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Abstract

Introduction: Children with high-grade gliomas (pHGGs) represent a clinical population in 

substantial need of new therapeutic options given the inefficacy and toxicity of current standard-
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of-care modalities. Although immunotherapy has emerged as a promising modality, it has yet to 

elicit a significant survival benefit for pHGG patients. While preclinical studies address a variety 

of underlying challenges, translational clinical trial design and management also need to reflect 

the most updated progress and lessons from the field.

Areas Covered: The authors will focus our discussion on the design of clinical trials, the 

management of potential toxicities, immune monitoring, and novel biomarkers. Clinical trial 

design should integrate appropriate patient populations, novel and preclinically optimized trial 

design, and logical treatment combinations, particularly those which synergize with standard of 

care modalities. However, there are caveats due to the nature of immunotherapy trials, such as 

patient selection bias, evidenced by the frequent exclusion of patients on high-dose corticosteroids. 

Robust immune-modulating effects of modern immunotherapy can have toxicities. As such, it is 

important to understand and manage these, especially in pHGG patients.

Expert Opinion: Adequate integration of these considerations should allow us to effectively gain 

insights on biological activity, safety, and biomarkers associated with benefits for patients.

Keywords

biological correlates; clinical trial design; diffuse intrinsic pontine glioma; diffuse midline glioma; 
high-grade glioma; immunotherapy; toxicity

1. Introduction

Radiotherapy and chemotherapy for pediatric high-grade gliomas (pHGGs) are both 

associated with substantial toxicities and are generally unable to prevent tumor recurrence 

after tumor resection [1]. Unlike in the adult setting, pHGGs do not benefit from treatment 

with temozolomide (TMZ) plus radiotherapy, although radiotherapy followed by either the 

combination of TMZ and lomustine or TMZ, irinotecan, and bevacizumab [2] may elicit a 

modest increase in overall survival (OS) in some cases [3,4]. While pHGGs are far less 

common than low-grade gliomas (LGGs) and account for approximately 11% of primary 

pediatric central nervous system (CNS) tumors, the three year OS is just 22% [3,5].

Despite decades of innovative clinical studies, pHGG remains universally fatal. Recent 

successes in treating various hematological malignancies and solid tumors with 

immunotherapeutic strategies have driven a rapid increase in immunotherapy trials for 

patients with adult and pediatric CNS tumors [6,7]. Among many strategies, there are four 

immunotherapeutic strategies currently being explored for pHGG that we consider in this 

review. The first is checkpoint blockade, which uses targeted antibodies to inhibit the 

activity of molecular pathways that negatively regulate T cell activity (reviewed in [8]). 

Among the agents undergoing evaluation, pembrolizumab and nivolumab are both 

monoclonal antibodies targeting programmed cell death protein 1 (PD-1), while ipilimumab 

targets cytotoxic T-lymphocyte protein 4 (CTLA-4). Several studies have evaluated immune 

checkpoint inhibitors (ICI) alongside standard-of-care for adult and pediatric HGG but these 

therapies have not been FDA approved for usage in either setting [6,9–11]. The second 

strategy is vaccine-based therapies that deliver immunogenic glioma-associated peptides 

exogenously with immune adjuvant or loaded onto antigen-presenting cells (reviewed in 
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[12–14]). Most recently, a peptide plus innate immune adjuvant strategy was exploited to 

generate an immune response against the histone variant 3.3 (H3.3) K27M mutation in a 

clinical trial for diffuse midline glioma (DMG) (NCT02960230) [15]. A third strategy is 

adoptive cell therapy (ACT) in which autologous T cells or NK cells are engineered ex vivo 
to target a tumor antigen before administration to the patient [reviewed in [16]. Chimeric 

antigen receptor T cells (CAR T) which target surface tumor antigens are an example of this 

strategy that is being evaluated for adult and pediatric HGG [17–22]. Finally, oncolytic virus 

strategies involve intra-tumoral administration of replication-competent viruses that have 

been engineered to selectively infect and kill glioma cells. This strategy has significant 

potential both because it can directly lyse tumor cells and because the active viral infection 

recruits antigen-presenting cells to the tumor site that can present tumor-associated antigens 

and provoke an adaptive immune response (reviewed in [23,24]). Currently, oncolytic 

virotherapy is being evaluated in clinical trials for various pediatric CNS malignancies, 

including diffuse intrinsic pontine glioma (DIPG) (reviewed in [25,26]).

Progress in molecular profiling of pHGG has revealed that the disease category includes a 

genetically and phenotypically heterogeneous collection of tumors [1]. Notably, this 

heterogeneity provides critical opportunities for the development of targeted 

immunotherapies to exploit pHGG sub-groups. Genomic and epigenomic analyses have 

identified specific driver mutations associated with age, tumor location, immune cell 

infiltration, and survival outcome [27–29]. These findings reaffirm the need for narrowly 

defined subgroups when evaluating prospective therapies and has been extensively reviewed 

[1,30–32]. With the ongoing characterization of a vast repository of genomic, epigenomic, 

and protein-level alterations characterizing pHGG subtypes and influencing prognosis, 

precisely targeted immunotherapies herald immense potential to improve upon standard-of-

care treatment for pHGG.

While immunotherapies for HGG continue to garner excitement, no immunotherapy has 

managed to elicit a significant survival benefit for pHGG patients. The challenges facing 

development of immunotherapies for pHGG have been comprehensively reviewed and 

include disease heterogeneity [1], homing and retention of lymphocytes to the tumor 

microenvironment [33,34], paucity of targetable antigens due to lower mutational burden, 

and an immature peripheral immune system (reviewed in [35]). Ongoing and future clinical 

trials will continue to evaluate innovative strategies to overcome the unique challenges 

facing immunotherapies for pHGG. As these clinical trials are conducted, there is a critical 

need for consensus guidance on trial design and evaluation in order to limit variability based 

on different institutional protocols. As pHGG is a relatively rare disease, small numbers of 

enrollees and the narrow tumor subgrouping required in each trial compound the need for 

reliable comparison of patient outcomes between different institutions.

