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a b s t r a c t 

While immunotherapy for pediatric cancer has made great strides in recent decades, including the FDA approval 

of agents such as dinutuximab and tisgenlecleucel, these successes have rarely impacted children with pediatric 

central nervous system (CNS) tumors. As our understanding of the biological underpinnings of these tumors 

evolves, new immunotherapeutics are undergoing rapid clinical translation specifically designed for children with 

CNS tumors. Most recently, there have been notable clinical successes with oncolytic viruses, vaccines, adoptive 

cellular therapy, and immune checkpoint inhibition. In this article, the immunotherapy working group of the 

Pacific Pediatric Neuro-Oncology Consortium (PNOC) reviews the current and future state of immunotherapeutic 

CNS clinical trials with a focus on clinical trial development. Based on recent therapeutic trials, we discuss unique 

immunotherapy clinical trial challenges, including toxicity considerations, disease assessment, and correlative 

studies. Combinatorial strategies and future directions will be addressed. Through internationally collaborative 

efforts and consortia, we aim to direct this promising field of immuno-oncology to the next frontier of successful 

application against pediatric CNS tumors. 
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The immune system has long garnered attention as a potentially pow-

rful ally in the fight against cancer. Recent decades have seen signif-

cant advances in the clinical implementation of immunotherapy for a
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ide range of tumors, including pediatric cancers. However, these ad-

ances are only beginning to reach children with central nervous sys-

em (CNS) tumors, the deadliest pediatric cancers. The initial clinical

mplementation of immunotherapeutics against CNS tumors has been

ampered by unique considerations forced by the clinical, biologic, and
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Table 1 

Immune based clinical trials through the Pacific Pediatric Neuro-Oncology Consortium (PNOC). 

Trial # Study Name NCT 

PNOC005 A phase 1 study of modified measles virus for the treatment of children and young adults with recurrent medulloblastoma or 

recurrent atypical teratoid rhabdoid tumors (ATRT) 

NCT02962167 

PNOC007 H3.3K27M Specific Peptide Vaccine Combined with poly-ICLC and Nivolumab for the Treatment of newly diagnosed HLA-A2 

(02:01) + H3.3K27M Positive Diffuse Intrinsic Pontine Glioma (DIPG) and newly diagnosed HLA-A2 (02:01) + H3.3K27M 

Positive Midline Gliomas 

NCT02960230[14] 

PNOC013 A Safety and Pharmacokinetic Study of Single Agent REGN2810 in Pediatric Patients with Relapsed or Refractory Solid or 

Central Nervous System (CNS) Tumors and a Safety and Efficacy Trial of REGN2810 in Combination with Radiotherapy in 

Pediatric Patients 

NCT03690869 

PNOC018 Genetically Modified Cells (KIND T Cells) for the Treatment of HLA-A ∗ 0201-Positive Patients With H3.3K27M-Mutated Glioma NCT05478837 

PNOC019 A Randomized, Double-Blinded, Pilot Trial of Neoadjuvant Checkpoint Inhibition followed by Combination Adjuvant 

Checkpoint Inhibition in Children and Young Adults with Recurrent or Progressive High Grade Glioma (HGG) 

NCT04323046 

PNOC020 A Study of RNA-lipid Particle (RNA-LP) Vaccines for Newly Diagnosed Pediatric High-Grade Gliomas (pHGG) and Adult 

Glioblastoma (GBM) 

NCT04573140 

PNOC025 A Phase 1 Study of Magrolimab in Children and Adults with Recurrent or Progressive Malignant Brain Tumors NCT05169944 

PNOC028 A Phase 1 Study of Intra-Tumoral Injections of Ex Vivo Expanded Natural Killer Cells in Children and Young Adults with 

Recurrent or Progressive Supratentorial Malignant Brain Tumors 

Not available 

PNOC029 Nivolumab and DAY101 for the treatment of newly diagnosed or recurrent craniopharyngioma in children and young adults NCT05465174 
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mmunosuppressive features of solid tumors in the brain and spine. This

ollowing review from the immunotherapy working group within the Pa-

ific Pediatric Neuro-Oncology Consortium (PNOC) and Children’s Brain

umor Network (CBTN) focuses on highlighting themes on translation of

mmunotherapies to clinical trials for pediatric CNS tumors. We review

ecent trials and advances in oncolytic viruses, vaccines, adoptive cell

herapy, and checkpoint inhibition, followed by a discussion of impor-

ant aspects in trial development, including toxicity, correlative studies,

nd combinatorial opportunities. 

he immunotherapy landscape in pediatric CNS tumors 

ncolytic viruses 

Oncolytic viruses (OVs) represent a unique type of anticancer

gents at the interface of biological- and immunotherapies. The field

chieved a milestone in 2015 with the approval by the US Food and

rug Administration (FDA) of the herpes simplex virus 1 (HSV-1) ex-

ressing granulocyte-macrophage colony-stimulating factor (GM-CSF)

amed T-VEC (talimogene laherparepvec) for the treatment of advanced

elanoma [1] . More recently Teserpaturev, a triple-mutated HSV-1 OV,

as been approved in Japan for the treatment of malignant glioma in

dults [2] . OVs employ either naturally occurring viruses that take ad-

antage of the molecular makeup of the cancer cells or viruses modi-

ed in the laboratory to achieve cancer specificity. OVs have the abil-

ty to convert tumors from immunologically ‘cold’ to ‘hot’ through in-

uction of proinflammatory pathways within the tumor microenviron-

ent (TME) [3] . This characteristic makes them very attractive for

reating pediatric CNS tumors considering their low tumor mutational

urden (TMB) and paucity of infiltrating immune cells. In preclinical

tudies, adenoviruses and herpes viruses are the most extensively stud-

ed, demonstrating tolerability and efficacy in different models includ-

ng atypical teratoid rhabdoid tumor (ATRT), diffuse intrinsic pontine

lioma (DIPG), high-grade glioma (HGG), and medulloblastoma [4–7] .

