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ABSTRACT
Background Pediatric brain tumors are the leading 
cause of cancer death in children with an urgent need for 
innovative therapies. Glypican 2 (GPC2) is a cell surface 
oncoprotein expressed in neuroblastoma for which 
targeted immunotherapies have been developed. This 
work aimed to characterize GPC2 expression in pediatric 
brain tumors and develop an mRNA CAR T cell approach 
against this target.
Methods We investigated GPC2 expression across a 
cohort of primary pediatric brain tumor samples and cell 
lines using RNA sequencing, immunohistochemistry, and 
flow cytometry. To target GPC2 in the brain with adoptive 
cellular therapies and mitigate potential inflammatory 
neurotoxicity, we used optimized mRNA to create transient 
chimeric antigen receptor (CAR) T cells. We developed 
four mRNA CAR T cell constructs using the highly GPC2- 
specific fully human D3 single chain variable fragment for 
preclinical testing.
Results We identified high GPC2 expression across 
multiple pediatric brain tumor types including 
medulloblastomas, embryonal tumors with multilayered 
rosettes, other central nervous system embryonal 
tumors, as well as definable subsets of highly malignant 
gliomas. We next validated and prioritized CAR 
configurations using in vitro cytotoxicity assays with 
GPC2- expressing neuroblastoma cells, where the light- 
to- heavy single chain variable fragment configurations 
proved to be superior. We expanded the testing of the 
two most potent GPC2- directed CAR constructs to 
GPC2- expressing medulloblastoma and high- grade 
glioma cell lines, showing significant GPC2- specific cell 
death in multiple models. Finally, biweekly locoregional 
delivery of 2–4 million GPC2- directed mRNA CAR T cells 
induced significant tumor regression in an orthotopic 
medulloblastoma model and significantly prolonged 
survival in an aggressive orthotopic thalamic diffuse 
midline glioma xenograft model. No GPC2- directed CAR T 
cell related neurologic or systemic toxicity was observed.
Conclusion Taken together, these data show that GPC2 
is a highly differentially expressed cell surface protein 
on multiple malignant pediatric brain tumors that can be 
targeted safely with local delivery of mRNA CAR T cells, 
laying the framework for the clinical translation of GPC2- 
directed immunotherapies for pediatric brain tumors.

BACKGROUND
Immunotherapy has recently developed into 
a major pillar of cancer therapy.1 Chimeric 
antigen receptor (CAR) T cells offer targeted 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ GPC2 is an oncoprotein highly expressed in neuro-
blastoma and other cancers with low expression in 
normal tissues, making it an attractive candidate 
for immunotherapeutic approaches. Prior work has 
shown potent efficacy of GPC2- directed antibody- 
drug conjugates and DNA- based CAR T cell con-
structs in neuroblastoma. However, the efficacy of 
targeting GPC2 expressed on pediatric brain tumors 
with CAR T cells has not yet been explored.

WHAT THIS STUDY ADDS
 ⇒ A comprehensive analysis of GPC2 expression 
across a diverse cohort of pediatric brain tumors 
revealed enriched expression in embryonal brain tu-
mor histotypes as well as a subset of malignant glio-
mas. GPC2- directed CAR T cells created with mRNA 
showed tumor specific cytotoxicity in medulloblas-
toma and high- grade glioma in vitro and in vivo 
preclinical models. This work establishes the proof- 
of- concept efficacy of GPC2- directed CAR T cells in 
a subset of malignant pediatric brain tumors and the 
framework to further develop GPC2- directed immu-
notherapies for children with lethal CNS tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ As CNS tumors are the leading cause of pediatric 
cancer death, testing novel therapies is imperative 
to improving long- term outcomes for these children. 
There have been encouraging early clinical trial re-
sults for CAR T cell therapy for pediatric CNS tumors, 
however the development of new immunotherapeu-
tic targets is desperately needed. This study should 
motivate the design of additional GPC2 CAR effica-
cy and safety studies across several brain tumor 
preclinical models with an ultimate goal of clinical 
translation.
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T cell killing by combining the specificity of an antibody 
with the stimulatory signals of cytotoxic T cells.2 CAR 
T cell therapy has provided dramatic success in leuke-
mias and lymphomas3–5 with tisagenlecleucel becoming 
the first U.S. Food and Drug Administration (FDA)- 
approved cellular therapy product.6 This achievement 
has prompted similar investigations for solid tumors but 
without significant clinical success to date.7 Developing 
effective CAR T cell therapy for solid tumors has many 
challenges related to difficulty finding appropriate target 
antigens, the suppressive tumor microenvironment, T 
cell dysfunction, and poor CAR T cell trafficking.7 Among 
brain tumors, CAR T cell therapy remains in its infancy, 
with a handful of adult clinical trials showing minimal to 
transient success,8–10 and trials in pediatric brain tumors 
only just beginning but with promising early results.11 12

The majority of CAR T cell work to date has used viral 
vectors to produce constitutively expressed CAR mole-
cules.13 However, CARs may also be introduced into T 
cells using in vitro transcribed mRNA,14 and we have 
shown that effective CAR T cells can be made using the 
same innovations that enabled mRNA COVID- 19 vaccine 
development.15 16 Using mRNA to generate CAR T cells 
may offer several advantages. First, mRNA transfection is 
a more efficient process than viral transduction, resulting 
in uniformly high cell surface levels of CAR.17 Second, 
due to the quicker production time, iterative changes 
in the CAR binding site or structure can be more easily 
tested.18 Third, mRNA is less expensive than viral vectors 
when scaling up to clinical grade application. Finally, 
when exploring novel immunotherapeutic targets, the 
transient expression of mRNA may be desirable to ensure 
safety, particularly in the brain where both on tumor 
and on- target/off- tumor toxicity may cause significant 
morbidity and mortality.19 20 Prior studies using virally 
transduced CAR T cells in pontine and thalamic murine 
brain tumor models resulted in toxic death of animals 
from swelling and herniation,21 highlighting the need 
for controlled CAR T cell activity in the brain. The major 
disadvantage of using mRNA CAR T cells is the transient 
nature, which may not offer the persistence needed for 
full eradication of disease,18 but may be addressed by 
repetitive dosing of a fully human CAR construct. Prior 
work has shown that while systemic delivery of mRNA CAR 
T cells does not result in long- term disease control,22–24 
local delivery into solid tumors can be remarkably effec-
tive.25 26