In addition to in-depth understanding of these scientific challenges and mechanisms, when it 

comes to clinical trial design and management, there are important considerations. In this 

review, we have established a multi-institutional team of experts in pHGG immunotherapy to 

provide consensus guidance on the design of clinical trials, management of potential 

toxicities associated with immunotherapy, and immune monitoring.
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2. Clinical trial design

The ultimate development of safe and effective immunotherapy for children with CNS 

tumors requires thoughtful study design and managements. Typically, this is first done 

through clinical trials to assess real-world toxicity and efficacy with careful consideration of 

eligibility criteria, response endpoints, and dose escalation. When applied to immunotherapy 

for CNS tumors, each of these considerations must be specifically addressed through the 

lens of both immune cell infiltration of the CNS and systemic side effects, which is distinct 

from more traditional systemic treatments.

2.1 Novel trial design

The primary purpose of an early-phase clinical trial is to determine the appropriate dose of a 

new therapeutic agent. The ideal therapeutic index is usually obtained by administering a 

relatively high-dose that yields maximum tolerated doses (MTD) such that the probability of 

dose limiting toxicities (DLT) is no more than a pre-determined percentage. The MTD is 

often the recommended Phase II dose (RP2D) under the assumption that higher doses are 

likely to be more effective [36]. The endpoints for RP2D and DLT become less clear in 

immunotherapeutic trials as immunotherapy drug-related toxicities have been less well-

defined than those for traditional cytotoxic therapies. As a result, it is conceivable that the 

traditional dose escalation approach may need to be altered or reconsidered for future trials.

The standard method of 3+3 dose escalation has been largely replaced by more innovative 

designs, such as the adaptive Bayesian Phase I design [37,38], which can lead to greater 

flexibility and efficiency by utilizing results accumulated during the trial. The continual 

reassessment method (CRM) starts at the dose level where toxicity rate is closest to the 

target toxicity level and restricts to no more than one dose level increase at a time. 

Alternatively, the modified CRM assigns more than one subject at a time to each dose level, 

reducing the duration, toxicity, and severity of toxicity in the trial [39]. Other designs, such 

as the extended CRM and the escalation with overdose control (EWOC), further attempt to 

reduce the numbers of patients required at each dose level while providing accurate 

estimates of toxicity.

As with standard cytotoxic agents, rapid and efficient escalation of immunotherapeutic 

approaches must leverage novel statistical designs, especially given the lack of traditional 

MTD seen in many pHGG-related immunotherapy trials.

2.2 Factors in patient selection criteria

The selection of patients with pHGG for enrollment on an immunotherapy clinical trial is 

complex, necessitating that a multitude of factors should be carefully considered, given the 

risk for pseudoprogression-related toxicity and the immunomodulatory effects afforded by 

many supportive therapies. Key variables to be considered include appropriate disease status 

(newly diagnosed vs. recurrent), location of disease, tumor phenotype and expression of 

targetable biomarkers, and use of steroids.

2.2.1 Diagnosis and phenotype—Traditionally, pediatric gliomas were grouped based 

on histopathology. Advances in genetic and epigenetic profiling of pHGG have enabled 
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separation into two distinct groups: diffuse midline gliomas with H3 K27M mutations (e.g. 

brainstem, thalamus, and spine) and hemispheric pHGG [40]. DIPG can still be considered a 

clinical diagnosis as determined by consensus radiographic features including a T1-

hypointense and T2-hyperintense tumor involving at least 50% of the pons by cross-

sectional area[41]. Previously, the role for neurosurgery in the diagnosis of DIPG was to 

alleviate signs of intracranial pressure (ICP) and obtain a biopsy in cases of uncertain 

diagnosis. Recent clinical studies have demonstrated the safety and feasibility of pediatric 

brainstem biopsy, particularly stereotactic biopsy, enabling improved biological 

understanding and the development of new therapies[42]. Stereotactic biopsy requires 

immense skill and it may not be possible for every center to offer biopsy to patients. 

Therefore, not all trials will require a biopsy prior to enrollment for newly diagnosed DIPG 

patients. However, trials with biologically-targeted therapy, such as those targeting the 

histone 3 mutated tumors, should require a biopsy prior to enrollment.

Finally, these tumors are characterized by a high degree of tumor heterogeneity which 

complicates the selection of appropriate targets. The heterogeneous nature of antigen 

expression could theoretically alter the efficacy of therapies targeting a single antigen or 

molecule, as occurs with ACT. For example, CAR T cells may be ineffective if some pHGG 

target cells do not express the antigen, downregulate the antigen, or mutate in a form of 

antigen escape, as has been observed in CD19- relapsed B-ALL following CAR T 

therapy[43,44]. In addition, gliomas employ multiple mechanisms of immune suppression. 

Gliomas express inhibitory ligands that induce anergy and apoptosis of cytotoxic 

lymphocytes, along with immune checkpoints that impair the anti-tumoral immune response 

[45]. They also elicit tumoral infiltration by immunosuppressive cells, likely impacting 

pHGG immunogenicity. Some hypothesize that the emergence and selection of specific 

genetic alterations could be related to cells that evade the initial immune response [45]. For 

instance, pediatric glioblastoma (GBM) has up to 1.9 fold decreased PD-L1 expression 

compared to non-tumor controls and lower levels of expression of the T cell activation 

markers HLA-DR and CD64 [46]. Overall, understanding and including the appropriate 

patient phenotype is far more complex than previously understood, but may have substantive 

impacts on the efficacy of a candidate immunotherapeutic approach.

2.2.2 Newly diagnosed vs. recurrent—The current standard of care for the treatment 

of pHGG includes maximal tumor resection followed by focal radiation therapy. Newly-

diagnosed patients are treated with resection and biopsy which allows for tissue phenotyping 

at the time of initial diagnosis. Immunotherapy approaches that require fresh tissue 

procurement are most easily considered at upfront resection following the initial diagnosis. 

Furthermore, in resectable HGG, active disease burden is it at its lowest following optimal 

resection and some trials have shown that survival outcomes were improved in patients with 

minimal residual disease after optimal tumor resection [47,48]. However, some patients are 

not offered immunotherapy until relapse given the investigational nature of such treatments. 

In most of these cases, a biopsy is not performed to determine changes in tumor phenotype. 

Mohm et al. demonstrated that tumor infiltrating lymphocytes (TILs) in recurrent GBM had 

an enlarged proportion of CD8+ and CD4+ effector memory T cells and lower CD8+ 

transitional memory TILs when compared with primary GBM [49]. In addition to a 
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changing tumor phenotype at recurrence, patients are generally closer to tumor burden-

related clinical deterioration and also may not have the time needed to generate personalized 

approaches. Unfortunately, enrollment on immunotherapeutic trials is logistically 

challenging at initial diagnosis and may consign patients to additional interventions 

compared with standard of care.

