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Background: Temozolomide (TMZ) is a key component in the treatment of

gliomas. Hypermutation induced by TMZ can be encountered in routine clinical

practice, and its significance is progressively gaining recognition. However, the

relationship between TMZ-induced hypermutation and the immunologic

response remains controversial.

Case presentation: We present the case of a 38-year-old male patient who

underwent five surgeries for glioma. Initially diagnosed with IDH-mutant

astrocytoma (WHO grade 2) during the first two surgeries, the disease

progressed to grade 4 in subsequent interventions. Prior to the fourth surgery,

the patient received 3 cycles of standard TMZ chemotherapy and 9 cycles of

dose-dense TMZ regimens. Genomic and immunologic analyses of the tumor

tissue obtained during the fourth surgery revealed a relatively favorable immune

microenvironment, as indicated by an immunophenoscore of 5, suggesting

potential benefits from immunotherapy. Consequently, the patient underwent

low-dose irradiation combined with immunoadjuvant treatment. After

completing 4 cycles of immunotherapy, the tumor significantly shrank,

resulting in a partial response. However, after a 6-month duration of response,

the patient experienced disease progression. Subsequent analysis of the

tumor tissue obtained during the fifth surgery revealed the occurrence of

hypermutation, with mutation signature analysis attributing TMZ treatment as

the primary cause. Unfortunately, the patient succumbed shortly thereafter, with

a survival period of 126 months.

Conclusion: Patients subjected to a prolonged regimen of TMZ treatment may

exhibit heightened vulnerability to hypermutation. This hypermutation induced

by TMZ holds the potential to function as an indicator associated with

unfavorable response to immunotherapy in gliomas.
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Introduction

Gliomas, the most common malignancies of the central nervous

system, arise from glial cells and can be categorized into adult and

pediatric subgroups according to the fifth edition of the World

Health Organization (WHO) classification system (1, 2). The

molecular characteristics of gliomas play a crucial role in their

classification and grading. In adult diffuse gliomas, patients can be

stratified into three subtypes with WHO grade from 1 to 4 based on

the presence of isocitrate dehydrogenase 1 (IDH1) mutation and

1p/19q co-deletion (2). Low-grade gliomas (LGG), classified as

grades 1 and 2, typically exhibit an indolent clinical course but

are susceptible to frequent relapses (2). Upon recurrence, LGG may

progress to grade 3 or grade 4 variants, characterized by increased

malignancy and a less favorable prognosis (3). Surgical resection

serves as the primary therapeutic approach for LGG patients,

aiming to alleviate clinical symptoms and extend survival (4).

However, due to the infiltrative growth pattern of gliomas, gross

total resection of LGG is often unachievable, underscoring the

importance of postoperative adjuvant therapy (5). In 2005, Stupp

et al. conducted a pivotal multicenter clinical trial, demonstrating

that postoperative concurrent radiochemotherapy combined with

adjuvant temozolomide (TMZ) chemotherapy significantly

improves the survival of glioblastoma patients (6). This seminal

study solidified the role of TMZ in the treatment paradigm

for gliomas.

TMZ, an alkylating agent capable of penetrating the blood-

brain barrier, is currently the predominant adjuvant chemotherapy

drug for glioma patients (7, 8). In the case of LGG, the

prolonged administration of TMZ has been linked to the

repetitive selection and elimination of tumor cells, potentially

triggering tumor mutations and an escalation in malignancy (9).

This phenomenon, known as TMZ-induced hypermutation, has

gained significant attention in recent years, highlighting the

substantial risk associated with the extended use of TMZ in the

malignant transformation of LGG (10, 11). It is widely recognized

that hypermutated tumors often exhibit limited responsiveness to

conventional treatment modalities (11, 12). Immunotherapy,

emerging as a promising approach in cancer therapy, holds

potential for the management of hypermutated gliomas. The

combination of immunotherapy and radiation has become a focal

point of research, particularly following the recognition of the

abscopal effect (13, 14). Despite these advancements, numerous

clinical trials investigating immunotherapy for gliomas have

encountered challenges (15–17). Therefore, the careful selection

of suitable patients for immunotherapy is of critical importance and

warrants urgent consideration.