We have recently shown that glypican 2 (GPC2), a 
heparan sulfate proteoglycan oncoprotein, is overex-
pressed on the surface of neuroblastomas as well as 
several other pediatric and adult cancers.27 28 GPC2 
appears to harbor key qualities of an immunotherapeutic 
target: cell- surface location, tumor- specific expression, 
tumor dependence, and enrichment in the tumor stem 
cell compartment.27 28 We and others have identified 
several GPC2- specific binders27 29 30 and shown robust 
efficacy of GPC2- targeting antibody–drug conjugates 
(ADCs),27 28 immunotoxins,29 and DNA vector- derived 

CAR T cells.29 30 Here we sought to build on these data 
by focusing on GPC2 in pediatric brain cancers, with the 
goal of better defining the brain tumor histotypes that 
harbor high levels of GPC2 expression and the genomic 
biomarkers correlated with high GPC2 expression, as well 
as creating GPC2- directed mRNA CAR T cells.

METHODS
RNA sequencing of primary tumor samples and patient-
derived xenografts
RNA sequencing (RNAseq) of pediatric brain tumor 
samples was completed as described within the Pediatric 
Brain Tumor Atlas (OpenPBTA; available at https://alex-
slemonade.github.io/OpenPBTA-manuscript/v/0d99 
c02483e21557e27957386d419b58fe8cb635/ or from the 
public CAVATICA project: https://cavatica.sbgenomics. 
com/u/cavatica/openpbta).31 Briefly, 1028 paired- end 
RNA fastq files, comprising 970 rRNA- depleted and 58 
poly- A enriched samples, were aligned to the hg38 human 
genome using GENCODE V.27 as reference annotation 
with STAR V.2.6.1d. For comparison with neuroblastoma, 
data from TARGET (https://ocg.cancer.gov/programs/ 
target/ data-matrix) were also analyzed. Gene level quan-
tification in terms of transcripts per million (TPM) was 
quantified using RSEM V.1.3.1. The rRNA depleted and 
poly- A enriched samples were batch corrected using the 
ComBat function of R package sva.

Tumor cell lines
Neuroblastoma cell lines were maintained in culture 
as previously described.27 32 Brain tumor cell lines were 
maintained in serum free culture, using DMEM:F12 
media supplemented with EGF, FGF, and B27. Lucif-
erase was introduced into pediatric brain tumor cell 
lines using lentiviral plasmids: pLenti CMV Puro LUC 
(gift from Eric Campeau and Paul Kaufman,33 Addgene 
plasmid #17477; http://n2t.net/addgene:17477; 
RRID:Addgene_17477) and pLL- EF1a- rFLuc- T2A- GFP- 
mPGK- Puro (System Biosciences). Preparation and trans-
duction was completed as previously described27 or with 
premade lentivirus expressing firefly luciferase with GFP 
(Cellomics). Cell lines were tested for mycoplasma and 
confirmed with STR sequencing.

T cell expansion and transfection
Human T cells from healthy deidentified donors were 
purchased from the University of Pennsylvania Immu-
nology Core and stimulated with CD3/CD28 beads 
(Gibco) as previously described.34 Transfection was 
completed using Amaxa Nucleofector (Lonza) or 
ECM 830 (BTX) electroporation systems as previously 
described.15

CAR construct cloning
Sequences encoding the D3 single chain variable frag-
ment (scFv) were combined with a CD8 hinge and 
transmembrane domain, followed by 41BB and CD3ζ 
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costimulatory domains, to create the CAR constructs. 
CAR plasmids were generated by GenScript, and then 
cloned into a pTEV vector backbone using Geneart Seam-
less cloning (Invitrogen).

In vitro mRNA synthesis mRNA encoding CAR constructs 
were synthesized from the pTEV vectors using Megascript 
T7 transciption kit (Invitrogen), replacing UTP with 
1- methylpseudouridine triphosphate (TriLink Biotech-
nologies) as previously described.15 After synthesis, all 
mRNA was purified with RNase III (Epicenter), followed 
by capping and tailing as previously described.15

Western blot validation of protein expression
Tumor cell lines were lysed, and western blotting 
was completed as previously described,27 using anti- 
Glypican- 2 (1:500; F- 5, Santa Cruz Biotechnology) for 
protein detection.

Flow cytometry
Flow cytometry was performed on tumor cell lines to 
confirm cell surface GPC2 expression. Cell lines were 
washed in FACS buffer (500 mL PBS, 10 mL FBS, 2 mL 0.5 
M EDTA), then incubated in D3- GPC2- IgG1 conjugated 
to phycoerythrin (PE) (Abcam) at 1:800 for 20 min in 
the dark at 4°C. For quantification of surface GPC2, BD 
Quantibrite beads (BD Biosciences) were used per manu-
facturer’s instruction.

CAR T cell constructs were evaluated for GPC2- specific 
binding by staining with GPC2 protein (R&D) conjugated 
to PE (Abcam). CAR T cells were washed in FACS buffer 
and incubated in GPC2- PE at 1:100 for 20 min in the dark 
at 4°C, and then washed again in FACS buffer before 
analysis. CAR T cells were evaluated for CAR expression 
on the surface by flow cytometry with protein L (1:100; 
Genscript) as previously described.35 Flow cytometry for 
negative checkpoint regulators was performed as previ-
ously described15 using antibodies: BV510 mouse anti-
human CD279 (PD1) (1:100; BD Horizon), PerCP- eFluor 
710 mouse antihuman CD223 (LAG- 3) (1:100; Invit-
rogen), and BV421 mouse antihuman CD366 (TIM- 3) 
(1:100; BD Biosciences).

Flow cytometry data were acquired on BD Accuri C6 
(BD Biosciences) or FACS Verse (BD Biosciences) flow 
cytometers. Analysis was completed on FlowJo V.10.2 
(Treestar).