2.2.3 Location, accessibility of tumor and drug delivery—When designing an 

immunotherapy clinical trial, it is also important to consider the location of the tumor and 

how this will affect therapeutic response and toxicity. While the blood-brain-barrier (BBB) 

was historically understood to prevent immune cells from accessing tumors, it has been 

shown that immune responses against CNS tumors do occur. Both human studies and animal 

models of intracranial tumors show that strong antitumor immune responses are able to 

control tumor growth [50]. Further, soluble antigens are able to drain from the cerebrospinal 

fluid (CSF) space to the cervical lymph nodes where they are presented to T cells by 

dendritic cells (DC) [51]. An obstacle to effective treatment is the likely impedance to 

effector cell infiltration. To combat this, some immunotherapy trials utilize adjuvant 

treatment like poly-ICLC, a toll-like receptor 3 (TLR3) and melanoma differentiation-

associated protein 5 (MDA5) agonist. TLR3 is the most abundant TLR expressed by 

astrocytes and microglial cells and its activation can enhance homing by inducing pro-

inflammatory cytokines and chemokines [52,53]. Some studies, especially those 

investigating CAR T cells for pediatric gliomas, attempt to bypass the BBB via direct 

injection into the tumor bed or ventricular system (NCT03500991, 03638167, 04185038). 

Theoretically, this approach would enhance responses due to direct invasion of the tumor 

with effector cells. It is unknown whether direct intra-tumoral therapy results in sufficient 

recruitment of the innate and systemic immune system to develop a memory response. 

Furthermore, while indwelling catheters are well tolerated and widely used in pediatric 

patients, the added risks of infection and potential bleeding events should always be 

considered.

2.2.4 Corticosteroids—Many patients with pHGG will receive corticosteroids at some 

point during their treatment course for amelioration of tumor edema-related symptoms. 

However, this could have a deleterious effect on the efficacy of immunotherapy given that 

steroids decrease migration of leukocytes into inflamed tissues, reduce peripheral blood 

counts of all leukocyte subsets, especially T cells, and decrease IgG levels [54]. Adult data 

studying patient cohorts found that dexamethasone-induced anti-proliferative effects may 

confer protection from radiotherapy- and chemotherapy-induced genotoxic stress and 

therefore may decrease the effectiveness of treatment and shorten survival time for GBM 

patients.[55] Data from the PNOC-007 study, a pilot multi-center trial of H3.3K27M peptide 

vaccine in children with DMG (NCT02960230), demonstrated detrimental effects of steroid 

use on the induction of vaccine-specific T cell response, observing decreased expansion of 

vaccine-reactive CD8+ T cells in dexamethasone treated patients [15,56,57]. In vitro and 

animal models describe an antagonistic relationship between ICI and corticosteroids. This 

has been corroborated in human studies demonstrating decreased median OS in patients 

receiving ICI, although the contribution of corticosteroids to immunotherapy antagonism 

still needs to be well-defined [58–61].
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2.2.5 Exclusion criteria—A final set of considerations for immunotherapy clinical trial 

design concerns exclusion criteria. Uncontrolled infections that may impair immunity or 

active autoimmune disease are frequently considered to exclude patients from 

immunotherapy trials. Examples of uncontrolled infections or conditions that impair 

immunity include hepatitis and HIV, where augmented immune responses may lead to 

undesirable off-target activation of infectious complications. Finally, some trials will also 

exclude patients with bulky tumors from consideration, such as those with pre-determined 

large tumors or those that have induced uncal herniation or midline shift, but this is not 

unanimously performed. These patients may require high-dose corticosteroid and have rapid 

deterioration in the context of potential immune cell infiltration that may become life-

threatening. Moreover, these conditions may also introduce significant patient selection bias 

and caution should be applied when interpreting results by comparing with historical control 

data.

2.2.6 Neoadjuvant and adjuvant immunotherapy—Neoadjuvant design provides an 

opportunity to evaluate the effects of pre-surgically administered therapeutic agents in the 

resected tumor. Another advantage of neoadjuvant immunotherapy with standard-of care 

(SOC) is that it could provide an early start for a systemic immune response that can be 

sustained with adjuvant immunotherapy post-surgery and radiation therapy (RT). Therapy 

delivered in the adjuvant, post-surgery phase may benefit from the bulk of the tumor being 

resected, leaving a smaller tumor burden for T cells to eliminate and a denuded local 

immunosuppressive environment. In a recent clinical trial, patients who received 

neoadjuvant pembrolizumab with continued adjuvant therapy following surgery had 

significantly extended OS compared to patients that received adjuvant pembrolizumab post-

surgery [62]. This study demonstrates that neoadjuvant PD-1 blockade induced infiltration 

of interferon-γ (IFN-γ) producing, PD-1-suppressed CD8+ T cells in the tumor 

microenvironment (TME) that was essential for generation of a systemic immune response 

[62]. Another phase II clinical trial with neoadjuvant nivolumab demonstrated similar 

immunological impacts [63]. Given that immune checkpoint blockade used primarily as an 

adjuvant therapy has not shown promising results in GBM, these findings highlight the 

importance of timing for the success of immunotherapy.

2.3 Combination therapy with radiation or chemotherapy

While some immunotherapeutic strategies have induced significant and remarkable 

responses [64–69], they have not yet dramatically improved the landscape of CNS tumor 

treatment. Thus, in addition to optimization, future strategies are likely to benefit from 

rational combinatorial approaches. Although a complete discussion of varying combinations 

with immunotherapy is beyond the scope of this review, utilization in the context of standard 

of care therapies, such as radiation and chemotherapy, will be discussed below.

Recent studies have expanded our knowledge of the complex effects of RT on the immune 

system. Radiation-induced cell death can facilitate antigen release and promote activation of 

the adaptive immune system through improved antigen-presenting cell (APC) cross-

presentation, DC function, enhanced T cell priming, and increased infiltration of T cells into 

the TME [70,71]. In rare cases, local RT can also induce a systemic anti-tumor response that 
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leads to regression of non-irradiated metastatic tumors at a distant site, known as the 

abscopal effect [71,72]. In contrast, localized RT can also induce the production of cytokines 

and chemokines that can recruit immunosuppressive cells such as myeloid-derived 

suppressor cells (MDSC) and regulatory T (Treg) cells into the TME [73]. In this section, we 

will discuss both positive and negative effects of these standard-of-care modalities. Figure 1 

summarizes impacts of RT on the anti-tumor immune response.

