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Abstract: Inmunotherapy has revolutionized the care of cancer patients. A diverse set of strategies
to overcome cancer immunosuppression and enhance the tumor-directed immune response are
in clinical use, but have not achieved transformative benefits for brain tumor patients. Adoptive
cell therapies, which employ a patient’s own immune cells to generate directed anti-tumor activity,
are emerging technologies that hold promise to improve the treatment of primary brain tumors in
children and adults. Here, we review recent advances in chimeric antigen receptor (CAR) T-cell
therapies for the treatment of aggressive primary brain tumors, including glioblastoma and diffuse
midline glioma, H3 K27M-mutant. We highlight current approaches, discuss encouraging investiga-
tional data, and describe key challenges in the development and implementation of these types of
therapies in the neuro-oncology setting.

Keywords: primary brain tumors; glioblastoma; diffuse midline glioma; H3 K27M-mutant; chimeric
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1. Introduction

High-grade gliomas are the most aggressive primary brain tumors in children and
adults. Despite groundbreaking advances in our understanding of the molecular origins
and clinicopathologic behavior of these tumors, clinical outcomes remain dismal for pedi-
atric and adult patients alike. In adults, a newly-diagnosed glioblastoma (GBM) patient
currently faces a median overall survival time of 15-18 months, with a 5-year survival
rate of less than 10% [1]. In pediatric high-grade gliomas, the outcomes are similarly
poor [2]. While molecular tumor characterization has helped inform prognosis and resulted
in substantial refinements to the diagnostic framework for these diseases [3], breakthrough
therapies remain elusive.

In the face of these challenges, there remains hope that advances from the burgeon-
ing field of cancer immunotherapy might help change the course of these devastating
illnesses. Disappointing results from early trials of immune checkpoint inhibition in
high-grade gliomas have focused interest on alternative or combinatorial immunotherapy
strategies [4,5]. Adoptive cell therapies are one such strategy, in which a patient’s cytotoxic
immune cells are engineered ex vivo to target tumor antigens and then re-infused. Chimeric
antigen receptor (CAR) T-cell therapy represents one of the more scientifically and clinically
mature approaches within this category. The CAR molecule is a bioengineered construct
joining an extracellular targeting domain, most commonly derived from an antibody’s
single-chain variable fragment (scFv), with intracellular T-cell activation and co-stimulation
domains. In particular, the incorporation of costimulation domains—most commonly CD28
and 4-1BB—are critical to CAR T-cell function, and the arrangement of these domains is
a defining feature of current CAR structures (see Figure 1) [6]. The converging forces of
advances in immunobiology, increasing ease of synthetic DNA manufacture, and favorable
clinical responses in different hematologic malignancies have resulted in an explosion of
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the CAR T-cell ecosystem [7,8]. The result is a battery of novel, promising therapies that are
increasingly being evaluated in early-stage neuro-oncology clinical trials. Here, we review
salient developments in CAR T-cell therapies for glioblastoma and pediatric high-grade
gliomas and highlight the ongoing challenges and opportunities for the field.
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Figure 1. Chimeric antigen receptor (CAR) construct strategies under investigation in gliomas.
Standard CAR designs under clinical investigation in GBM include both second and third generation
constructs, which differ in the number of intracellular costimulatory domains. Multiple costimulatory
domains are currently under investigation, with CD28 and 4-1BB most commonly used to date [6].
Combined CAR-T and bispecific T-cell engager (BiTE) constructs are an emerging strategy in which
T-cells are engineered to express both a CAR and a secreted bispecific molecule with specificity to
both a second tumor-targeting antigen and a surface T-cell molecule such as CD3 [9]. SynNotch
CARs function as a synthetic logical AND gate [10]. Engagement of a tumor antigen target induces
intracellular T-cell signaling via a synthetic Notch construct. This “priming” step induces the synthesis
of a standard CAR molecule, which when expressed on the T-cell surface enables cytotoxic activity.
Abbreviations are as follows: ScFv—single chain variable fragment; TM—transmembrane domain
(may include hinge region); Co-stim—costimulatory domain.

2. Glioblastoma

Adoptive T-cell immunotherapy efforts in glioblastoma span decades, with initial
approaches simply stimulating a patient’s peripheral blood lymphocytes ex vivo and
injecting them into the tumor bed after resection [11]. The use of CARs to direct lym-
phocyte activity against GBM antigens is a more recent and promising development [12].
Interleukin-13 receptor alpha 2 (IL13Ra2) has emerged as one such CAR T-cell target in
GBM, being present in a substantial fraction of tumors with minimal background expres-
sion [13]. Initial human trials by Brown and colleagues administering a first-generation
anti-IL13Ra2 CAR T-cell into the resection cavity of GBMs demonstrated the therapy was
well tolerated over multiple doses and led to responses in two out of the three patients
treated [13]. Follow-up studies in one patient suggested downregulation of the IL13Ra2 tar-
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get antigen after therapy, potentially indicating antigen-dependent selective pressures [13].
These early feasibility studies prompted the optimization of a second-generation, 4-1-BB
costimulated construct [14]. These efforts crystallized in 2016, when a patient with re-
current GBM treated with an IL13Ra2-targeting CAR T-cell experienced the regression of
all intracranial and spinal tumors on imaging and remarkable clinical improvement [15].
This complete response was sustained for 7.5 months, although the tumor did eventually
recur at new sites [15]. Nevertheless, this remarkable response encouraged new interest in
this approach, and the ongoing clinical investigation of IL13Ra2-targeting CAR T-cells is
underway (see Table 1).

Table 1. CAR T-cell trials in GBM registered with Clinicaltrials.gov (accessed on 18 February
2022). The following represents current clinical trials of CAR T-cells in adult GBMs registered
with clinicaltrials.gov as of 18 February 2022. In some cases, details of the trial agent are unavailable.