Cytotoxicity assays
Measurement of CAR T cell- dependent tumor cell 
killing was measured by several methods. For adherent 
tumor cell lines, cell proliferation was measured every 
hour using the Real- time Excelligence system (RT- CES; 
F Hoffman La- Roche). For suspension cell lines, lucif-
erase containing tumor cells were plated in 96- well 
plates and CAR T cells were added after 24 hours. 
Bright Glo luciferase assay (Promega) was run after 
48 hours of coincubation. CAR T cells were plated in 
at least triplicate on tumor cells at effector- to- target 
ratios (E:T) of 10:1, 5:1, and 1:1. Each experiment was 

repeated at least two times, with at least two different 
T cell donors.

CAR T cell cytokine release
Tumor- specific CAR T cell cytokine release was deter-
mined using ELISA to detect interferon- gamma (IFNγ) 
and interleukin 2 (IL- 2). Tumor cells and CAR T cells 
were plated as described previously and allowed to 
coincubate for 24–48 hours. Plates were then spun and 
supernatant collected for evaluation using human IL- 2 
duoset ELISA (R&D) and human IFN- gamma duoset 
ELISA (R&D) per manufacturer’s instructions.

Mouse studies
In vivo studies were completed in mice under an 
approved protocol by the Institutional Animal Care 
and Use Committee of the Children’s Hospital of 
Philadelphia (CHOP) (IAC 19–0 00 907). Studies 
used NOD- SCID-γc–/– (NSG) mice aged 6–10 weeks 
obtained from Jackson Laboratories or bred in- house 
under pathogen free conditions.

For medulloblastoma studies, RCMB28 xenograft 
tumors were provided by Dr Robert Wechsler- Reya, 
and 7316–4509 was provided by the Children’s Brain 
Tumor Network (CBTN). Medulloblastoma xenografts 
were implanted stereotactically into the cerebellum 
of mice using the coordinates from lambda: A/P 
−2.00 mm, D/V 2.00 mm, M/L −2.00 mm. For thalamic 
diffuse midline glioma (DMG) model, 7316–3058 was 
provided by the CBTN. This model was injected into 
the thalamus using the coordinates from bregma: A/P 
−1.00 mm, D/V 3.50 mm, M/L −0.80 mm. Following 
engraftment, indwelling catheters for intratumoral 
CAR T cell delivery were introduced using 26- gage 
guide cannulas (P1 Technologies), stereotactically 
placed and secured to the skull using screws (P1 Tech-
nologies) and acrylic resin (Ortho- Jet, Lang). Cathe-
ters were placed at the same coordinates as the tumor 
cell placement. T cells were infused using 33- gage 
internal cannulas (P1 Technologies) placed into the 
guide cannula and delivered over 1 min in a Hamilton 
syringe. All studies included 6–10 animals per arm and 
were repeated at least once to confirm results.

Tissue microarrays
A tissue microarray (TMA) containing normal pediatric 
tissue from 48 children with non- cancer pathologies 
was obtained from the Research Institute at Nation-
wide Children’s Hospital (Columbus, Ohio, USA). 
Tissue types included aorta, adipose, bladder, breast, 
cartilage, cervix, colon, connective tissue, diaphragm, 
epididymis, heart, kidney, liver, lung, mesentery, ovary, 
pancreas, small intestine, skeletal muscle, smooth 
muscle, spleen, testes, thymus, thyroid, tonsil, trachea 
and skin. The pediatric high- grade glioma (HGG) 
tumor TMA from CHOP included primary tumor 
samples from 73 HGGs (glioblastomas, anaplastic astro-
cytomas, and DMG), 6 central nervous system (CNS) 
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embryonal tumors not otherwise specified (NOS), 4 
medulloblastomas, 3 pineoblastomas, 2 embryonal 
tumors with multilayered rosettes (ETMR), 2 ependy-
momas, 2 atypical teratoid/rhabdoid tumors (ATRT), 
1 high- grade neuroepithelial tumor with BCOR alter-
ation (HGNET- BCOR), 1 oligodendroglioma, and 1 
low- grade glioma (LGG). The pediatric brain tumor 
TMAs from the University of British Columbia (BC) 
included primary tumor samples from the Children’s 
Oncology Group with 9 ATRTs, 13 HGG, 20 ependy-
moma, and 64 medulloblastoma. Each tissue or tumor 
type was represented by two to three cores when 
possible.

Immunohistochemical analysis
Formalin- fixed, paraffin- embedded TMA sections 
were analyzed for GPC2 expression at both CHOP 
and BC using GPC2 antibody (Santa Cruz). At CHOP, 
staining was performed on a Bond Max automated 
staining system (Leica Biosystems) using the Bond 
Refine polymer staining kit (Leica Biosystems).27 At 
BC, tissue sections were incubated in Tris EDTA buffer 
(cell conditioning 1; CC1 standard) at 95°C for 1 hour 
to retrieve antigenicity, followed by incubation with 
GPC2 antibody at 1:100 for 1 hour. Intensity scoring 
was performed on a common four- point scale: 0: no 
staining, 1: low but detectable degree of staining, 
2: clearly positive staining, and 3: strong staining. 
Expression was quantified as H- Score, the product of 
staining intensity and % of stained cells. TMA scoring 
included both tumor and stromal cells. TMAs were 
scored by two methods to ensure accurate results 
including a blinded pathologist (one at CHOP, one in 
British Columbia) and Aperio RUO Image Analysis by 
Aperio ImageScope. Photographs were taken using a 
Leica DM4000B.

Xenograft animals treated with CAR T cells had tumors 
excised and were also stained with GPC2 (Santa Cruz), 
H&E, human nuclei stain (Abcam), and human CD3 
(Dako) per protocol: https://www.research.chop.edu/ 
sites/default/files/web/sites/default/files/pdfs/Anti-
body_Protocols.pdf. Photographs were taken using a 
Leica DM4000B.