ost of these approaches utilize intratumoral administration rather than

ystemic, with viral carriers such as neural or mesenchymal cells also

valuated [8] . Recent trials using either the HSV-1 G207 for patients

ith recurrent or progressive HGG (NCT02457845) [9] or DNX-2401

or newly diagnosed DIPG (NCT03178032) [10] reported safety and a

egree of efficacy across both studies. Additional viruses are also be-

ng used in ongoing and recent trials including modified measles virus

PNOC005, NCT02962167; Table 1 ), as well as modified polio and rhi-

ovirus viruses (PVSRIPO, NCT03043391). Refinements aimed at en-

anced efficacy may be achieved through combinatorial therapeutic

artners, repetitive intratumoral dosing regimens, or improved potency
2 
f the virus (e.g. armed with ligands that further drive the immune sys-

em) [11] . 

accine therapies 

Cancer vaccines have had a long history since Coley’s toxins in the

ate 1800 ′ s but have yet to be fully realized against CNS tumors. Pep-

ide vaccines have been traditionally employed as a source of anti-

enic material to induce response in malignant CNS tumors, but tu-

or specific antigen targeting remains challenging. EGFRVIII, a tumor

pecific antigen, has been utilized as a peptide target (conjugated to

eyhole limpet hemocyanin) in adult glioblastoma (GBM) but did not

eet efficacy goals in a phase III study [12] . Multiple overexpressed

ntigens (e.g. survivin, EphA2, interleukin (IL)-13 receptor- 𝛼2, YKL-40,

nd gp100) are also being leveraged as therapeutic targets with promis-

ng activity [13] . PNOC utilized an H3.3K27M specific peptide vaccine

oupled with polyinosinic:polycytidylic acid (poly(I:C)) for HLA-A2 re-

tricted patients with DMG (PNOC007, NCT02960230; Table 1 ). While

verall survival was similar to historical controls, a subset of patients

ith expansion of vaccine-induced specific cytotoxic T cells had a su-

erior median survival ( > 16 months) [14] . This report included char-

cterization of peripheral PD-1 + CD8 + T cells that were exhausted

ollowing the vaccine, suggesting potential efficacy from a combina-

ion with anti-PD-1 therapy and spurring the addition of nivolumab

o the clinical trial (PNOC007, NCT02960230; Table 1 ). Alternatively,

ome studies have used autologous cellular vaccines targeting total tu-

or material using irradiated cells [15] , cell lysate [16] , and whole

umor mRNA [17] . Vaccine trials using mRNA loaded dendritic cells

re underway in medulloblastoma (Re-MATCH trial; NCT01326104),

GG (ACTION trial; NCT03334305), and DIPG (NCT03396575). While

romising, HLA-restricted epitopes make development of peptide vac-

ines for the general population challenging, which can be especially

imiting for relatively rare diseases such as pediatric CNS tumors. How-

ver, mRNA vaccines in lipid-nanoparticles could be available to all pa-

ient haplotypes, tailored for flexibility in commercialization, and avail-

ble for rapid deployment. These systems have been piloted against

dult GBM, but are now underway for children with HGG (PNOC020,

CT04573140; Table 1 ). 

doptive cellular therapy 

Adoptive cellular therapy (ACT) has become one of the fastest-

rowing fields under investigation against pediatric CNS tumors. ACT

nvolves ex vivo manipulation of immune cells that are then adminis-

ered to a patient for anti-tumor effect. The majority of cellular therapy

as primarily focused on T cell manipulation for anti-cancer activity,
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hough similar technology can be applied to other effector cells, such

s NK cells [18] and macrophages [19] . Manipulation can include sim-

le expansion of the immune cells, stimulation with a particular tumor-

ssociated target, or modification to introduce a T cell receptor (TCR)

r chimeric antigen receptor (CAR) on the cell surface. Infusion of ex-

anded T and NK cells for a cohort of relapsed medulloblastoma pa-

ients was initially published over thirty years ago [20] , with newer ex-

ansion techniques being utilized in recent [21] and upcoming clinical

rials (PNOC028, registration pending; Table 1 ). T cells expanded and se-

ected for the targets WT1, PRAME, and survivin are also currently being

ested (REMIND trial, NCT03652545) [22] . Building on the momentum

f six FDA-approved CAR T cell therapies for hematologic malignancies,

AR T cells are now being tested against pediatric CNS tumors with ex-

iting initial reports. CAR T cells targeting HER2 were the first to be

ntracranially delivered and reported for pediatric CNS tumor patients

BrainChild-01, NCT03500991) [23] , with additional ongoing trials tar-

eting EGFR806 (BrainChild-02, NCT03638167), B7-H3 (Brainchild-

3, NCT04185038) [24] , GD2 (NCT04196413, GAIL-B; NCT04099797)

25] , IL-13RA2 (NCT04510051), and the first multi-antigen targeting

rial against pediatric CNS tumors (BrainChild-04, NCT05768880). Pre-

iminary reports from the first patients treated with B7-H3-, GD2-, and

ER2-specific CAR T cells have shown that it is feasible to manufac-

ure and deliver fractionated doses that allow for repeated intracranial

nfusions and can induce locoregional immune activation [23–25] . B7-

3- and GD2-specific CAR T cells may also be demonstrating early evi-

ence of efficacy against both pontine and spinal DMG, though, if there

as been clinical benefit, it has not been universal [ 24 , 25 ]. Ultimately,

hese initial studies are still ongoing and as more patients are treated

t higher dose levels there may be a clearer signal of clinical efficacy.