Title Cig‘;::ill g:lral Age Agent Location Status
Memory-Enriched T Cells in HER?-tareetin City of Hope Medical Center
Treating Patients with Recurrent NCT03389230  18-75 years 4-1BB-CD3z CgAR _f,;_’c olls Duarte, California, Recruiting
or Refractory Grade III-IV Glioma United States
IL13Ra2-CAR T Cells With or . .
Without Nivolumab and IL13Ra2-4-1BB-CD3; 1Y Of Hope Medical Center "
Inilimumab in Treating Patient NCT04003649 >18 years CAR T-cell Duart.e, California, Recruiting
P! n ireaung ents celis United States
With GBM
Chimeric Antigen Receptor (CAR)
T Cells with a Chlorotoxin Chlorotoxin City of Hope Medical Center
Tumor-Targeting Domain for the ~ NCT04214392 >18 years (EQ)-CD28-CD3z Duarte, California, Recruiting
Treatment of MPP2+ Recurrent or CAR T-cells United States
Progressive Glioblastoma
National Translational
CD147-CART Cells in Patients CD147-targeting Science Center for Molecular
. . . NCT04045847  18-65 years Medicine & Department of Recruiting
with Recurrent Malignant Glioma CAR T-cells Cell Biol
ell Biology
Xi’an, Shaanxi, China
NKG2D-based CAR T-cells . Xunyang Changchun
Immunotherapy for Patient with ~ NCT05131763  18-75 years 4_11\]31?_%2]%1;?2%;?}?&15 Shihua Hospital Recruiting
r/r NKG2DL+ Solid Tumors Jiujiang, Jiangxi, China
Pilot Study of B7-H3 CART in B7-H3 targetin S Zhegane; Univensity Sebas]
Treating Patients with Recurrent =~ NCT04385173  18-75 years geung jang rersity Recruiting
and Refractory Glioblastoma CAR T-cells of Medicine
Hangzhou, Zhejiang, China
Safety and Efficacy Study of . . .
Ant-B7H3 CART Cell Th}(,erapy NCT05241392  18-75 years 373?;%6““55 Beijing Tiantan Hospital Recruiting
for Recurrent Glioblastoma -cells Beijing, Beijing, China
Massachusetts General
Long-term Follow-up of Subjects EGFRvlIII-targeting, Hospital, Dana Farber Not vet
Treated with CARv3-TEAM-E NCT05024175 >18 years EGEFR BiTE-secreting Cancer Institute recrui}t,in
T Cells CAR T-cells Boston, Massachusetts, g
United States
The Efficacy and Safety of Jyvéskyla Central Hospital
Brain-Targeting Immune Cells Jyviaskyld, Finland
(EGFRVIII-CAR T Cells) in EGFRvIII-4-1BB-CD3z University Of Oulu Active, not
Treating Patients with NCT05063682 218 years CAR T-cells Oulu, Finland recruiting
Leptomeningeal Disease From Apollo Hospital
Glioblastoma New Delhi, India
CMV-specific Cytotoxic T Houston Methodist Hospital
Lymphocytes Expressing CAR HER2-CD28-CD3z, Houston, Texas, United States
Targeting HER2 in Patients NCT01109095 N/A CMV-specific CAR T-cells Texas Children’s Hospital Completed
With GEM Houston, Texas, United States
Abramson Cancer Center of
CART-EGFRVIII + N EGFRvIII-targeting, the Uni"‘f“ity of leted
Pembrolizumab in GBM NCT03726515 218 years 4-1BB-CD3z CAR T-cells Pennsylvania Complete

Philadelphia, Pennsylvania,
United States
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The epidermal growth factor receptor (EGFR) represents another target antigen of
interest in GBM. The widespread expression of EGFR in multiple human tissues limits
the potential for targeting the wild-type receptor [16]. However, approximately 20%
of GBMs have been found to express a transcriptional variant—EGFRvIII—which has
been characterized as a putative tumor-specific variant [17,18]. Building upon previous
efforts to target this variant, several groups have developed EGFRvIII-targeting CAR T-cell
platforms [19-21]. O’'Rourke and colleagues reported a series of 10 GBM patients treated in a
pilot study with a humanized EGFRvlII-targeting scFv, 4-1BB-costimulated CAR T-cell [19].
They demonstrated the feasible cell manufacturing and clinical safety of intravenous dosing,
but no objective radiographic responses were observed [19]. One patient did demonstrate
stable disease at 18 months—longer than anticipated for progressive multifocal GBM,
where survival ranges in the order of 6 to 8 weeks [19]. Subsequently, Goff and colleagues
reported a series of 18 GBM patients treated with an EGFRvIII-targeting, third-generation
CAR T-cell incorporating both CD28 and 4-1BB costimulation [20]. While the study did
demonstrate successful cell manufacturing and administration that resulted in persistent
engraftment detectable in peripheral blood by quantitative polymerase chain reaction
(qPCR), no radiographic responses were observed [20]. Additionally, the patient treated
at the highest dose level on this escalation-based protocol developed acute respiratory
failure shortly after CAR T-cell administration, leading to rapid and treatment-refractory
clinical deterioration, with the patient expiring four hours after the infusion was completed.
Post-mortem studies identified significant pulmonary edema [20].

Human epidermal growth factor receptor 2 (HER2)-targeting CAR T-cells have also
been studied in GBM, after studies demonstrated frequent HER2 expression in this and
other brain tumors [22,23]. Preclinical studies led by Ahmed and colleagues demonstrated
that HER2 CAR T-cells could induce GBM regression in mouse models [24]. Initial human
trials of a third-generation HER2 CAR T-cell combining CD28 and 4-1BB costimulatory
domains in patients with metastatic cancer were marred by acute, lethal toxicity in a pa-
tient with metastatic colon cancer, which may have resulted from the relatively large cell
infusion dose [25]. Subsequent trials of a CD28-only costimulated HER2 CAR T-cell in
HER2+ sarcoma patients were free of such toxicity events, but showed low therapeutic
cell persistence [26]. Building on evidence that Epstein—Barr virus (EBV)-specific cyto-
toxic T-lymphocytes exhibited superior persistence when used to generated CAR T-cells in
other settings [27], Ahmed and colleagues evaluated HER2 CAR-modified virus-specific
T-cells in GBM patients [28]. Using a second-generation construct with CD28 costimulation,
HER2-CAR T-cells were tolerated in all 17 patients treated with no dose-limiting toxici-
ties. Both adults (nine patients) and children (seven patients) were treated in this study.
The responses were mixed, with imaging showing one patient with partial response and
seven patients with stable disease ranging from 8 weeks to 29 months. The median overall
survival from the time of infusion was approximately 11 months. While cell expansion was
not seen peripherally, persistent HER2 CAR T-cells were detected in the blood up to 1 year
from treatment.