Statistical analysis
All data generated were evaluated using Prism V.8 
(GraphPad). Comparison of groups for GPC2 expres-
sion was completed using two- sided Mann- Whitney 
test or Kruskal- Wallis test. Correlation was calcu-
lated using two- tailed Pearson. Comparison of means 
for in vitro and in vivo CAR data were completed 
using two- sided Student’s t- test and two- way analysis 
of variance. P values <0.05 were considered statisti-
cally significant. Data are generally presented as the 
mean±SD or as noted. Number of samples or repli-
cates is indicated in the results, figures, and figure 
legends.

RESULTS
GPC2 is expressed in multiple pediatric brain tumors and 
correlated with MYCN expression and chromosome 7q gain
To better define GPC2 expression in pediatric brain 
tumors, we analyzed RNAseq data from 20 unique pedi-
atric CNS tumor types (total n=833) in the OpenPBTA 
dataset, which revealed that several pediatric CNS tumors 
harbor high levels of GPC2 (figure 1A). The range of 
GPC2 expression levels were similar to other positive 
cancers we have shown previously such as neuroblas-
toma27 and small cell lung cancer (SCLC).28 Based on 
normal expression data from the Genotype- Tissue expres-
sion portal, we chose a cut- off value of 10 TPM to delin-
eate high GPC2 expression. Normal tissues have a median 
TPM well below 10 (median 0.43–4.65 TPM), apart from 
testes and skin (median TPM 32 and 11, respectively) as 
previously described.27 Evaluation of tumors throughout 
the OpenPBTA biorepository showed high GPC2 expres-
sion in 100% of ETMRs, 95% of medulloblastomas, 93% 
of other CNS embryonal tumors (CNS embryonal tumor, 
NOS), 50% of choroid plexus carcinomas (CPC), 41% 
of HGG without H3K28M mutation, and 40% of DMG 
(figure 1B). While several tumor histotypes were uniform 
in their GPC2 expression levels, multiple subtypes had 
significant heterogeneity in GPC2 expression motivating 
us to look in more detail at GPC2 expression across tumor 
molecular subgroups where possible. Embryonal brain 
tumors showed more uniform high GPC2 expression 
with median TPMs greater than 25: ETMR (median TPM 
66.64, n=6), CNS NB- FOXR2 (median TPM 139.2, n=2), 
CNS HGNET- MN1 (median TPM 28.61, n=1), and embry-
onal tumor NOS (median TPM 57.52, n=12). For medul-
loblastomas, we observed the highest GPC2 expression in 
group 4 compared with the other groups (Wnt, SHH, and 
group 3; p<0.01) (figure 1C, left), confirming our prior 
results.27 Across HGG subgroups, H3G35 mutant gliomas 
had the highest GPC2 expression (median TPM 52.33, 
p<0.05; figure 1C, right).

We have also previously found significantly higher 
levels of GPC2 expression in neuroblastoma and medul-
loblastoma tumors that harbor high expression of a MYC 
gene family member or somatic gain of the GPC2 locus 
on chromosome 7q22.27 To determine if similar drivers 
of GPC2 expression are present across this diverse set of 
pediatric brain tumors, we stratified tumors by chromo-
some 7q copy number and found that 10% of tumors had 
7q gain (38 of 378 tumors with copy number data avail-
able). The majority of those were medulloblastoma (14 
of 43), LGG (8 of 59), and HGG (8 of 84) (figure 1D). 
In general, tumors with 7q gain showed significantly 
higher GPC2 expression (p<0.01; figure 1E, left). This 
correlation was also found in medulloblastomas (p<0.01) 
(figure 1E, center), and a similar trend between 7q 
neutral and 7q gain in HGG although not statistically 
significant (figure 1E, right). We also observed a posi-
tive correlation between GPC2 and MYCN expression 
within the dataset (r=0.3073, p<0.0001; figure 1F, left), 
suggesting that MYCN may also transcriptionally regulate 
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GPC2 expression in some pediatric brain tumors similar 
to neuroblastoma. The MYCN/GPC2 correlation was most 
robust in HGGs (r=0.524, p<0.0001; figure 1F, right) but 
was not found in medulloblastoma (r=0.16, p=ns). MYC 
expression also showed a weak positive correlation with 
GPC2 expression across all brain tumors (r=0.21779, 
p<0.0001) and combined MYCN and MYC expression for 
all tumors also correlated with higher GPC2 expression 
(r=0.3351, p<0.0001).

To determine if GPC2 expression is maintained at the 
time of brain tumor relapse, we evaluated 47 unique 
patients with paired diagnosis- relapse tumor RNAseq data, 
including seven patients with multiple relapsed tumor 
specimens (figure 1G). GPC2 expression was similar at 

the time of diagnosis and relapses across all brain tumor 
histotypes with mean GPC2 TPM 10.61 versus 10.05 
(p=ns). Looking specifically at medulloblastomas and 
HGGs, GPC2 expression was generally stable, although 
individual cases showed both increases and decreases in 
GPC2 expression at the time of relapse (figure 1G, middle 
and right).

The CBTN has generated cell lines for 10 HGG 
primary tumors in both serum- free and FBS- containing 
media, with complimentary RNAseq profiling, 
providing the opportunity to compare GPC2 expres-
sion in these paired in vitro models.36 GPC2 expression 
was increased in HGG cell lines generated in serum- 
free conditions (p<0.01; figure 1H). This increase 

