can be attributed to the regulation of both internal and external s
extracellular matrix cues. Upon sensing these signals, specific pathways are triggered, ultimately leading to cell death. In this table, we com
and indicators, as well as key associated diseases. By doing so, we aim to provide a comprehensive summary of the commonalities and
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prevent tissue damage, inflammation, and ultimately inhibits

tumorigenesis and metastasis. However, during advanced stages

of tumor, autophagy can serve as a source of nutrients that facilitate

neoplastic growth, enhance immune evasion, and promote tumor

advancement (47). Historically, reliance on morphological

delineation has been the cornerstone of autophagy research,

resulting in a gap in establishing causal relationships between

autophagy and cell death. The present consensus among scientists

categorizes autophagy’s involvement in cell death into three

primary types: autophagy-related, autophagy-dependent, and

autophagy-mediated cell death (48). Autophagy-dependent cell

death is considered as a regulated form of cell death that relies on

the autophagic apparatus and generally adheres to the following

criteria (1): elevated autophagy flux occurring simultaneously with

cell death (2), reversibility of cell death when autophagy is inhibited

through pharmacological or genetic means (3), dependence on at

least two components of the autophagic process, and (4) absence of

concurrent alternative forms of cell death (6).

The notion of autophagy-dependent ferroptosis emerged

amidst deepening investigations into ferroptosis, a form of cell

death described in 2012 as iron-dependent and distinct from

apoptosis, autophagy, and necrosis (49). However, the specificity

of this classification has come under scrutiny. Because Minghui Gao

et al. found that under the action of ferroptosis activator,

autophagosomes gradually accumulated, and cells died because of

some components of the autophagy mechanism, they named this

death mode as autophagy dependent ferroptosis (50–52). This

reevaluation highlights the dynamic and interconnected nature of

autophagic processes and cell fate, keeping autophagy at the

forefront of contemporary biomedical research.

As far as the current research on glioma is concerned, most of

the research still stays on the acceleration or delay of the autophagy

process. Celastrol, a triterpenoid compound derived from

Tripterygium wilfordii, a traditional Chinese medicine,

demonstrates potential anti-glioma effects. It activates the ROS/

JNK signaling pathway while inhibiting the Akt/mTOR pathway,

leading to G2/M phase arrest and triggering autophagy (53).

Thiolidazine enhances P62-mediated autophagy by upregulating

AMPK activity and the Wnt/b-catenin signaling pathway, thereby

inhibiting glioma cell proliferation and migration (54).

In this case, there are still a few studies to explore the

relationship between autophagy dependent cell death and the

occurrence and development of glioma. Investigator Svenja Zielke

established a rigorous criterion for autophagy-dependent cell death

and carefully identified three effective agents - loperamide,

pimozide, and STF-62247 - from a wide range of over 70

compounds that induce autophagy. These agents were observed

to promote LC3B lipidation and puncta formation, which are

hallmarks of autophagic activity. This promotes autophagic flux

through interactions with essential autophagy proteins ATG5 and

ATG3. Ultrastructural analysis revealed an abundance of

autophagosomes and autolysosomes in cells treated with

loperamide and pimozide. Additionally, these compounds

induced a noticeable dephosphorylation trend in complex 1 of the
Frontiers in Oncology 08126
mammalian targets of rapamycin (mTOR), indicating activation of

autophagy. Consequently, these findings suggest that loperamide,

pimozide, and STF-62247 could potentially trigger autophagy-

dependent cell death in glioma cells, providing a novel paradigm

for therapeutic intervention in glioblastomas (55). Separately,

amentoflavone (AF), a polyphenolic compound endemic to the

Selaginella species, exhibits a broad spectrum of biological activities

including anti-inflammatory, anti-neoplastic, radioprotective,

antioxidative, and neuroprotective properties. Experimental

observations have documented conspicuous depletion in

intracellular glutathione levels and mitochondrial membrane

potential following AF exposure, concomitant with a surge in

cellular iron concentrations, malondialdehyde, and lipid

peroxidation. Subsequent inquiry has substantiated the capability

of AF to inhibit neoplastic proliferation by instigating autophagy-

dependent ferroptosis in vivo potentially attributable to the

modulation of the AMP-activated protein kinase (AMPK)/mTOR

signaling cascade (56). These insights could delineate unrecognized

molecular conduits for curtailing tumor growth and reinforce the

therapeutic potential of autophagy-centric interventions in

tumor management.
2.2 Anoikis

When a cell loses its normal connection to the stroma, it senses

signaling abnormalities that trigger anoikis, leading to disruption of

intracellular signaling and cell death. Ultimately, this results in the

effective removal of displaced cells (29). Because of this

characteristic, this RCD pathway has been named amnesiotic

apoptosis. NCCD defines lost-nest apoptosis as a specific variant

of intrinsic apoptosis induced by integrin-dependent anchoring

loss (6).

In the case of tumors, the absence of anoikis can promote tumor

cell survival and proliferation, thereby facilitating tumor

development and drug resistance (57–59).

With advancements in bioinformatics, several researchers

have developed predictive models based on genes associated

with anoikis. Zhongzheng Sun et al. utilized nine genes related

to anoikis to predict the survival rate and prognosis of glioma

patients. They constructed a risk score and employed this model

to forecast patient outcomes. Based on these findings, the

possibility of exploring immunotherapy for glioma using genes

and mechanisms correlated with anoikis was investigated (60).

Dongdong Zhang analyzed the expression and survival of genes

related to five types of anoikis, including ETV4, HMOX1, MYC,

NFE2L2, and UBE2C. Additionally, a clinical prediction model

was constructed (61). This work laid the foundation for

subsequent progress in basic experimental research. The

lncRNA ANRIL exhibited a positive correlation with glioma

grade in glioma tissues regarding the induction of anoikis, and

it was found to indirectly induce anoikis by inhibiting the

anti-apoptosis gene Bcl-2 (62). In terms of the tumor

microenvironment, MNX1 was found to be ectopically
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expressed in glioma cells and associated with glioma grade. This

substance was observed to contribute to cell adhesion and

potentially enhance the ability of glioma cells to evade anoikis

by regulating the expression of its downstream molecule

TrkB (63).
2.3 Ferroptosis

Ferroptosis is a recently discovered novel form of RCD that is

dependent on reactive oxygen species (ROS). The process of cell

death is typically accompanied by significant accumulation of iron

and lipid peroxidation (64). With the deepening of the

understanding of ferroptosis, many studies believe that ferroptosis

should be attributed to autophagy dependent ferroptosis, but due to

the uniqueness of its cause and process, it is still discussed as a

separate concept here.

Ferroptosis is intricately linked to various diseases and

pathological processes, encompassing neurological conditions

(e.g., Parkinson’s disease, Alzheimer’s disease) (65, 66),

cardiovascular diseases (67), and liver diseases (68). The

orchestrated process of ferroptosis in gliomas is primarily

regulated by four pathways, including metabolism, the GPX4

pathway, the FSP1 pathway, and lipid metabolism (69). In the

process of iron metabolism, cells absorb ferric ions (Fe3+) via the

transferrin receptor TfR1, and subsequently reduce them to ferrous

ions (Fe2+). The GPX4 pathway represents the classical pathway of

ferroptosis. At the heart of this pathway is the lipid repair enzyme

glutathione peroxidase 4 (GPX4), which plays a crucial role in

inhibiting intracellular lipid peroxidation by degrading small

molecule peroxides and some lipid peroxides using GSH as a

substrate (70).

Current studies have provided evidence that various factors and

pathways can either induce or inhibit ferroptosis in glioma.

Strychnine, a weakly basic indole alkaloid derived from

strychnine seeds, has demonstrated potent antitumor activity

against multiple tumor types, including glioma (71). Recent

investigations have revealed its ability to induce ferroptosis in

glioma cells (72). TRIM7, which utilizes a K4-linked chain,

directly binds to and ubiquitinates nuclear receptor coactivator 4

(NCOA4), thereby reducing NCOA4-mediated ferritin

phagocytosis and subsequent ferroptosis in human glioblastoma

cells (73). Ferroptosis exhibits both beneficial and adverse effects in

the development and progression of glioma. Some studies have

suggested that increased ferroptosis may compromise the efficacy of

PD-L1 immunotherapy, while inhibiting ferroptosis remodels the

immunosuppressive microenvironment and enhances the

effectiveness of immunotherapy (74). Conversely, plumbagin has

exhibited tumor growth inhibition by targeting the NQO1/GPX4

pathway-mediated ferroptosis, suggesting therapeutic implications

for inducing ferroptosis (75). In summary, ferroptosis exhibits dual

effects on glioma, influencing the efficacy of immunotherapy and

potential therapeutic strategies. However, a comprehensive

understanding of ferroptosis in gliomas remains elusive,

necessitating further research to identify key molecular targets

and mechanisms.
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2.4 Cuproptosis

Similar to ferroptosis, cuproptosis is a copper-dependent and

unique cell death (76). A recent study suggests that cuproptosis is an

independent form of RCD and is highly associated with

mitochondrial respiration and the lipoic acid (LA) pathway (77),

and plays a key role in tumor cell proliferation, metastasis, and

drug resistance.

Studies on cuproptosis in glioma have mainly relied on

bioinformatics and gene sequencing techniques for which there

are limited experimental validations available. Due to the restricted

predictive value of individual biomarkers, researchers have

incorporated multiple biomarkers into models to predict the

behavior and progression of glioma accurately. For example, Bo

Chen et al., identified a signaling pathway along with 13 ligand-

receptor pairs such as ICAM8, ITGAX, ITGB1 ANXA2-FRR1 etc.,

constructing an activity score based on genes associated with

cuproptosis while ensuring its stability through machine learning

technology (78). Similarly, Lin Wang et al. identified 10 lncRNAs

associated with cuproptosis that target 7 resistance genes (FDX1,

LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB) and 3 sensitization

genes (MTF1, GLS, and CDKN2A). They developed a prognostic

risk model based on these cuproptosis-related lncRNAs which

accurately predicts the tumor microenvironment status (79).

Notably, FDX1 has been found to be highly expressed in gliomas

and is primarily involved in lipid acylation of tumor proteins and

cuproptosis, which significantly affects the prognosis of low-grade

gliomas (80). Methylation of FDX1 is believed to promote

malignant behavior in glioma. Functional experiments further

revealed that the target gene C-MYC enhances the proliferation

and invasion of glioma cells through YTHDF1 and FDX1

methylation, possibly due to aberrant copper ion behavior in

mitochondria (81). Although existing studies are insufficient to

establish the clinical value of cuproptosis-related mechanisms in

glioma development and progression, multiple potential factors

indicate that cuproptosis, like other RCD modalities, warrants

further investigation and can profoundly impact glioma research.
2.5 Pyroptosis

Pyroptosis, a newly identified form of RCD, plays a pivotal role

in the body’s defense against pathogens. This mechanism is

distinguished by specific morphological changes, including cell

swelling, vesicle formation, membrane perforation, and eventual

cell lysis. Unlike ferroptosis and autophagy, cell pyroptosis is

mediated by proteins of the gasdermin (GSDM) family, which

cause progressive cell swelling until membrane rupture. This

process is tightly linked to inflammatory cascades and immune

responses and can be categorized into classical and non-classical

types based on the activation of caspase-1 (82).

To date, most investigations into pyroptosis in glioma have

been conducted at the bioinformatics level, with limited

experimental and clinical validation. Guilong Tanzhu and

colleagues developed a prognostic model leveraging lncRNAs

associated with pyroptosis to predict glioma patient outcomes.
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They further analyzed molecular alterations and immune

infiltration across different risk groups, constructing a lncRNA-

miRNA-mRNA regulatory network grounded in prognostic gene

risk scores (83). Hanzhang Liu et al. identified nine key differential

genes by examining 523 low-grade glioma (LGG) and 1,152 normal

tissue samples. Their findings indicate that these genes are

instrumental in LGG progression and tumor immunity,

potentially benefiting prognosis and immunotherapy (84).

Caspase-6 (CASP6), a critical protein in the pyroptosis pathway,

presents fluctuating relevance in glioma prognosis. Kai Guo et al.

conducted an extensive analysis of four bioinformatics data routes,

extracting pyroptosis-related differentially expressed genes

(PRDEGs) from 81 data sets within the GeneCards database.

Their research revealed CASP6 overexpression in glioma,

primarily implicating it in immune responses and antigen

processing. CASP6 expression was inversely correlated with

overall survival and disease progression in glioma patients (85).

In summary, bioinformatics analyses suggest a significant link

between pyroptosis and glioma pathogenesis. Future studies

encompassing basic experimental validation and clinical research

are crucial to elucidate the precise mechanisms and impacts of

pyroptosis in glioma.
2.6 Immunogenic cell death

Prior to the identification of ICD, apoptosis was typically

regarded as a non-immunogenic process. The recent definitions

by the Committee on Cell Death Nomenclature (NCCA) describe

ICD as a regulated form of cell death that can activate host immune

responses within an adaptive immune context. Unlike other forms

of cell death, ICD is triggered by a narrow range of stimuli,

including chemotherapy agents, viral infections, and various

physical or chemical factors. These stimuli induce a cascade of

damage-associated molecular patterns (DAMPs), subsequently

eliciting an immune response (6).

Curcumin, a bioactive phenolic compound, exhibits

antioxidant, anti-inflammatory, and antibacterial properties, and

has been documented to modulate several cell death pathways.

Research conducted by Zenghe Xiu et al. demonstrated that

curcumin can potentiate ionizing radiation-induced death of

glioma cells via activation of the endoplasmic reticulum (ER)

stress PERK-eIF2a and IRE1a-XBP1 signaling pathways—a

finding corroborated in murine models (86). Carbonic anhydrase

IX (CAIX) is a tumor-associated cell surface glycoprotein that

moderates tumor cell survival by influencing pH homeostasis. S4,

a highly selective CAIX inhibitor, has shown substantial efficacy in

breast and colorectal cancer models. Investigations by Jing Cui et al.

revealed that S4 markedly diminishes glioma cell viability and

induces both apoptosis and autophagy. Further analysis indicated

that S4 promotes calreticulin exposure and the release of HMGB1

and HSP70/90, thereby activating the PERK-eIF2a and IRE1a-
XBP1 pathways and facilitating DAMP release linked to ICD in

glioma cells through the ER stress pathway (87). Recent studies

assessed the potential of TNFAIP2 knockout in enhancing the

therapeutic outcomes of PD-1 inhibitors. Both in vitro and in
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surface expression of calreticulin (CALR), heat shock protein 70

(HSP70), and heat shock protein 90 (HSP90) in glioblastoma

(GBM) cell lines, thereby inducing ICD. Consequently, TNFAIP2

knockout during PD-1 therapy could significantly bolster survival

rates in glioma patients (88).

While molecular mechanisms underlying ICD have been

extensively studied, the clinical implications of ICD in disease

classification, treatment, and prognosis remain underexplored.

Bioinformatics offers a robust platform to address these

challenges. Jiayang Cai et al. identified 34 ICD-related genes,

ultimately focusing on 12 key genes including IL17RA, IL1R1,

EIF2AK3, CD4, PRF1, CXCR3, CD8A, BAX, PDIA3, CASP8,

MYD88, and CASP1. They established associations with non-

codeletion of 1p19q, higher WHO grades, wild-type IDH, and

immunosuppressive tumor microenvironments (89). Additionally,

Sun et al. analyzed 1,896 glioma samples across five databases,

devising a risk score model based on 14 ICD-associated genes that

independently predicts survival and response to immunotherapy in

glioma patients (90).
2.7 Crosstalk between multiple RCDs

Different modes of RCD, including apoptosis and necroptosis,

have been extensively studied and elucidated. Apoptosis,

characterized by its orderly and systematic nature, is vital for

maintaining tissue homeostasis and eliminating damaged cells,

thereby influencing numerous diseases and pathophysiological

states. Under physiological conditions, apoptosis ensures the

timely demise of cells through the meticulous regulation of both

intrinsic and extrinsic signaling pathways (91). Glioma cells

frequently demonstrate overexpression of anti-apoptotic proteins

(e.g., Bcl-2, Bcl-xL) and deactivation of pro-apoptotic proteins (e.g.,

Bax, Caspase family). This apoptosis evasion mechanism not only

enhances the survivability of tumor cells but also increases their

resistance to conventional chemoradiotherapy and chemotherapy

(92). Hence, restoring the normal apoptotic pathway is a pivotal

research direction in anti-glioma therapies, with the reactivation of

apoptosis presenting a promising strategy for effective tumor cell

eradication. Necroptosis, a form of RCD that intersects

characteristics of both apoptosis and necrosis, is primarily

regulated by the receptor-interacting serine/threonine-protein

kinases 1 and 3 (RIPK1 and RIPK3). In contrast to apoptosis,

necroptosis resembles necrosis through the rupture of the cell

membrane and the release of pro-inflammatory factors (93).