Up to now, CAR T-cell therapy trials in GBM have led to limited clinical and ra-
diographic responses, but have advanced our understanding of the development and
deployment of these therapies, as well as the diagnosis and management of potential
complications. Relatively few antigens have been targeted thus far in the clinical setting,
and there remains no overarching consensus on which antigen(s) are the most promising tar-
gets to pursue in the relatively small study populations available for study enrollment [29].
While preclinical work continues to elucidate both new targets and novel targeting strate-
gies, several additional CAR T-cell trials are underway in GBM (see Table 1).

3. Pediatric Brain Tumors

Given the similarly dismal clinical outcomes for high-grade pediatric brain tumor
patients, CAR T-cell therapies also hold great promise in the realm of pediatric neuro-
oncology. Expanding upon the aforementioned trials of HER2 CAR T-cells in pediatric
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patients, Vitanza and colleagues are leading efforts to evaluate this approach in pediatric
medulloblastoma patients [30]. Preclinical studies by this group showed that the spacer
length optimization of a HER2 4-1BB construct was critical to efficacy in mouse medul-
loblastoma xenograft models. In the clinical setting, the initial three patients from the
BrainChild-01 (NCT03500991) trial reported by this group tolerated repeated locoregional
administration of this optimized HER2 CAR T-cell product. While the blood-brain bar-
rier has limited the efficacy of other small molecule and biologic therapies, its role in
CAR T-cell therapies remains unclear. While in some preclinical systems, peripherally-
administered CAR T-cells clearly show the ability to infiltrate the CNS and eliminate
engrafted tumors [31], several preclinical studies have now suggested the increased efficacy
of the locoregional administration of CAR T-cells for brain tumors compared to systemic
intravenous dosing [32,33]. In the BrainChild-01 trial, the authors demonstrated the clinical
safety of this locoregional approach with both intracavitary and intraventricular dosing
strategies [30]. Moreover, multiple rounds of locoregional administration were both fea-
sible and tolerated. Imaging evidence of treatment-associated peritumoral edema and
increased concentrations of CSF cytokines, including CXCL10 and CCL2, was consistent
with inflammation in the setting of CAR T-cell activity. Additional follow-up and expanded
cohorts will be necessary to further assess efficacy.

As brain tumor classifications have become more refined [3], gliomas characterized
by a histone 3 K27M mutation (H3 K27M gliomas) have been recognized as a disease with
particularly poor prognosis that primarily arises in children [34]. Surface antigen screening
of patient-derived H3 K27M glioma cultures recently identified the disialoganglioside
GD2 as a highly expressed surface target on these tumors [31]. Preclinical studies of a
4-1BB costimulated second-generation GD2-targeting CAR T-cell demonstrated dramatic
antitumor efficacy, with the ability to eradicate xenografts in mouse models [31]. These tu-
mors arise in midline brain structures, including the brainstem, spinal cord, and thalamus,
all of which are particularly sensitive areas to inflammation-associated edema. In mouse
models, toxicity during the peak phase of antitumor activity appeared to correlate with
the location of tumor xenografts, highlighting the potential danger of using CAR T-cell
therapies for tumors in sensitive neurologic sites [31]. With this in mind, initial clinical
studies of GD2 CAR T-cells in H3 K27M glioma patients were designed with the aim
of developing principles of neurocritical care management with this new therapy [35].
In their report of the first four patients treated with this therapy, Majzner and colleagues
highlighted the benefit of this careful incorporation of neurocritical care precautions [35].
Three of four treated patients showed radiographic improvement, including one patient
with a >90% reduction in the volume of a spinal cord tumor. Critically, clinical benefit was
seen alongside radiographic changes, including improved cranial nerve, gross, and fine
motor function. In this diffusely infiltrative tumor, this represents compelling evidence
that the T-cell-mediated destruction of an infiltrating tumor is compatible with at least
partial recovery of neurologic function. The authors also demonstrated that anticipated
treatment-related neurologic symptoms, which they termed tumor inflammation-associated
neurotoxicity (TIAN), could be safely managed with multimodal therapy [35]. Note that
the clinical presentation of neurotoxicity in these patients is related to specific tumor in-
flammation and distinct from the neurotoxicity described in patients receiving CAR T-cell
therapy for hematologic malignancies [36,37]. While responses in these patients were
heterogeneous, the experience from this clinical trial is shaping ongoing studies that have
great promise an effective therapy in this devastating disease.

4. Challenges and Opportunities

While there is great potential for CAR T-cell therapies to become an important compo-
nent of future neuro-oncology care, an objective evaluation of the trials to date indicates
clinical responses have been mixed, at best [12,38]. Thus, it may be tempting to label
these therapies as only marginally effective. However, there are important reasons for
optimism at this early stage. It is important to note that our understanding and explo-
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ration of potential targets in gliomas is primitive compared to the setting of hematologic
malignancies, where the surface antigen profile of tumors and normal hematopoietic lin-
eages has been studied intensively for decades and is routinely used in clinical settings.
Therefore, new CAR T-cell programs for gliomas have largely arisen from those designed
to target major antigens in other diseases, and which are found to be expressed to some
extent in gliomas [12]. A nuanced understanding of the landscape of antigen expression in
gliomas is lacking. Recent comprehensive characterizations of gliomas at the single-cell
level are expanding our ability to understand the heterogeneity of the transcriptional land-
scape of gliomas, and the complex interactions between malignant cells and the tumor
microenvironment [39-42]—findings that may aid in the selection of future target antigens.
Validation of these targets in the clinical setting is an ongoing challenge that will require
active collaboration between multidisciplinary clinical teams and laboratory researchers to
perform most effectively.