2.3.1 Radiation and chemotherapy-induced immune activation—Radiation-

induced apoptosis and necrosis release tumor neoantigens, rendering the tumor more 

accessible to the innate and adaptive immune systems. Localized radiation-induced cell 

death promotes release of damage-associated molecular pattern molecules (DAMP), such as 

calreticulin, high-mobility group box 1 (HMGB1), and adenosine triphosphate (ATP) into 

the extracellular environment, allowing recognition of tumor cells by DC [74,75]. 

Furthermore, RT induces the production of pro-inflammatory cytokines such as interleukin 

1β (IL-1β), transforming growth factor β (TGF-β) and tumor necrosis factor (TNF). Studies 

have shown an up-regulation of major histocompatibility complex I (MHC-I) in human and 

murine tumor cells after irradiation, thus enhancing T cell mediated anti-tumor response 

when combined with vaccination. In a phase II clinical trial, adjuvant immunotherapy using 

DC pulsed with tumor lysate showed favorable survival rates with median OS of 39.1 

months in the vaccinated group over 15 months in the non-vaccinated control group [76]. In 

another report, Lee et al showed that high-dose dramatically increases T cell priming and 

susceptibility to vaccine-mediated T cell killing [77].

There is ample proof suggesting interferon (IFN) levels are elevated following radiation by 

activation of stimulator of interferon genes (STING) in irradiated tumor cells [78,79]. 

Similar to its effect on MHC-I expression, IFN-γ is known to upregulate the expression of 

NKG2G ligands on tumor cells [80]. Similarly, radiation-induced IFN-γ production can lead 

to an increase in PD-L1 expression on tumor cells. Deng et al showed that RT can upregulate 

PD-L1 on cancer cells, supporting the use of ICI along with RT [71]. Additionally, RT has 

been observed to induce an immune-mediated abscopal effect when combined with 

checkpoint inhibition [72,81].

Many studies indicate that TMZ-induced lymphopenia can be a concern while combining 

with immunotherapy [82]. However, TMZ has been found to increase priming of tumor 

antigen-specific T cells [83] and improve efficacy of TAT-survivin pulsed DC vaccines in 

murine models [84]. Clinical trials with DC vaccination have also demonstrated immune 

stimulation and increased antigen-specific T cells following pre-treatment with RT-TMZ 

[85]. Furthermore, TMZ-induced hypermutation and increased mutational load is associated 

with better response to ICI in several cancers, including GBM [57,86].

2.3.2 Radiation and chemotherapy-induced immunosuppression—
Conventional RT combined with TMZ is known to induce immunosuppressive effects, 

including lymphopenia. Given that lymphopenia is associated with poor survival in patients 

with HGG, altering the radiation dose and delivery techniques to reduce lymphopenia could 

potentially improve the therapeutic outcomes [87,88]. In an ongoing phase 1 clinical trial 

(NCT02313272), the efficacy of Hypofractionated Stereotactic Irradiation (HFSRT) in 
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combination with pembrolizumab and bevacizumab is being evaluated in adult patients with 

recurrent HGG.

Most clinical trials for immunotherapy enroll patients that have already undergone RT and 

chemotherapy as a standard course of treatment. Few studies to date have addressed the 

question of whether patients have better outcomes when RT is used sequentially or 

concurrently with immunotherapy. In a murine GBM model, Beclaid et al concluded that 

concurrent, rather than sequential administration of radiation and immunotherapy is 

associated with better outcomes [89].

3. Toxicity assessment and management

The robust immune-modulating effects of novel immunotherapies can cause severe 

toxicities. It is critical to understand these adverse events and integrate proper assessment 

and management plans in clinical trials. In this section, we discuss these toxicity 

considerations in the context of CAR T cell therapy and ICI.

3.1 Toxicities related to immune checkpoint inhibition

Immune checkpoint inhibition has revolutionized the treatment landscape for many cancers, 

resulting in improved survival for some peripheral tumors [90]. In the case of two clinically 

relevant checkpoints, CTLA-4 and PD-1, blocking interactions with their ligands induces 

strong immunological responses in the host including increased T cell activation and 

cytotoxic T cell-mediated tumor clearance [62,91,92]. Indoleamine 2, 3-dioxygenases 1 

(IDO1) is a crucial innate immunity regulator that modulates T cell and NK cell function, 

and its inhibition is a therapeutic opportunity that is currently being explored in translational 

research against brain cancers [93]. As recent studies have shown, altering the immune 

system often requires a fine balance between therapeutic efficacy and over activation on the 

verge of toxicity.

Although CNS malignancies are immunologically unique, innovative and novel uses of ICI 

against brain cancers are demonstrably promising. A recent study by Cloughsey et al 

demonstrate that neoadjuvant ICI using PD-1 inhibitor had extended overall survival in 

patients with recurrent GBM relative to a cohort receiving adjuvant PD-1 blockade [62]. In 

addition, anti-PD-1 is also frequently practiced as salvage therapy in patients with CNS 

malignancies [94].

The role of naturally expressed checkpoint molecules is to prevent uncontrollable 

hyperactivation of the host immune system by regulating activation. ICIs remove this 

regulatory mechanism, thus allowing increased effector T cell function. The lack of restraint 

of T cell function by ICIs can lead to a plethora of immune-related adverse events through 

undefined mechanisms. Research suggests that immune-related adverse events develop 

through multiple pathways including autoreactive T cells, autoantibodies, and cytokine 

release [95]. Although immune-related adverse events most commonly involve the 

gastrointestinal tract, endocrine glands, skin, and liver [96], the effects of anti-CLTA-4 and 

anti-PD-1 differ in humans. Those treated with anti-CTLA-1 experience higher frequency of 

colitis and hypophysistis, whereas those treated with anti-PD-1 experience more 
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pneumonitis and thyroiditis [97,98]. Thyroid disorders are more likely to occur in patients 

that receive anti-PD-1 or anti-PD-L1 who have anti-thyroid antibodies. It is hypothesized 

that blocking the PD-1/PD-L1 axis may impact both T cell-mediated immunity as well as 

humoral immunity thus emphasizing the anti-thyroid antibodies [99].

Both autoantibodies and autoreactive T cells contribute to immune-related adverse events, 

but the mechanisms remain uncharacterized. For example, in two reported cases of 

myocarditis, the same T cell clones were observed in the tumor and in the myocardium, but 

no antibody deposits were found [100]. This suggests that the T cells were reactive to a 

normal antigen shared by both the tumor and the myocardium. Another frequently observed 

autoimmune symptom is vitiligo, an autoimmune reaction against melanocytes in the skin. 