Glioma cells often manipulate the necroptosis pathway to avert

cell death, including the inhibition of RIPK1/RIPK3 activity and the

prevention of downstream mixed lineage kinase domain-like

protein (MLKL) translocation (94). The induction of necroptosis

via exogenous signals such as tumor necrosis factor (TNF) or

chemotherapeutic agents can lead to irreversible cell death in

glioma cells, coupled with a potent inflammatory response that

augments the immune system’s ability to target tumor cells.

However, the excessive activation of necroptosis can also

precipitate unnecessary tissue damage and inflammation,
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underscoring the necessity of precise regulation and the

establishment of an optimal therapeutic window. Overall, a

deeper understanding of necroptosis in glioma could pave the

way for the development of innovative targeted therapies, thereby

enhancing patient outcomes.

Tumors exhibit intricate crosstalk among various RCD

pathways. Despite mechanistic and regulatory differences, these

pathways can interact and influence one another under certain

conditions, highlighting the importance of intercellular

communication, especially as tumor cells develop mechanisms to

evade drug-induced apoptosis in the context of targeted therapies.

Pyroptosis and apoptosis are primarily interconnected through

the caspase family. The caspase-3/GSDME axis acts as a switch

between these two forms of cell death, significantly impacting

conditions like lung cancer and melanoma (95, 96). In infectious

disease contexts, ZBP1 functions as a sensor for NLRP3

inflammasome activation triggered by influenza virus, paralleling

the role of caspase-11 or caspase-4/5 in the non-classical LPS-

induced pathway, intertwining with both pyroptosis and apoptosis.

Additionally, ZBP1 is crucial in initiating PANoptosis in response

to IAV (97).

The tumor suppressor gene TP53 mediates apoptosis and

ferroptosis. TP53 upregulates numerous pro-apoptotic genes

including BAX, PUMA, and NOXA, promoting mitochondrial-

mediated apoptosis by inducing mitochondrial outer membrane

permeabilization, releasing cytochrome c, and activating

downstream caspases. TP53 also suppresses the SLC7A11 gene,

which encodes a component of the system Xc^- transmembrane

amino acid transporter responsible for importing glutathione

precursor cysteine. Consequently, inhibition of SLC7A11 by TP53

reduces glutathione synthesis, leading to lipid peroxide

accumulation and inducing ferroptosis (98). Ferroptosis is

characterized by ROS generation and lipid peroxidation, processes

that intersect with endoplasmic reticulum (ER) stress. Under ER

stress, transcription factors such as IRE1, PERK, and ATF6 are

activated, regulating apoptosis-related proteins like Bcl-2 and

cytochrome c, thereby influencing the apoptosis pathway. Thus,

modulating ferroptosis can also impact apoptosis (99).

Autophagy, particularly lipid autophagy and Beclin-1-mediated

xCT degradation, can precipitate ferroptosis. Recent research has

revealed that autophagy can induce ferroptosis through the

regulation of intracellular ROS, LIP, and lipid peroxide levels,

defined as autophagy-dependent ferroptosis (52). Studies by

Eunhee Park et al. demonstrated that autophagy could be induced

by ROS generated by erastin, an inducer of ferroptosis, with ferritin

degradation and increased transferrin receptor 1 (TfR1) expression

leading to ferroptosis. NRF2 plays a pivotal role in both ferroptosis

and necroptosis; it can activate NLRP3 and AIM to induce

necroptosis and exhibits specific functions in ferroptosis.

Contrarily, NRF2 can also inhibit NLRP3 activation by reducing

ROS levels, thereby blocking necroptosis (100, 101).

ICD is distinctive for its capacity to elicit an immune response.

Although distinct from apoptosis, programmed necrosis,

autophagy, and ferroptosis, these pathways can transition into

ICD under specific conditions. Research on processes such as

copper-induced cell death and aneuploid apoptosis in gliomas
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interaction with other RCD pathways. Collectively, the

interrelationships among various RCD pathways are complex and

tightly knit, forming an interactive network that regulates cell death

and immune responses. Understanding these relationships is

paramount for advancing treatments for tumors, autoimmune

diseases, and infectious diseases.
3 The promise of RCD in targeted
glioma therapy

3.1 Potential application of autophagy-
dependent cell death in glioma
targeted therapy

Autophagy-dependent cell death is a type of RCD that relies on

autophagy mechanisms or components and plays a significant role

in the central nervous system (28). Despite extensive research, there

is still no definitive causal link between autophagy and cellular

demise. The interplay between autophagy and various forms of cell

death makes it challenging to distinguish them based solely on

morphological observations throughout the cellular lifecycle.

Therefore, here we mainly discuss the therapeutic concepts and

methods based on inhibiting or accelerating the autophagy process

to hinder tumor development.

The underlying mechanisms of autophagy that contribute to

cellular death are notably distinct from those that promote cellular

survival. These differences are primarily characterized by variations

in the rate of autophagic flux, the duration and intensity of the

involved pathways, as well as the nature and turnover rates of the

substrates undergoing autophagic recycling and degradation. Such

nuances play a crucial role in determining the balance between cell

viability and death, thus representing potential focal points for

innovative tumor therapies. A wealth of preclinical research has

meticulously examined the function of autophagy in tumor

treatment, employing two prevalent methodologies. The first

method involves triggering autophagy through the administration

of broad-spectrum anticancer agents, such as rapamycin, which

antagonizes mTORC1 (102). The second strategy involves

indirectly activating autophagy by selectively inhibiting specific

drug targets, such as the inhibition of ERK in PDAC cell lines

(103). Although the precise mechanism underlying modulation of

autophagy remains elusive, the current understanding leans

towards the notion that upregulation of autophagy confers a

protective effect on tumor cells.

With the increasing understanding of autophagy, novel

therapeutic agents targeting glioma cell autophagy have entered

clinical trials. Chloroquine (CQ) and hydroxychloroquine (HCQ),

known for their anti-malarial properties, have shown potential in

inhibiting autophagy and enhancing the efficacy of DNA damage

therapy. Previous studies investigated combination therapy with

hydroxychloroquine for glioma by conducting phase I/II clinical

trials to determine its efficacy and maximum tolerated dose (MTD).

Despite effectively inhibiting autophagy, the clinical application of

hydroxychloroquine is limited due to its toxicity at higher dosages
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(104). After that, while HCQ has been widely used in the treatment

of malaria (105), primary progressive multiple sclerosis (106), IgA

nephropathy (107), and even COVID-19 (108), it has rarely been

utilized for glioma. However, in 2020, due to the COVID-19

pandemic and the urgent need for new glioma treatments, HCQ

and CQ have regained attention, leading to the emergence of

corresponding clinical trial studies. In a recent study by Inge

Compter et al. , the investigators examined the safety,

pharmacokinetics, and MTD of a combination therapy consisting

of chloroquine, RT, and daily TMZ administration in newly

diagnosed glioblastoma patients. This novel therapeutic approach

holds promise for the treatment of gliomas (109).

Furthermore, due to the gradual advancement of autophagy

research and the rapid progress in bioinformatics in recent years,

numerous studies have progressed to the stage of clinical trials.

Mutations in the epidermal growth factor (EGF) have been

implicated in gliomas’ resistance to conventional chemotherapy

(110). Chloroquine, a potent autophagy inhibitor, impairs this

survival mechanism by blocking the lysosomal degradation

pathways activated by mutated epidermal growth factor receptor

(EGFRvIII). This recently registered clinical study marks a new

frontier in efforts to overcome therapeutic resistance within

gliomas. A pioneering Phase I/II clinical trial, initiated in 2020, is

investigating the combined efficacy of dabrafenib, trametinib, and

hydroxychloroquine in the treatment of recurrent gliomas

characterized by BRAF mutations. This trial specifically focuses

on determining the extent of autophagy inhibition and its

correlation with resistance profiles of gliomas, as well as the

specific involvement of autophagic processes in the context of

BRAF anomalies. Building on preclinical findings, delta-9-

tetrahydrocannabinol and cannabidiol (CBD) have demonstrated

their potential in tempering glioma proliferation and metastasis.

These phytocannabinoids engage type 1 and type 2 cannabinoid

receptors, triggering the endoplasmic reticulum stress response and

subsequently inducing autophagy (111). Last year witnessed the

initiation of a Phase I multicentric clinical trial in Spain dedicated to

assessing the therapeutic safety of this novel combined modality.

Phase I/II clinical trials are currently underway to investigate

sphingoid modulators and the glioma autophagy inducer

idroxioleic acid. These studies aim to determine the MTD of

these drugs, evaluate their safety and initial efficacy, and shed

light on their potential for anti-tumor treatment of glioma (112).

Unfortunately, numerous autophagy-related molecules possess

a wide range of vital physiological roles beyond their established

functions within the autophagic pathway. Autophagy-related genes

(ATGs) exert their influence on various processes, both in healthy

and pathological states, that go beyond their canonical duties as

autophagy facilitators. For example, the ATG5-ATG12/ATG16L1

protein complex has demonstrated antiviral capabilities mediated

by interferon-gamma—actions that differ from its involvement in

autophagy (113, 114). Additionally, ATG7 is one of the core

proteins of autophagy, but the ATG7 dependent non-autophagy

pathway plays a key role in the regulation of neovascularization

(115). While the classical autophagy pathway remains an essential
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aspect of ATG function, the non-autophagic capabilities

demonstrated by these molecules cannot be disregarded. The

multifaceted nature of autophagy-related molecules often

complicates the understanding of their complex physiological

interactions, presenting a significant challenge in unraveling their

roles in clinical trials, which may contribute to suboptimal

outcomes observed. Future research endeavors must adopt a

broader perspective that is not confined to the solitary functions

attributed to autophagy-related molecules. Enhancing our

understanding of their versatile involvement in cell death

regulation and the distinct disease-modulating processes mediated

through autophagy-dependent death pathways in various neoplastic

contexts will be crucial for advancing therapeutics.
3.2 Potential application of anoikis in
glioma targeted therapy

Anoikis, a distinct form of RCD triggered by cell detachment,

holds significant importance in maintaining cellular homeostasis

and microenvironmental stability. Mechanisms that activate

resistance to anoikis hinder the induction of apoptosis in cells

upon tumor initiation, impeding their ability to undergo cell death

when detached. This phenomenon promotes the proliferation and

migration of tumor cells. Consequently, inhibiting resistance to

anoikis and restoring normal anoikis processes emerge as

promising avenues for exploration in tumor research (Figure 3).

Despite the inherent radiation resistance of gliomas, RT

remains a standard treatment in the context of tumor drug

resistance (116). In a study of prostate cancer, Erk and PIK-AKT

signaling enabled isolated tumor cells to acquire resistance related

to anoikis, leading to drug resistance (117). In glioma, the

commonly used alkylating agent TMZ is an essential component

of adjuvant chemotherapy. However, recent research has

demonstrated that astrocytes resistant to anoikis exhibit robust

resistance to TMZ, resulting in minimal reduction in cell viability

and unaffected colony formation (118). These findings suggest a

potential association between induction of anoikis and drug

resistance in glioma.

Considering the potential correlation between anoikis and the

development of drug resistance in RT and chemotherapy, targeted

therapy against anoikis demonstrates promise as an ideal adjunctive

strategy in glioma treatment. Exploring the molecular regulation of

anoikis may provide novel insights into prognostic assessment in

glioma. For instance, a recent study developed a prognostic model for

low-grade glioma (LGG) based on the ANRG and LGG subtypes

(119). Another investigation employed differentially expressed

anoikis-related genes (ARG) derived from GeneCards to construct

a prognostic ARG model for glioma, revealing that patients in the

high-risk group exhibit a worse prognosis (61). These findings

collectively underscore the clinical significance of anoikis in glioma

treatment and prognosis, despite the need for further mechanistic

investigations. Continued research in this area will undoubtedly

contribute to advancements in glioma therapeutics.
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3.3 Potential application of ferroptosis in
glioma targeted therapy

With the increasing understanding of ferroptosis, researchers

have initiated investigations into its potential in tumor therapy.

Multiple studies have demonstrated that specific anti-tumor drugs

can induce ferroptosis, highlighting its potential in glioma treatment.

Recent findings suggest a close association between ferroptosis

and treatment resistance in targeting tumor cells. Viswanathan et al.

demonstrated that the lipid peroxidase pathway, mediated by GPX4

which can partially suppress ferroptosis, regulates the development

of highly resistant mesenchymal cells (120). Another study revealed

that depleting immunosuppressive cells in the tumor

microenvironment can reverse drug resistance through ferroptosis

(121). These findings underscore the potential of ferroptosis as an

effective adjunct therapy against glioma resistance.

Extensive research has been sparked into the potential

induction of ferroptosis in tumor treatment, with several clinically

approved drugs (e.g., sorafenib and artesunate) demonstrated to

effectively induce ferroptosis (122). The integration of

nanomaterials with targeted ferroptosis has garnered significant

attention in the field of tumor treatment research. Nano-based drug

delivery systems offer advantages such as enhanced stability,

improved availability, minimal side effects, and robust targeting

capabilities. Chen et al. developed trehalose-loaded nanoparticles

that combined GSH consumption-induced ferroptosis with

trehalose-induced autophagy, demonstrating the potential of

nanaterial design in developing ferroptosis-induced nanomedicine

(123). While most nanoscale research on ferroptosis has focused on

breast and liver cancer, this approach is expected to become a future
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treatment strategy for glioma. It also demonstrates the importance

of interconnection between different RCD pathways.

The increasing recognition of the significance of ferroptosis in

the tumor microenvironment and its potential as a prognostic

predictor has led to studies investigating its clinical relevance.

Zhuo et al. conducted a study examining genetic markers

associated with ferroptosis and found that these markers could

potentially serve as prognostic indicators for glioma patients (124).

Similarly, Wan RJ et al. identified differential expression of

ferroptosis-related genes between glioma patients and non-

patients, suggesting the possibility of using these genes as a new

standard for prognostic evaluation in the future (125). These

findings highlight the significance of comprehending the role of

ferroptosis in the tumor microenvironment and its potential as a

prognostic marker for glioma patients. Further research is necessary

to validate and expand upon these findings, ultimately advancing

prognostic prediction in glioma.
3.4 Potential application of cuproptosis in
glioma targeted therapy

Perturbations in serum and tumor tissue copper levels have

been observed in patients with malignant tumors such as lung

cancer (126) and breast cancer (127), suggesting alterations in

copper homeostasis that may contribute to tumor progression,

invasiveness, or drug resistance. Although experimental research

on cuproptosis is still in its early stages, it is undeniable that

cuproptosis holds promising potential as a therapeutic target for

tumor treatment.
FIGURE 3

Anoikis resistance mechanism and targeted drugs in glioma. In this image, we elucidate the intricate anoikis-resistance pathways operative in glioma,
along with their consequential clinical implications. Anoikis, which is inherently designed to eliminate impaired cells, is crucial for maintaining cellular
equilibrium within the microenvironment. However, in gliomas, a disrupted resistance to anoikis emerges, enabling cancerous cells to evade this
regulatory process and disrupting the natural course of malignant cell clearance.
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Pertinent findings from several studies have established a

correlation between cuproptosis markers and the prognosis of

glioma. In research conducted by Li Wang and colleagues,

notably elevated expression levels of cuproptosis-related genes

were observed in the high-risk group of glioma patients as

compared to the low-risk group. Moreover, the researchers

developed a risk model grounded on long non-coding RNA

(lncRNA) associated with cuproptosis, which partially reflects its

prognostic significance in glioma (79). However, additional

experimental validation is necessary to corroborate the prognostic

implications of cuproptosis-related genes in this disorder.