Figure 1 GPC2 is expressed in pediatric brain tumors. (A) GPC2 RNA sequencing data across OpenPBTA pediatric brain 
tumors cohorts. Neuroblastoma GPC2 RNA sequencing included for comparison on the left. (B) Using a cut- off value of 10 
TPM, percentage of tumors in the OpenPBTA dataset with high expression of GPC2. (C) RNA sequencing of GPC2 expression 
in medulloblastoma and high- grade glioma subtypes. (D) Summary of tumor histotypes with chromosome 7q gain. (E) GPC2 
expression stratified by chromosome 7q status. (F) Pearson correlation of MYCN and GPC2 expression across all pediatric 
brain tumor samples (left) and high- grade gliomas (right). (G) GPC2 expression at primary diagnosis and recurrence across all 
pediatric brain tumors (left), medulloblastomas (middle), and high- grade gliomas (right). (H) GPC2, CD133, SOX2, and OLIG2 
expression from primary tumor- derived adherent (FBS) or suspension cell lines (serum free media). Individual cases indicated by 
dots, median indicated by line in A, C, and H. Data in figure part E displayed as mean with SD. ****P<0.0001; **p<0.01; *p<0.05; 
ns, not significant. ATRT, atypical teratoid rhabdoid tumor; CNS, central nervous system; CPC, choroid plexus carcinoma; 
CPP, choroid plexus papilloma; DMG, diffuse midline glioma; DNET, dysembryoplastic neuroepithelial tumor; ETMR, embryonal 
tumor with multilayered rosettes; GCT, germ cell tumor; HGG, high- grade glioma; LGG, low- grade glioma; NOS, not otherwise 
specified; TPM, transcripts per million.
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in GPC2 expression mirrored the expression trends 
of other neuronal stem cell markers such as Olig2, 
SOX2, and CD133 (figure 1H), suggesting that serum- 
free conditions better propagate stem- like cells from 
tumors37 38 and that GPC2 expression may be increased 
in the HGG stem cell compartment, similar to what we 
have previously described in neuroblastomas and small 
cell lung cancers.28

Finally, we looked to validate these RNA data by 
quantifying GPC2 expression in a subset of pediatric 
brain tumors using immunohistochemistry (IHC), flow 
cytometry, and western blot. HGGs showed diverse 
positive GPC2 staining by IHC with H- scores ranging 
from 0 to 270, highlighting the intrinsic tumor hetero-
geneity (figure 2A,B). Strongest staining occurred 
in the single H3G35 mutant tumor included in the 
TMA (figure 2B). In addition, strong GPC2 staining 
with H scores >100 were also observed in two of four 
medulloblastomas, one of two ETMRs, two of three 
pineoblastomas, one of one HGNET- BCOR, and two 
of six embryonal tumors NOS (figure 2A,C). We also 
validated our findings using the brain tumor TMA 
cohort from BC, which showed a similar trend in GPC2 
expression across 13 HGGs, 59 medulloblastomas, 10 
ATRT, and 20 ependymomas (figure 2A). Paired GPC2 
IHC staining of a pediatric normal tissue TMA showed 
very limited normal tissue GPC2 expression including 
in heart, kidney, liver, and lung (figure 2A). Corre-
sponding RNAseq data were available for 43 pediatric 
brain tumor samples and showed a strong correlation 
between GPC2 transcripts and protein expression 
(r=0.6324, p<0.0001) (figure 2D). To further validate 
cell surface location of GPC2, we performed flow 
cytometry on medulloblastoma (n=4) and HGG (n=7) 
cell lines that confirmed robust GPC2 cell- surface 
expression was comparable with the neuroblastoma 
cell line SMS- SAN (figure 2E,F). Of note, the two cell 
lines with the highest GPC2 cell surface expression 
were derived from a group 4 medulloblastoma (7316–
4509) and an H3G35 HGG (7316–158), consistent with 
transcriptomic profiling and IHC. Finally, total GPC2 
protein expression was quantified in medulloblastoma 
and HGG cell lines by western blotting and found to be 
comparable to the SMS- SAN neuroblastoma cell line 
(figure 2G). Taken together, these data show that GPC2 
is highly expressed on multiple malignant pediatric 
brain tumors, supporting the testing of GPC2 immune- 
based therapies in these lethal childhood CNS tumors.

mRNA GPC2 CAR T cells are cytotoxic to GPC2-expressing 
neuroblastoma and brain tumor cell lines
For GPC2 CAR generation, we used the scFv portion 
of the D3 GPC2 antibody, which binds a conforma-
tional epitope identical between human and murine 
proteins of the GPC2 extracellular domain.27 28 We 
explored four configurations of the D3 scFv by manip-
ulating the orientation of the heavy and light chains, 
as well as the glycine- serine linker length between 

the heavy and light chains (5 vs 15 amino acids) 
(figure 3A). All constructs included a CD8 hinge 
and transmembrane domain with 41BB costimula-
tory domain and CD3ζ signaling. CAR mRNA was in 
vitro transcribed and transfected into human T cells, 
and after 24 hours evaluated for CAR expression and 
binding to GPC2. All four constructs showed GPC2- 
specific binding compared with GD2- directed CAR 
control (mean MFI 18 721 to 54 849 for constructs vs 
684 for control, p<0.001) (figure 3B). Serial GPC2 
CAR expression showed that receptors typically 
persisted for 5–7 days (figure 3C). To investigate T 
cell exhaustion from potential tonic CAR signaling,39 
we also measured the expression of negative check-
point regulators on the surface of GPC2 CAR T 
cells and found no significant difference in check-
point molecule expression across the four different 
constructs (figure 3D).

We next evaluated the cytotoxicity of CAR T cell 
constructs in vitro using multiple well- characterized 
neuroblastoma cell lines with variable levels of GPC2 
cell surface expression.27 T cells transfected with all 
GPC2 CAR constructs exerted robust killing of the 
endogenously GPC2- high cell lines SMS- SAN and 
Nb- EbC1 (p<0.0001) (figure 4A). Limited cytotoxicity 
was observed for CAR constructs D3V2, D3V3 and 
D3V4 in native SK- N- AS cells, which has overall low 
but heterogenous expression of GPC2 (figure 4B). No 
off- target killing was observed in control 293 T cells, 
which have negligible GPC2 expression (figure 4B). To 
further validate the specificity of these GPC2 CARs, we 
engineered isogenic SK- N- AS via stable lentiviral trans-
duction with forced overexpression of GPC2 and found 
that all GPC2 CAR constructs induced significantly 
more potent killing (p<0.001) (figure 4C). At lower 
E:T ratios (5:1), there was modest differential cyto-
toxicity between GPC2 CARs with the D3V3 and D3V4 
constructs performing superiorly, most notable in the 
NB- EbC1 cell line (figure 4A). Furthermore, there 
was differential T cell activation across the 4 GPC2 
CARs, with the D3V3 and D3V4 constructs showing the 
highest levels of IFNγ and IL- 2 release on coincuba-
tion with GPC2- high neuroblastoma cells (figure 4D). 
Considering these data, the D3V3 and D3V4 GPC2 
CAR constructs were prioritized for further testing in 
brain tumor models based on their superior in vitro 
cytotoxicity and T cell activation.