egardless, the preliminary feasibility of these trials has invigorated in-

ernational efforts to build the next generation of these therapies that

ill be directed against novel targets, incorporate multi-antigen target-

ng, and feature secondary genetic modifications to boost efficacy and

hemotaxis. For example, a novel targeting approach will be featured

n an upcoming trial using TCR targeting H3K27M, the pathognomonic

utation in DMG (PNOC018, NCT05478837; Table 1 ). Future trials will

lso look to optimize delivery. While initial studies are using systemic

nd intracranial dosing, the optimal route of delivery remains an on-

oing question in the field. When given intravenously, CAR T cells cer-

ainly can traffic to the brain; however, this approach likely requires

arger effector cell doses and increases the risk of systemic toxicities

 25 , 26 ]. Even if intracranial delivery is determined to be superior to

ystemic dosing, there is no consensus on where in the CNS ACT should

e delivered. It is possible delivery will depend on location and extent of

isease, as well as potentially tumor biology-driven microenvironmental

onsiderations. 

heckpoint blockade and immunoregulatory antibodies 

Immune checkpoint inhibitors (ICIs) are a class of humanized mono-

lonal antibodies that target inhibitory receptors and ligands (i.e., PD-1,

D-L1 and CTLA-4) expressed on tumor cells as well as T lymphocytes

nd antigen presenting cells to restore anti-tumor immune responses

nd allow for persistent activation of T cells. ICIs have been inves-

igated in pediatric CNS tumors due to the successful results seen in

dult patients with metastatic melanoma, non-small cell lung cancer

nd renal cell carcinoma, but have demonstrated limited efficacy ex-

ept in patients with congenital mismatch repair deficiency (PBTC-045,

CT02359565) [27–30] . Indeed, replication repair deficient pediatric

GG tumors treated with ICIs had objective responses and a promising

edian survival of 2 years when compared to historical controls with

edian post-relapse survival of only 2.6 months [31] . Alternative dosing

chedules, such as neo-adjuvant approaches (PNOC019, NCT04323046;

able 1 ) and immunotherapy combinations (PNOC013, NCT03690869

nd PNOC029, NCT05465174; Table 1 ), continue to be investigated. In

ddition, immune modulatory antibodies targeting cells beyond T cells
3 
re actively being explored, such as magrolimab, an anti-CD47 anti-

ody that disrupts the “don’t eat me ” signal to macrophages (PNOC025,

CT05169944; Table 1 ), and CD40-agonists that stimulate dendritic

ells, lymphocytes and macrophages (NCT03389802). Ultimately, the

fficacy of antibody-based therapy may be hindered by the blood-brain

arrier and may require additional disruption, such as focused ultra-

ound or intratumoral administration. 

oxicity considerations 

ystemic inflammation 

Immune-based therapies have the potential to induce systemic in-

ammation from activation of different facets of the immune system.

his is well described in the trials of CAR T cell therapy and bi-

pecific T cell engagers for hematologic malignancies, in which patients

an develop symptoms ranging from isolated fever to those mirroring

acrophage activating syndrome/hemophagocytic lymphohistiocytosis

32–34] . These adverse events have been termed cytokine release syn-

rome (CRS) and are driven by elevated levels of circulating cytokines,

uch as IL-6. Similarly, immune-effector cell associated neurotoxicity

yndrome (ICANS) is an acute constellation of neurologic symptoms that

ost often includes confusion, headaches, and language disturbances,

ut can involve encephalopathy, seizures, and fatal cerebral edema [35] .

n a prospective study aiming to assess the occurrence of CRS and ICANS

n CD19-directed CAR T cell therapy, 44% (19/43) of patients experi-

nced neurotoxicity, and ICANS correlated with severity of CRS, prior

bnormal CNS neuroimaging findings, and higher systemic (but not CSF)

AR T cell numbers [36] . The study suggests that ICANS is the result of

ystemic inflammation affecting the brain. CRS and ICANS do not seem

o occur nearly as frequently in intracranially delivered CAR T cells for

NS tumors [ 23-25 , 37 ], which may have been anticipated due to the

ack of systemic inflammation from locoregional CNS delivery. 

ICIs have been well tolerated in pediatric CNS tumor clinical trials

hus far, but ICIs are also associated with systemic immune-related ad-

erse events (irAEs). Inhibition of immune checkpoints, necessary for

alanced immune homeostasis, can lead to activation of autoreactive

 cells and resultant autoimmune related activity [38–40] . The exact

echanism that leads to irAEs is unknown but is thought to be secondary

o ICIs reduction of T cell self-tolerance and an increase in autoanti-

ody production as well as inflammatory cytokines. IrAEs can occur in

ny organ system, but most commonly present in the gastrointestinal

ract, skin, lungs, endocrine glands, and liver [41] . Rare fatal irAEs in-

lude autoimmune cardiac and neurologic toxicities. Severe irAEs occur

ore commonly when anti-PD1 monoclonal antibody is given in combi-

ation with anti-CTLA4 monoclonal antibody rather than as monother-

pies [ 40 , 42 ]. While several studies in melanoma and small cell lung

ancer have postulated a positive association with the development of

rAEs and anti-tumor responses using ICIs, this remains controversial

nd not universally observed across all tumor types [43] . 

ocal inflammation 

Pseudoprogression is a term frequently used in immunotherapy to

escribe transient local inflammatory changes at the site of CNS tumors

ollowing therapy. CAR T cells targeting tumors in the brain and spinal

ord have the potential to cause local inflammation at the site of the tu-

or as T cells are activated, with subsequent neurologic sequelae. Pre-

linically, this raised concerns with GD2-directed CAR T cells in murine

odels of DMG where a small portion of mice with pontine tumors and

ll mice with thalamic tumors died secondary to localized swelling, hy-

rocephalus, and herniation [44] . Early clinical data suggests there may

e a risk of worsening existing neurologic deficits, which is often self-

imiting or responds to anti-inflammatory interventions [23–25] . Local-

zed inflammation in the tumor in the setting of CAR T cells for CNS
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umors has recently been termed tumor inflammation-associated neuro-

oxicity (TIAN) [45] . There are relevant questions about how to distin-

uish these symptoms from clinical progression or if truly localized neu-

ologic toxicity composes a distinct constellation that deserves unique

onsideration, as with CRS and ICANS. On-target/off-tumor effects from

AR T cells may also produce local inflammation in the brain, and must

e carefully assessed, although additional biopsy or post-mortem anal-

sis may be necessary for full characterization. 