In our review of tumors, we have discovered that certain metal

ions, namely cadmium (128), chromium (129), and bismuth (130),

possess carcinogenic properties to some extent (Table 2). Recent

research suggests that their mechanism of action may be closely

linked to ferroptosis, cuproptosis, and autophagy. Ashish Tyagi

et al. conducted mouse experiments and found that chronic

exposure to cadmium consistently activates the NOX1 complex,

leading to the generation of ROS and endoplasmic reticulum (ER)

stress in cells. This activation subsequently results in defective

autophagy (131). In a separate study conducted by Caijun Zhao

et al., it was discovered that cadmium-induced ER stress mediates

the activation of autophagy, which leads to ferroptosis in renal

tubular epithelial cells (128). The potential therapeutic application

of these metal ions in disease treatment is a topic of discussion, for

instance, bismuth has been widely used for the eradication of H.

pylori infection (132). It is important to note that the therapeutic

and side effects of metal ions are often dose-dependent and

influenced by the method of administration. Currently, metal ions
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have not been utilized in tumor therapy, and further research is

necessary to explore their potential in this field.
3.5 Potential application of pyroptosis in
glioma targeted therapy

The relationship between pyroptosis and tumor dynamics,

particularly in glioma, is intricate and multifaceted. On one hand,

as a significant form of RCD, pyroptosis can effectively inhibit tumor

initiation and progression. Conversely, the inflammation and

immune responses triggered by pyroptosis release various

inflammatory mediators and cytokines, such as interleukin-1b and

interleukin-8, whichmight promote tumor growth, modify the tumor

microenvironment, and contribute to drug resistance (133).

Current research endeavors aim to harness pyroptosis to

enhance glioma treatment. For instance, Li-Wen Ren utilized

weighted gene co-expression network analysis (WGCNA) on data

from The Cancer Genome Atlas (TCGA) to identify key genes in

glioblastoma (GBM). Using the connectivity map (CMAP)

platform, three substances—flubendazole, mebendazole, and

fenbendazole—were identified as potential anti-glioma agents.

These compounds were shown to induce pyroptosis in GBM cells

via the NF-kB/NLRP3/GSDMD pathway and also trigger

mitochondria-dependent apoptosis in nude mice models (134). In

another study, Wenpeng Zhao and colleagues conducted high-

throughput screening of 2,718 compounds from approved drug

and clinical compound libraries. They discovered that the second-

generation small molecule polyCDK inhibitor AT7519 holds
TABLE 2 Comparative analysis of metal-mediated RCD pathways.

Metal-
mediated

cell
death

pathway

occurrence mechanism
Induction
pathway

suppressor
pathway

clinical
application value

Ferroptosis (25)
It mediates cell death by participating in intracellular REDOX

reactions and generating ROS.

Iron overload,
oxidative stress, and

abnormal
glutathione
metabolism.

Inhibition of iron
ionophores and
enhancement of

antioxidant system.

Could be a potential
treatment for tumors.

Cupoptosis (27)
It participates in a series of REDOX reactions within the cell,

leading to intracellular oxidative stress that promotes
cellular death.

Imbalance and
oxidative stress in

copper ion
tray system.

Not clear.
Could be a potential
treatment for tumors.

Cadmium-
induced cell
death (128)

Cell death is mediated through various mechanisms, such as
interfering with the REDOX balance, activating the apoptosis
pathway, inducing mitochondrial dysfunction, and causing

DNA damage.

Accumulation of
cadmium ions,
mitochondrial
dysfunction.

Reduce the accumulation
of cadmium ion and

enhance
mitochondrial function.

It may influence cell
apoptosis, promoting or

inhibiting the development
of certain tumors.

Chromium-
induced cell
death (129)

Cell death is mediated by interfering with DNA repair,
activating apoptotic pathways, and inducing oxidative stress.

Chromium ion excess,
oxidative stress.

Not clear.
Could be a new way to

treat tumor.

Bismuth-
induced cell
death (130)

It mediates cell death by inducing oxidative stress, interfering
with mitochondrial function, and triggering apoptosis.

Accumulation of
bismuth ions.

Not clear.
Could be a new way to

treat tumor.
Metal-induced RCD plays a significant role in cellular demise. In this phenomenon, metal ions exert regulatory control over the apoptotic signaling pathway by interacting with crucial
intracellular proteins, ultimately leading to cell death. In the present study, we provide a comprehensive comparison of disparate metal-mediated RCD pathways, focusing on the pathogenesis,
induction, and inhibition of these pathways in tumor cells. Furthermore, we discuss the potential clinical applications associated with these metal-induced RCD pathways.
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promise as a GBM therapy. AT7519 notably inhibited glioma cell

viability and proliferation in a dose-dependent manner and induced

pyroptosis through caspase-3-mediated cleavage of gasdermin E

(GSDME) (135). Meanwhile, Chinese researchers have explored

traditional Chinese medicine formulations, identifying Xihuang Pill

as a noteworthy candidate. This traditional preparation promotes

the pyroptosis of glioma cells via the POU4F1/STAT3 axis and

effectively halts glioma proliferation, although its precise

mechanisms and clinical applicability warrant further

investigation (136). Despite these promising approaches,

translating them into effective clinical treatments faces substantial

challenges. The glioma microenvironment is exceptionally complex

and exhibits significant heterogeneity in treatment response.

Furthermore, researchers must address issues of selectivity, drug

delivery, side effects, and resistance associated with pyroptosis-

inducing agents.

In summary, while pyroptosis offers potential therapeutic

avenues for glioma, extensive research is necessary to overcome

the inherent challenges and fully realize its clinical benefits.
3.6 Potential application of ICD in glioma
targeted therapy

In 1893, American orthopedic surgeon William Coley made a

serendipitous discovery that postoperative pyogenic streptococcal

infections could induce tumor regression in sarcoma patients, thus

marking the dawn of tumor immunotherapy. Over the past decade,

ICD has emerged as a crucial link between oncological treatment

and the immune system, paving the way for numerous

advancements in cancer therapy. Several factors can induce ICD,

including chemotherapeutic agents, oncolytic viruses, high

hydrostatic pressure, and cytotoxic heat shock (31). ICD inducers

can be categorized based on their immune induction mechanisms:

Type I inducers primarily comprise genotoxic agents that lead to

abnormal protein activation and DNA damage, while Type II

inducers are generally more potent, inducing endoplasmic

reticulum oxidative stress, perturbing ER homeostasis, raising

intracellular Ca2+ levels, and rapidly activating danger signal

pathways to expose and release DAMPs (137–139). Consequently,

modulating these factors in cancer therapy might offer new targeted

treatment strategies.

Sonodynamic therapy (SDT) is a novel treatment modality that

integrates low-intensity ultrasound with chemotherapeutic drugs,

boasting high tissue penetration and non-invasive characteristics.

Yan Zhou et al. first identified that TMZ, a standard treatment for

glioma, generates significant reactive oxygen species (ROS) when

exposed to ultrasound. Therefore, employing TMZ as an SDT

sensitizer could enhance glioma treatment efficacy (140).

Subsequent studies have shown that TMZ-based SDT causes ER

expansion, mitochondrial swelling, and initiates the ER stress

response (ERSR), nuclear DNA damage, and mitochondrial

permeability transition pore (mPTP) opening. This process also

induces “danger signals” from glioma cells, promoting the

maturation and activation of bone marrow-derived dendritic cells

(BMDCs) , u l t imate ly reshaping the g l ioma immune
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microenvironment and eliciting robust anti-tumor responses.

Anti-tumor vaccines have recently gained attention in

immunotherapy. These vaccines are created by exposing

autologous dendritic cells to glioma tissue-induced ICD, wherein

the dead glioma cells produced by ICDs activate astrocytoma cells

and DAMPs. Upon administration to patients, the DC-presented

tumor antigens trigger a specific T cell response, targeting residual

astrocytoma cells, thereby reducing tumor recurrence and

extending patient survival (141). Furthermore, genetically

engineered virus technologies are being developed to leverage

ICD, using viral vectors to deliver cytotoxic agents specifically to

tumor tissues, thus inducing ICD and circumventing the blood-

brain barrier’s interference with therapeutic efficacy (142).

Recently, two drugs, lurbinectedin and belantamab mafodotin,

have been validated to drive ICD-mediated tumor treatment and

have received FDA approval for cancer therapy (143–145). Despite

the current fragmented, uncertain, and indirect nature of research

on ICD-based cancer treatments, the promising potential of ICD

underpins its prospective role as a pivotal component in future

cancer therapies, necessitating further investigation.
4 Probing the synergistic impact of
variegated RCD pathways for
oncological treatment strategies

RCD orchestrates a range of physiological and pathological

phenomena, including developmental dynamics, homeostatic

integrity, and immune responses (7). It fundamentally interfaces

with disease pathogenesis and healthcare outcomes. RCD plays a

pivotal role in terminal cellular demise and is intricately linked to

critical pathological episodes such as myocardial infarctions and

neurodegenerative disorders (146–148). Furthermore, aberrations

in RCD signaling cascades are implicated in uncontrolled cellular

proliferation and excessive mass accumulation characteristic of

neoplastic transformation (149). From an interventional

standpoint, ACD is triggered by acute environmental insult, a

phenomenon considered spontaneous and inevitable according to

prevailing research paradigms. Conversely, the processes of RCDs

are regarded as modifiable and potentially therapeutically

manipulable due to their more gradual and controlled nature (150).

In recent decades, with the deepening of research on RCD, people

have gradually explored the potential of various RCD pathways in

treating diseases, especially tumors, using different therapeutic

approaches such as targeted drug therapy, gene therapy, adjuvant

RT, and immunotherapy (151, 152). Despite extensive clinical

scrutiny, the translation of these insights into effective treatments

has been limited due to various obstacles including challenges related

to pharmacokinetics and dynamics, suboptimal trial outcomes, and

safety concerns. A significant obstacle is the profound

interconnectivity and complexity within mammalian RCD

signaling networks; blocking one pathway pharmacologically often

requires simultaneous inhibition of multiple molecular entities and

cascades, thus hindering specificity. Furthermore, despite extensive

research on RCD, the field remains in its early stages, with many
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molecular mechanisms and signaling conduits yet to be elucidated.

Hasty intervention risks disrupting other physiological processes,

raising doubts about the feasibility and prudence of applying RCD

inhibitors in therapeutic contexts. With the emergence of one

difficulty after another, researchers have gradually shifted their

focus to the combination treatment and mutual tandem of RCD,

which has brought new hope for tumor treatment (Figure 4).

RT functions primarily by inducing double-strand DNA breaks,

which subsequently increase the permeability of the mitochondrial

outer membrane (153). This elevation in permeability facilitates the

release of pro-apoptotic proteins, thereby triggering downstream

apoptotic signaling cascades. Accumulating evidence from RT

research has revealed instances of anti-tumor responses in non-

irradiated regions, a phenomenon known as the bystander effect.

Subsequent investigations suggest that this effect may stem from the

activation of anti-tumor T cells and the initiation of specific RCD

mechanisms. These processes facilitate tumor eradication and, on

occasion, may induce systemic bystander effects (154).

Occasionally, radiation may also evoke autophagy-dependent cell

death, serving as a damage control mechanism to eliminate

compromised cells (155). Conversely, TMZ, an alkylating agent,

inflicts DNA damage through alkyl group addition to DNA strands,

culminating in cell death. The DNA damage response (DDR),

particularly involving the p53 pathway, is activated during this
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process and leads to apoptosis. Notably, reports indicate that TMZ

may also induce various forms of RCD, including necrosis,

ferroptosis, and autophagy-dependent cell death (156). By

leveraging these insights into radiation and TMZ-induced cell

death pathways, there is potential to optimize glioblastoma

treatment paradigms, thereby advancing therapeutic efficacy.

Future research endeavors may benefit from unraveling the

collective dynamics among different RCDmodalities. Concurrently,

exploring the propagation of secondary RCD after initial cellular

demise and the signal transduction of damage-associated

molecular patterns (DAMPs) could provide fertile ground for

pharmacological targeting.

In this immediate discourse, we focus on the interplay between

autophagy and ferroptosis, particularly how autophagic

mechanisms modulate the latter in response to external

ferroptotic stimuli. Several studies have proposed the term “iron-

dependent autophagy” to describe ferroptosis as a subset within the

spectrum of autophagy. However, their distinct pathways require

separate consideration; thus, this discourse will analyze their

interrelation separately. Autophagy initiates ferroptosis by

regulating intracellular levels of ROS, LIP, and lipid peroxides

(52). Findings from these studies have primarily revolved around

the xc, GPX4, and FTH systems. The phosphorylation of Beclin-1

by AMPK generates a complex with SLC7A11, thereby inhibiting its
FIGURE 4

The therapeutic prospect of RCD in glioma. This image delineates the multifaceted role of RCD as a dynamic player in oncological treatments,
encompassing gene therapies, precision pharmacotherapy, immune-modulatory strategies, and radiological interventions. Research highlights the
intricate involvement of RCD mechanisms in mediating therapeutic efficacy. Advancing this domain, a synergistic approach that harnesses the
collective force of RCD pathways and seamlessly integrates various treatment modalities holds promise as a novel paradigm in tumor management.
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function as a Cys transporter and stimulating lipid peroxidation

and iron metabolism (157). PNO1-induced autophagy enhances the

synthesis and accumulation of intracellular glutamate, augmenting

system Xc activity and preventing ferroptosis. Moreover, by

preserving redox homeostasis, PNO1-autophagy metabolism

activates system Xc responsible for cysteine synthesis and cell

protection against ferroptosis (158). Owing to its interaction with

distinct autophagy receptors, GPX4 has been demonstrated to be

degraded following treatment with inducers of ferritin deposition or

excessive copper, thereby instigating ferroptosis (159).

Within the contemporary oncological therapeutic landscape,

the strategic coordination of two or more RCD pathways to combat

tumor progression is increasingly evident. Lu01-m, identified as a

natural compound, demonstrates a potential in stymieing prostate

cancer proliferation and dissemination by propelling cells into G2/

M phase arrest accompanied by DNA damage, thereby eliciting

RCD pathways including necroptosis and autophagy (160).

Cisplatin, a stalwart in lung cancer chemotherapy, has been

documented to invoke caspase-3/GSDME-dependent pyroptosis

in neoplastic cells, alongside the induction of ferroptosis through

reduced glutathione levels and compromised glutathione

peroxidase activity (95). Dihydroartemisinin (DHA), an

artemisinin derivative, exerts its anti-tumorigenic effects by

inducing cell cycle standstill and impairing angiogenesis, which

culminates in the ferroptosis and apoptosis of malignant cells (161).

Research by Farhan Basit and colleagues has underscored the role of

BAY 87-2243, an inhibitor of mitochondrial respiratory chain

complex I, in unleashing mitochondrial dysregulation, augmented

ROS accumulation, lipid peroxidation, and reduced glutathione

stores to foster autophagosome formation and propel ferroptotic

cell death in melanoma cells (162). In the context of ovarian cancer,

an investigation by Rongjun Zhang et al. unveiled the DNA-

damaging capabilities of a citrus-derived substance through

upregulation of poly (ADP-ribose) polymerase in a dose-

dependent manner, which subsequently instigates autophagy and

apoptosis. This substance also precipitates mitochondrial
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membrane potential diminution and ROS generation, facilitating

pyroptotic cell demise (163).

The combined RCD effect has demonstrated utility in

overcoming tumor resistance. Clinically, the concomitant use of

resveratrol (RSV) with docetaxel (DTX) has been observed to

suppress Bcl-2, amplify apoptosis, and necroptosis, thereby

mitigating the drug resistance often associated with DTX

monotherapy and elevating therapeutic efficacy (164). In the

realm of triple-negative breast cancer, the combination of

cetuximab with miR-155-5p antagonists can induce an increase in

EGFR levels, promoting apoptosis and pyroptosis in breast cancer

cells through the upregulation of GSDME-N and cleaved caspase-1,

opening new possibilities for treatment (165).