We next tested the cytotoxicity of the prioritized D3V3 
and D3V4 GPC2- directed CARs in a panel of medullo-
blastoma and HGG cell lines with different levels of 
GPC2 expression, using RT- CES assays for adherent cell 
lines (DAOY, 7316–913, and 7316–5335) and luciferase 
assays for suspension cell lines (7316–4509, 7316–3058, 
and 7316–24). GPC2- expressing brain tumor cells were 
selectively killed with GPC2 CAR T cells, but not the 
CD19 control CAR T cells at E:T ratios of 5:1 or higher 
(p<0.0001) (figure 5A,B). GPC2- directed CAR T cells 
also showed significant IFNγ release in the presence of 
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Figure 2 GPC2 protein is expressed on the surface of pediatric brain tumors. (A) GPC2 H score from IHC of primary brain 
tumor TMAs. Individual samples indicated by dots, median indicated by line. (B) Representative GPC2 IHC from HGG 
primary tumor samples including H3G35 mutant HGG, glioblastoma multiforme (GBM), DMG, and AA. Scale bar in black is 
200 µm. (C) Representative GPC2 IHC showing strongly positive staining in additional brain tumor histotypes including ETMR, 
pineoblastoma, medulloblastoma, and HGNET- BCOR. Scale bar in black is 200 µm. (D) Pearson correlation of GPC2 RNA 
expression (TPM) with GPC2 protein expression (H score) from 47 matched pediatric brain tumor samples. (E) GPC2 flow 
cytometry representative histograms of HGG and medulloblastoma cell lines. Red shaded curves indicate D3- GPC2- IgG1- 
PE staining, and non- shaded curves indicate isotype control. SMS- SAN shown as neuroblastoma positive control and T cells 
as negative control. (F) Summary of the relative quantification of GPC2 molecules per cell from flow cytometry of HGG and 
medulloblastoma cell lines (n=11). Data are represented as mean±SD of three independent experiments. (G) GPC2 western 
blot of a panel of medulloblastoma and HGG cell lines (n=9). SMS- SAN also presented as neuroblastoma positive control. AA, 
anaplastic astrocytoma; ATRT, atypical teratoid/rhabdoid tumors; BC, University of British Columbia; DMG, diffuse midline 
glioma; ETMR, embryonal tumor with multilayered rosettes; GPC2, glypican 2; HGG, high- grade glioma; HGNET- BCOR, high 
grade neuroepithelial tumor with BCOR alteration; IHC, immunohistochemistry; NOS, not otherwise specified; TMAs, tissue 
microarray; TPM, transcripts per million.
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Figure 3 D3- binder based GPC2- directed mRNA CARs specifically bind GPC2 and are transiently expressed on T cells. 
(A) Schematic of GPC2 CAR constructs. (B) Flow cytometry representative histograms of GPC2- specific binding by GPC2 
CAR T cell constructs. T cells were incubated with GPC2 protein conjugated to PE. Red line is CAR T cell, and gray line 
is untransfected T cell control. MFI is normalized to mode. (C) Flow cytometry representative histograms of GPC2 CAR 
persistence on T cells. T cells were incubated with protein L to identify CAR expression. Red line represents day 1 post- 
transfection, blue line represents day 3, orange line day 5, and green line day 7. Gray line is untransfected T cell control. Mean 
fluorescence intensity (MFI) is normalized to mode. (D) Cell surface expression of negative checkpoint regulators PD1, Lag3, 
and Tim3 quantified with flow cytometry at day 4 post- transfection. Data are represented as mean±SD of five independent 
experiments. Graphics in figure part A created with BioRender.com. 3z, CD3ζ co- stimulatory domain; BB, 41- BB costimulatory 
domain; CARs, chimeric antigen receptors; GPC2, glypican 2; ns, not significant; PE, phycoerythrin; TM, transmembrane 
domain; VH, variable heavy chain; VL, variable light chain.
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Figure 4 GPC2- directed CAR T cells produce robust cytotoxicity in neuroblastoma cell line models. (A–C) GPC2- directed CAR 
T cells coincubated on RT- CES with endogenously high GPC2- expressing neuroblastoma cells lines (A), low/non- expressing cell 
lines (B), and cell line with forced overexpression of GPC2 (C). T cells added at approximately 24 hours as indicated by arrow. 
(D) Cytokine expression measured by ELISA 24 hours after coincubation of neuroblastoma and GPC2- directed CAR T cells. 
Data are shown as mean±SD from a representative experiment with each experiment being done two to four independent times. 
****P<0.0001; **p<0.01. CAR, chimeric antigen receptor; E:T, effector- to- target ratio; GPC2, glypican 2; IFNγ, interferon- gamma; 
IL- 2, interleukin 2; ns, not significant; RT- CES, Real- time Excelligence system.
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GPC2- expressing brain tumor cell lines compared with 
CD19- directed CAR T cells (p<0.0001) (figure 5C).