The use of ICIs have also been associated with symptoms of local tu-

or inflammation or pseudoprogression due to infiltration of activated

mmune cells in a number of cancers, such as metastatic melanoma and

on-small cell lung cancer, but the incidence in primary CNS tumors

s unknown [46] . Patients with DIPG treated with the PD-1 inhibitor

embrolizumab on the PBT-045 trial experienced new/increased neu-

ological symptoms and decreased progression-free and overall survival

ompared to historical controls [47] , causing their subsequent exclusion

rom the trial. The incidence in other CNS tumors is less well described.

Similarly, data on local inflammation after treatment with oncolytic

iruses is still scarce. Pseudoprogression was observed in several pa-

ients treated with the G207 virus (NCT02457845), suggesting local

nflammation that was confirmed on paired samples pre- and post-

reatment with increased tumor infiltration [9] . In DIPG patients treated

ith DNX-2401 (NCT03178032), local inflammation after treatment

as not specifically noted, but two patients developed either hemipare-

is or tetraparesis following biopsy and therapy [10] . Since gadolinium

as not used in the imaging protocol, pseudoprogression could not be

nalyzed in this trial, although access to a paired pre-post biopsy also

howed increased immune infiltration in the tumor. 

pproach to toxicity management 

As the initial wave of phase 1 adoptive cellular therapy trials for

hildren with CNS tumors is still ongoing, our understanding of irAEs

s evolving. The treatment for severe irAEs includes suspending treat-

ent such as ICIs and beginning corticosteroid treatment. Additional im-

unomodulators may be necessary if clinical symptoms do not improve

ith steroids. Specific immunomodulators will be recommended based

n the irAEs experienced, e.g. immune-related-colitis can be treated

ith infliximab and immune-related-hepatitis with agents like mycophe-

olate mofetil or budesonide. 

Bevacizumab can also be used as an alternative to corticosteroids

o treat pseudoprogression, thereby limiting side effects and direct in-

ibition of lymphocytes. The relationship to recent surgery, potential

or upcoming urgent surgery, and risk of hemorrhage may be relevant

o a discussion about the role and timing of bevacizumab. Elevated in-

racranial pressure may need to be relieved through pharmacologic or

eurosurgical interventions and these discussions may be altered based

n the presence and type of CNS catheter that a patient may have in

lace. 

As noted above, preliminary evidence of children receiving CAR T

ells for CNS tumors, in particular for those receiving intracranial dos-

ng, suggests that severe CRS may not be a risk. Notably, different re-

earch teams may capture self-resolving metronomic fever immediately

ollowing CAR T cell infusions individually as fever or as grade 1 CRS.

owever, as individual cellular therapies may have a distinct risk of traf-

cking into the serum and inducing systemic toxicity, either due to the

arget or the CAR construction, vigilance in monitoring for CRS will con-

inue to be important. Treatment of CRS may include anti-pyrectics, in-

ibition of IL-6 receptor, steroids, and supportive care as reviewed in the

BMT/EHA CAR-T Cell Handbook [48] Lymphodepleting chemotherapy

uch as cyclophosphamide and fludarabine used in preparation for adop-

ive cellular therapy has been linked to increased incidence of CRS and

eurotoxicity in the past, however further investigation has shown this

ay be more related to the degree of systemic CAR T cell proliferation of

pecific products rather than conditioning regimens [49–51] . Neverthe-

ess, there is inconsistency in the use of lymphodepleting chemotherapy
4 
reparative regimens in CAR T cell trials for CNS tumors, with many

rials avoiding their use. 

Clinical trials of CAR T cells for pediatric CNS tumors may also have

ifferent approaches to preemptive management, including required

nti-epileptic medications or mandated inpatient admissions to the on-

ology team, transplant team, or intensive care unit (ICU). Therefore,

cute management will be impacted by the level of baseline care. In

eneral, detailed neurologic exams are critical and early neurology team

nvolvement for toxicities is recommended. Cooperative groups are now

orking on consensus guidelines for management and a better under-

tanding of the pathophysiology of these neurological findings that are

ost likely distinct from ICANS. 

isease assessment and correlative studies 

A major obstacle to clinical trials using immune-based therapeutics

s accurately identifying disease response. Imaging in this context can

e challenging to interpret. As first described in the setting of radiother-

py [52] , pseudoprogression describes increased contrast-enhancement

nd lesion size following therapy, but ultimately reflects only transient

hanges that remain stable or improve over time without a change in

herapy. Tumor directed immunotherapy can lead to pseudoprogres-

ion and other atypical radiographic patterns which can be confused

ith true tumor progression or treatment failure. In addition, clinical

ymptoms from tumor pseudoprogression mimic true progression, fur-

her muddying the picture in real time. Additionally, anti-inflammatory

gents given for symptom management following immunotherapy may

ffect intra- or peri-tumoral inflammation which decreases tumor bulk

n neuroimaging rather than classic disease response. 

Traditional response criteria based on conventional imaging such

s magnetic resonance imaging (MRI) is not reliably predictive of im-

unotherapeutic outcomes [ 46 , 53-55 ]. This can lead to premature

iscontinuation of immunotherapy as well as inaccurate conclusions

rom new immune mediated strategies. Therefore, novel imaging tech-

iques and serially evaluable biomarkers are needed to better assess

mmunotherapeutic efficacy and safety, as well as tumor evolution and

mmune response. 

pecimens for tumor and immune monitoring 

To get a better understanding of the immunological changes and se-

ect possible predictive markers for response to immunotherapy, multi-

le techniques can be applied on several specimens to enrich the clinical

rial setting ( Fig. 1 ). Molecular profiling of the tumor at diagnosis will

ffer unique insight into the immune composition at diagnosis, and we

ropose additional subsequent monitoring of immune changes through

erial sampling of other compartments including peripheral blood, CSF,

one marrow, and stool ( Fig. 1 ). These modalities are aimed at harm

inimization whilst also providing clinically relevant information in

eal-time throughout a patient’s disease journey. 