While these insights predominantly derive from non-glioma

malignancies potentially confined by the blood-brain barrier,

similar therapeutic principles have been identified in glioma

(Table 3). Yucheng Liu and colleagues have detailed an apoptotic

regulatory cascade that starts with autophagy inhibition leading to

mitochondrial turnover disruption, ROS amplification, DNA

injury, p53 trans-activation, and culminating in apoptosis. Such

suppression of autophagy propelled by TRPML1 modulation

significantly hinders glioma cell proliferation. An ongoing clinical

trial is investigating the synergistic impact of Haloperidol Tablets

(HP) in conjunction with TMZ. TMZ has been reported to increase

dopamine D2 receptor (DRD2) expression, which can cause

chemotherapy resistance. As a DRD2 antagonist, Haloperidol

mitigates this mechanism and enhances GBM’s susceptibility to

TMZ by inducing pathways of autophagy and ferroptosis (166).

In summary, the mechanisms and functions of individual RCD

pathways have been relatively well studied and understood, and

inhibitors for these pathways have been discovered and applied

(Table 4). However, the common mechanisms and interactions

among all RCD pathways have not yet been fully elucidated. This is

mainly because research in these areas is still in its early stages and is

constantly evolving, encompassing a range of processes from

unique molecular signals to biological processes. Despite these
TABLE 3 List the RCD pathway inhibitors or inducers that have been approved/are undergoing clinical trials.

Targeted
Drug

The main regulatory mechanism Progress
Clinical
Trial ID

Venetoclax Inhibit BCL-2 and promote cell apoptosis.
It has been approved by the FDA and Venetoclax is primarily used for

blood system malignant tumors, but its evaluation in gliomas is
also underway.

/

Navitoclax
Inhibiting both BCL-2 and BCL-XL enhances cell

apoptosis response.
Inhibiting both BCL-2 and BCL-XL enhances apoptotic response. NCT03181126

Erastin Inhibiting ferroptosis pathway
The potential therapeutic effects of ferroptosis inhibitors for GBM,
which are resistant to traditional treatments, are being studied.

Not provide

Chloroquine
Inhibiting the autophagy process causes cells to

accumulate toxic substances, leading to autophagy-
dependent cell death.

The efficacy of chloroquine combined with TMZ and/or other
therapeutic drugs for glioblastoma is being evaluated.

NCT02378532

Caspase Activators
Activate the calreticulin-dependent cytosolic pathway

of necroptosis.
These drugs are designed to increase the death of tumor cells by

inducing pyroptosis.
NCT02103335

Fluphenazine and
TMZ

Combined Therapy

Induces autophagy-dependent cell death
and ferroptosis.

The DRD2 antagonist haloperidol can weaken the function of DRD2
and increase the sensitivity of GBM to TMZ by inducing lethal

autophagy and ferroptosis.
NCT06218524
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challenges, our discussion has revealed potential commonalities

among these RCD pathways, suggesting promising directions for

future research. Our hope is that these exploratory pathways will

bring about key advancements in the field of tumor targeted drug

therapy (Figure 5).
5 Conclusion and future perspectives

Currently, in glioma investigations, there is a primary emphasis

on either enhancing or impeding the autophagy cascade for

autophagy-dependent cell death. While ferroptosis studies have

not gained as much prominence as in other tumor types, a subset

has advanced to clinical evaluation. However, research into the

modalities of cuproptosis and anoikis remains relatively scarce, with

the majority confined to preliminary bioinformatics analyses.

Although different forms of RCD pathways may appear distinct,

there is a close connection among them. Therefore, comprehensively

studying and applying multiple mechanisms could potentially

become a means of targeted therapy for glioma in the future.

By regulating autophagic processes, there is potential to

improve therapeutic outcomes for glioma. Current studies mainly

focus on related genes, pathways, and adhesion molecules; however,
TABLE 4 A summary of small molecule inhibitors targeting key
components of RCD.

Inhibitor Process
of inhibition

Illustrate

Bcl-2
family inhibitors

Apoptosis ABT-199(Venetoclax)

Caspase inhibitor Apoptosis Z-VAD-FMK

RIPK1 inhibitor Necroptosis Necrostatin-1(Nec-1)

RIPK3 inhibitor Necroptosis GSK’872

Caspase-1 inhibitor Pyroptosis VX-765

Gasdermin
D inhibitor

Pyroptosis Under research

PI3K/mTOR inhibitor Autophagy Rapamycin

VPS34 inhibitor Autophagy 3-Methyladenine
(3-MA)

Iron chelating agent Ferroptosis Deferoxamine (DFO)

Copper
chelating agent

Cuproptosis D-Penicillamine

HSP90 inhibitor Anoikis NVP-AUY922

PARP inhibitor ICD Olaparib
FIGURE 5

Explores potential commonalities among diverse RCD pathways. The intricate nature of RCD mechanisms remains an active area of investigation,
with each pathway governed by distinct molecular signals and biological processes. As such, the full scope of autophagy-dependent cell death,
ferroptosis, cuproptosis, anoikis, pyroptosis and immunogenic cell death remains to be elucidated. Nevertheless, certain fundamental characteristics
might be common across these mechanisms, which include: Cellular stress response, encompassing the adaptation of proteins, lipids, DNA, and
organellar structures to various forms of injury. ROS generation, where an excess can impair lipids, proteins, and DNA, hence functioning as a
ubiquitous harbinger of cellular demise. Organelle dynamics involving mitochondria, lysosomes, and the endoplasmic reticulum that may engage in
a coordinated response. Convergence of key molecular pathways, such as those involving tumor suppressor P53, the Bcl-2 protein family, and
caspases. Perturbations in protein and lipid metabolism, which are increasingly recognized as contributors to RCD.
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there are evident limitations due to the specific nature and location

of glioma. In the future, drawing upon research strategies from

other tumors and proposing relevant studies on anoikis and glioma

could provide valuable insights for analyzing and modulating the

tumor microenvironment of gliomas. Considering the

accumulation and abnormal distribution of metal ions in glioma

therapy, understanding the mechanisms of ferroptosis and

cuproptosis holds significant therapeutic potential. Future studies

could investigate the underlying mechanisms behind the abnormal

accumulation of iron and copper ions in glioma cells, which would

involve developing novel therapeutic strategies targeting these metal

ions to regulate apoptosis, as well as evaluating their clinical efficacy

and safety.

The continuous advancement of artificial intelligence has led to

the increasing utilization of deep learning in the diagnosis, grading,

typing, and prognosis prediction of gliomas. Lei Jin et al. employed

deep learning techniques on slide images and molecular markers

stained with hematoxylin and eosin to classify gliomas, achieving an

accuracy rate of 86.5% at the slide level and 87.5% at the patient

level (167). In a separate investigation, Chenhua Luo et al. extracted

512 histopathological features from HE stained slides and

constructed a deep learning model based on histological images

to forecast glioma recurrence and patients’ survival (168).

Currently, there are four commonly used methods for detecting

RCD: histopathological examination, immunohistochemical

staining, Terminal deoxynucleotidyl transferase dUTP Nick End

Labeling (TUNEL), and Annexin V/PI staining. Among these

methods, one of the most prevalent approaches is to stain and

microscopically observe biopsy or surgical excision tissue specimens

in order to detect changes in cell morphology (169). In the future,

the utilization of machine learning and deep learning algorithms to

analyze vast medical image datasets, combined with artificial

intelligence’s capability to identify and extract features associated

with RCD, may present a viable method for predicting glioma cell

apoptosis. Integrating such a method into the diagnosis and

prognosis of gliomas holds the potential to significantly improve

treatment outcomes for glioma patients.

Over the years, the concept of RCD has been proposed and

extensively studied. However, current research primarily focuses on

analyzing and constructing clinical prediction models through

bioinformatics, which has its limitations. Relying solely on large-

scale data analysis and statistical methods for research may lead to

data overfitting where the model becomes overly complex and fails

to accurately fit new data. Furthermore, these models are

constructed based on predetermined assumptions as well as

patterns derived from existing data, which may potentially

overlook other essential factors and underlying mechanisms.

Moreover, observations and reasoning that solely rely on

population statistics often disregard individual differences and

heterogeneity, thereby impeding the adoption of precision

therapy. Although bioinformatics tools along with predictive

models offer great potential in medical research and clinical
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practice, it is vital to recognize their limitations. It is necessary to

make efforts towards addressing these limitations while optimizing

the utilization of such models. In future advancements within this

field, emphasis should be placed on conducting large-scale clinical

trials as well as practical applications to assess and refine both the

validity and reliability of said predictive models.
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Ceftazidime/avibactam
combined with colistimethate
sodium successfully cures
carbapenem-resistant
Pseudomonas aeruginosa-
induced brain abscess in a child
post-craniotomy: a case report
Minglu Yuan1, Miao Zong2, Cong Ren2, Wenjing Zong3*†

and Zhongdong Li1*†

1Department of Pharmacy, Beijing Electric Power Hospital of State Grid Co. of China, Capital Medical
University Electric Teaching Hospital, Beijing, China, 2Department of Neurosurgery, Beijing Electric
Power Hospital of State Grid Co. of China, Capital Medical University Electric Teaching Hospital,
Beijing, China, 3Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences,
Beijing, China
The treatment of brain abscess induced by carbapenem-resistant Pseudomonas

aeruginosa (CRPA) is a clinical challenge around the world. Apart from novel b-
lactam/b-lactamase inhibitors and polymyxins, there are few sufficiently

powerful antibiotics that are effective against CRPA-induced infections.

Considering the blood-brain barrier factor, there are even fewer drugs that can

be used to treat intracranial CRPA-induced infections. In this article, we reported

a case of CRPA-induced brain abscess that was successfully treated with

intravenous ceftazidime/avibactam and intrathecal colistimethate sodium in a

child after intracranial tumor resection.
KEYWORDS

brain abscess, central nervous system infections, carbapenem-resistant pseudomonas
aeruginosa, ceftazidime/avibactam, colistimethate sodium
1 Introduction

Brain abscess is a serious postoperative complication after neurosurgical craniectomy,

which usually leads to prolonged hospitalization and higher mortality rates. Although the

incidence is only 0.17% (1), once a brain abscess has formed, more than 60% of patients

need secondary craniectomy due to the limited availability of effective antibiotics (2). Brain

abscesses are mainly caused by Gram-positive cocci, but 20% are due to Gram-negative
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bacilli (2, 3). Pseudomonas aeruginosa (PA), which is highly virulent

and invasive, is one such Gram-negative bacillus. The risk factors

for PA-induced central nervous system infections (CNSI) include

craniocerebral trauma, otorhinolaryngology-head and neck surgery,

cerebrospinal fluid (CSF) leakage or ventricular drainage,

implantation of invasive catheter, spreading of ear or sinus

infections, immune deficiency, and chemotherapy. If CNSI is

caused by CRPA, clinical treatment is extremely difficult.

Traditional antibiotics with anti-PA activity include piperacillin/

tazobactam, cefoperazone/sulbactam, ceftazidime, aztreonam,

quinolones (ciprofloxacin, levofloxacin), aminoglycosides

(gentamicin, amikacin), and carbapenems (meropenem, imipenem).

If CRPA is susceptible to these conventional antibiotics, it should be

treated with them in the first instance. However, if these drugs do not

effectively control the CRPA-induced infection or the infection is

severe, a novel b-lactam/b-lactamase inhibitor can be used, such as

ceftolozane/tazobactam, ceftazidime/avibactam, imipenem-cilastatin/

relebactam, meropenem/vaborbactam, or polymyxins combined with

other conventional sensitive drugs (4). In addition, some studies

reported that a combination of antibiotics with glucocorticoids or

vitamin C could effectively reduce the brain abscess area by

modulating glucocorticoid receptor and toll-like receptor-2

expression, glucocorticoids or vitamin C can be considered as an

adjuvant therapy (5–7). Because polymyxins such as colistimethate

sodium (CMS) barely penetrate the blood-brain barrier (BBB), CMS

has been approved for ventricular/intrathecal administration to treat

CRPA-induced intracranial infections. In addition, among these novel

b-lactam/b-lactamase inhibitors, only ceftazidime/avibactam, an

excellent antimicrobial drug against most carbapenem-resistant

Enterobacteriaceae (CRE), including CRPA (8), has been approved

for clinical application in China. Some studies have reported that

ceftazidime/avibactam is able to penetrate the BBB to treat intracranial

infections, but the degree of penetration into the brain abscess is still

unknown. Currently, intravenous ceftazidime/avibactam combined

with intrathecal CMS, or intravenous or intrathecal amikacin, or

intravenous fosfomycin have been reported to successfully treat

CRPA-induced meningitis or ventriculitis (8–13), but the use of

these drugs for treatment of CRPA-induced brain abscess has not

yet been reported. In this article, we presented the first case of a child

with CRPA-induced brain abscess after intracranial tumor resection

that has been successfully cured by intravenous ceftazidime/avibactam

combined with intrathecal CMS. We have also reviewed the literature

to provide new ideas and experience to inform clinical

pharmacological therapy of CRPA-induced brain abscess.
2 Case report

The male patient was 14-years-old, 168 cm tall, and weighed 55

kg. He had complained of intermittent headaches and vomiting

since September 2023. A ventricular tumor was identified by

enhanced magnetic resonance imaging (MRI) and the patient

underwent ventricular tumor resection by ventriculoscope at

another tertiary care hospital on October 4th 2023. The
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pathological type of the tumor was subventricular giant cell

astrocytoma. The patient developed positive cervical resistance

immediately after surgery, with a maximum body temperature of

39°C. He was treated by intermittent lumbar puncture and a

combined regimen of linezolid and meropenem for 20 days.

Unfortunately, the treatment had little success. Therefore, the

patient was transferred to our hospital for further treatment.

On day 1, he had a body temperature of 39°C with nuchal

rigidity. He underwent lumbar cistern drainage, which drained-out

turbid orange CSF. Routine and biochemical examination of the CSF

showed a positive Pandy test with a leukocyte count of 192/mm3

(normal range: 0-8/mm3), microprotein 273 mg/dL (normal range: 0-

40 mg/dL), chloride 118.6 mmol/L (normal range: 120-132 mmol/L),

and glucose 2.64 mmol/L (normal range: 2.5-4.4 mmol/L). A

computed tomography (CT) scan of the head showed slight

hyperdensity along the surgical path. Vancomycin (20 mg, qd,

intrathecal) combined with meropenem (2 g, q8h, intravenous) was

used empirically. On day 4, the child remained intermittently febrile

with a maximum body temperature of 40°C. Accordingly, the CSF

was sampled for bacterial culture and drug susceptibility testing.

On day 5, the patient had a sudden convulsion of the limbs with

loss of consciousness and an upward gaze, which was diagnosed as

an epileptic seizure. The seizure was not alleviated by intravenous

phenobarbital and valproate, but was eventually controlled by

continuous intravenous pumping of midazolam. An urgent

routine blood examination found a leukocyte count of 13.9 × 109/

L and the neutrophil ratio was 85.4%. Routine CSF and biochemical

examination showed a positive Pandy test, leukocyte count

increased to 510/mm3, microprotein increased to 282 mg/dL,

glucose increased to 5.8 mmol/L, and normal chloride (121.8

mmol/L). A head CT scan showed a round cystic-solid lesion in

the operative area, with the interior of the lesion being hypointense

and the surrounding solid cystic wall being hyperintense. The brain

tissue around the lesion was evidently edematous (Figure 1).

Enhanced MRI of the head showed significant enhancement of all

brain parenchyma along the surgical path, and the lesion localized

in the surgical area formed a complete cystic wall, which exhibited

significant central enhancement (Figure 2). Consequently, the child

was diagnosed with a brain abscess according to the CT and MRI

data. Metagenomic next generation sequencing identified PA. On

day 6, analysis of CSF cultures indicated that the pathogen was

CRPA (the antimicrobial susceptibility data, which was determined

by agar dilution, are shown in Table 1). A clinical pharmacist

participated in the treatment and suggested adjusting the regimen

to intravenous ceftazidime/avibactam (2.5 g, q8h) combined with

intrathecal CMS (125,000 U, qd).