Cytokines, specifically IL-17 secretion, may also play a role in immune-related adverse 

events. In both murine and human systems, elevated levels of IL-17 have been observed in 

hosts with ICI-induced colitis [101].

Despite the discussion above, ICI with PD-1 blockade is reported to be generally well 

tolerated with common treatment-related toxicities including muscle weakness, headache, 

and hyperglycemia [62]. The occurrence of immune-related adverse events may indicate 

strong anti-tumor responses. However, it is clear the toxicity of ICIs are similar across 

cancers, suggesting that the toxicities are independent of tumor and antigen, and more 

related to systemic immune responses. Table 1 summarizes toxicity assessments and 

managements in ICI therapy.

3.2 Toxicities associated with CAR T cell therapy

The side effects of CAR T cells can be classified by anatomical compartment effected and 

specific etiology. Potential toxicities that are unrelated to the tumor itself can be systemic, 

such as cytokine release syndrome (CRS). They can also be neurotoxic, as in immune 

effector cell-associated neurotoxicity syndrome (ICANS), which is also known as CAR T 

cell-related encephalopathy syndrome (CRES). Additionally, changes in neurological 

symptoms that are associated with the tumor location can be described as peritumoral edema 

or pseudoprogression, based upon imaging and pathological findings. Table 2 summarizes 

toxicity assessments and managements in CAR T cell therapy.

CRS and ICANS have primarily been described in CD19-specific CAR T for leukemia and 

lymphoma. CRS is a systemic inflammatory response caused by the release of cytokines by 

CAR T cells, including IL-6, IFN-γ, and IL-2, in particular [65]. Release of these cytokines 

leads to systemic symptoms that affect multiple organs but is hallmarked by fever as well as 

capillary leak leading to peripheral edema and hypotension [102,103]. While there are 

various grading systems available for CRS [104–107], the American Society for 

Transplantation and Cellular Therapy (ASTCT) recently developed consensus 

recommendations for the grading of CRS based on fever, hypotension, and hypoxia [102]. 

There have been a limited number of clinical trials testing CAR T cells in adult GBM 

patients. However, when considering available study data, most patients across various 

treatment regimens had mild to no CRS symptoms [17–19,108,109]. The most common side 

effects reported included fever, malaise, and myalgias (Grade 1–2), and in those who 

received lymphodepleting chemotherapy, lymphopenia could be observed as well [17–
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19,108,109]. One study assessing CAR T cells targeting epidermal growth factor receptor 

variant 3 (EGFRvIII) in adult GBM looked at serum cytokine levels and identified increases 

in IL-6, IL-5, and IL-10 following CAR T cell administration [18].

The neurotoxicity related to CAR T therapy (ICANS) is a distinct entity from CRS, 

characterized by various neurological symptoms ranging from mild to more severe 

[65,102,103]. Mild symptoms can include headache, tremor, and dysgraphia. Severe 

symptoms include aphasia, seizures, and encephalopathy, including fatal cerebral edema. 

Timing of ICANS can occur within days to weeks after infusion and can co-occur with CRS 

or present after CRS has resolved [65,102]. While further investigation into the mechanisms 

of the development of ICANS are needed, data have suggested increased BBB permeability 

as a potential mechanism [110,111]. In GBM patients, there has been concern about 

peritumoral inflammatory responses causing potentially severe or fatal neuroinflammation. 

However, in the existing clinical trials to date, patients have presented with mild to no 

neurotoxicity [17–19,109]. In the cases where mild symptoms were present, some were 

secondary to disease progression rather than CAR T related neurotoxicity [17–19,108,109]. 

The most common symptom secondary to CAR T was seizure but other symptoms included 

headache, weakness (including facial nerve weakness), and gait changes [17–19,108,109]. 

One study found increased levels of cytokines in the cerebrospinal fluid (CSF), such as IL-6, 

IFN-γ, IL-5, IL-10, when patients were experiencing ICANS symptoms without any 

corresponding increase in serum cytokines or presence of CAR T cells in the blood [17].

3.3 Peritumoral edema due to immunotherapy-induced local inflammation

In addition to systemic inflammatory responses resulting from CAR T such as CRS, 

neurological symptoms can present due to peritumoral edema. If neurological signs are 

consistent with dysfunction of the neuroanatomical compartment where the tumor is located, 

peritumoral edema is more likely to be responsible than ICANS. These signs and symptoms 

may present as worsening of pre-existing symptoms and may be associated with tumor 

pseudoprogression on MRI. The presence of local inflammation in the peritumoral region 

can make it difficult to distinguish pseudoprogression from true progression of disease 

[111]. Therefore, follow-up imaging as well as tissue biopsy with histopathological 

assessment for inflammatory infiltrate and tumor cell markers are the most appropriate 

manners in which to rule out pseudoprogression [111,112]. In the adult GBM setting, 

pseudoprogression following immunotherapy has made it challenging to assess treatment 

response in clinical trials. Therefore, the Immunotherapy Response Assessment in Neuro-

Oncology (iRANO) working group has recommended comprehensive imaging guidelines for 

potential cases of pseudoprogression in the adult CNS tumor setting. iRANO suggests that 

pseudoprogression should be considered as a possible explanation for any radiographic 

progression that is observed during the first six months after administration of an 

immunotherapy [112]. As long as patients do not exhibit neurological decline associated 

with these findings, iRANO recommends repeated imaging follow-up to confirm progressive 

lesions before reclassifying patients as non-responsive. In the case of pHGG, where 

pseudoprogression may occur along the midline and brain stem, resultant hydrocephalus and 

other neurological symptoms may require anti-inflammatory agents for management.
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3.4 Management of neurotoxicities

CRS treatment starts with addressing symptoms and if further treatment is required, CRS is 

treated with an IL-6 antagonist or corticosteroids in severe cases [104]. Available IL-6 

antagonists include tocilizumab and siltuximab, which bind to the IL-6 receptor and IL-6, 

respectively. Systemic symptoms often respond to IL-6 antagonists and no subjects in GBM 

CAR T clinical trials to this point have required treatment for CRS symptoms. In the case of 

ICANS, the limited BBB penetration by tocilizumab and its reported capacity to transiently 

raise IL-6 levels risk inefficacy and increased neurotoxicity in some patients [104,113]. 