low cytometry 

Unlike hematological malignancies, flow cytometry is not frequently

sed for CNS malignancies. However, this technique has been explored

n fresh tissue to characterize immune cell infiltration across multiple

ediatric CNS malignancies [ 56 , 57 ]. To fully appreciate the effect of

 therapy on the tumor and its TME, repetitive sampling of the tumor

ould be performed. However, repetitive sampling is not standard prac-

ice and is invasive for the patient. Studying more accessible immune

ompartments, such as blood, CSF, or bone marrow, could provide valu-

ble information on changes in the immune landscape and functional

ynamics in a patient with a CNS tumor. Ideally, this correlates with

he TME and/or disease response or can discriminate between real pro-

ression and pseudoprogression. In a study for adult brain tumor pa-

ients, flow cytometry and CyTOF on blood samples showed an increase
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Fig. 1. Specimens for immune monitoring of pediatric CNS tumors. Characterization of the immune landscape from multiple compartments for application in clinical 

trials for pediatric CNS malignancies. Longitudinal liquid biopsies (blood, tumor tissue, CSF), microbiome and bone marrow can be utilized for a comprehensive 

evaluation with the suggested techniques. CSF: Cerebral Spinal Fluid; SCS: Single Cell Sequencing (different techniques available); ctDNA: circulating tumor DNA; 

cfDNA: circulating free DNA; RNA-seq: RNA-sequencing (bulk); TIL: tumor infiltrating lymphocytes; EOT: End Of Treatment. Created with BioRender.com. 
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f myeloid derived suppressor cells (MDSCs), but not regulatory T cells,

or glioblastoma patients compared to other CNS tumor entities [58] .

igher intratumoral MDSCs correlated with poorer survival, underpin-

ing the MDSC as an important target for immunotherapy [58] . Fur-

hermore, they demonstrated that the immune signature in the blood

hanged during treatment [58] . More recently CNS CAR T cell trials

ave utilized flow cytometry on patient blood and CSF to identify cir-

ulating CAR T cells [23–25] . 

The role of the bone marrow compartment and its interplay with

NS malignancies needs to be further clarified. An interesting finding

y Chongsathidkiet and colleagues was the accumulation of T cells in

he bone marrow of patients with glioblastoma, in combination with low

D4 levels systemically [59] . This study raises the question if sequestra-

ion of T cells in bone marrow can be qualified as a T cell dysfunction,

nd therefore a possible target for therapy. Longitudinal flow cytometry

nalysis of blood/bone marrow and CSF will not only provide informa-

ion on disease progression but could also be used as a tool in predicting

mmune treatment responsiveness. Multiple platforms can be used to de-

ign brain tumor specific flow cytometry panels, evaluating subsets and

unctionality of T/B/NK and myeloid cells. 

ingle cell sequencing 

The unique advantage of single cell RNA sequencing (scRNA-seq)

ver bulk RNA-seq, is the ability to profile the transcriptome of thou-

ands of individual cells. This technique has developed tremendously

ver recent years, resulting in single cell sequencing (SCS) “atlases ” for

everal pediatric CNS tumors, and to a lesser extent, its microenviron-

ent. Detailed scRNA-seq studies have been useful for appreciating the

eterogeneity and functional differences in brain residing macrophages.

 recent paper of Liu et al where they dissected a cohort of H3-K27M

MG patients by SCS, including the TME, revealed age dependent dif-

erences in the immune infiltrate of DMGs [60] . They found higher ex-

ression of the TAM-secreted ligand OSM in adult TAMs, with higher

orresponding receptor OSMR in adult tumor cells, indicating immune-
5 
ediated engagement of a previously validated pathway [60] . The re-

ent report on GD2-directed CAR T cell therapy for DMG performed

cRNA-seq on blood and CSF of treated patients, where they identified

istinct myeloid populations in both compartments, as well as during

eak inflammation and late in course at the time of progression [25] .

oreover, scRNA-seq profiling has also been performed on CSF and

lood to monitor the dynamic changes of leukocytes and myeloid cells

uring treatment for other brain metastases and non-oncologic disorders

uch as multiple sclerosis [ 61 , 62 ]. Proteomics will be the next step to

alidate the findings of SCS on a protein level. Further characterization

f the TME, such as expression profiles and T cell surface receptors for

arious pediatric brain tumors, will aid in understanding the interaction

etween immune cells and tumors, paving the way for the development

f novel immunotherapy strategies. 

umor free markers of immunotherapy selection and response 

iquid biopsy 

Considerable recent efforts have focused on the discovery and devel-

pment of liquid biopsy-based techniques to identify biomarkers used to

uide treatment recommendation and response. As it stands, circulating

umor-DNA (ctDNA) [ 63 , 64 ], methylated-ctDNA [65] , circulating tumor

icro-RNA (circulating miRNAs) [ 66 , 67 ], circulating tumor exosomal-

NA (exoDNA) [68] , circulating tumor cells (CTCs) [69] , and soluble

roteins have been identified in the blood, CSF and urine of patients.

hile these have been studied to identify tumor markers, they are yet

o be considered standard clinical approaches and are generally con-

ucted as research. Below we describe tumor-related biomarkers that

ay aid in the development and optimization of immunotherapies for

he treatment of CNS malignancies. 