On day 9, after treatment with the new regimen for 3 days, the

child’s body temperature and routine blood results returned to

normal, but cervical resistance remained positive. The CSF was pale

yellow and the Pandy test was weakly positive. The CSF leukocyte

count was reduced to 284/mm3, microprotein was reduced to 143 mg/

dL, glucose to 2.58 mmol/L, while chloride remained normal at 124.4

mmol/L. The head CT showed that the lesion was smaller and there

was reduced edema in the surrounding brain tissue. All of these results

suggested that the regimen exerted therapeutic effectiveness.
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On day 20, after treatment with the new regimen for 14 days,

the patient’s body temperature and routine blood results remained

normal, with negative cervical resistance. The CSF was colorless and

clear, and the Pandy test was negative. The CSF leukocyte count

decreased to 54/mm3, microprotein reduced to 56 mg/dL, while

chloride (125.6 mmol/L) and glucose (2.61 mmol/L) were

unchanged. A head CT and enhanced MRI showed that the

abscess cavity had disappeared (Figures 3, 4). According to these

results, the therapeutic regimen was terminated and the lumbar

drainage tube was removed. Two days later, the child underwent

lumbar puncture again and the CSF examination showed a further

reduction of leukocyte count to 28/mm3, microprotein was 57 mg/

dL, while chloride (126.6 mmol/L) and glucose (3.16 mmol/L)

remained normal. Ultimately the child was successfully cured and

discharged from the hospital. A summary of the clinical treatment

process is shown in Figure 5.
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3 Discussion

Brain abscess is a focal suppurative inflammation of brain tissue

with a distinct wall that is associated with a high rate of lethality and

disability. Because of the high risk of death in patients with intracranial

CRPA-induced infections, the World Health Organization has

classified CRPA as a strain that urgently needs new antibiotic

treatment as well as innovative and effective therapies (14).

Because there are few reports on CRPA-induced CNSI, the optimal

antimicrobial regimen remains unclear. In the present case, the results

of antimicrobial sensitivity screening showed that the pathogen was not

only resistant to conventional b-lactam/b-lactamase inhibitors

(piperacillin/tazobactam, cefoperazone/sulbactam), quinolones and

aminoglycosides, but also resistant to imipenem and meropenem

(Table 1). The carbapenem-resistance mechanisms of PA are

complex, but one is its ability to produce multifarious b-lactamases,
FIGURE 2

Results of MRI before the new therapeutic regimen. T2 scanning showed that the T2 signal from the interior of the lesion was long, while that from
the surrounding cystic wall was short. Enhanced MRI scanning showed significant enhancement along the surgical path. The lesion localized in the
surgical area formed a complete cystic wall and was significantly enhanced.
FIGURE 1

CT scanning before the new therapeutic regimen showed a round cystic-solid lesion in the operative area, with the interior of the lesion being
hypointense and the surrounding solid cystic wall being hyperintense. The brain tissue around the lesion was evidently edematous.
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including extended-spectrum b-lactamases (ESBLs), AmpC b-
lactamases, carbapenemases such as Klebsiella pneumoniae

carbapenemase (KPC), and oxacillinase-48-like (OXA-48)

carbapenemases (15). Avibactam, a novel semisynthetic b-lactamase

inhibitor, inhibits the above enzymes to restore the efficacy of

ceftazidime against CRE (16). Globally, the susceptibility of CRPA to

ceftazidime/avibactam is above 60% (17). Currently, ceftazidime/

avibactam has been approved by the US Food and Drug

Administration for the treatment of hospital-acquired pneumonia,

complicated abdominal infections, complicated urinary tract

infections, and associated bacteremia caused by CRE, including

CRPA. There are, however, limited clinical data available on the

treatment of CRPA-induced CNSI with ceftazidime/avibactam.

To investigate the clinical therapeutic effects of ceftazidime/

avibactam against PA-induced CNSI, we conducted a comprehensive
Frontiers in Oncology 04145
review of literature in the PubMed, Medline, and Web of Science

databases from their inception to January 2024 for all case reports and

series reports on CNSI caused by PA. The search keywords were:

Pseudomonas aeruginosa, brain abscess, meningitis, ventriculitis,

central nervous system infection, and ceftazidime/avibactam. Only

seven reports were found that covered the use of ceftazidime/

avibactam to treat PA-associated CNSI, among which the pathogens

in six cases were CRPA. In one case, drug resistance of the pathogen

was not described (Table 2).

We found from the seven reports that: (1) the medication

regimens were ceftazidime/avibactam combined with another

drug, including intrathecal CMS, intravenous or intrathecal

aminoglycosides, and intravenous fosfomycin; and (2) the

ceftazidime/avibactam concentration in CSF from one case

suggested that a standard dose (2.5 g, q8h) could achieve effective

therapeutic concentrations (ceftazidime: 21-29 µg/mL, avibactam:

1.42-2.44 µg/mL) (8). Previous studies have demonstrated that

ceftazidime effectively penetrated into inflammatory CSF (18),

whereas the ability of avibactam to cross the BBB requires further

investigation. Yasmin M (8) used astandard dose of ceftazidime/

avibactam to treat a patient with CRPA-induced ventriculitis and

found that the steady-state concentration ratio of avibactam in CSF

compared to serum was in the range of 20% to 38%, which is

consistent with that observed in a rabbit meningitis model (19). The

percentage of the dosing interval during which ceftazidime/

avibactam free drug concentration was above the MIC (% fT >

MIC) reached 50% (12). Gatti M reported that if the dose of

ceftazidime/avibactam was increased to 2.5 g q6h, the % fT >

MIC increased to 100% (9). These results indicate that

ceftazidime/avibactam can reach an effective therapeutic

concentration for treating CRPA-induced infections in CSF. As

drug concentration in brain abscesses is difficult to measure in

clinical practice, the drug concentration in CSF is used as a
TABLE 1 Antimicrobial susceptibility data.

Antibiotics MIC (mg/L) Susceptibility

Amikacin ≥64 resistant

Piperacillin/Tazobactam ≥128 resistant

Imipenem ≥8 resistant

Levofloxacin ≥8 resistant

Ceftazidime 32 resistant

Tobramycin 8 resistant

Ciprofloxacin 2 resistant

Cefepime ≥32 resistant

Meropenem ≥8 resistant

Cefoperazone/Sulbactam ≥64 resistant
FIGURE 3

CT scanning results after treatment with the new regimen for 14 days showed that the abscess had disappeared and that there was little edema in
the surrounding brain tissue.
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surrogate in the clinic based on the assumption that drugs in CSF

can permeate through the brain abscess by continuous exchange

with interstitial fluid. However, this exchange between CSF and

interstitial fluid barely reaches an equilibrium state (20).

Unfortunately, there are no studies on whether an effective

therapeutic concentration of ceftazidime/avibactam can be

achieved in brain abscesses. Considering that the location of the

infected lesion in this patient was deep within the brain

parenchyma, we selected ceftazidime/avibactam combined with

polymyxins such as CMS to achieve an optimal therapeutic effect.

Polymyxins are antibiotics having cationic cyclic peptide structures

that have strong affinity for lipid A of the bacterial extracellular

membrane. They are able to competitively replace magnesium and

calcium ions of lipopolysaccharide to increase permeability of the

bacterial extracellular membrane, resulting in leakage of the cellular

contents, and thus exert bactericidal effects (21). Accordingly,

polymyxins have excellent antimicrobial activity against most

carbapenem-resistant gram-negative bacilli, including CRPA.

However, the low penetration of intravenous polymyxins into CSF

does not provide an effective bactericidal concentration at conventional

doses, and high intravenous doses of polymyxins carry a risk of renal

damage (22). The Infectious Disease Society of America recommended
Frontiers in Oncology 05146
ventricular/intrathecal administration of polymyxins to treat

intracranial infection, so that polymyxins in the CSF can diffuse and

penetrate into the brain abscess and exert their antibacterial effect (20,

23). Currently, polymyxins used in the clinic include CMS, polymyxin

B and polymyxin E. Only CMS has been approved for ventricular/

intrathecal administration. Because the child patient in this case only

underwent lumbar puncture drainage, we adopted intrathecal injection

of CMS to treat CRPA-induced intracranial infection.

CMS can remove lipopolysaccharide from the bacterial outer

membrane, which facilitates binding of ceftazidime/avibactam to

penicillin-binding proteins to inhibit synthesis of bacterial cell wall,

thus exerting a synergistic antibacterial effect. Based on the above

analysis, we adopted a therapeutic regimen of intravenous

ceftazidime/avibactam combined with intrathecal CMS. After 14

days of this combined regimen, the patient’s brain abscess had

disappeared and the results of routine CSF and biochemical tests

were essentially normal. Ultimately, he was discharged from the

hospital successfully without any adverse drug reactions. The

difference between our case and other reported cases was that the

brain abscess in our case had formed after severe CNSI. Enhanced

head MRI showed that the abscess was completely encapsulated.

Generally, under these circumstances, surgical abscess resection is
FIGURE 5

A summary of the clinical treatment process.
FIGURE 4

Enhanced MRI scanning after treatment with the new regimen for 14 days showed that the abscess had disappeared, with little enhancement along
the surgical path.
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TABLE 2 Summary of cases of ceftazidime/avibactam in the treatment of Pseudomonas aeruginosa-induced CNSI.
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required. However, our protocol of intravenous ceftazidime/

avibactam combined with intrathecal CMS effectively cured the

brain abscess, which avoided the pain of a second craniotomy for

the child patient. Therefore, the therapeutic regimen in our case

provided a novel therapeutic approach for the treatment of CRPA-

induced brain abscess. Recent findings suggested that attenuating

cytokine-induced microglial activation, for instance, Th1 and Th17

cytokines in Gram-positive cocci-induced and Th2 cytokine in

Gram-negative bacilli-induced CNSI, may contribute to a

reduction of the brain abscess and promote the restoration of

neurological function (24, 25). The major limitation of this case

was that our present study was predominantly focused on the

pharmacological rationale behind the bactericidal effectiveness of

antibiotics at the lesion site, with no investigation into the possible

efficacy in neuroendocrine-immune interaction, which can be

undertaken in future research.

In conclusion, according to the experience from our present

case, we believe that intravenous ceftazidime/avibactam combined

with intrathecal CMS may be an effective therapeutic regimen to

treat CRPA-induced CNSI, which is worthy of clinical reference.
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cranial nerve
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We report a case of neurocytoma originating from cranial nerve V. A 53-year-old

female patient presented with a 20-day history of right frontotemporal facial

paresthesia and pain. Magnetic resonance imaging (MRI) showed a 2.5-cm ×

1.4-cm “dumbbell” enhancing lesion located in the cisternal segment of cranial

nerve V with extension into Meckel’s cave, and the signal characteristics were

suggestive of trigeminal neurinoma. The lesion was resected through a

subtemporal middle cranial fossa approach. Intraoperative findings revealed that

the tumor originated from the cisternal segment of cranial nerve V and extended

into Meckel’s cave through the trigeminal foramen. No dural attachment was

found. The tumor was debulked using sharp dissection and bipolar cautery under

the microscope. Extraventricular neurocytomas (EVNs) are extremely rare tumors

of the central nervous system. To date, only two cases of neurocytomas arising

from cranial nerve VIII have been described. This paper summarizes the

clinicopathological features of a case of neurocytoma originating from the

cisternal segment of cranial nerve V with extension into Meckel’s cave and

expounds the relevant diagnoses and treatments, which may provide a practical

clinical basis and experience for the diagnosis and treatment of EVN in the future.
KEYWORDS

extraventricular neurocytoma, trigeminal nerve, immunohistochemistry, origin and
pathological basis, case report
1 Introduction

Neurocytoma is a rare neoplasm of the central nervous system (CNS) and shows a

propensity to occur within the lateral ventricles, known as central neurocytoma (CN). In

contrast, neurocytoma arising outside the ventricles, known as extraventricular neurocytoma

(EVN), is an extremely rare neuronal neoplasm that has not been well-characterized (1). In

1989, Ferrol et al. (2) reported a case of extraventricular tumor. Gangaspero et al. (3) frist

proposed the concept of EVN in 1997. The incidence rate of EVN is about 0.13%, and only

more than 100 cases have been described to date. As reported, EVNs occur in heterogeneous
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locations, most commonly in the cerebral hemisphere (particularly the

frontal and temporal lobes), but also in the thalamus, sellar region,

cerebellar hemispheres, brainstem, and rarely in an extracranial

locations of the spinal cord and cranial nerves (4). So far, only two

cases of EVNs arising from the VIII cranial nerve have been described

(5, 6). The present study is the first to report a case of trigeminal

neurocytoma due to the rare involvement of cranial nerves by EVNs.
2 Case report

A 53-year-old female patient presented to our neurosurgery

department in June 2022 due to due to a 20-day history of right

frontotemporal facial paresthesia and knifelike pain, accompanied by

right facial twitching. The hearing test showed no abnormality.

Magnetic resonance imaging (MRI) showed a 2.5 × 1.4-cm

“dumbbell” enhancing lesion located in the cisternal segment of

cranial nerve V and protruding into Meckel’s cave; the signal

characteristics were suggestive of a trigeminal neurinoma (Figure 1).

The Gd-DTPA-enhanced MRI revealed clear margins and substantial
Frontiers in Oncology 02151
enhancement of the mass. The lesion was excised through the

subtemporal middle cranial fossa approach, and the tumor can be

completely exposed in the surgical field after grinding off the tip of the

petrous bone. During the operation, the tumor was found to be cystic

and solid, with soft texture and clear boundary with the Meckel’s cave,

and it grew through the trigeminal foramen and extended into the

Meckel’s cave. After opening the cerebellar tentorium, it could be seen

that the tumor originated from the trigeminal nerve cistern segment.

After cutting open the tumor capsule, it was found that the tumor

tissue presented grayish white and lacked abundant blood supply. A

portion of tumor was debulked using sharp dissection and bipolar

cautery under the microscope, thereby exposing the trigeminal nerve

and stripping the tumor along the nerve root, and completely removing

the tumor tissue in Meckel’s cave (Figure 2).

Pathological Findings. Histological examination revealed that the

tumor cells were diffusely distributed in the form of sheets. The size of

tumor cells was relatively uniform. The nuclei were oval to round and

the cytoplasm was lightly stained, with rare mitotic Figures. The cells

exhibited positive immunostaining for synaptophysin and NeuN

(Figure 3). Additionally, the cells were strongly positive for CD56
FIGURE 1

Magnetic resonance imaging (MRI) of the patient showed an enhancing lesion in the cisternal segment of the trigeminal nerve that protruded into
Meckel’s cavity. The lesions showed hypointense on T1-WI (A, B) and hyperintense on T2-WI (C, D). (E, F) Gd-enhanced MRI showed a well-
circumscribed dumbbell-like mass.
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and INI-1, and partially positive for CD99 and vimentin, while

negative for EMA, S-100 protein, GFAP, SOX10, LCA, NSE, CgA,

olig-2, and Brachyury. The Ki-67 index was high (> 5%).

Treatment and Follow-up. Postoperative MRI showed that the

tumor was resected. The patient recovered well postoperatively and did

not require adjuvant therapy. One month postoperatively, facial

knifelike pain and hemifacial spasm were improved significantly and

there were no signs of tumor recurrence. One year after surgery, the

patient underwent a follow-up examination and found improvement in

facial sensation. MRI did not reveal any signs of tumor

recurrence (Figure 4).
Frontiers in Oncology 03152
3 Discussion

CNs usually involve the lateral ventricles and septum

pellucidum near the foramina of Monro. EVNs that occur in the

brain parenchyma outside the ventricular system are rare (1),

affecting almost 0.022 per 100,000 people (7). As reported, EVNs

may appear in heterogeneous locations, including the cerebral

lobes, sellar region, cerebellum, pons, brainstem, thalamus,

hypothalamus, amygdala, basal ganglia, spinal cord, cauda equina,

retina, pelvis, and ovaries (8). To date, merely two cases of EVNs

arising from the cranial nerves have been reported, both originated
FIGURE 2

(A) Intraoperative exploration revealed intact tumor capsule and no adhesion to the dura mater. (B) Cut open the tumor capsule, the tumor texture is
soft and gray white in color. (C) After removing a portion of the tumor tissue, expose the trigeminal nerve and strip the remaining tumor tissue along
the nerve root. (D) The tumor grows through the trigeminal foramen and extends into Meckel’s cave. (E) Clear boundary between tumor and
surrounding brain tissue, complete resection of tumors within Meckel’s cave. (F) After tumor resection, nerve protection was intact, and
intraoperative exploration confirmed the origin of the EVN in the V cranial nerve.
FIGURE 3

(A) Tumor cells were diffusely distributed in sheets, the size of the tumor cells was relatively uniform, the nuclei were oval to round, the cytoplasm was
lightly stained, and mitotic figures were rare (hematoxylin and eosin, ×100). (B) Tumor cells express NEUN positive (original magnification, ×200).
(C) Immunohistochemical stain for synaptophysin showing diffuse, strong reactivity in tumor cells (original magnification, ×200).
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from cranial nerve VIII (5, 6). In our patient, the tumor originated

from the cisternal segment of cranial nerve V and extended through

the trigeminal foramen into Meckel’s cave. To our knowledge,

this is the first reported case of EVN originating from the

trigeminal nerve.