Previous studies have indicated that tumor mutation burden

(TMB) is a potential biomarker for predicting the efficacy of

immunotherapy (18, 19). A higher TMB often implies more tumor

neoantigens, correlating with a higher objective response rate (20).

Consequently, physicians frequently utilize the TMB status to guide

decisions regarding the suitability of immunotherapy for patients with

tumors. However, recent research suggests that no direct correlation

between the immunogenicity of new antigens, TMB, and the efficacy of
Frontiers in Immunology 02
immunotherapy has been established (21). Notably, an even reverse

relationship between the immune response and TMB has been

observed in several malignancies (9, 22, 23). All the evidence

indicates that TMB alone may not be a robust biomarker for

predicting the efficacy of tumor immunotherapy.

In this study, we present the case of a glioma patient who experienced

TMZ-induced hypermutation and underwent immunotherapy. A

thorough analysis and review of the patient’s genetic phenotype, tumor

microenvironment, and the immunotherapy procedure were conducted.

These findings contribute theoretical insights into understanding the

relationship between tumor hypermutation and the efficacy

of immunotherapy.
Case presentation

Clinical procedure

This is a 38-year-old male patient presented at the hospital on

January 10, 2009, with a chief complaint of recurrent episodes of

unconsciousness persisting for one month. Physical examination

upon admission showed negative findings, with a Karnofsky

Performance Scale (KPS) score of 90. Preoperative magnetic

resonance (MR) images demonstrated the presence of a space-

occupying lesion in the right frontal lobe, suggestive of a probable

glioma. Consequently, the patient underwent surgical removal

of the lesion, achieving gross total resection. Subsequent

histopathological analysis confirmed the tumor to be an IDH-

mutant astrocytoma, classified as WHO grade 2. Postoperatively,

neither radiotherapy nor chemotherapy was administered,

and the patient underwent close surveillance with periodic

follow-up evaluations, which did not reveal any significant

radiological changes.

In September 2015, a subsequent MR scan revealed abnormal

signals in the vicinity of the original surgical cavity, indicating a

high probability of tumor recurrence. Magnetic resonance

spectroscopy analysis corroborated this finding by demonstrating

an elevation in choline (Cho) levels and a reduction in N-

acetylaspartate (NAA) peaks. Therefore, the patient underwent a

secondary surgical procedure, during which a subtotal resection of

the tumor was performed. Postoperative histopathological analysis

confirmed the recurrence of astrocytic glioma, with molecular

profiling revealing an IDH1 mutation, absence of 1p/19q loss, and

MGMT promoter methylation at a level of 10%. Subsequently, the

patient received adjuvant radiotherapy (54Gy/27 fractions) and

underwent routine follow-up assessments.

In March 2017, MR revealed the presence of enhancing lesions

within the surgical area, suggesting a potential recurrence of the

tumor. Subsequently, the patient underwent a three-cycle course of

TMZ chemotherapy, administered at a dose of 150-200mg/m2/day,

orally for 5 days on with 23 days off. Unfortunately, follow-up MR

scans indicated persistent tumor growth and inadequate treatment

response. As a result, the patient was initiated on bevacizumab

(BEV) therapy (10 mg/kg every 2 weeks), which led to notable

symptom relief and tumor control. In October 2017, the patient
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experienced recurrent seizures, prompting further radiologic

examinations that confirmed tumor progression. Despite repeated

administration of BEV treatment, the tumor exhibited uncontrolled

growth. In December 2017, the patient underwent a third surgical

intervention, during which a partial resection of the tumor was

achieved. Subsequent histopathological analysis confirmed the

diagnosis of astrocytoma at WHO grade 4. Molecular profiling

revealed the presence of an IDH1 mutation, no loss of the

chromosome 1p/19q, MGMT promoter methylation at a level of

12%, and a Ki-67 proliferation index of approximately 80%.

Following the surgery, the patient received dose-dense TMZ

chemotherapy (100 mg/m2/day on a 28-day cycle, orally for 7

days on with 7 days off), in combination with immunotherapy

which included intracranial and systemic immunoadjuvants.