When treated with CAR T-cells, the tendency of tumors to downregulate or otherwise
lose expression of a target antigen represents another major challenge for all CAR T-cell
therapies, including those directed against gliomas. In hematologic malignancies, this is
a well-established mechanism of CAR T-cell therapy failure [43]. While this seems to
occur in GBMs, a perhaps greater challenge is the baseline heterogeneity of surface antigen
expression [9,19]. To address this challenge in other malignancies, a variety of multi-antigen
targeting strategies have emerged [44]. In one approach, multiple independent CAR T-cells
can be delivered either sequentially or as a mixed product [45]. Alternatively, a multivalent
CAR in which a single construct is capable of binding to multiple target antigens can be
engineered for unique functionality [44]. However, the functional optimization of these
multivalent constructs can be more challenging, and incorporating multiple targeting
domains increases the theoretical risk of off-tumor toxicity.

Several of these more sophisticated strategies to enable multi-antigen targeting and
tackle the cellular heterogeneity of GBM have recently been described (see Figure 1).
Choe and colleagues described the use of a synthetic Notch (synNotch) CAR circuit in
which a more specific, but heterogeneous, GBM antigen—in this case, EGFRvIII—was
detected by an engineered receptor in a “priming” step [10]. This priming step then induces
the expression of a CAR with broader targeting ability—here, against EphA2 and IL13Ra2—
which enabled antitumor activity. In combination, these elements function as a logical
AND gate [10]. In another approach, Choi and colleagues developed a dual system in
which an EGFRvlII-targeting CAR T-cell was modified to secrete a bispecific T-cell engager
(BiTE) [9]. In this preclinical study, the BiTE used was targeted to both wild-type EGFR and
CD3. In mouse xenograft models, this approach resulted in the elimination of EGFRvIII-
heterogeneous GBMs. Intriguingly, this approach appeared to recruit bystander T-cells as
well, raising the possibility that a broader antitumor immune response might be engaged
using this strategy [9]. Beyond gliomas, numerous promising new technologies are being
developed to address the challenge of heterogeneous tumor antigenicity, many of which
could potentially be applied to the treatment of brain tumors as well [46—48]. In addition
to reliable antigenicity, numerous challenges for CAR T-cell therapies common to brain
tumors and other solid tumors remain, including microenvironmental suppression [41,42],
T-cell exhaustion [48], and tumor apoptosis resistance [49].

Finally, a unique consideration for CAR T-cell therapies for brain tumors is the inherent
toxicity that can result from an induced immunologic/inflammatory reaction within the
central nervous system. The potential for CAR T-cell therapies to induce life-threatening
neurotoxicity has been long-appreciated by practitioners in the field [37,50], but CNS-
directed CAR T-cell therapies could induce additional neurologic damage simply by their
activity on the healthy brain or the collateral effects of inflammation arising in the setting
of tumor-directed therapy. In their current form, adoptive T-cell therapies targeting tu-
mors that have infiltrated critical brain structures induce inflammation, leading to tumoral
and peritumoral edema. This localized edema can alone induce neurologic symptoms. If
edema leads to mass effect and compromises blood or cerebrospinal fluid circulation, is-
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chemia or life-threatening increases in intracranial pressure can rapidly develop. Therefore,
assembling multidisciplinary teams of clinicians and investigators with combined expertise
in CAR T-cell therapies, neuro-oncology, and neurocritical care is a major barrier to clinical
implementation. Expanded experience, including improved protocols for cell dosing and
route of administration, may expand the accessibility of these treatments in the future.
The inclusion of “kill-switch” systems in cell therapy products, such as inducible Caspase
systems, may offer an additional layer of safety, particularly in early-stage trials where
such clinical experience is limited [51,52]. However, because these systems are designed to
completely inactivate the therapeutic cell product, they are necessarily a blunt instrument.
The development of CARs with tunable activity, by chemical or other means, may enhance
the neuro-oncologist’s control over CAR T-cell-induced neuroinflammation with greater
precision, and improve the safety profile [53-55].

5. Conclusions

Adoptive cellular therapies, including CAR T-cells, have become standard therapies
for several refractory hematologic malignancies and may play a major role in the future
treatment of primary brain tumors, as highlighted by recent preliminary clinical trial re-
sults in glioma [15,35] and primary CNS lymphoma [56]. While responses have been
heterogeneous so far, the reports of remarkable responses in patients with these devas-
tating diseases suggest there is “signal in the noise” for these nascent neuro-oncological
therapeutic approaches. Given the limitations of current treatments for many aggressive
brain tumors, there is a clear and pressing need to continue developing these CAR T-cell
therapies, and hopefully achieve the transformative impacts that have been demonstrated
for other malignancies.