Since EVNs occur in heterogeneous locations and their

symptoms depend on the mass effect of lesions on surrounding

tissues. Due to the absence of characteristic imaging features, EVNs

are difficult to be differentiated from other intracranial tumors on

imaging (4, 9). Our patient presented with right frontotemporal

paresthesia and pain. Her MRI showed a dumbbell-enhancing

lesion located in the cisternal segment of cranial nerve V and

projecting into Meckel’s cave, similar to the findings of trigeminal

neuroma. Histologically, CNs and EVNs typically show uniform,

small, and round cells with clear cytoplasm in a background of

nerve fibers (8), which is consistent with the microscopic

observations in our case. Synaptophysin is the most reliable

immunohistochemical marker of CNs and EVNs because of its

strong immunoreactivity in nerve cells (10). Moreover, CNs and

EVNs also frequently exhibit immunoreactivity to NeuN and

neuron-specific enolase (11). In our case, the tumor was positive

for synaptophysin and NeuN. Additionally, the tumor cells were

strongly positive for CD56 and INI-1, and partially positive for

CD99 and vimentin. At present, surgical resection remains the

mainstay treatment of CNs and EVNs. Although gross total

resection (GTR) is the preferred surgical option, subtotal

resection and radiotherapy are sometimes necessary considering

the proximity of the tumors to functionally important areas (12). In

our case, the intraoperative findings revealed that the tumor was

covered by capsules with sharp margins. The tumor was excised
Frontiers in Oncology 04153
during the surgery. Although the Ki67 index was greater than 5%,

we did not administer radiotherapy. The patient is on regular

follow-up.

The origin of CNs and EVNs has not been clarified yet.

Previously, CNs were considered to be purely neuronal tumors;

however, emerging evidence suggests that CNs arise from

undifferentiated precursor cells with neuronal and glial

differentiation potential (13). Since EVNs are rarer and more

diverse than CNs, the origin of EVNs from the peripheral

nervous system (PNS) remains highly debated. Some experts have

proposed that EVNs originate from bipotent progenitor cells in the

periventricular interstitium, because of the potential of EVNs to

differentiate into mature neurons or astrocytes (14). By contrast,

some experts have also pointed out that EVNs are a component of

the displaced CNS. Stephan et al. (15) reported a case of

neurocytoma involving the cauda equina nerve roots, suggesting

that the tumor may arise from the central stump of the nerve root or

from the displaced CNS tissue in the peripheral segments of the

nerve root. Finally, some studies have proposed that EVNs originate

from the transitionnl zone between the CNS and PNS. Onguru et al.

(5) reported a case of EVN that originated from the cochlear and

vestibular portions of cranial nerve VIII, presumably from its CNS-

PNS transitional zone. Similarly, we assumed that the tumor in our

patient originated from the trigeminal root entry zone, the

transitional zone of central and peripheral tissue compartments in

the trigeminal nerve (16). In our patient, the tumor was located in

the cisternal portion and extended into the Meckel cave near the

trigeminal root entry zone. The initial segment of the nerve (root

entry zone) contains glial cells, which are gradually replaced by

peripheral Schwann cells in the transitional zone. The longest glial
frontiersin.or
FIGURE 4

(A, B) Postoperative cranial MRI showed complete resection of EVN without residual lesions.
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segments are located in the root entry zone of cranial nerve VIII

(almost 10 mm), followed by the sensory part of cranial nerve V

(almost 3 mm) and cranial nerve III (almost 1 mm) (17–19).

Arnautovic et al. (20) found that the length of glial segments of

these cranial nerves corresponded to the number of cases of extra-

axial primary glial tumors (CN VIII, 8 cases; CN V, 3 cases; CN III,

1 case). Accordingly, it was speculated that oligodendrogliomas

originated from the root entry zones of cranial nerves VIII and V. In

line with this, Breshears et al. (21) first reported a case of

glioblastoma involving the trigeminal nerve root entry zone in

2014 and revealed that glial tumors can occur in the root entry

zones of cranial nerves VIII, V, and III. Moreover, two cases of

neurocytoma arsing from cranial nerve VIII have also been

reported. In our patient, the tumor originated from cranial nerve

V. These findings support the hypothesis that neurocytomas of the

cranial nerve originate from the CNS-PNS transitional zone. We

speculate that neurocytomas may also arise from cranial nerve III,

albeit very rarely.
4 Conclusion

In conclusion, EVNs originating from cranial nerves are

extremely rare. At present, relatively little is known about the

origin and pathobiological basis of the lesion location. Our case

report of neurocytoma originating from cranial nerve V may

provide new clinical information on the origin and pathological

basis of lesion location in neurocytomas originating from

cranial nerves.
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The prognostic significance of 
synchronous metastasis in 
glioblastoma multiforme patients: 
a propensity score-matched 
analysis using SEER data
Hui Shen 1,2†, Qing Mei 3†, Xubin Chai 2,4†, Yuanfeng Jiang 1, 
Aihua Liu 2* and Jiachun Liu 1,5*
1 Department of Interventional Neuroradiology, Sanbo Brain Hospital, Capital Medical University, 
Beijing, China, 2 Department of Interventional Neuroradiology, Beijing Tiantan Hospital, Beijing 
Neurosurgical Institute, Capital Medical University, Beijing, China, 3 Department of Neurology, Beijing 
Pinggu Hospital, Beijing, China, 4 State Key Laboratory of Brain and Cognitive Science, Institute of 
Biophysics, Chinese Academy of Sciences, Beijing, China, 5 Department of Neurosurgery, Beijing 
Hospital, Beijing, China

Background: Glioblastoma multiforme (GBM) with synchronous metastasis(SM) 
is a rare occurrence. We  extracted the data of GBM patients from the SEER 
database to look into the incidence of SM in GBM, determine the prognostic 
significance of SM in GBM, and assess therapeutic options for patients presenting 
with SM.

Methods: From 2004 to 2015, information on GBM patients was obtained from 
the Surveillance, Epidemiology, and End Results (SEER) database. The propensity 
score matching (PSM) method was employed to mitigate confounding factors 
between SM and non-SM groups, subsequently investigating the prognostic 
significance of SM in patients with GBM. Multivariate Cox proportional hazards 
regression analyses were employed to identify independent prognostic variables 
for GBM patients with SM. A forest plot was used to visualize the results.

Results: A cohort of 19,708 patients was obtained from the database, among 
which 272 (1.4%) had SM at the time of diagnosis. Following PSM at a 3:1 ratio, 
in both univariate and multivariate cox regression analysis, SM (HR  =  1.27, 95% 
CI: 1.09–1.46) was found to be an independent predictive predictor for GBM 
patients. Furthermore, the Cox proportional hazard forest plot demonstrated 
that independent risk variables for GBM patients with SM included age (Old vs. 
Young, HR  =  1.44, 95% CI: 1.11–1.88), surgery (biopsy vs. no surgery, HR  =  0.67, 
95% CI: 0.46–0.96;Subtotal resection vs. no surgery, HR  =  0.47, 95% CI: 
0.32–0.68;Gross total resection vs. no surgery, HR  =  0.44, 95% CI: 0.31–0.62), 
radiotherapy (HR  =  0.58, 95% CI: 0.41–0.83), and chemotherapy (HR  =  0.51, 95% 
CI: 0.36–0.72).

Conclusion: The predictive value of SM in GBM was determined by this 
propensity-matched analysis using data from the SEER database. Radiotherapy, 
chemotherapy, and surgery constitute an effective treatment regimen for 
patients with SM. A more positive approach toward the use of aggressive 
treatment for GBM patients with SM may be warranted.
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Introduction

Glioblastoma multiforme (GBM) is the most common type of 
primary malignant brain tumor in adults, distinguished by a 
dismal prognosis and poor quality of life. Intracranial and 
extracranial metastases have been documented in 1–2% (1) and 
0.4–0.5% (2, 3) of cases, occurring late in the course of the disease, 
respectively. The prevalence rates might be underestimated since 
metastatic screening is not a standard practice. Synchronous 
metastasis(SM) of GBM is even more uncommon, with only a few 
case reports in the literature (4). The precise incidence of SM in 
GBM remains elusive.

Metastasis holds critical importance for the prognosis of 
GBM, as evidenced by a comprehensive literature review (5). 
Several studies have shown the intensive treatment can prolong 
survival time for certain individuals with metastases (6–8). 
However, these researches are confined to tiny sample size, and 
susceptible to selection bias. Therefore, it is essential to uncover 
additional information regarding prognostic factors and treatment 
strategies for these patients.

The present study aimed to use large, population-based cancer 
registry data to investigate both the incidence and risk factors of 
SM in patients with GBM. Additionally, it seeks to identify 
prognostic factors and formulate treatment strategies for patients 
with SM.

Patients and methods

Patients

The patient cases were enrolled in the study based on the latest 
version of the publicly available SEER17 database (published in 
November 2022) by using SEER*Stat 8.4.2.1

Patients diagnosed with primary GBM, both with and without 
SM, between the years 2004 and 2015, were retrospectively 
identified in this study. The inclusion criteria were as follows: (1) 
histology diagnosis with GBM (SEER Brain and CNS Recode 
1.1.2 GB); (2) year of diagnosis (range: 2004–2015). While the 
exclusion criteria included: (1) information on SM (CS mets dx) 
unknown; (2) not only primary tumor; (3) patient with unknown 
survival time; (4) incomplete or unconfirmed diagnoses, and (5) 
tumor size unknown. The patient selection flowchart from the 
SEER database is delineated in Figure 1.

The following variables were incorporated in the current 
study: demographic characteristics (year, age, sex, race, marital 
status, household income, rural–urban area); clinicopathological 

1 https://seer.cancer.gov/

information (primary site, laterality, tumor size, SM, surgery, 
radiotherapy and chemotherapy), and follow-up data (cause-
specific death and survival time).

Age at diagnosis as a continuous variable was separated into 
young group (<60 years) and old group (≥60 years). Median 
household income inflation-adjusted to 2021 was used to classify 
individuals into the low-income ($60,000 or less) and high-
income ($60,001 or more) groups. Tumor size was characterized 
by the dimensions of the primary tumor. The surgical 
interventions, which pertain to the resection of the primary 
tumor, were systematically documented using a specific coding 
schema.: gross total resection (GTR) was designated with codes 
30 or 55; subtotal resection (STR) was represented by codes 22, 
21, or 40; biopsy was assigned codes 10, 20, or 90; and instances 
where no surgery was performed were denoted with code 0. SM: 
Defined as intracranial and/or extracranial metastatic lesions 
resulting from the spread of a primary GBM at the initial 
diagnosis. In the SEER database, SM, which includes both 
extracranial and intracranial metastasis, is denoted by the term 
“CS mets dx.” Extracranial metastasis is denoted by codes 30 or 
50, whereas intracranial metastasis by codes 10 or 20. Cancer-
specific survival (CSS) is defined as the duration between the 
primary diagnosis and the date of death associated with GBM.

Statistical analysis

A Propensity Score Matching (PSM) analysis was utilized to 
adjust for all other variables between patients with and without 
SM. The “Matchit” package in R was employed to match the 
propensity scores between the two groups, employing the nearest 
neighbor algorithm with a matching ratio of 1:3. Then, Pearson’s 
Chi-squared test (“gtsummary” package) was used to compare 
baseline characteristics between groups. Categorical variables are 
presented as proportions and percentages of the total. Cox 
proportional hazards regression analysis was performed to evaluate 
the prognostic effect of SM in GBM (“survival” package). The effect 
of these confounders was quantified by calculating the changes in the 
effect size of SM for GBM when each variable is added to the model 
sequentially in a step-wise fashion (“chest” package) (9). Based on the 
observed effects, a multivariable Cox proportional hazards regression 
analysis was conducted. Furthermore, the Kaplan–Meier method and 
log-rank analysis were utilized to depict the CSS curves before and 
after PSM in both groups (“survminer” package).

Cox proportional hazards regression models, both univariable 
and multivariable, were used to identify the prognostic factors for 
GBM patients with SM. Moreover, a forest plot (“forestmodel” 
package) was constructed to visualize the findings.

In our study, statistical significance was defined as a two-tailed p 
value<0.05. The statistical analysis was performed with R program 
(version 4.3.2).
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Results

Baseline characteristics before and after 
PSM

Based on inclusion and exclusion criteria, a total of 19,708 GBM 
patients were selected from the SEER database. Demographical and 
clinical characteristics for GBM with or without SM were shown in 
Table  1. Patients diagnosed with SM tended to be  non-white, 
infratentorial, and not to have a paired site (p < 0.05); additionally, they 
were less likely to have undergone radiotherapy, chemotherapy, or 
surgery (p < 0.001).

After 1:3 PSM, 1088 patients were matched, which included 272 
patients with SM and 816 patients without SM. All demographic and 
clinical characteristics were well-matched, suggesting that the PSM 
effectively minimized potential selection bias (p > 0.05).

The prognostic effect of SM in patients 
after PSM

The univariate Cox proportional hazards model demonstrated a 
significant increment in mortality risk for GBM patients with SM after 
PSM (HR: 1.27, 95% CI:1.10–1.46, p < 0.00; Table  2). Moreover, 
Kaplan–Meier analysis curves comparing CSS for SM and non-SM 
groups before and after PSM are depicted in Figure 2.

The confounding effect of each remaining variable on the 
association of SM on the CSS of GBM patients was quantified and is 
presented in Figure 3. The results remain stable with each variable 
being added to multivariable Cox proportional hazards model 
sequentially in a step-wise fashion. Based on the effects and clinical 
experience, multivariable Cox proportional hazards model was 
established. After adjusting for potential confounding variables 
including age, primary site, tumor size, surgery, chemotherapy and 

FIGURE 1

Flowchart illustrating patient selection of this study.
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TABLE 1 Characteristics of glioblastoma multiforme patients before and after propensity score matching.