umor free nucleic acid biomarkers of pediatric CNS tumors 

Analysis of circulating genomic material is an exciting frontier for

he non-invasive tumor genotyping of pediatric CNS cancer. Targeted

pproaches such as nanopore sequencing of ultra-short ctDNA fragments
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nd digital droplet PCR (ddPCR) are the most commonplace. These

ethods have been used to identify hallmark mutations in children

ith HGGs (such as H3K27M in DMG) [70–72] , as predictive markers

f disease response to investigational agents [73] , and to track treat-

ent response in medulloblastoma [74] . These properties make cfDNA

iomarkers attractive for monitoring treatment response and poten-

ially for the selection of the most appropriate immunooncology-based

herapies. Next generation sequencing (FDA approved Memorial Sloan

ettering-Integrated Molecular Profiling of Actionable Cancer Targets –

SK-IMPACT) have also recently been used to detect somatic alterations

n the CSF of 30/64 pediatric CNS cancer patients, and was found to be

trongly positively associated with the presence of disseminated disease

75] . Although these studies did not inform treatment, they do highlight

he potential of such approaches to be used to characterize the somatic

lterations that give rise to these cancers, and, to stratify patients to rel-

vant immunological treatments. Finally, low-coverage whole genome

nalysis from serially collected CSF of medulloblastoma patients was re-

ently shown to identify measurable residual disease and predict patient

utcome [64] . These techniques will continue to be evaluated across

ultiple tumor types and incorporated into upcoming clinical trials to

valuate applicability in discerning treatment response in the context of

mmune based therapies. 

rotein inflammatory marker analysis in clinical trials 

Plasma soluble tumor checkpoint proteins, including soluble PD-L1

sPD-L1) [76] , and soluble immune cell checkpoints such as soluble

TLA-4 from T regs and soluble PD-1 from CD4 + T cells [77] , have been

dentified in the blood and CSF of patients. This may act as a surrogate

o genomics for the selection and/or monitoring of efficacy for pediatric

rain tumor patients treated with immunotherapies. Serum and CSF lev-

ls of sPD-L1 in adults with HGG are significantly elevated compared to

ealthy controls, with CSF PD-L1 levels more indicative of aggressive

umor features [76] . 

As many ACT trials for children with CNS tumors incorporate locore-

ional delivery, enrolled patients on these studies have CNS catheters

uch as an Ommaya in place. Beyond allowing for a more localized deliv-

ry and the potential for less systemic toxicity, this neurosurgical tech-

ology also allows for frequent CSF sampling with minimal invasiveness.

hese precious biospecimens may be integral to future paradigms of dis-

ase assessment and tumor evolution, especially considering the known

imitations of neuroimaging in the setting of possible pseudoprogression

ollowing immunotherapy [78] . Serial longitudinal chemokine/cytokine

nalysis has already been found to be feasible [23] . On Seattle Children’s

rainChild-01 and -03 trials, delivering locoregional HER2 and B7-H3

AR T cells, respectively, to children with recurrent/refractory CNS tu-

ors and DIPG/DMG revealed elevations of critical analytes via mul-

iplex assay [ 23 , 24 ]. For example, CXCL10, a type 1 CXC chemokine

igand that has been reported to improve effector cell migration into

liomas, was elevated post infusion in the CSF [ 23 , 24 , 79 ]. “IFN- γ” was

lso elevated, which is notable as IFN- γ can activate macrophages and

romote cytotoxic T cell function [80–82] . However, there were only

imited changes in serum chemokine/cytokine concentrations, correlat-

ng with the lack of systemic toxicities. Similar results were seen in Stan-

ord’s GD2-directed CAR initial report, where plasma cytokines such as

L-6 were elevated following intravenous delivery of CAR, but not af-

er doses delivered into the CSF [25] . Similar to the Seattle trials, CSF

evels of proinflammatory cytokines such as IFN- γ were elevated in the

SF following intracerebroventricular doses [25] . The understanding of

he role of chemokines and cytokines of particular CAR T cell activity

ay fuel the next wave of cellular engineering, in which secretion of IL-

2, IL-15, IL-18, and others may improve chemotaxis and cytotoxicity

83–85] . Beyond CAR T, other immune based clinical trials for pediatric

NS tumors have measured serum cytokines, with varied fluctuations

epending on the type of therapy [86–88] , and suggest continued mon-

toring in the serum will also be important for systemically delivered

herapies. 
6 
Another emerging method of detection includes whole proteome

nalysis or targeted proteomics of patient biospecimens, such as CSF

nd serum. In BrainChild-03, serial targeted proteomics was piloted and

howed feasibility in detecting the ACT target, B7-H3, in the CSF and

erum of treated patients [24] . It was also possible to capture mod-

lation of several other potentially important immunoregulatory pep-

ides, such as BCL10, CXCL13, HAVCR2 (TIM-3), ICOSLG (ICOS ligand),

DCD1LG2 (PD-L2), TNF receptor super family member 14 (TNFRSF14),

nd VCAM-1 [24] . Using parallel platforms to validate findings of lo-

oregionally treated patients, particularly in the CSF, may direct the

eld toward establishing early signs of treatment response and tumor

volution. 

Future work will hopefully include both serial circulating tumor

NA and serial circulating proteomic assessments as they have already

roven feasible in other clinical settings [ 64 , 89 ]. An ideal state may be

hat serial circulating chemokines/cytokines, genomics, and proteomics

an be triangulated to ensure biospecimens are optimally used to craft

he best potential treatment and allow iterations to optimize future ther-

pies. Ultimately, immuno-neuro-oncology working groups should aim

o align these assays to allow for analysis across trials and collabora-

ively build towards more effective immune based therapies. 

icrobiome 

The microbiome describes the totality of bacterial, fungal, and viral

pecies in the body of which most reside in the gut [90] . The micro-

iome has a strong interaction with the immune system and can reg-

late T cell immunity in a variety of diseases, including malignancies.

lthough the composition of the microbiome varies greatly within in-

ividuals and among populations [91] , its prognostic value and even

herapeutic applications for patients with cancer has become evident

ver the last decade. In humans, profound correlations were found be-

ween immunotherapy responses and the microbiome composition, par-

icularly for ICI treatment [ 92 , 93 ]. In addition, dysbiosis and treatment

esponse was reported for a CAR T trial in adult B-cell malignancies,

here the use of antibiotics four weeks before the start of treatment

orrelated negatively with outcome and positively with neurotoxicity

94] . As a next step, studies with feces transplantation for patients re-

istant to ICI are now well underway and have started to report positive

esults in a small cohort of patients [95] . 