Therefore, tocilizumab is not a first line treatment unless symptoms of CRS are also present 

[103]. In one adult GBM trial, ICANS symptoms were treated with siltuximab but it was 

unclear if there was any clinical benefit [18]. Therefore, dexamethasone is the most 

appropriate agent for controlling acute neurological symptoms secondary to CAR T 

administration. However, while dexamethasone penetrates the brain parenchyma efficiently, 

it is highly immunosuppressive [114,115]. As discussed earlier in this review, clinical 

vaccine studies for malignant glioma, including DMG, suggest that dexamethasone 

diminishes activation of vaccine-specific T cell responses [15,116]. Nonetheless, for 

management of acute neuroinflammation, CRS, and ICANS, dexamethasone is the most 

appropriate treatment option. As an alternative to corticosteroids, bevacizumab can also be 

used to manage neurological symptoms and pseudoprogression in a manner that may be 

more appropriate for long-term use [117,118]. While these treatments are important 

considerations for toxicity management in pediatric clinical trials for high-grade glioma, no 

adult GBM patients in CAR T clinical trials have required intervention with corticosteroids 

for ICANS up to this point [17–19,108,109]. Finally, it should be noted that CRS, ICANS, 

and neurological symptoms associated with peritumoral edema or pseudoprogression can 

occur concurrently and may require distinct treatment consideration. The clinical team 

should assess imaging findings for evidence of tumor-related edema alongside assessments 

of elevated cytokines, neurotoxicity, and systemic symptoms.

4. Disease monitoring and biomarkers of immunotherapy response

4.1 Imaging

Assessing disease response following immunotherapy presents a unique challenge when 

applying traditional radiographic and clinical response criteria, particularly for CNS tumors 

[6,119]. Immunotherapeutic strategies, in achieving their intended purpose of activating or 

introducing immune activity, often result in imaging changes that can be difficult to 

distinguish from tumor progression or evolving effects of prior cancer-directed therapy. As 

experience with immunomodulators against CNS tumors has expanded, the field of 

neuroimaging has been forced to develop imaging criteria that address several complexities 

including immune-related pseudoprogression, heterogeneous enhancement patterns, 

abscopal effects, and delayed or mixed responses. As discussed earlier, iRANO criteria aim 

to preserve or improve the utility of response measures after immunotherapeutic agents 

using currently available modalities [112]. iRANO and other related guidelines of 

immunotherapy response monitoring (e.g. irRECIST, irRC) include specific 

recommendations on the assessment of new lesions, interpreting changes in the absence of 

clinical symptoms, and time intervals to determining response or progression [120,121]. For 
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example, due to evidence that early radiographic progression and new lesions are often 

associated with subsequent therapeutic benefit [122,123], iRANO recommends repeat scans 

from initial radiographic progression prior to confirming progressive disease. This time 

window aims to decrease the likelihood of concluding drug inefficacy prematurely, while 

maintaining safeguards for patients who develop neurologic symptoms. Early experiences 

applying iRANO criteria to DMG patients treated with peptide-based vaccine 

immunotherapy identified 4/21 patients (19%) with documented pseudoprogression based 

on clinical and radiographic findings by conventional MRI with MR spectroscopy, diffusion, 

and perfusion techniques [124]. While further validation across disease entities and 

treatment regimens is warranted, this case series highlights feasibility of overlying novel 

imaging metrics on top of conventional imaging modalities to monitor disease and correlate 

with clinical outcomes. Ongoing efforts to implement advanced neuroimaging techniques 

such as immuno-PET imaging using novel molecular radiotracers (e.g. 18F-fluorothymidine, 

Granzyme B[125,126]) or labeled monoclonal antibodies (e.g. copper-64, zirconium-89 

[127–129]) remain investigational, but hold promise for improved non-invasive imaging of 

tumor-specific responses and immune-related events.

4.2 Novel biomarkers

While clinical endpoints and imaging will remain critical to disease and toxicity assessment, 

correlative analyses of CSF, plasma, and even urine may offer accessible surrogate markers 

of anti-tumor immunity [130–132]. These biomarkers may include quantitative measures, 

such as circulating tumor DNA (ctDNA), and in the case of cellular therapies such as CAR T 

cells, circulating CAR T DNA (cartDNA). They also can include qualitative or functional 

assessments of immune response, such as immune cell phenotyping, effector-mediated 

activity panels measuring cytokines, chemokines, and growth factors (e.g. the secretome), or 

sequencing of extracellular vesicle (EV) cargo. Layering of appropriate correlative studies to 

maximize the power of minimally-invasive biospecimens will be a critical component of 

next-generation immunotherapy trials and, while no current standard exists for the timing of 

collections, efforts are ongoing to harmonize immune monitoring protocols among clinical 

trials and consortia [133]. Furthermore, some tumors that can be biopsied relatively safely 

but are unresectable, such as DIPG, may especially benefit from correlative disease 

monitoring. In these cases, serial collections will always be more ethical and feasible than 

repeat neurosurgical biopsies to assess biomarkers of efficacy and treatment response, 

particularly in children.

Common bioassays used to measure immune activation in plasma and CSF include 

multiplexed panels with the ability to analyze multiple cytokines in parallel on a single run, 

such as bead-based multiplex immunoassays (MIA; Luminex/Milliplex) and Meso Scale 

Discovery (MSD) electrochemiluminescence [134]. These immunoassays detect factors of 

innate and adaptive immunity, with molecules of interest often including granulocyte 

macrophage colony stimulating factor (GM-CSF), IFN-γ, soluble FAS and FAS ligand, 

soluble CD137, granzyme A and B, interleukin (IL)-2, IL-4, IL-5, IL-6, IL-10, IL-13, 

macrophage inflammatory protein (MIP)-1α MIP-1β, tumor necrosis factor (TNF-α), and 

perforin [135]. As we continue to gain knowledge from ongoing pediatric CNS 

immunotherapy trials, our ability to tailor monitoring parameters to disease-specific and 
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immunomodulator-specific markers should not only improve but be employed systematically 

across working groups. For example, in ongoing CNS CAR T cell trials at Seattle Children’s 

[NCT03500991, NCT03618381, NCT04185038], patient’s serum and CSF are serially 

interrogated for CNS tumor-related and endothelial markers, including angiopoietin 

(Ang)-1, Ang-1, glial fibrillary acidic protein (GFAP), S100 calcium-binding protein 

(S100b), vascular endothelial growth factor (VEGF), and von Willebrand factor (VWF) 

using the Meso Scale Discovery platform [110,135]. Many of these markers are only 

available in specialized immunology labs, which combined with the relative instability of 

cytokines, chemokines, and growth factors, makes standardization of collection approaches 

difficult. However, the potential for gaining insight into predictive biomarkers of response 

and mechanisms of resistance provides a strong rationale for inclusion on current and future 

studies.