Characteristic Before matching After matching3

Non-SM SM Non-SM SM

N  =  19,4361 N  =  272 p-value2 N  =  816 N  =  272 p-value2

Year, n (%) 0.10 0.7

  2004–2007 5,559 (29%) 71 (26%) 205 (25%) 71 (26%)

  2008–2011 6,453 (33%) 80 (29%) 262 (32%) 80 (29%)

  2012–2015 7,424 (38%) 121 (44%) 349 (43%) 121 (44%)

Age, n (%) 0.5 0.8

  Young 8,386 (43%) 112 (41%) 344 (42%) 112 (41%)

  Old 11,050 (57%) 160 (59%) 472 (58%) 160 (59%)

Sex, n (%) 0.3 0.4

  Female 8,022 (41%) 120 (44%) 338 (41%) 120 (44%)

  Male 11,414 (59%) 152 (56%) 478 (59%) 152 (56%)

Race, n (%) <0.001 0.6

  Others 2,049 (11%) 47 (17%) 129 (16%) 47 (17%)

  White 17,387 (89%) 225 (83%) 687 (84%) 225 (83%)

Marital status, n (%) 0.6 0.4

  Divorced 6,964 (36%) 102 (38%) 285 (35%) 102 (38%)

  Married 12,472 (64%) 170 (63%) 531 (65%) 170 (63%)

Household income, n (%) 0.8 0.3

  <60,000 5,766 (30%) 79 (29%) 209 (26%) 79 (29%)

  60,000+ 13,670 (70%) 193 (71%) 607 (74%) 193 (71%)

Rural urban, n (%) 0.6 0.8

  Metropolitan 17,017 (88%) 241 (89%) 728 (89%) 241 (89%)

  Nonmetropolitan 2,419 (12%) 31 (11%) 88 (11%) 31 (11%)

Tumor size, n (%) 0.4 0.8

  <4.5 cm 9,443 (49%) 139 (51%) 409 (50%) 139 (51%)

  4.5 cm+ 9,993 (51%) 133 (49%) 407 (50%) 133 (49%)

Primary site, n (%) <0.001 0.7

  Frontal lobe 5,574 (29%) 79 (29%) 211 (26%) 79 (29%)

(Continued)
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Characteristic Before matching After matching3

Non-SM SM Non-SM SM

N  =  19,4361 N  =  272 p-value2 N  =  816 N  =  272 p-value2

  Parietal lobe 3,160 (16%) 52 (19%) 172 (21%) 52 (19%)

  Temporal lobe 5,007 (26%) 41 (15%) 136 (17%) 41 (15%)

  Others 5,695 (29%) 100 (37%) 297 (36%) 100 (37%)

Laterality, n (%) 0.010 0.9

  Left 8,376 (43%) 113 (42%) 336 (41%) 113 (42%)

  Not a paired site 2,580 (13%) 53 (19%) 171 (21%) 53 (19%)

  Right 8,480 (44%) 106 (39%) 309 (38%) 106 (39%)

Surgery, n (%) <0.001 0.7

  NS 3,240 (17%) 81 (30%) 262 (32%) 81 (30%)

  Biopsy 3,657 (19%) 56 (21%) 152 (19%) 56 (21%)

  STR 3,015 (16%) 57 (21%) 188 (23%) 57 (21%)

  GTR 9,524 (49%) 78 (29%) 214 (26%) 78 (29%)

Radiotherapy, n (%) 15,128 (78%) 179 (66%) <0.001 553 (68%) 179 (66%) 0.6

Chemotherapy, n (%) 13,822 (71%) 152 (56%) <0.001 481 (59%) 152 (56%) 0.4

1n (%), 2Pearson’s Chi-squared test; 3Nearest Neighbor Matching with a ratio 1:3. NS, No surgery; STR, Subtotal resection; GTR, Gross total resection; SM, Synchronous metastasis.

TABLE 1 (Continued)
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TABLE 2 Univariate and multivariate analyses of cancer-specific survival (CSS) in the cohort after propensity score matching.

Characteristic Univariate Multivariate

HR1 95% CI1 p- value HR1 95% CI1 p- value

Year

  2004–2007 — —

  2008–2011 0.81 0.69, 0.96 0.012

  2012–2015 0.80 0.69, 0.93 0.005

Age

  Young — — — —

  Old 1.93 1.70, 2.18 <0.001 1.77 1.54, 2.03 <0.001

Sex

  Female — —

  Male 0.94 0.83, 1.06 0.33

Race

  Others — —

  White 1.06 0.89, 1.25 0.53

Marital status

  Divorced — —

  Married 1.00 0.88, 1.13 >0.99

Household income

  <60,000 — —

  60,000+ 1.01 0.88, 1.16 0.91

Rural urban

  Metropolitan — —

  Nonmetropolitan 1.09 0.90, 1.32 0.40

Primary site

  Frontal lobe — — — —

  Parietal lobe 0.95 0.80, 1.14 0.60 0.90 0.75, 1.08 0.3

  Temporal lobe 1.02 0.84, 1.23 0.88 1.00 0.82, 1.22 >0.9

  Others 1.22 1.04, 1.42 0.012 1.16 0.99, 1.37 0.067

Laterality

  Left — —

  Not a paired site 1.29 1.10, 1.52 0.002

  Right 1.01 0.88, 1.16 0.85

Tumor size(cm)

  <4.5 cm — — — —

  4.5 cm+ 1.07 0.95, 1.21 0.27 1.15 1.02, 1.31 0.028

SM

  No — — — —

  Yes 1.27 1.10, 1.46 <0.001 1.27 1.09, 1.46 0.001

Surgery

  NS — — — —

  Biopsy 0.57 0.48, 0.68 <0.001 0.61 0.50, 0.73 <0.001

  STR 0.47 0.39, 0.55 <0.001 0.54 0.45, 0.65 <0.001

  GTR 0.42 0.35, 0.49 <0.001 0.43 0.36, 0.51 <0.001

Radiotherapy

  No — — — —

  Yes 0.41 0.36, 0.47 <0.001 0.58 0.48, 0.71 <0.001

(Continued)
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radiotherapy, SM was still found to be an independent risk factor 
(HR:1.28, 95% CI:1.11–1.48, p < 0.001) in GBM patients (Table 2).

Prognostic factors for GBM patients with SM

In the present research, a cohort of 272 patients diagnosed with 
GBM exhibiting SM were analyzed to identify and evaluate potential 
prognostic factors. As delineated in Table 1, the majority were male 
(56%), white (83%), and diagnosed between 2012 and 2015 (44%). 
And a total of 191 (70%) patients underwent surgical intervention, 
179 (66%) received radiotherapy, and 152 (56%) were administered 
chemotherapy. Prognostic factors were identified using multivariate 
Cox regression analyses, revealing that for GBM patients with SM, 
age (p = 0.007), surgery (p < 0.001), chemotherapy (p < 0.001), and 
radiotherapy (p = 0.003) were independent prognostic factors 
(Figure  4). The Kaplan–Meier curves of the age, surgery, 
radiotherapy and chemotherapy subgroups are displayed in 
Figure 5.

The prognostic effect of different types of 
SM in patients

Of these, 272 (1.4%) had SM, with 29 (0.1%) presenting 
extracranial metastasis and 243 (1.3%) presenting intracranial 

metastasis. Compared to those with extracranial metastasis,  
patients with intracranial metastasis were more likely to undergo 
GTR (30% vs. 14%) (Supplementary Table S1). The Kaplan–Meier 
curve and forest plot generated using the chest package 
(Supplementary Figure S1) revealed no statistically significant 
differences between the two groups.

Discussion

GBM represents the most prevalent form of malignant primary 
brain tumors in adults (10), with a 5-year overall relative survival of 
6.9% (11). GBM patient with SM is uncommon (12), and the 
prognostic factors and optimal therapeutic approaches for these 
patients have not yet been fully elucidated. In this population-based 
study, we employed the SEER database to conduct a comprehensive 
analysis of patients diagnosed with GBM, both with and without SM, 
between the years 2004 and 2015. SM is extremely rare, affecting 1.4% 
of all patients with GBM in our cohort. We found that SM was an 
independent prognostic factor for CSS in patients with GBM before 
and after PSM. Additionally, the analysis also revealed age, surgery, 
chemotherapy, and radiation therapy as significant prognostic 
indicators for patients with SM. Notably, the statistical analysis did not 
discern a significant difference between intracranial and extracranial 
metastasis, potentially due to the constrained sample size of patients 
with SM.

TABLE 2 (Continued)

Characteristic Univariate Multivariate

HR1 95% CI1 p- value HR1 95% CI1 p- value

Chemotherapy

  No — — — —

  Yes 0.43 0.38, 0.48 <0.001 0.59 0.49, 0.71 <0.001
1HR, Hazard Ratio; CI, Confidence Interval; NS, No surgery; SM, Synchronous metastasis; STR; Subtotal resection; GTR, Gross total resection.

FIGURE 2

Kaplan–Meier curves of cause-specific survival (CSS) by synchronous metastasis (SM) before (A) and after (B) propensity score matching (PSM).
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Previous studies (12–14) have demonstrated SM is a 
significant prognostic factor for GBM, yet the exact value of this 
prognosis remains unknown. Amelot et  al. (15) conducted a 
retrospective analysis of GBM patients with spinal cord metastasis 
in a French database between January 2004 and 2016, 
accompanied by a review of the pertinent literature. They found 
that spinal cord metastasis is associated with a poor prognosis. In 
our study, to balance baseline confounding factors, we employed 
PSM analysis to ascertain the exact value of SM for patients with 
GBM. After adjusting for various covariates, SM consistently 
emerged as an independent risk factor in GBM patients. This 
finding underscores the importance of conducting a 
comprehensive assessment of synchronous metastasis status at 
the time of initial diagnosis.

The underlying mechanism accounting for SM remains elusive 
(16). The majority of GBM metastases occur within the central 
nervous system, which is believed to be attributed to white matter 
tract infiltration and cerebrospinal fluid seeding (17–19). 
Extracranial metastases are documented in approximately 

0.4–0.5% of all patients (2, 3, 20), suggesting that such 
interventions may facilitate the dissemination of tumor cells 
beyond the central nervous system. The presence of extracranial 
metastasis may be indicative of the existence of circulating tumor 
cells (CTCs) within the bloodstream. These cells exhibit advanced 
characteristics, such as epithelial-to-mesenchymal transition and 
dormancy (21, 22), which are crucial to survive in the 
bloodstream. And the detection of glioblastoma CTCs holds 
significant clinical promise for the early diagnosis and prognosis 
(23, 24).

The standard treatment of primary GBM is maximal safe 
resection followed by concomitant radiotherapy and 
temozolomide chemotherapy and then adjuvant temozolomide 
(25). However, due to the scarcity of case reports, the optimal 
treatment strategy for patients with SM has yet to be  fully 
established. A meta-analysis of individual patient data, 
encompassing 115 younger patients from 1928 to 2013, indicated 
that while a survival benefit could not be statistically validated, an 
aggressive treatment approach may be ethically justified whenever 

FIGURE 3

Graphical representation of the change in the estimate of the effect of synchronous metastasis (SM) on cause-specific survival (CSS) with each variable 
added to the multivariable Cox regression model.
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feasible (6). Furthermore, another meta-analysis revealed that 
surgical intervention, chemotherapy, and radiotherapy 
significantly prolongs survival in GBM patients with metastasis 
(7). In our study, we discovered that surgical intervention exerted 
a significant impact on the management of patients with 
SM. Gross total resection, subtotal resection, and biopsy can 
significantly enhance the cancer-specific survival of patients 
compared to those no surgical intervention. This indicated that 
surgical resection can effectively decrease the tumor mass, 
consequently restoring neurological functions. Additionally, 
we  identified both radiation therapy and chemotherapy as 
significant prognostic factors. Consistent with a previous study, 
patients who underwent an aggressive treatment, including 
surgery, radiation, chemotherapy, and cerebrospinal fluid 
shunting, demonstrated favorable prognosis (26). Overall, our 
results suggested that a combination of surgical intervention, 
chemotherapy, and radiation constitutes an effective therapeutic 
strategy for patients with SM. Therefore, GBM patients with SM 
may experience enhanced benefits from more aggressive 
therapeutic regimens. Nonetheless, additional studies are required 
to validate these preliminary findings.

Several limitations of our study need to be recognized. Firstly, 
in the retrospective study, the restricted sample size of patients 

with SM (N = 272) might have a risk of selection bias. Therefore, 
prospective registry studies with larger sample sizes are necessary 
to validate our findings. Secondly, as our study included patients 
from 2004 to 2015 and utilized diagnostic criteria established 
prior to 2016, these were solely based on pathological diagnosis 
without integrating molecular diagnosis. Thirdly, information was 
gathered when the diagnosis was initially made from the SEER 
database, excluding any metastasis that developed subsequently. 
Fourthly, the SEER database lacks comprehensive details regarding 
specific chemotherapeutic agents used, including dosages, 
treatment duration, and patient responses. Details pertaining to 
radiation therapy and surgical procedures for metastasis are also 
missing. These limitations may hinder a thorough evaluation of 
the efficacy of various treatment modalities.

Conclusion

In conclusion, the propensity-matched analysis has identified the 
prognostic value of SM in patients with GBM based on the SEER 
database. Our findings suggest that surgery, chemotherapy, and 
radiotherapy constitute an effective therapeutic strategy for GBM 
patients with SM. However, further research is necessary to confirm 

FIGURE 4

Forest plot of the multivariate Cox analysis of CSS in GBM patients with SM. NS, No surgery; STR, Subtotal resection; GTR, Gross total resection; SM, 
Synchronous metastasis.
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these findings through prospective registry studies with larger 
sample size.
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Polymorphic low-grade 
neuroepithelial tumors of the 
young: disease characteristics 
and treatment decisions from the 
epilepsy surgery perspective
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Pathology, Guangdong Sanjiu Brain Hospital, Guangzhou, China

Background: The Polymorphic Low-Grade Neuroepithelial Tumor of the Young 
(PLNTY) is a rare, epilepsy-associated brain tumor that has been increasingly 
recognized but is not well understood due to the scarcity of clinical reports. Our 
study reviews the clinical characteristics and treatment outcomes of 14 patients 
with PLNTY to enhance the understanding of this condition from an epilepsy 
surgery perspective.

Methods: We performed a retrospective analysis of 14 PLNTY cases at our 
hospital. A literature review on prior studies was also conducted.

Results: Our study included 8 males and 6 females, all presenting with epilepsy. 
Despite anti-seizure medication, 92.3% of patients continued to have seizures, 
with 58.3% diagnosed as having drug-resistant epilepsy. Neuroimaging revealed 
that 64.3% of the lesions were in the temporal lobe, with 75.0% showing 
calcification on CT, 71.4% exhibiting mixed signals on T2-weighted images, and 
92.7% showing tumor enhancement. The transmantle sign was noted in 57.1% 
of T2 FLAIR sequences. EEGs indicated abnormal activity in 69.2% of patients, 
with 30.7% showing bilateral discharges. SEEG in two patients confirmed the 
tumor’s epileptogenicity. A 78.6% total resection rate was achieved, with a 
90.0% postoperative seizure-free rate and an 85.7% excellent Engel grade 1 rate. 
No instances co-occurring with focal cortical dysplasia (FCD) were observed.

Conclusion: PLNTY is characterized by unique neuroimaging features and 
a strong association with epilepsy. SEEG is pivotal for cases with unclear 
lateralization, aiding in identifying the link between the tumor and seizures. 
Following established epilepsy surgery protocols for brain tumor management, 
early intervention and extended resection can improve the rate of postoperative 
seizure freedom.
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1 Introduction

PLNTY is a novel entity recently incorporated into the 2021 
World Health Organization classification of central nervous system 
(CNS) tumors (1). It is distinguished by a significant association with 
epileptic seizures in adolescent individuals. Pathologically, PLNTY 
exhibits a diffuse growth pattern, scattered calcifications, and 
frequent oligodendroglioma-like components. Furthermore, 
immunohistochemistry reveals CD34 positivity and abnormal gene 
activation of the MAPK pathway. However, recent analyses suggest a 
considerable variability in its radiological and clinical presentation 
(1, 2). Given the limited number of reported clinical cases, a 
comprehensive understanding of the electro-clinical characteristics 
and treatment outcomes of this tumor is imperative. This study 
provides a detailed analysis of the clinical profiles and treatment 
courses of 14 pathologically confirmed PLNTY cases from our 
institution. We  elucidate the unique features and therapeutic 
responses, supported by a relevant literature review.

2 Materials and methods

The medical records of all patients who underwent surgical 
treatment at our hospital from January 2021 to January 2024 were 
reviewed. In accordance with the Declaration of Helsinki, the Ethics 
Committee of Guangdong Sanjiu Brain Hospital does not require 
informed consent for the use of anonymous clinical data for 
retrospective analysis.

Data collection included demographic details, clinical 
presentations, diagnostic findings, extent of surgical resection, and 
therapeutic efficacy. The follow-up period begins after the individual’s 
surgery date, with a duration ranging from 3 months to 3 years to 
evaluate the outcomes of epilepsy treatment. The dataset was 
meticulously analyzed and interpreted by experienced epilepsy 
specialists. Due to the limited patient cohort, advanced statistical 
software was not necessary for the analysis.

A personalized surgical strategy was developed for each patient. 
The correlation between tumors and epileptic seizures was initially 
assessed using video-EEG monitoring. In cases where the 
localization of epilepsy was inconclusive or precise tumor resection 
was necessary, combined stereoelectroencephalography (SEEG) may 
be considered. Our institution utilizes a stereotactic planning system 
and MRI imaging to create a three-dimensional cerebral model, 
aiding in the precise delineation of the tumor and its adjacent 
anatomical structures. Intraoperatively, neuronavigation and 
electrocorticography (ECoG) are employed to guide the surgical 
resection. Postoperative MRI scans are performed to confirm the 
completeness of the resection.