Specifically, the intracranial immunoadjuvant utilized in this

study was polyinosinic-polycytidylic acid (poly I:C). It was

administered via infusion into either the surgical cavity or

ventricle, at a dosage of 1-2mg per injection, once daily (qd), for

a total of 5 injections. The first three injections were administered

concomitantly with a radiation dose of 2.0 Gy/fraction. The

systemic immunoadjuvants employed in this study included poly

I:C (administered intramuscularly at a dosage of 50 mg/kg per

injection, every other day, for 7 injections) and granulocyte-

macrophage colony-stimulating factor (GM-CSF) (administered

subcutaneously at a dosage of 125 mg/m2 per injection, every

other day, for 7 injections) (24). This comprehensive treatment

approach resulted in the stabilization of the tumor.

In October 2018, the patient’s symptoms worsened, accompanied

by radiological evidence of tumor progression. Chemotherapy and

immunotherapy were discontinued, and BEV treatment was initiated.

However, the effectiveness of BEV in controlling tumor growth was

limited. Subsequently, a fourth surgical procedure was performed,

achieving subtotal tumor resection. Postoperative pathological

examination confirmed the diagnosis of astrocytoma at WHO

grade 4, characterized by an IDH1 mutation, absence of 1p/19q

chromosomal loss, MGMT promoter methylation at a level of 12%,

and a Ki-67 proliferation index of approximately 90%. Following the

surgery, immunotherapy was reattempted. By December 2018, the

patient’s condition stabilized, and the immunotherapy was

continued. Follow-up MR scans indicated partial tumor relief. By

December 2018, the patient’s condition stabilized, and the current

treatment regimen was continued. Subsequent MR scans

demonstrated the tumor has achieved partial remission.

In May 2019, the patient’s condition deteriorated significantly,

characterized by extensive tumor recurrence. Thus, the administration

of immunotherapy was ceased, and an Ommaya reservoir was

surgically implanted within the tumor site to facilitate intracranial

chemotherapy drug delivery and intermittent cerebrospinal fluid

drainage, aiming to alleviate symptoms. Concurrently, a biopsy was

performed, confirming the pathological diagnosis as astrocytoma

(WHO grade 4). However, the benefit of intratumoral chemotherapy

was found to be limited, and the growth of the tumor proved

challenging to control. Unfortunately, the patient succumbed to the

disease on August 5, 2019.
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The radiological images of the patient’s pre- and post-operative

condition were presented in Figure 1A, while a detailed treatment

flowchart was depicted in Figure 1B.
Genomic and immunologic analysis

To investigate the alterations in the tumor microenvironment pre-

and post-immunotherapy, we obtained the third, fourth, and fifth

tumor samples from the patient, as well as the fifth intraoperative

cerebrospinal fluid sample, and conducted whole exome sequencing on

these samples (Figure 2). The results demonstrated that all four samples

shared 39 mutations from a common ancestral clone. These mutations

included driver genemutations such as TP53, EGFR, and IDH1, as well

as losses of CDKN2A and CDKN2B, and amplification of CCND2.

Sample A showed 73 novel mutations, sample B demonstrated 113

newly identified mutations, while sample C showcased a considerable

array of fresh mutations (2466), encompassing alterations in key driver

genes like APC, ERBB2, and CHEK, as well as numerous mutations

related to DNAmismatch repair (MMR), such as PMS2,MSH3, POLE,

ATR, and FANCA. Sample D showed 121 new mutations.

Additionally, samples C and D shared 56 common mutations.

Concurrently, we performed RNA transcriptome sequencing on

the third, fourth, and fifth tumor samples obtained from the patient

(Figure 3). The results demonstrated that samples A and B exhibited

no significant mutation characteristics. In contrast, sample C

displayed mutation features consistent with Signature 11, indicative

of a mutation pattern resembling alkylating agents (25, 26). This

finding reasonably suggests that the administration of the alkylating

agent TMZ likely contributed to the development of hypermutations

in the tumor, thereby promoting increased malignancy.