Little is known about the relationship between the microbiome and

umor pathogenesis in pediatric brain tumors, or the predictive value

f therapy response. However, it is thought that there is strong, two-

ay biochemical signaling between the microbiome and the CNS. In a

roup of meningioma and HGG patients, less diversity of the microbial

cosystem was found in brain tumor patients compared to healthy con-

rols, but no significant differences between the meningioma and glioma

roups [96] . Brain tumor groups lacked small chain fatty acids (SCFA)-

roducing probiotics. This metabolite is thought to play an important

ole in the so-called gut-brain-axis , reducing secretion of proinflamma-

ory cytokines, and inducing FoxP3 regulation and IL-10 production

97] . Recently, the first data presented on DIPGs and the microbiome

evealed a dysbiosis at diagnosis, where the Firmicutes/Bacteroidetes ra-

io identified certain bacterial family members were associated with re-

uced progression free survival [98] . 

Incorporating longitudinal feces collection, and ideally metabolites

n plasma, into immunotherapy clinical trials for pediatric brain tu-

ors can generate biomarkers to predict treatment response and pro-

ide possible targets for microbiome manipulation. One of the major

hallenges will be to build uniformity in terms of sample collection,

ample processing, data analysis and data presentation [99] . We pro-

ose four time points for the collection of the microbiome: at diagnosis,

uring radiotherapy (if applicable), during chemotherapy (if applica-

le), and end of treatment/at time of progression. 16S RNA is the most

ommon and least expensive mode of analysis, with a reliable refer-

nce library and therefore the most feasible. However, DNA metage-

omics/metabolomics (shotgun) will generate more information and
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Fig. 2. Potential strategies to warm the cold TME in central nervous system tumors. A. Cancer vaccines, including H3K27M peptide vaccine, activates and guides 

immune cells to the tumor. Combination with ICIs prevent activated T cells from becoming exhausted and promotes their pro-tumor effects. B. CAR T cell therapy, 

such as B7-H3-, GD2- and EGFRvIII-directed CAR T cells in combination with ICI to reduce CAR T cell exhaustion and potentiate pro-tumor activity. C. Novel 

agents such as ONC201 recruit immune cells including T cells, NK cells and macrophages into the tumor microenvironment promoting immunogenic tumor cell 

death. Combination with ICIs may potentiate the immunological effects of ONC201. D. Radiation therapy upregulates surface expression of immune modulatory and 

checkpoint proteins including CD47 and PD-L1 on tumors, priming for combination with ICI and magrolimab. Radiation-induced cell death promotes the uptake of 

tumor-associated antigens by dendritic cells that are presented to T cells. Radiation therapy increases MHC I expression on tumor cells, further suggesting a benefit 

to combine with other immunotherapies. Created with BioRender.com. 
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ossibly new biomarkers to correlate to treatment effect or toxicity out-

ome. 

ombination therapy and future studies 

Despite the major advances over the past several decades, several

urdles still remain for effective immune activation in the CNS. Ongoing

reclinical studies and upcoming clinical trials are aimed at overcom-

ng these roadblocks. Here we review several of these roadblocks and

ctive approaches toward them including specifically the cold TME, T

ell exhaustion, and tumor antigen heterogeneity. 

arming the cold tumor microenvironment of pediatric CNS tumors 

Many patients fail to respond to therapies designed to harness their

wn immune system in the fight against their cancer, particularly so for

ediatric patients diagnosed with CNS malignancies. This is in part be-

ause CNS tumors harbor an immunologically cold TME, characterized

y few tumor infiltrating lymphocytes (TILs), and featuring abundant

mmunosuppressive myeloid cells (such as microglia and macrophages)

nd secrete immunosuppressive cytokines [ 14 , 100-102 ]. To circumvent

he cold TME, combination therapies that target the tumor and the TME

s a potentially beneficial approach. As discussed above, ICIs can help

romote an immune response in T cells, and have been actively stud-

ed as combinatorial approaches with vaccines [ 103 , 104 ] (PNOC007;

CT02960230, Table 1 ), and CAR T cells [105] , ( Fig. 2 A and B). 

Another way to warm the TME (and promote the activity of ICIs) is to

se anticancer drugs that modulate the tumor and its surrounding TME

 Fig. 2 C). Preliminary results for the brain-penetrant, small molecule,

ONC201’, used in the treatment of DMG, shows that it is not only an

nti-DMG therapy [106] , but also promotes recruitment of immune cells

nto the tumor in other cancer types [ 107 , 108 ]. Immune cells shown to
7 
e recruited include CD3 + T cells, including CD8 + T cells in a patient

ith mantle cell lymphoma and murine colorectal cancers, and NK cells

nfiltrating in colorectal cancers [ 107 , 108 ], suggesting a combination

ith ICIs might be a promising approach. Indeed, combining ONC201

ith an anti-PD-1 monoclonal antibody enhanced tumor regression in

ice harboring colorectal carcinomas compared to anti-PD-1 monother-

py [108] . 

Radiotherapy is one of the primary treatments across different CNS

umors and has been shown to have both a proinflammatory effect and

n immune suppressive effect, including release of immunosuppressive

ytokines and direct toxicity to local lymphocytes [109] . Intriguingly,

tudies have shown damage caused by radiation treatment increases re-

ease of tumor-associated antigens that are then presented to T cells via

ntigen presenting cells (APCs) [ 110 , 111 ]. Thus radiotherapy unmasks

he tumor to the immune system, providing a rationale for combining

adiation with ICIs [110] . This has been investigated and proposed safe

n the recently completed phase I trial in adults with newly diagnosed

BM [112] . Both PD-L1 and CD47 have been shown to be upregulated

n cells post radiation [113] . Accordingly, radiation combined with dual

D-L1 and CD47 inhibition resulted in increased tumor regression in

urine lung cancer models [113] . CD47 blockade (magrolimab) also

ugmented cross-priming between dendritic cells and T cells, promot-

ng a more potent anti-tumor immune response [114] . Thus, radiation in

ombination with magrolimab will also be explored in children, adoles-

ents, and adults with recurrent or progressive malignant brain tumors

 Fig. 2 D). 