mRNA GPC2-redirected CAR T cells induce tumor regression 
and increased survival in pediatric brain tumor xenograft 
models
To evaluate the efficacy of the D3V3 and D3V4 mRNA 
GPC2- directed CAR T cells in vivo, we used medulloblas-
toma and DMG xenograft models. We focused on intra-
tumoral delivery of the mRNA CAR T cells, given the 
shortened duration of activity with mRNA, and recent 
work on CAR T cells for CNS tumors reporting increased 
efficacy with locoregional delivery.9 40 Following orthot-
opic tumor engraftment of 7316–4509 group 4 medullo-
blastoma in mice, we placed a fixed guide cannula into the 
tumor bed to enable serial CAR T cell dosing. After 14 days 
with tumor confirmed on bioluminescent imaging, we 
treated mice with 4×106 of either GPC2- directed or CD19- 
directed CAR T cells twice a week for 2 weeks. Both D3V3 
and D3V4 CAR T cell constructs resulted in 7316–4509 
medulloblastoma tumor regression by day 25; however, 
only D3V4 CAR T cells produced a durable response 
showing significant tumor regression at 40 days (p<0.01; 
figure 6A). We next treated the group 3 medulloblastoma 
xenograft RCMB2841 in an identical manner with 4×106 
of either D3V3 or D3V4 GPC2- directed or CD19- directed 
CAR T cells twice a week for a total of five doses. Tumor 
growth was stalled transiently with D3V4 CAR T cells via 
bioluminescent imaging, but ultimately tumors regrew to 
similar size as control animals (p=ns, figure 6B). For both 
models, tumor presence and regression was also confirmed 

by IHC at study endpoint (figure 6C,D). Notably, no 
evidence of clinical toxicity was observed in these animals 
other than expected xenogeneic graft- versus- host disease 
(GVHD)42 seen in both controls and GPC2- directed treat-
ment groups. There was no neurologic toxicity using the 
CARs engineered from the D3 GPC2 antibody that binds 
equally to the murine and human GPC2 protein.28

As both the 7316–4509 and RCMB28 medulloblas-
toma xenograft models developed clinical signs of xeno-
geneic GVHD from repeated doses of human T cells 
prior to tumor end point, we next used the aggressive, 
fast- growing thalamic DMG 7316–3058 xenograft model 
to evaluate the ability of mRNA GPC2- directed CARs to 
induce prolonged murine survival. Prior studies treating 
thalamic DMG xenograft murine models with GD2- 
directed CAR T cells have resulted in fatal pseudoprogres-
sion and hydrocephalus.21 However, we hypothesized that 
serial low doses of GPC2 mRNA CAR T cells might avoid 
CNS toxicity due to their transient nature but still provide 
tumor control. Using lower doses of 2×106 GPC2- directed 
or CD19- directed CAR T cells also allowed study obser-
vations up to 60 days postinitial T cell infusion before 
development of GVHD. CAR T cells were delivered intra-
tumorally via catheter for a total of six doses, and D3V3 
and D3V4 GPC2- directed CAR T cells both significantly 
prolonged murine survival compared with CD19 CAR T 
cell controls (median survival of 55 days for D3V3 and 
>60 days for D3V4 vs 33 days for CD19; p<0.05 and p<0.01, 
respectively) (figure 6E). Again, no toxicity was observed 
during the prolonged course of this study.

Figure 5 GPC2- directed CAR T cells produce robust cytotoxicity in pediatric brain tumor cell line models. (A) GPC2- directed 
CAR T cells coincubated with medulloblastoma (DAOY) and HGG (7316–913, 7316–5335) cell lines. E:T ratio is 5:1, T cells 
added at approximately 24 hours as indicated by arrows. (B) GPC2 CAR T cells coincubated with medulloblastoma (7316–
4509), HGG (7316–24), and DMG (7316–3058) cell lines with cytotoxicity measured using a luminescence assay at 48 hours. 
(C) Cytokine levels measured 24 hours after coincubation of GPC2 CAR T cells with each cell line. Data are shown as mean±SD 
from a representative experiment with each experiment being done two to four independent times. ****P<0.0001. CAR, chimeric 
antigen receptor; E:T ratio, effector- to- target ratio; DMG, diffuse midline glioma; GPC2, glypican 2; HGG, high- grade glioma.
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DISCUSSION
Pediatric brain tumors are the leading cause of death in 
pediatric oncology.43 Our group recently identified GPC2 
as an immunotherapeutic target in neuroblastoma with 
expression in other pediatric and adult tumors, demon-
strating robust and sustained efficacy of a GPC2 ADC 
using the GPC2 D3 antibody.27 28 We and others have 
also shown that viral- based CARs with alternative GPC2 
scFvs demonstrate significant efficacy in neuroblastoma 
murine models.29 30 44 Here we focus on GPC2 in pediatric 
brain tumors, both in quantifying GPC2 expression across 
a wide range of unique brain tumor histotypes and on 

developing mRNA- based GPC2- directed CARs to enable 
pediatric brain tumor treatment approaches.

Investigation of GPC2 expression using RNAseq and 
various proteomic analyses revealed elevated GPC2 
expression across diverse groups of pediatric brain tumors. 
Many of these tumors have embryonal origins similar to 
neuroblastoma, such as medulloblastoma, ETMR, CNS 
embryonal tumors NOS, and pineoblastomas. However, 
we also observed high GPC2 expression in HGG and CPC. 
H3G35 mutant tumors showed the highest GPC2 expres-
sion among HGGs and have previously been shown to be 
driven by MYCN overexpression,45 potentially consistent 

Figure 6 GPC2- directed CAR T cells mediate antitumor responses and prolong survival in pediatric brain tumors in vivo. 
(A) Quantification of bioluminescence of the orthotopic group 4 medulloblastoma xenograft 7316–4509 treated with either GPC2 
or CD19- directed mRNA CAR T cells. Doses indicated by arrows on graph. Data displayed as mean±SD, n=9–11 mice per arm. 
(B) Quantification of bioluminescence of the orthotopic group 3 medulloblastoma xenograft RCMB28 treated with either GPC2 
or CD19- directed mRNA CAR T cells. Doses indicated by arrows on graph. Data displayed as mean±SD, n=10 mice per arm. (C 
and D) IHC of murine brains of a representative mouse per group collected at study endpoint from medulloblastoma xenograft 
experiments using models 7316–4509 (C) and RCMB28 (D). GPC2 staining for tumor identification and expression, CD3 stain 
to identify CAR T cells. Scale bar is 2000 μm at low power, 250 µm at insert. (E) Overall survival of mice implanted with thalamic 
DMG xenograft 7316–3058 treated with six repeated doses of 2×106 CAR T cells. Doses indicated by arrows on graph. n=7 
mice per arm. ****P<0.0001; **p<0.01; *p<0.05. CAR, chimeric antigen receptor; DMG, diffuse midline glioma; GPC2, glypican 2; 
IHC, immunohistochemistry; ns, not significant.
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with our findings of MYCN transcriptionally regulating 
GPC2 in neuroblastoma and SCLC.27 28 In fact, across the 
entire CBTN cohort, MYCN and GPC2 expression were 
robustly correlated. CPC was also recently shown to be 
driven by activation of MYC paired with loss of TP53.46 
MYC expression may also play a role in the regulation 
of GPC2, and future work will focus on understanding 
factors driving GPC2 expression in all pediatric brain 
tumors. These studies also showed that GPC2 expres-
sion is enriched in a malignant stem- like population of 
HGG tumor cells, consistent with our previous findings of 
enriched GPC2 expression in the stem cell compartment 
of neuroblastomas and SCLCs.28 Future work will evaluate 
the potential oncogenic and stem- like properties of these 
cells in pediatric brain tumors. Importantly, no signif-
icant difference in GPC2 expression was found across 
diagnosis- relapse paired brain tumor samples, suggesting 
GPC2- directed CARs may be therapeutically efficacious in 
both settings.