To assess the immune microenvironment of the tumor

samples, we conducted a quantification scoring system called

immunophenoscore (27), which incorporates MHC molecules,

immunomodulators, effector cells, and suppressor cells (Figure 4A).

The findings revealed that the immunophenoscore for sample A, B,

and C was determined as 3, 5, and 3, respectively. The CIBERSORT

analysis of these samples indicated that in sample A, M2

macrophages were predominantly present. Following treatment,

tumor cell death resulted in the release of a substantial amount of

tumor antigens, leading to heightened immune response in sample B,

as evidenced by a significant increase in the proportion of M1

macrophages (Figure 4B). Subsequently, in sample C, the tumor

cells underwent hypermutation, rapidly deteriorating the tumor and

causing the disappearance of M1 macrophages in the immune

microenvironment, with M2 macrophages regaining predominance,

indicative of immunologic treatment resistance. Enrichment analysis

demonstrated that sample B was primarily characterized by the

immune-related signaling pathway Cluster A, suggesting a

favorable tumor immune response. Conversely, sample C was

primarily characterized by Cluster C of the DNA damage repair-

related signaling pathway, which may be attributed to TMZ-induced

hypermutation (Figure 4C, Supplementary Table 1). The relatively

favorable immune microenvironment observed in sample B has been
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validated by the sustained tumor remission following

immunotherapy administration (Figure 4D).
Discussion

The long-term administration of TMZ has been conclusively

associated with the malignant transformation of LGG, leading to an

increased risk for tumor hypermutation. However, the specific

characteristics and clinical implications of TMZ-induced
Frontiers in Immunology 04
hypermutation remain poorly understood, and its relationship with

immunotherapy has not been extensively investigated. This study

presents a case report of a glioma patient who underwent 12 cycles of

TMZ treatment and experienced hypermutation, while concurrently

receiving adjuvant immunotherapy. Our findings suggest that TMZ-

induced hypermutationmay serve as a potential predictivemarker for an

unfavorable response to immunotherapy in cases of recurrent gliomas.

The role of TMZ therapy in patients with gliomas is well-

established. Patients with LGG often have a younger age at diagnosis

and a comparatively prolonged expected survival, leading to increased
FIGURE 2

Genomic evolution of the tumor cells during recurrences.
B

A

FIGURE 1

The illustrated pre- and post-operation MR images of this case during the five times of surgery (A). Treatment flowchart outlining the patient’s
therapeutic journey (B).
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exposure to TMZ and a higher prevalence of hypermutation (10).

TMZ-induced hypermutation is characterized by a significant increase

in the mutation rate and a specific mutational signature involving G:

C>A:T transitions during post-treatment recurrences (28). Previous

studies have identified two main pathways to hypermutation: a de novo

pathway associated with inherited defects in DNA polymerase and

MMR genes, and a more common post-treatment pathway linked to

acquired resistance driven by MMR defects in gliomas that recur after

TMZ treatment (9).

However, the clinical relevance of TMZ-induced hypermutation

remains uncertain. Bai et al. demonstrated that TMZ-induced

hypermutation can drive malignant transformation in low-grade

astrocytoma (29). In our study, the malignancy of the tumor also

increased after TMZ treatment, as evidenced by higher tumor grade

and Ki-67 index. Yu et al. confirmed that TMZ-induced

hypermutation is associated with distant recurrence and reduced

survival in low-grade IDH-mutant gliomas (11). Similarly, our case

experienced subependymal dissemination (Supplementary Figure 1)

and succumbed to the disease two months after hypermutation.

Given the clinical significance of hypermutation, the factors that

are predictive for risk of hypermutation should be specified. In our

case, the time between initiation of TMZ treatment and tumor
Frontiers in Immunology 05
hypermutation was 27 months, and the duration of TMZ treatment

comprised 12 cycles, consistent with previous findings (28). A prior

study indicated that a high level of MGMT promoter methylation is a

predictor of TMZ-induced hypermutation (30); however, this trend

was not observed in the current report.