ombination strategies to reduce T cell exhaustion 

Despite the success of ACT in hematologic malignancy, many solid

umor patients still fail to respond, even with the addition of ICIs. Thus,

ovel methods to enhance and sustain T cell activity are necessary. The
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I3K pathway is one of the most overactivated oncopathways in pedi-

tric CNS tumors [ 115 , 116 ], but also plays an important role in driving

 cells to exhaustion [117] . Inhibition of PI3K- 𝛿 ( PIK3CD ) and PI3K- γ
 PIK3CG ) in T cells promotes the durability of activated T cells to drive

ustained anticancer effects [117] . This suggests that combining PI3K

nhibition and CAR T cell therapy, or cancer vaccine, could be a promis-

ng approach. Expanding CAR T cells with PI3K inhibitors ex vivo has

hown to enhance their function in vivo [118] ; however, studies inves-

igating PI3K inhibitors and CAR T therapy both given in vivo are war-

anted. Further, combining an HPV16 E7(49–57) peptide vaccine with

he PI3K inhibitor wortmannin resulted in an increase of E7-reactive T

ells compared to the vaccine alone, leading to a greater reduction in

umor growth in a TC-1 murine model [119] . It must be noted, that

he PI3K pathway is also necessary to activate T cells, thus the tim-

ng of treatment is an important consideration. In addition, PI3K- 𝛿 is

mportant for sustained T reg function, which is known to suppress an-

icancer immunity. Inhibition of PI3K- 𝛿 (as well as PI3K- 𝛼/ 𝛿) led to a

0% reduction in T reg infiltration in mice harboring colorectal cancers

120] . Immunosuppressive macrophages are also known to reduce the

nti-cancer benefits of T cells. Excitingly, pan-inhibition of PI3K with

opanlisib used in combination with anti-PD-1 antibody decreased both

 regs and immunosuppressive macrophages, as well as MDSCs promot-

ng an anticancer response [121] . 

The tyrosine kinase inhibitor dasatinib (targeting PDGFRA) in com-

ination with the mTOR inhibitor everolimus, have been shown to ex-

end survival in a DMG murine model, and importantly, everolimus im-

roved retention of dasatinib in the CNS [122] . In addition to dasatinib’s

nti-tumor effect, Mestermann et al. have shown that dasatinib can in-

ibit CAR T cell activity [ 123 ], likely through its SFK inhibitor function

ithout affecting the viability of the T cells [ 124 ]. Recent work by We-

er et al. showed that transient rest of CAR T cells through exposure

o dasatinib can improve exhaustion and prevent tonic signaling from

he CAR domain to improve effector function [ 125 ]. Thus a combinato-

ial approach for DMG utilizing intermittent dasatinib and everolimus

aired with CAR T cells may provide both an anti-tumor effect and boost

o T cell function. 

A myriad of additional strategies are also being studied to improve T

ell exhaustion, in particular in the context of CAR T cells, and may also

e important in CNS tumor targeting. These include targeting transcrip-

ion factors such as Tox [ 126 ], epigenetic regulators such as TET2 [ 127 ]

nd DNMT3A [ 128 ], cytokine signaling such as dominant negative TGF-

eta receptor [ 129 ], metabolic regulators [ 130 , 131 ], and adjustments in

AR engineering and manufacturing strategies [ 132 ]. 

ddressing tumor antigen heterogeneity 

Pediatric CNS tumors represent a wide range of diagnoses, and spe-

ific histologies often harbor significant heterogeneity in their transcrip-

ional and mutational profiles. As such, it may be difficult to target one

ingle antigen without the risk of escape phenomenon from selective

ressure or downregulation of the antigen. Prior immunotherapies tar-

eting a single antigen such as EGFRvIII [ 133 ] and IL13RA2 [37] with

AR T cells in adult GBM have shown down regulation of the target anti-

en at the time of relapse. Thus, multiple strategies are being explored

o overcome this roadblock. 

As discussed above, mRNA vaccines offer the possibility of HLA in-

ependent multi-antigen targeting [ 134 ]. Due to their relatively nimble

roduction, mRNA vaccines could be adjusted over time for an individ-

al patient, offering the potential for real-time adjustments to evolving

umor landscapes. 

Using T cells targeting multiple antigens is another potential mech-

nism to address heterogeneity, if multiple targets have been identi-

ed in the tumor population. As discussed above, multi-targeted CTLs

re currently being studied in an ongoing clinical trial (REMIND trial,

CT03652545) [22] . Multi-antigen directed CAR T cells have also

een studied pre-clinically in GBM models with advantages over single-
8 
ntigen targeting CAR T cells [ 135–137 ]. Upcoming CAR studies will

ombine targets against B7-H3, IL13RA2, HER2, and EGFR (Brainchild-

4, NCT05768880). As CAR T cells targeting intracellular proteins

ave now become possible [ 138 ], many additional oncogenic/tumor-

ependent antigens may now also be potential targets to help overcome

umor heterogeneity. 

onclusion 

The field of immunotherapy is a promising and rapidly evolving sci-

ntific arena with multiple technologies applicable and attractive for tar-

eting pediatric CNS tumors. The unique aspects of igniting the immune

ystem in the CNS bring both therapeutic challenges and distinctive po-

ential toxicities, making preclinical studies and clinical trial design crit-

cal. With advances in non-invasive tumor monitoring techniques, there

s potential to more clearly delineate efficacy and toxicity, as well as

ailoring sequential therapies to overcome tumor evolution. Much work

emains in fully engaging an immunotherapeutic response in children

ith CNS tumors, but - with coordinated efforts across pediatric med-

cal centers and CNS focused clinical consortia - the initial signals of

fficacy can hopefully blossom into long-standing cures. 
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