Using mRNA, we developed multiple CAR constructs 
from one scFv domain, D3, which has been used success-
fully to create an ADC. Our data showed the light- to- 
heavy configuration of the scFv proved superior, with 
best efficacy in vivo using a 5 amino acid linker between 
the chains. This work was carried out using an mRNA 
CAR construct for two reasons. First, our mRNA meth-
odology15 allowed for quick testing and prioritization of 
the D3V3 and D3V4 constructs and should be used for 
screening of other novel CAR constructs. Second, mRNA 
CAR T cells may mitigate potential toxicity when novel 
CAR T cells are delivered to the brain given their tran-
sient CAR expression, which may be particularly relevant 
for delicate midline structures.

Targeting single antigens with CAR T cells has 
resulted in antigen escape in clinical trials, particu-
larly in brain tumors where intratumoral heterogeneity 
is common.9 47 Indeed, we noted some heterogeneity 
in GPC2 IHC staining of several brain tumors on our 
TMA, and intratumoral heterogeneity also may have 
been under- represented in the small sample analyzed. 
As such, targeting GPC2 alone may result in selection 
for GPC2- negative tumor cell clones and resistance to 
CAR T therapy. However, conversely, we showed that 
GPC2 appears to be expressed on stem- like cells in HGG, 
and thus targeting this cell population may be espe-
cially important in driving durable tumor eradication. 
Future studies will be aimed at identifying alternative cell 
surface targets and developing combinatorial CAR T cell 
targeting to overcome tumor heterogeneity and potential 
antigen downregulation.

In our studies, GPC2 expression was retained in murine 
tumors that progressed or recurred, which may reflect 
decreased efficacy from the transient mRNA CAR T cells 
in those tumors. In addition, the differential in vivo effi-
cacy we observed in the medulloblastoma xenografts 
might be explained by the density of cell surface GPC2, 
as 7316–4509 cells have a significantly higher number of 
GPC2 cell surface molecules than RCMB28 cells. Recent 

work with distinct but similar GPC2 DNA retroviral CAR 
constructs showed that like other solid tumor antigens, 
more effective GPC2 CARs can be generated with the 
utilization of CD28 transmembrane domains, potentially 
enabling the targeting of brain tumors with more modest 
levels of GPC2 cell expression like the RCMB28 medullo-
blastoma xenograft.44 48

mRNA CAR T cells have not been shown to effectively 
eradicate solid tumors via systemic intravenous injection 
due to their transient nature.22 However, intratumoral 
or local delivery can produce tumor regression,22 25 26 49 
which we have also shown here using mRNA GPC2- 
directed CAR T cells in medulloblastoma and thalamic 
DMG murine xenograft models. With growing evidence 
for the effectiveness of locoregional delivery of CAR 
T cells for brain tumors both preclinically40 50 51 and in 
trials,9 12 the cannula system we developed for repeated 
CAR T cell delivery serves as an important platform for 
preclinical CAR T cell testing. The cannulas allow for 
CAR T cell administration that bypasses the blood–brain 
barrier, similar to intraventricular reservoirs or convection 
enhanced delivery catheters, with the former currently 
being used in ongoing clinical trials for CAR T cells in 
pediatric brain tumors (NCT03500991, NCT03638167, 
NCT04185038, NCT04196413, NCT04510051),11 propel-
ling the translational applicability of this work and 
providing a clinical platform for future studies in humans.

A limitation of these studies is the inability to define 
the durability of in vivo efficacy of these CAR constructs 
given the development of GVHD in our mice, a common 
finding in preclinical CAR T cell studies using NSG mice 
and human T cells.42 52 GVHD development precludes 
monitoring mice for long periods post CAR T cell infusion 
for recurrence of disease. Future studies will investigate 
the efficacy of GPC2 mRNA CARs in syngeneic murine 
models of pediatric brain tumors to better assess the dura-
bility of antitumor effect, along with interrogation of the 
host immune system’s role in GPC2 CAR efficacy. Addi-
tional potential limitations in the clinical translation of 
this work include the need for repeated doses. Repeated 
dosing may produce an immunogenic response when 
delivered in humans, although this can be mitigated by 
frequent dosing as previously described,53 and may be 
less likely in the setting of our fully humanized binder. 
The need for repeated dosing will also require a larger 
number of T cells to be collected and manufactured, 
which may also be problematic particularly for small 
children. Current clinical trials in pediatric brain tumors 
with repeated dosing regimens have not had issues with 
collecting appropriate CAR T cell quantities,11 12 but 
experience in this field is early.

In conclusion, this work has shown that the immunother-
apeutic target GPC2 is highly expressed across a variety of 
pediatric brain tumors, including malignant embryonal 
tumors (CNS embryonal tumors NOS, ETMRs, medul-
loblastomas) and a subset of HGGs and DMGs. Using 
mRNA we created efficacious CAR constructs from the 
GPC2 D3 binder and showed proof- of- concept efficacy in 
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several pediatric brain tumor preclinical models, laying 
the foundation for the translation of GPC2 CARs to the 
treatment of pediatric brain tumors.
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