Postoperative tissue samples were fixed in 10% neutral buffered 
formalin for subsequent immunohistochemistry (IHC) and 
molecular diagnostics. The IHC protocol targeted a panel of markers, 
including glial fibrillary acidic protein (GFAP), Oligodendrocyte 
transcription factor 2 (Olig2), B-type Raf kinase (BRAF), Cluster of 
Differentiation 34 (CD34), and Isocitrate Dehydrogenase 1 (IDH1). 
Samples with positive BRAF immunoreactivity underwent 
polymerase chain reaction (PCR) analysis to detect the 
BRAFV600E mutation.

3 Results

In this study, a total of 8 males (57.1%) and 6 females (42.9%) were 
included. The median age of onset was 19.3 years, ranging from 2.7 to 
41 years. Three patients experienced disease onset after the age of 30, 
all of whom presented with temporal lobe lesions. Seizure was the 
initial symptom in all patients, with two cases also reporting auras. 
The duration of the disease ranged from 2 months to 18 years, with an 
average of 59.3 months. Prior to surgery, all patients had received 
varying degrees of anti-seizure drug therapy. Importantly, 92.3% (12 
out of 13) of the patients had poorly controlled seizures, and among 
them, 58.3% (7 out of 12) met the criteria for refractory epilepsy. 
Detailed information regarding patient demographics and medication 
history can be found in Table 1.

3.1 Imaging features

Temporal lobe lesions were found in 46.3% (9/14) of cases, with 3 
cases involving the medial temporal lobe and 6 cases involving the 
lateral temporal lobe. Frontal lobe lesions were present in 14% (2/14) 
of cases, occipital lobe lesions in 14% (2/14), and parietal lobe lesions 
in 7% (1/14). The average tumor diameter was approximately 
21.6 ± 8.8 mm (mean ± SD), with the largest tumor measuring 38 mm 
in diameter. On MRI, 71.4% (10/14) of tumors showed a mixed cystic-
solid composition. Enhancement was observed on T1-weighted post-
contrast sequences in 92.7% (11/12) of patients. Calcifications were 
detected on CT scans in 75.0% (9/12) of cases. Detailed information 
can be found in Table 2.

3.2 Electroencephalogram findings

The preoperative 24-hour EEG data were analyzed for 13 patients, 
revealing a 69.2% (9/13) concordance between EEG abnormalities and 
tumor locations. The remaining 4 patients showed bilateral abnormal 
discharges. Two patients underwent SEEG implantation. In Case 2, a 
pediatric patient with temporal lobe lesions opted for this invasive 
procedure to precisely define the resection margins at the parents’ 
request. Ictal SEEG recordings indicated significant intrinsic 
epileptogenicity within the tumor, with epileptic discharges rapidly 
spreading to the surrounding tissues, particularly affecting the lateral 
neocortex (Figures 1, 2). In Case 4, SEEG implantation was performed 
due to inconclusive lateralizing information from clinical symptoms, 
EEG, and PET scans (Figures 3, 4). During the ictal SEEG period, the 
tumor exhibited pronounced intrinsic epileptogenicity, with the 
epileptogenic zone strictly confined to the tumor’s interior. There were 
no signs of seizure involvement outside the tumor, including in the 
surrounding peripheral tissues.

3.3 Pathological results

In this cohort, all tumors exhibited positive expression for CD34 
and GFAP (14/14, 100%), and were negative for IDH1. Regarding 
Olig-2 immunohistochemistry, one case initially considered weakly 
positive was ultimately classified as negative, resulting in a final 
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positive expression rate of 92.9% (13/14) for Olig-2. In the BRAF 
assay, 57.2% of cases (8/14) showed positive expression. Among these, 
one case could not undergo further PCR analysis due to financial 
constraints. The remaining cases demonstrated a 100% (7/7) 
BRAFv600E mutation rate. No instances of these tumors co-occurring 
with focal cortical dysplasia (FCD) were observed In our cases. 
Detailed results can be found in Table 2.

3.4 Treatment outcome

Following postoperative MRI, complete tumor resection was 
successfully achieved in 78.6% of the cases. Three patients underwent 
partial resection due to the proximity of their lesions to eloquent brain 
regions, such as the lingual gyrus and corona radiata, necessitating a 
conservative surgical approach. During postoperative follow-up, 
“transmantle-like” signals were still evident on MRI in two patients, 
with one patient experiencing ongoing epileptic seizures. After 
surgery, complete seizure resolution was observed in 90.0% (9/10) of 
cases, and 85.7% (6/7) of patients attained Engel Class I  status. 
Detailed outcomes are summarized in Table 2.

4 Discussion

PLNTY, a neuroepithelial tumor associated with epilepsy, was 
classified and categorized in the 2021 WHO classification of central 
nervous system neoplasms (1, 2). In this review, the age of onset 
ranged from 2.7 to 41 years, with an average of 20 years. The longest 
documented disease duration was 18 years, consistent with historical 
data (3). Unlike previous reports where 82.2% of patients presented 
with epileptic seizures as the initial symptom (3), all patients in our 
cohort presented with seizures. Table 1 provides detailed information 

on anti-seizure medication regimens and therapeutic responses. The 
high rate of drug resistance observed in our series highlights the 
importance of early surgical intervention in managing these tumors.

In our case series, PLNTY exhibited three notable imaging 
characteristics: cystic changes, calcification, and contrast 
enhancement, corresponding to proportions of 71.4% (10/14), 75.0% 
(9/12), and 92.7% (11/12), respectively. These tumors were most 
commonly located in the temporal lobe, particularly the lateral 
temporal region, and appeared as solid or mixed solid-cystic lesions. 
Cystic components varied in size, ranging from subtle punctate signal 
changes to more substantial eccentric cystic expansions. The cystic 
areas were typically well-demarcated compared to the solid portions, 
and the tumors rarely caused mass effect or peritumoral edema. After 
contrast administration, the tumors often showed mild, indistinct 
patchy or mottled enhancement patterns. This observed rate of 
enhancement is significantly higher than the previously reported 33% 
(4), which may be  attributed to subjective differences in imaging 
assessments among various researchers. Calcifications were observed 
as central dense opacities or sparse lamellar calcifications at the 
tumor’s edge. Besides, it appears as hypometabolism during the 
interictal phase on PET-CT.

There is limited reporting on EEG characteristics related to 
PLNTY. Our study shows that the discharge patterns exhibited by 
PLNTY are similar to those of most brain tumor-related epilepsy. 
Scalp EEG indicates that the tumor-related discharge sites are 
consistent with the lobe of the brain where the tumor is located, but 
there is a certain proportion of cases with discharges involving both 
cerebral hemispheres. Additionally, we observed significant intrinsic 
epileptogenicity of the tumor in 2 patients who underwent 
SEEG. However, the presence of early rapid spread of 
electroencephalographic activity was observed to be different. This 
observation differs from previous descriptions, which noted epileptic 
discharge areas around PLNTY deviating from the tumor’s center (5). 

TABLE 1 Basic data and clinical information of patients with PLNTY.

case Sex onset (years) First neurological event/
Duration (months)

Frequency ASM tried Response to 
ASM

1 F 6.8 Seizures/2 Daily NA No

2 F 15.3 Seizures/32 Monthly VPA,CLN No

3 M 20.6 Seizures/17 Weekly VPA No

4 M 22.3 Seizures/33 Daily VPA,LEV,OXC No

5 M 6.0 Seizures/36 Daily OXC No

6 F 25.0 Seizures/24 Monthly LTG No

7 M 2.7 Seizures/4 Weekly OXC Yes

8 M 37.2 Seizures/10 NA NA NA

9 F 18.0 Seizures/168 Monthly VPA,CBZ No

10 M 17.0 Seizures/216 Monthly VPA,CBZ No

11 F 30.0 Seizures/120 Daily VPA,LTG No

12 M 41.0 Seizures/60 Daily VPA,OXC No

13 F 28.0 Seizures/60 Monthly OXC No

14 M 10.0 Seizures/48 Daily
OXC, LTG, LEV, 

Lacosamide
No

NA, not available; VPA, Valproic Acid; CLN,Clonazepam; LEV, Levetiracetam; OXC, Oxcarbazepine; LTG, Lamotrigine; CBZ, Carbamazepine.
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TABLE 2 Test data and related treatment results of PLNTY patients.

Case Tumor 
location

EEG finding T2Fsignals Cystic 
component

Calculation Contrast 
enhancement

transmantle 
singal

CD34 BRAF 
mutation

Treatment Seizure 
outcome

1 L Parietal Left posterior cortical mixed Yes Yes Yes Yes + - GTR Seizure free

2 R Lateral temporal Right temporal region mixed Yes Yes Yes Yes + + ER Seizure free

3 L Occipital Bilateral hemispheric 

discharge

mixed No Yes NA No + + ER Seizure free

4 R Frontal Bilateral hemispheric 

discharge

mixed No Yes Yes No + - GTR NA

5 R Lateral temporal Right frontal-temporal 

region

mixed Yes Yes Yes No + + ER Seizure free

6 R Lateral temporal Right temporal region iso No No Yes Yes + + ER NA

7 R Occipital Right central-parietal–

temporal region

mixed Yes Yes Yes Yes + - PTR Seizure free

8 L Lateral temporal Bilateral hemispheric 

discharge

mixed Yes No Yes No + + GTR Seizure free

9 L Lateral temporal Left temporal region mixed Yes Yes Yes Yes + + PTR Uncontrolled

10 R Medial temporal Bilateral hemispheric 

discharge

iso Yes No none Yes + + ER Seizure free

11 L Medial temporal NA hyper Yes NA Yes No + - PTR Seizure free

12 R Medial temporal Right temporal region hyper No NA NA Yes + - GTR NA

13 L Lateral temporal Left temporal region mixed Yes Yes Yes No + + ER NA

14 R Frontal Right posterior cortical hyper Yes Yes Yes Yes + - ER Seizure free

NA, not available; ER, enlarged resection; GTR, gross total resection; PTR, partial resection.
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It suggests that for PLNTY with strong epileptogenicity, expanding the 
resection scope to relatively safe areas may be  advantageous for 
epilepsy control.

Similar to the management of other epilepsy-related brain tumors, 
surgical resection is the primary therapeutic approach for PLNTY, 
involving the removal of both the tumor and associated epileptogenic 
foci. A comprehensive preoperative evaluation, including clinical 
symptoms, EEG data, and understanding of epileptogenic network 
pathways, is crucial for establishing the link between the tumor and 
epilepsy and defining surgical margins. In cases where there is a 
discrepancy between the epileptogenic zone identified by non-invasive 
methods and the tumor boundaries delineated by MRI, invasive 
intracranial electroencephalography with depth electrodes may 
be employed to determine their correlation (3, 5).

In our series of cases, patients who underwent complete or 
extended resections were seizure-free postoperatively. It is noteworthy 
that PLNTY often presents with “Transmantle-like” peritumoral 
signal changes on MRI, and the persistence of these signal 
abnormalities post-resection is significantly correlated with 
unfavorable epilepsy control outcomes (3). Achieving total tumor 

resection is paramount for optimizing the prognosis of patients with 
epilepsy. “Transmantle-like” changes were observed in 57.1% (8/14) 
of our cases. Due to the proximity of these changes to critical 
functional areas, only partial resections were performed in two 
patients, and one of them, with a medical history of 168 months, 
experienced early postoperative seizures.

A literature review by Armocida et al., which examined 51 cases, 
identified a significant association between tumor contrast 
enhancement on MRI and adverse postoperative epilepsy outcomes 
(2). In our series, 92.7% (11/12) of patients exhibited contrast 
enhancement on T1-weighted imaging, with a 90.0% (9/10) rate of 
complete seizure resolution postoperatively, and 85.7% (6/7) achieving 
Engel Class I status. Our follow-up data suggest that surgical tumor 
resection has a definitive impact on improving drug-resistant epilepsy 
in patients. However, the correlation between MRI contrast 
enhancement and postoperative epilepsy control outcomes 
necessitates further validation with a larger sample size.

PLNTY is characterized by its unique pathological features, with 
CD34 positive expression and BRAF V600E mutation being its most 
distinctive alterations (2). Research indicates that CD34-positive tumor 

FIGURE 1

The base of the right frontal lobe. The positional relationship between the electrode contacts and the lesion entity: R’1 is located in the calcification of 
the lesion; R’2 is located in the parenchyma of the lesion; R’3 is located around the lesion.
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cells can trigger an inflammatory response, leading to inflammation 
and damage to surrounding brain tissue, thereby increasing the risk of 
epileptic seizures, which clinically manifests as a significant association 
with a longer history of epilepsy (6). In this series，no instances 
co-occurring with focal cortical dysplasia (FCD) were observed. Nearly 

all patients appearance of structural disorder in the center of the tumor 
and the adjacent cortex, and there is also a dendritic positive pattern of 
immunohistochemical CD34. We believe this represents the tumor’s 
involvement of the surrounding cortex rather than type FCDIIIb. Our 
findings may imply the tumor’s invasion of the surrounding brain 

FIGURE 2

SEEG recording results: R’1 and R’2 are the seizure onset areas, while R’3 has not changed significantly. The tumor in this patient showed obvious 
intrinsic epileptogenicity, and the epileptogenic zone was only located within the tumor, while the surrounding tissues of the tumor showed no signs 
of seizure involvement.

FIGURE 3

Right lateral temporal lobe lesion. (A) Scattered calcification in CT image; (B) Mixed signal in the lateral temporal lobe in T2WI image; (C) Transmantle 
sign changes can be seen in T2Flair; (D) Mild enhancement of tumor can be seen in T1 enhanced image; (E–H) Display the positional relationship 
between the electrode contact point and the tumor entity: P’6–12 is located in the tumor parenchyma and shows high signal on T2 Flair. Electrode 
contacts such as P’1–5/A’/H′/V′/J’ are located around the tumor and T2 Flair shows relatively normal signals.
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tissue, explaining the necessity of early intervention and extensive 
tumor resection from a pathological standpoint.

The BRAF mutation is associated with various types of epilepsy 
(7). The expression of mutated BRAF protein may impact neural 
networks, causing abnormal discharges in different neuronal 
populations in different locations, potentially resulting in various 
epileptic patterns. BRAF V600E is the most prevalent type of 
activating BRAF mutation and is linked to the development of 
epileptic activity mediated by alterations in ion transport and synaptic 
activity regulation. There is a perspective that tumors with positive 
BRAF V600E expression may represent a distinct subset of PLNTY 
tumors, exhibiting a more indolent course, later age of onset, and a 
delay in clinical symptom presentation (2). In our case series, 57.2% 
of patients tested positive for BRAF V600E. The average age of onset 
for BRAF V600E-positive patients is 20.6 years, with 87.5% (7 out of 
8) of these tumors located in the temporal lobe. This proportion 
closely aligns with Baumgartner’s reported 87.1% of BRAF V600E-
positive tumors involving the temporal lobe (2). This observation may 
suggest a specific association between the BRAF V600E mutation and 
the occurrence of temporal lobe tumors, warranting further attention 
in future mechanistic research.

5 Limitations

This article reports on a retrospective study. The lack of detailed 
records of intraoperative monitoring results limits our ability to 
extensively discuss this aspect. Additionally, the small number of 
cases, single-center sampling, and short follow-up periods for some 
patients may restrict our capacity to fully assess the treatment effects, 
which in turn limits the scope and depth of our study. Future research 

should aim to expand the sample size, prolong the follow-up period, 
and focus on intraoperative monitoring to better understand the 
neuroelectric relationships between tumors and surrounding tissues.

6 Conclusion

PLNTY is known for its high epileptogenicity and distinctive 
imaging features. SEEG implantation may be suitable for elucidating 
the relationship between non-lateralized tumors and epileptic seizures. 
Early intervention and extended resection appear to increase the rate 
of postoperative seizure freedom.

Data availability statement

The original contributions presented in the study are included in 
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Ethics statement
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FIGURE 4

SEEG recording results: P’6–12 is the onset area of the seizure, while P’1-5/A’12-15/H’8-12/V’5-8/J’6–14 are rapidly affected in the early stage of the 
attack. The patient’s tumor showed obvious intrinsic epileptogenicity, and epileptic discharges rapidly spread to the surrounding tissues of the tumor at 
an early stage, especially the lateral neocortex and the medial hippocampus (H′1-3/J’1–3) not affected (still showing intermittent discharges).
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