In addition to systemic immune activation, early signs of efficacy in patient responders 

versus non-responders to cellular therapies include direct measurements of the survival and 

activity of transferred product (e.g. CAR T cell, TCR, CTL). Techniques including flow 

cytometry, molecular analysis, and labeled radionucleotide imaging have all been utilized to 

detect and track cellular products following patient administration. Gene sequencing or flow 

cytometric analysis of the T cell receptor-β (TCR-β) are commonly applied to detect T cell-

based therapies, with functional activity measured by ex vivo re-challenge or detection of 

exhaustion markers such as TIM-3, LAG-3, TIGIT, PD-1, CD39, and Nur77. The clonotypic 

repertoire of TCR Vβ can also be used to distinguish CAR T cells from endogenous tumor-

infiltrating T cells, determining successful engraftment and survival advantage of transduced 

T cells over endogenous lymphocyte populations, or as in the case of an EGFRvIII CAR, an 

increase in polyclonal T cells with immunosuppressive or regulatory phenotypic 

predominance [18]. Early attempts at nuclear imaging approaches to detect T cells were 

restrained by poor BBB penetration of radioactive nucleotides and immunogenicity. 

However, newer techniques show promise in overcoming this barrier, although they are not 

yet widely clinically available [136,137]. Weist et al demonstrated that passive ex vivo CAR 

T cell labeling with 89Zr-oxine can be accurately tracked by PET imaging, providing a real-

time assessment of T cell delivery into the brain parenchyma and CAR T cell tendency to 

persist in the tumor location or diffuse through the CNS following intratumoral (ICT) versus 

intraventricular (ICV) injections, respectively [138]. Furthermore, differential T cell tracking 

by route of therapeutic delivery holds clinical relevance. For instance, systemically-delivered 

CAR T cells may be directly evaluated by plasma sampling, while CNS tumor-targeting 

CAR T cells delivered locoregionally are expected to be absent from the periphery and may 

require CSF sampling for cell detection [139].

Delivery devices may assist with the feasibility of repeated locoregional (e.g. ICT or ICV) 

sampling and these minimally invasive procedures can be performed by a range of trained 

practitioners. Optimal frequency of sample collection and analysis is still under 

investigation, with recent trials demonstrating feasibility of frequent collection timepoints. 

Current guidelines from a Seattle Children’s active Phase 1 trial of repeatedly dosed 

locoregional B7-H3-specific CAR T cells for DIPG/DMG and recurrent/refractory pediatric 

CNS tumors [BrainChild-03, NCT04185038] includes routine correlative study collection 

including: (1) Monthly CSF collection by lumbar puncture for ICT-delivered CAR T cells; 
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(2) Weekly pre- and post-infusion collection via Ommaya reservoir for ICV-delivered CAR 

T cells, with occasional mandated lumbar punctures; and (3) Peripheral blood obtained 

weekly.

Circulating immune cells may also serve as dynamic biomarkers of tumor-immune cell 

interactions. Griffiths et al. demonstrated that patient peripheral blood mononuclear cells 

(PBMCs) could be analyzed by single-cell RNA sequencing (scRNAseq) to detect 

abundance, activation, and differentiation states of T cell and monocyte populations 

following anti-PD-1 therapy [140]. Patient responsiveness was correlated to an early 

increase of T cell abundance and IFN signaling, providing a non-invasive and early predictor 

of response. More commonly-used techniques to detect T cell activity and potential for 

epitope spreading after immunotherapy include intracellular IFN-γ staining, tetramer 

analysis, or enzyme-linked immune absorbent spot (ELISPOT) assays. Cross-primed T cells 

recognizing cancer-testis antigens (CTA) or cancer-associated antigens (CAA) such as 

HER2, gp100, MAGE-A3, and others, may also signify early potential for anti-tumor 

activity. Notably, this has been hypothesized to be a contributor towards therapeutic efficacy 

observed following ICI and cytotoxic T lymphocyte therapy [141,142].

The challenge of antigen escape, whereby tumors downregulate expression of target epitopes 

after targeted therapy, is a well-documented mechanism of resistance to CNS-directed 

immunotherapy. This challenge highlights the importance of considering heterogeneity and 

adaptability of tumor surface expression throughout the course of disease and treatment 

[143–145]. Moreover, tumor antigens may serve as biomarkers of treatment response 

whether or not they are intentional targets [146,147]. Arguably one of the most clinically 

relevant of these antigen modifications is the induced expression of checkpoint proteins, 

such as PD-L1, which has been reported to increase in patients after even a single dose of 

intravenously delivered EGFRvIII CAR T cells [18]. However, recent studies assessing the 

predictive and prognostic value of PD-L1 expression prior to ICI, in the absence of 

mismatch repair deficiency, show mixed results [148–151]. While this data can potentially 

aid in the design of future combinatorial strategies, monitoring expression levels for patient-

specific clinical benefit is limited and requires neurosurgical biopsy or resection. Tissue 

procurement is often complicated by tumor heterogeneity, repeat sampling error, and 

phenotypic variability among metastatic lesions with differential responses to 

immunomodulation. Incorporating serial biopsies into study design remains controversial 

due to concerns about reliability and feasibility of adequate tissue collection, along with 

ethical considerations in the pediatric population. Autopsy specimens from consenting 

families/patients circumvent a number of these concerns and can identify comparable 

intratumoral and TME changes following immunotherapy [152], but are inherently 

inadequate in assessing temporal and dynamic changes.

Advances in circulating tumor DNA (ctDNA) analysis have broadened the application of this 

technique beyond the detection of recurrent disease, with new sensitive approaches 

providing longitudinal analysis of treatment responses [153,154]. This was demonstrated in 

a subset of patients with DMG, wherein the driver histone 3 p.K27M (H3 K27M) mutation 

could be detected in 88% of plasma and CSF samples, with decreasing ctDNA levels over 

time corresponding to treatment response and radiographic tumor regression by MRI [155]. 
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Additionally, EVs are cellular membrane components secreted by tumor cells harboring 

tumor-specific mRNAs, miRNAs, and proteins, that can be traced as another method of 

“liquid biopsy” in GBM patients [156–158]. Together, these novel molecular techniques for 

analysis of tumor-secreted factors in plasma and CSF may provide improved disease 

monitoring with the ability to detect early immunotherapeutic failures [159,160].