With regard to the clinical implication of hypermutation in

guiding immunotherapy, it remains an important aspect that

requires further investigation. Hypermutation, as an emerging

biomarker, has been associated with a higher TMB, suggesting an

increased tumor neoantigens and a potential for improved response

to immunotherapy (18–20). Consequently, TMB has been utilized as

an indicator to determine patient suitability for immunotherapy (31).

However, research has revealed inconsistencies in the criteria for

determining TMB, largely due to variations in detection methods.

Furthermore, it is important to note that TMB alone does not directly

correlate with the immunogenicity of tumor neoantigens, as it solely

reflects antigen quantity while neglecting their quality (32). Notably,

hypermutated gliomas exhibit a lack of prominent T cell infiltrates,

extensive intratumoral heterogeneity, poor survival outcomes, and a

low rate of response to immunotherapy (9). This suggests that

hypermutation may not be sufficient for predicting an effective

antitumor immune response (33).
B

C

A

FIGURE 3

Somatic mutation signature in post-TMZ treatment tumors. Signature 11 that exhibits a strong transcriptional strand-bias for C>T substitutions was
found in sample C, suggesting a mutational pattern associated with alkylating agents.
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In this particular case, sample A exhibited only 73 newly

occurring mutations. The comprehensive immunophenoscore was

3, and the patient’s response to immunotherapy was moderate,

without significant tumor remission. Conversely, sample B

demonstrated a twofold increase in newly occurring mutations,

accompanied by an immunophenoscore of 5. The patient displayed

a favorable response to immunotherapy, with the tumor experiencing

persistent partial remission. However, in sample C, the tumor

underwent TMZ-induced hypermutation, resulting in a remarkable

increase of 2466 newly identified mutations. Consequently, the

comprehensive immunophenoscore significantly decreased,

indicating a notable rise in intratumoral heterogeneity. Moreover,

the tumor microenvironment exhibited an immune-suppressive

state, and the subsequent patient outcome supported this

observation. These findings are consistent with previous reports

from Touat et al. (9), suggesting a potential association between

TMZ-induced hypermutation and unfavorable response to

immunotherapy. However, not all instances of hypermutations

imply a compromised efficacy of immunotherapy. In the study

conducted by Anghileri et al. in 2021, a patient with recurrent

GBM and Lynch syndrome, characterized by a high tumor

mutational burden, exhibited a strong immune response to anti-

PD1 therapy (34). This response was attributed to a constitutional or
Frontiers in Immunology 06
biallelic MMR deficiency, resulting from germline alterations in the

MMR gene. Such alterations induce a deficiency in the DNA repair

machinery, leading to a hypermutable phenotype with an increased

tumor mutational burden capable of generating neoantigens. The

generation of a greater number of neoantigens correlates with

improved clinical efficacy in immunotherapy. This phenomenon

was also validated in another study that demonstrated the

heightened sensitivity of hypermutated GBM patients with MMR

deficiency to nivolumab treatment (35). In our case, no germline

alterations were identified, yet specific mutations associated with

MMR, including PMS2, MSH3, POLE, ATR and FANCA, were

observed. Despite the absence of a definitive diagnosis of MMR

deficiency based on sequencing results, these mutations were

implicated as the primary contributors to hypermutation. Future

verification of our speculation may entail conducting staining assays

for MLH1, MSH2, MSH6, and PMS2. Thus, TMB cannot be solely

relied upon as a standalone biomarker for forecasting the efficacy of

immunotherapy in glioma patients (36, 37).

In summary, long-term administration of TMZ poses an

increased risk of hypermutation in gliomas, leading to heightened

tumor malignancy and the development of treatment resistance.

TMZ-induced hypermutation may serve as an indicator associated

with a negative response to immunotherapy in gliomas.
B C D

A

FIGURE 4

Immunologic analysis of post-operative tumors, including comparisons of immunophenoscore (A), CIBERSORT results (B), and enriched pathways
(C) between different tumor samples. (D) Following the fourth operation, the patient received 4 cycles of immunotherapy. with partial response
observed in the enhanced lesion in the right frontal-parietal lobe during follow-up.
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