Author Contributions: Conceptualization, C.W.M. and L.N.G.C.; writing—original draft preparation,
C.WM. and L.N.G.C.; writing—review and editing, C.W.M. and L.N.G.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Wen, P.Y.; Weller, M.; Lee, E.Q.; Alexander, B.M.; Barnholtz-Sloan, ].S.; Barthel, F.P; Batchelor, T.T.; Bindra, R.S.; Chang, S.M.;
Antonio Chiocca, E.; et al. Glioblastoma in adults: A Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology
(EANO) consensus review on current management and future directions. Neuro-Oncology 2020, 22, 1073-1113. [CrossRef]
[PubMed]

Karremann, M.; Gielen, G.H.; Hoffmann, M.; Wiese, M.; Colditz, N.; Warmuth-Metz, M.; Bison, B.; Claviez, A.; van Vuurden, D.G.;
von Bueren, A.O; et al. Diffuse high-grade gliomas with H3 K27M mutations carry a dismal prognosis independent of tumor
location. Neuro-Oncology 2018, 20, 123-131. [CrossRef] [PubMed]

Louis, D.N.; Perry, A.; Wesseling, P; Brat, D.J.; Cree, L.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK,; Pfister, SM,;
Reifenberger, G.; et al. The 2021 WHO classification of tumors of the central nervous system: A summary. Neuro-Oncology
2021, 23, 1231-1251. [CrossRef]

Reardon, D.A.; Brandes, A.A.; Omuro, A.; Mulholland, P,; Lim, M.; Wick, A.; Baehring, J.; Ahluwalia, M.S.; Roth, P; Bahr, O.; et al.
Effect of Nivolumab vs Bevacizumab in Patients with Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical
Trial. JAMA Oncol. 2020, 6, 1003-1010. [CrossRef] [PubMed]

Akintola, O.0.; Reardon, D.A. The Current Landscape of Immune Checkpoint Blockade in Glioblastoma. Neurosurg. Clin. N. Am.
2021, 32, 235-248. [CrossRef] [PubMed]

Labanieh, L.; Majzner, R.G.; Mackall, C.L. Programming CAR-T cells to kill cancer. Nat. Biomed. Eng. 2018, 2, 377-391. [CrossRef]
Guedan, S.; Calderon, H.; Posey, A.D.; Maus, M.V. Engineering and Design of Chimeric Antigen Receptors. Mol. Ther. Methods
Clin. Dev. 2019, 12, 145-156. [CrossRef]

Weber, E.W.; Maus, M.V.; Mackall, C.L. The Emerging Landscape of Immune Cell Therapies. Cell 2020, 181, 46—-62. [CrossRef]


http://doi.org/10.1093/neuonc/noaa106
http://www.ncbi.nlm.nih.gov/pubmed/32328653
http://doi.org/10.1093/neuonc/nox149
http://www.ncbi.nlm.nih.gov/pubmed/29016894
http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1001/jamaoncol.2020.1024
http://www.ncbi.nlm.nih.gov/pubmed/32437507
http://doi.org/10.1016/j.nec.2020.12.003
http://www.ncbi.nlm.nih.gov/pubmed/33781505
http://doi.org/10.1038/s41551-018-0235-9
http://doi.org/10.1016/j.omtm.2018.12.009
http://doi.org/10.1016/j.cell.2020.03.001

Antibodies 2022, 11, 31 8 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Choi, B.D.; Yu, X,; Castano, A.P; Bouffard, A.A.; Schmidts, A.; Larson, R.C.; Bailey, S.R.; Boroughs, A.C.; Frigault, M.J.;
Leick, M.B;etal. CAR-T cells secreting BiTEs circumvent antigen escape without detectable toxicity. Nat. Biotechnol.
2019, 37, 1049-1058. [CrossRef]

Choe, J.H.; Watchmaker, P.B.; Simic, M.S.; Gilbert, R.D.; Li, A.W.; Krasnow, N.A.; Downey, KM.; Yu, W.; Carrera, D.A;
Celli, A.; et al. SynNotch-CAR T cells overcome challenges of specificity, heterogeneity, and persistence in treating glioblastoma.
Sci. Transl. Med. 2021, 13, eabe7378. [CrossRef]

Ingram, M.; Jacques, S.; Freshwater, D.B.; Techy, G.B.; Shelden, C.H.; Helsper, J.T. Salvage Immunotherapy of Malignant Glioma.
Arch. Surg. 1987, 122, 1483-1486. [CrossRef] [PubMed]

Soler, D.C.; Kerstetter-Fogle, A.; McCormick, T.S.; Sloan, A.E. Using chimeric antigen receptor T-cell therapy to fight glioblastoma
multiforme: Past, present and future developments. ]. Neuro-Oncol. 2022, 156, 81-96. [CrossRef] [PubMed]

Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, J.R.; Chang, W.C.; Naranjo, A.; Starr, R.; Wagner, J.; Wright, C.; et al.
Bioactivity and safety of IL13Ro2-redirected chimeric antigen receptor CD8* T cells in patients with recurrent glioblastoma. Clin.
Cancer Res. 2015, 21, 4062-4072. [CrossRef] [PubMed]

Brown, C.E.; Aguilar, B; Starr, R.; Yang, X.; Chang, W.C.; Weng, L.; Chang, B.; Sarkissian, A.; Brito, A.; Sanchez, ].F; et al.
Optimization of IL13Ro2-Targeted Chimeric Antigen Receptor T Cells for Improved Anti-tumor Efficacy against Glioblastoma.
Mol. Ther. 2018, 26, 31-44. [CrossRef]

Brown, C.E,; Alizadeh, D,; Starr, R.; Weng, L.; Wagner, ].R.; Naranjo, A.; Ostberg, ].R.; Blanchard, M.S,; Kilpatrick, J.; Simpson, J.; et al.
Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. N. Engl. ]. Med. 2016, 375, 2561-2569. [CrossRef]
Johnson, L.A; Scholler, ].; Ohkuri, T.; Kosaka, A.; Patel, PR.; McGettigan, S.E.; Nace, A.K,; Dentchev, T.; Thekkat, P.; Loew, A ; et al.
Rational development and characterization of humanized anti-EGFR variant III chimeric antigen receptor T cells for glioblastoma.
Sci. Transl. Med. 2015, 7, 275ra22. [CrossRef]

Mukasa, A.; Wykosky, J.; Ligon, K.L.; Chin, L.; Cavenee, W.K.; Furnari, E Mutant EGFR is required for maintenance of glioma
growth in vivo, and its ablation leads to escape from receptor dependence. Proc. Natl. Acad. Sci. USA 2010, 107, 2616-2621.
[CrossRef]