5. Expert opinion

We hope that our review and discussions above will assist future studies to accelerate 

progress and collaborations in the field of immunotherapy for pediatric patients with HGG. 

Because the field is relatively new and in its growing phase, there is not much data or 

established guidelines available specifically for immunotherapy in pediatric HGG. 

Nonetheless, careful comparison of anti-tumor immune response in successfully treated 

extracranial solid tumors would help the field gain more in-depth understanding on the 

critical factors that may need to be addressed in pediatric HGG patients. To this end, 

comparison of pre- and post-immunotherapy TME between HGG versus other tumors would 

be informative. However, while pre-immunotherapy biopsy has been established even in 

DMG patients [15], debulking surgery is often not feasible especially for DMG/DIPG. 

Regarding post-treatment tumor samples, to date, justification of post-treatment biopsy of 

patients with DMG remains a controversial topic in pediatric neuro-oncology due to multiple 

challenges, including the risk and costs [161,162]. Lesser and non-invasive biomarkers 

available through novel technologies, as discussed in this manuscript, may help us to 

overcome these challenges.

While the field still needs to develop a better understanding of the biological challenges 

facing pediatric HGG treatment, such as low mutation load, genetic and antigenic 

heterogeneity, and tumor- and therapy-induced immunosuppression. We must enhance our 

translational therapeutic efforts by collaborating with relevant experts to develop more 

effective therapeutics, such as T cell and antibody-based therapies. These efforts should be 

integrated with considerate trial designs that allow for therapeutic administration within the 

critical window of opportunity. Considering the relatively low frequency of pHGG, it is also 

essential to promote collaborative, multicenter clinical trials, such as those conducted 

through Pacific Pediatric Neuro-oncology Consortium (PNOC) and the COllaborative 

Network for NEuro-Oncology Clinical Trials (CONNECT). Collaborative endeavors and the 

sharing of primary data can help to speed up the understanding of how novel 

immunotherapeutic interventions improve anti-HGG immune mechanisms.

While brain malignancies represent the most common cancer-related mortality in children, it 

is often difficult to incite the interests of industry sponsors due to the small market size. We 

need to formulate and execute better strategies to advocate the importance of this area of 

research not only at an industry level but at the level of regulatory agencies, such as the FDA 

and NIH. Our continued and concerted efforts towards complete mechanistic understanding, 

rational treatment combinations and sophisticated clinical trial designs will be pivotal in 

achieving our shared goal of developing effective therapies for these children.
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Article highlights:

• The authors review and provide insights on key consideration points in 

immunotherapy of pHGGs

• Clinical trial design should integrate appropriate patient populations, novel 

and preclinically optimized trial design, and logical treatment combinations, 

especially standard of care modalities. There are critical caveats, such as 

patient selection bias, due to the nature of immunotherapy trials, such as 

frequent exclusion of patients on high-dose corticosteroids.

• Robust immune-activating/modulating effects of modern immunotherapy can 

have toxicities. It is important to understand and manage these, especially in 

patients with pHGG.

• The rapid evolution of immune-biomarker detection should be integrated to 

provide intra- and inter-trial comparability.
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Figure 1. Immunomodulatory effects of Radiation and Chemotherapy.
Cancer cell death induced by radiation or chemotherapy can release neoantigens and 

damage-associated molecular pattern molecules (DAMPS) into the tumor microenvironment 

(TME) which promote priming and activation of T cells. Up-regulation of surface molecules, 

such as MHC-I, facilitates T cell-mediated cytotoxicity. Activated T cells can mediate an 

abscopal effect on distant non-irradiated tumors. Potential immunosuppressive effects of 

radiation and chemotherapy include systemic lymphopenia, attraction of immunosuppressive 

cells and up-regulation of immuno-regulatory molecules in the TME.
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Table 1.

Toxicity assessments and managements in immune checkpoint inhibition therapy

Target Drug Indications Immune-related reactions Management

Organ system
Management

PD-1 Nivolomab; 
pembrolizumab

Metastatic non-small cell 
lung cancer; melanoma; 
advanced renal cell 
carcinoma; small cell lung 
cancer; metastatic squamous 
cell carcinoma; 
hepatocellular carcinoma; 
metastatic urothelial 
carcinoma; metastatic 
colorectal cancer; classical 
Hodgkin lymphoma

Pneumonitis; colitis; hepatitis; 
neuropathies; endocrinopathies; 
nephritis and renal dysfunction; 
dermatitis; encephalitis; 
complications after receiving 
allogeneic bone marrow 
transplant; increased mortality 
with multiple myeloma; 
embryofetal toxicity

Hepatic adverse 
events
GI adverse events
Endocrine 
adverse events
Pulmonary 
adverse events

Methylprednisolone
Methylprednisolone
Immunosuppression
Methylprednisolone
Hormone therapy
Methylprednisolone
Immunosuppression

CTLA-4 Ipilimumab Melanoma; renal cell 
carcinoma; colorectal 
cancer; hepatocellular 
carcinoma; non-small cell 
lunch cancer; hepatocellular 
carcinoma; metastatic non-
small cell lung cancer

Colitis; hepatitis; skin rashes; 
neuropathies; hormone gland 
problems; pneumonitis; kidney 
failure; encephalitis; vision 
problems; complications after 
receiving allogeneic bone 
marrow transplant

Hepatic adverse 
events
GI adverse events
Endocrine 
adverse events
Pulmonary 
adverse events

Methylprednisolone
Methylprednisolone
Immunosuppression
Methylprednisolone
Hormone therapy
Methylprednisolone
Immunosuppression
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Table 2.

Toxicity assessments and managements in CAR T cell therapy

Toxicities Etiology Symptoms Treatment

CRS Systemic inflammation Fever Symptomatic

Hypotension IL-6 antagonists (Tociluzumab)

Hypoxia Corticosteroids (dexamethasone)

ICANS Unclear, possible increased blood-brain barrier 
permeability

Headache Corticosteriods (dexamethasone)

Tremor

Dysgraphia

Aphasia

Seizure

Encephalopathy

Cerebral Edema

Pseudoprogression Peritumoral edema Worsening of pre-existing 
neurological symptoms

Corticosteriods (dexamethasone)
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