Felsberg, J.; Hentschel, B.; Kaulich, K.; Gramatzki, D.; Zacher, A.; Malzkorn, B.; Kamp, M.; Sabel, M.; Simon, M.; Westphal, M.; et al.
Epidermal growth factor receptor variant III (EGFRVIII) positivity in EGFR-amplified glioblastomas: Prognostic role and
comparison between primary and recurrent tumors. Clin. Cancer Res. 2017, 23, 6846—-6855. [CrossRef]

O’Rourke, D.M.; Nasrallah, M.P,; Desai, A.; Melenhorst, ].J.; Mansfield, K.; Morrissette, J.].D.; Martinez-Lage, M.; Brem, S.;
Maloney, E.; Shen, A,; et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and
induces adaptive resistance in patients with recurrent glioblastoma. Sci. Transl. Med. 2017, 9, eaaa0984. [CrossRef]

Goff, S.L.; Morgan, R.A.; Yang, ].C.; Sherry, RM.; Robbins, P.F; Restifo, N.P.; Feldman, S.A.; Lu, Y.C,; Lu, L.; Zheng, Z.; et al.
Pilot trial of adoptive transfer of chimeric antigen receptor-Transduced t cells targeting egfrviii in patients with glioblastoma.
J. Immunother. 2019, 42, 126-135. [CrossRef]

Morgan, R.A.; Johnson, L.A.; Davis, J.L.; Zheng, Z.; Woolard, K.D.; Reap, E.A.; Feldman, S.A.; Chinnasamy, N.; Kuan, C.T,;
Song, H.; et al. Recognition of glioma stem cells by genetically modified T cells targeting EGFRVIII and development of adoptive
cell therapy for glioma. Hum. Gene Ther. 2012, 23, 1043-1053. [CrossRef]

Zhang, ].G.; Kruse, C.A,; Driggers, L.; Hoa, N.; Wisoff, ].; Allen, J.C.; Zagzag, D.; Newcomb, E.W.; Jadus, M.R. Tumor antigen
precursor protein profiles of adult and pediatric brain tumors identify potential targets for immunotherapy. J. Neuro-Oncol.
2008, 88, 65-76. [CrossRef] [PubMed]

Jian, G.Z.; Eguchi, ].; Kruse, C.A.; Gomez, G.G.; Fakhrai, H.; Schroter, S.; Ma, W.; Hoa, N.; Minev, B.; Delgado, C.; et al. Antigenic
profiling of glioma cells to generate allogeneic vaccines or dendritic cell-based therapeutics. Clin. Cancer Res. 2007, 13, 566-575.
Ahmed, N.; Salsman, V.S.; Kew, Y.; Shaffer, D.; Powell, S.; Zhang, Y.J.; Grossman, R.G.; Heslop, H.E.; Gottschalk, S. HER2-specific
T cells target primary glioblastoma stem cells and induce regression of autologous experimental tumors. Clin. Cancer Res.
2010, 16, 474-485. [CrossRef] [PubMed]

Morgan, R.A,; Yang, ].C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious adverse event fol-
lowing the administration of t cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 2010, 18, 843-851.
[CrossRef]

Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.; et al.
Human epidermal growth factor receptor 2 (HER2)-Specific chimeric antigen receptor-Modified T cells for the immunotherapy of
HER2-positive sarcoma. J. Clin. Oncol. 2015, 33, 1688-1696. [CrossRef]

Pule, M.A.; Savoldo, B.; Myers, G.D.; Rossig, C.; Russell, H.V.; Dotti, G.; Huls, M.H.; Liu, E.; Gee, A.P.; Mei, Z.; et al. Virus-specific
T cells engineered to coexpress tumor-specific receptors: Persistence and antitumor activity in individuals with neuroblastoma.
Nat. Med. 2008, 14, 1264-1270. [CrossRef]

Ahmed, N.; Brawley, V.; Hegde, M.; Bielamowicz, K.; Kalra, M.; Landi, D.; Robertson, C.; Gray, T.L.; Diouf, O.; Wakefield, A.; et al.
HER2-specific chimeric antigen receptor-modified virus-specific T cells for progressive glioblastoma: A phase 1 dose-escalation
trial. JAMA Oncol. 2017, 3, 1094-1101. [CrossRef]

Nejo, T.; Yamamichi, A.; Almeida, N.D.; Goretsky, Y.E.; Okada, H. Tumor antigens in glioma. Semin. Immunol. 2020, 47, 101385.
[CrossRef]


http://doi.org/10.1038/s41587-019-0192-1
http://doi.org/10.1126/scitranslmed.abe7378
http://doi.org/10.1001/archsurg.1987.01400240131025
http://www.ncbi.nlm.nih.gov/pubmed/3500693
http://doi.org/10.1007/s11060-021-03902-8
http://www.ncbi.nlm.nih.gov/pubmed/34825292
http://doi.org/10.1158/1078-0432.CCR-15-0428
http://www.ncbi.nlm.nih.gov/pubmed/26059190
http://doi.org/10.1016/j.ymthe.2017.10.002
http://doi.org/10.1056/NEJMoa1610497
http://doi.org/10.1126/scitranslmed.aaa4963
http://doi.org/10.1073/pnas.0914356107
http://doi.org/10.1158/1078-0432.CCR-17-0890
http://doi.org/10.1126/scitranslmed.aaa0984
http://doi.org/10.1097/CJI.0000000000000260
http://doi.org/10.1089/hum.2012.041
http://doi.org/10.1007/s11060-008-9534-4
http://www.ncbi.nlm.nih.gov/pubmed/18259692
http://doi.org/10.1158/1078-0432.CCR-09-1322
http://www.ncbi.nlm.nih.gov/pubmed/20068073
http://doi.org/10.1038/mt.2010.24
http://doi.org/10.1200/JCO.2014.58.0225
http://doi.org/10.1038/nm.1882
http://doi.org/10.1001/jamaoncol.2017.0184
http://doi.org/10.1016/j.smim.2020.101385

Antibodies 2022, 11, 31 90of 10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Vitanza, N.A.; Johnson, A.J.; Wilson, A.L.; Brown, C.; Yokoyama, J.K,; Kiinkele, A.; Chang, C.A.; Rawlings-Rhea, S.; Huang, W.;
Seidel, K.; et al. Locoregional infusion of HER2-specific CAR T cells in children and young adults with recurrent or refractory
CNS tumors: An interim analysis. Nat. Med. 2021, 27, 1544-1552. [CrossRef]

Mount, C.W.; Majzner, R.G.; Sundaresh, S.; Arnold, E.P.; Kadapakkam, M.; Haile, S.; Labanieh, L.; Hulleman, E.; Woo, PJ.;
Rietberg, S.P.; et al. Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M+ diffuse midline gliomas letter. Nat. Med.
2018, 24, 572-579. [CrossRef] [PubMed]

Theruvath, J.; Sotillo, E.; Mount, CW.; Graef, C.M.; Delaidelli, A.; Heitzeneder, S.; Labanieh, L.; Dhingra, S.; Leruste, A;
Majzner, R.G.; et al. Locoregionally administered B7-H3-targeted CAR T cells for treatment of atypical teratoid /rhabdoid tumors.
Nat. Med. 2020, 26, 712-719. [CrossRef] [PubMed]

Donovan, L.K.; Delaidelli, A.; Joseph, S.K.; Bielamowicz, K.; Fousek, K.; Holgado, B.L.; Manno, A.; Srikanthan, D.; Gad, A.Z,;
van Ommeren, R.; et al. Locoregional delivery of CAR T cells to the cerebrospinal fluid for treatment of metastatic medulloblas-
toma and ependymoma. Nat. Med. 2020, 26, 720-731. [CrossRef]

Lu, VM,; Alvi, M.A.; McDonald, K.L.; Daniels, D.J. Impact of the H3K27M mutation on survival in pediatric high-grade glioma:
A systematic review and meta-analysis. J. Neurosurg. Pediatrics 2019, 23, 308-316. [CrossRef]

Majzner, R.; Ramakrishna, S.; Yeom, K.; Patel, S.; Chinnasamy, H.; Schultz, L.; Richards, R.; Jiang, L.; Barsan, V.; Mancusi, R.; et al.
GD2-CAR T-cell therapy for H3K27M-mutated diffuse midline gliomas. Nature 2021, 603, 934-941. [CrossRef] [PubMed]
Karschnia, P; Jordan, J.T.; Forst, D.A.; Arrillaga-Romany, I.C.; Batchelor, T.T.; Baehring, ].M.; Clement, N.E; Nicolas Gonzalez Castro, L.;
Herlopian, A.; Maus, M.; et al. Clinical Presentation, Management, and Biomarkers of Neurotoxicity after Adoptive Immunother-
apy with CAR T Cells. 2019. Available online: http:/ /ashpublications.org/blood /article-pdf/133/20/2212 /1557266 /blood89339
6.pdf (accessed on 18 February 2022).

Gonzalez Castro, L.N.; Dietrich, J. Evaluation and management of chimeric antigen receptor (CAR) T-cell-associated neurotoxicity.
Neuro-Oncol. Pract. 2021, 8, 259-265. [CrossRef]

Migliorini, D.; Dietrich, P.Y.; Stupp, R.; Linette, G.P.; Posey, A.D.; June, C.H. CAR T-cell therapies in glioblastoma: A first look.
Clin. Cancer Res. 2018, 24, 535-540. [CrossRef] [PubMed]

Suva, M.L,; Tirosh, I. Single-Cell RNA Sequencing in Cancer: Lessons Learned and Emerging Challenges. Mol. Cell 2019, 75, 7-12.
[CrossRef]

Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G J.; Richman, A.R.; Silverbush, D.; Shaw, M.L.; Hebert, C.M.; et al.
An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell 2019, 178, 835-849.e21. [CrossRef]
Mathewson, N.D.; Ashenberg, O.; Tirosh, I; Gritsch, S.; Perez, EM.; Marx, S.; Jerby-Arnon, L.; Chanoch-Myers, R,;
Hara, T.; Richman, A.R.; et al. Inhibitory CD161 receptor identified in glioma-infiltrating T cells by single-cell analysis. Cell
2021, 184, 1281-1298.e26. [CrossRef]

Hara, T.; Chanoch-Myers, R.; Mathewson, N.D.; Myskiw, C.; Atta, L.; Bussema, L.; Eichhorn, S.W.; Greenwald, A.C.; Kinker, G.S.;
Rodman, C.; et al. Interactions between cancer cells and immune cells drive transitions to mesenchymal-like states in glioblastoma.
Cancer Cell 2021, 39, 779-792. [CrossRef] [PubMed]

Fesnak, A.D.; June, C.H.; Levine, B.L. Engineered T cells: The promise and challenges of cancer immunotherapy. Nat. Rev. Cancer
2016, 16, 566-581. [CrossRef] [PubMed]

Spiegel, J.Y.; Patel, S.; Mulffly, L.; Hossain, N.M.; Oak, J.; Baird, ].H.; Frank, M.].; Shiraz, P; Sahaf, B.; Craig, J.; et al. CAR T cells
with dual targeting of CD19 and CD22 in adult patients with recurrent or refractory B cell malignancies: A phase 1 trial. Nat. Med.
2021, 27, 1419-1431. [CrossRef] [PubMed]

van der Schans, J.J.; van de Donk, N.W.C].; Mutis, T. Dual Targeting to Overcome Current Challenges in Multiple Myeloma CAR
T-Cell Treatment. Front. Oncol. 2020, 10, 1-8. [CrossRef]

Esensten, ].H.; Bluestone, J.A.; Lim, W.A. Engineering Therapeutic T Cells: From Synthetic Biology to Clinical Trials. Annu. Rev.
Pathol. Mech. Dis. 2017, 12, 305-330. [CrossRef]

Roybal, K.T.; Lim, W.A. Synthetic immunology: Hacking immune cells to expand their therapeutic capabilities. Annu. Rev.
Immunol. 2017, 35, 229-253. [CrossRef]

Weber, EW.; Parker, K.R,; Sotillo, E.; Lynn, R.C.; Anbunathan, H.; Lattin, J.; Good, Z.; Belk, J.A.; Daniel, B.; Klysz, D.; et al.
Transient rest restores functionality in exhausted CAR-T cells through epigenetic remodeling. Science 2021, 372, 6357. [CrossRef]
Joung, J.; Kirchgatterer, P.C.; Singh, A.; Cho, ].H.; Nety, S.P,; Larson, R.C.; Macrae, R K.; Deasy, R.; Tseng, Y.-Y.; Maus, M.; et al.
CRISPR activation screen identifies BCL-2 proteins and B3GNT2 as drivers of cancer resistance to T cell-mediated cytotoxicity.
Nat. Commun. 2022, 13, 1606. [CrossRef]

Chou, CK; Turtle, C.J. Assessment and management of cytokine release syndrome and neurotoxicity following CD19 CAR-T cell
therapy. Expert Opin. Biol. Ther. 2020, 20, 653-664. [CrossRef]

Guercio, M.; Manni, S.; Boffa, I.; Caruso, S.; di Cecca, S.; Sinibaldi, M.; Abbaszadeh, Z.; Camera, A.; Ciccone, R.; Polito, V.A.; et al.
Inclusion of the Inducible Caspase 9 Suicide Gene in CAR Construct Increases Safety of CAR.CD19 T Cell Therapy in B-Cell
Malignancies. Front. Immunol. 2021, 12, 1-7. [CrossRef]

Straathof, K.C.; Pule, M.A.; Yotnda, P; Dotti, G.; Vanin, E.E; Brenner, M.K.; Heslop, H.E.; Spencer, D.M.; Rooney, C.M. An inducible
caspase 9 safety switch for T-cell therapy. Blood 2005, 105, 4247-4254. [CrossRef] [PubMed]

Rafiq, S.; Hackett, C.S.; Brentjens, R.J. Engineering strategies to overcome the current roadblocks in CAR T cell therapy. Nat. Rev.
Clin. Oncol. 2020, 17, 147-167. [CrossRef]


http://doi.org/10.1038/s41591-021-01404-8
http://doi.org/10.1038/s41591-018-0006-x
http://www.ncbi.nlm.nih.gov/pubmed/29662203
http://doi.org/10.1038/s41591-020-0821-8
http://www.ncbi.nlm.nih.gov/pubmed/32341579
http://doi.org/10.1038/s41591-020-0827-2
http://doi.org/10.3171/2018.9.PEDS18419
http://doi.org/10.1038/s41586-022-04489-4
http://www.ncbi.nlm.nih.gov/pubmed/35130560
http://ashpublications.org/blood/article-pdf/133/20/2212/1557266/blood893396.pdf
http://ashpublications.org/blood/article-pdf/133/20/2212/1557266/blood893396.pdf
http://doi.org/10.1093/nop/npaa080
http://doi.org/10.1158/1078-0432.CCR-17-2871
http://www.ncbi.nlm.nih.gov/pubmed/29158268
http://doi.org/10.1016/j.molcel.2019.05.003
http://doi.org/10.1016/j.cell.2019.06.024
http://doi.org/10.1016/j.cell.2021.01.022
http://doi.org/10.1016/j.ccell.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34087162
http://doi.org/10.1038/nrc.2016.97
http://www.ncbi.nlm.nih.gov/pubmed/27550819
http://doi.org/10.1038/s41591-021-01436-0
http://www.ncbi.nlm.nih.gov/pubmed/34312556
http://doi.org/10.3389/fonc.2020.01362
http://doi.org/10.1146/annurev-pathol-052016-100304
http://doi.org/10.1146/annurev-immunol-051116-052302
http://doi.org/10.1126/science.aba1786
http://doi.org/10.1038/s41467-022-29205-8
http://doi.org/10.1080/14712598.2020.1729735
http://doi.org/10.3389/fimmu.2021.755639
http://doi.org/10.1182/blood-2004-11-4564
http://www.ncbi.nlm.nih.gov/pubmed/15728125
http://doi.org/10.1038/s41571-019-0297-y

Antibodies 2022, 11, 31 10 of 10

54. Weber, EEW,; Lynn, R.C,; Sotillo, E.; Lattin, ].; Xu, P.; Mackall, C.L. Pharmacologic control of CAR-T cell function using dasatinib.
Blood Adv. 2019, 3, 711-717. [CrossRef] [PubMed]

55. Park, S.; Pascua, E.; Lindquist, K.C.; Kimberlin, C.; Deng, X.; Mak, Y.S.L.; Melton, Z.; Johnson, T.O.; Lin, R.; Boldajipour, B.; et al.
Direct control of CAR T cells through small molecule-regulated antibodies. Nat. Commun. 2021, 12, 4-13. [CrossRef] [PubMed]

56. Frigault, M]J; Dietrich, J.; Gallagher, KM.E.; Roschewski, M.].; Jordan, ].T.; Forst, D.; Plotkin, S.R.; Cook, D.; Casey, K.S,; Lindell, K.A.; et al.
Safety and Efficacy of Tisagenlecleucel in Primary CNS Lymphoma: A phase I/1I clinical trial. Blood 2022, in press. [CrossRef]


http://doi.org/10.1182/bloodadvances.2018028720
http://www.ncbi.nlm.nih.gov/pubmed/30814055
http://doi.org/10.1038/s41467-020-20671-6
http://www.ncbi.nlm.nih.gov/pubmed/33514714
http://doi.org/10.1182/blood.2021014738

	Introduction 
	Glioblastoma 
	Pediatric Brain Tumors 
	Challenges and Opportunities 
	Conclusions 
	References

