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Abstract
Background.  Immunotherapy with chimeric antigen receptor (CAR) T cells is actively being explored for pediatric 
brain tumors in preclinical models and early phase clinical studies. At present, it is unclear which CAR target 
antigens are consistently expressed across different pediatric brain tumor types. In addition, the extent of HLA 
class I expression is unknown, which is critical for tumor recognition by conventional αβTCR T cells.
Methods. We profiled 49 low- and high-grade pediatric brain tumor patient-derived orthotopic xenografts (PDOX) 
by flow analysis for the expression of 5 CAR targets (B7-H3, GD2, IL-13Rα2, EphA2, and HER2), and HLA class I. In 
addition, we generated B7-H3-CAR T cells and evaluated their antitumor activity in vitro and in vivo.
Results. We established an expression hierarchy for the analyzed antigens (B7-H3 = GD2 >> IL-13Rα2 > HER2 = EphA2) and 
demonstrated that antigen expression is heterogenous. All high-grade gliomas expressed HLA class I, but only 57.1% of 
other tumor subtypes had detectable expression. We then selected B7-H3 as a target for CAR T-cell therapy. B7-H3-CAR T 
cells recognized tumor cells in an antigen-dependent fashion. Local or systemic administration of B7-H3-CAR T cells induced 
tumor regression in PDOX and immunocompetent murine glioma models resulting in a significant survival advantage.
Conclusions.  Our study highlights the importance of studying target antigen and HLA class I expression in PDOX 
samples for the future design of immunotherapies. In addition, our results support active preclinical and clinical 
exploration of B7-H3-targeted CAR T-cell therapies for a broad spectrum of pediatric brain tumors.

Key Points

1.  B7-H3 and GD2 are consistently expressed in pediatric brain tumor PDOXs.

2. � Downregulated HLA expression is a prominent feature of pediatric brain tumors except 
for gliomas.

3. � B7-H3-CAR T cells have potent antitumor activity in PDOX and immunocompetent models.
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Pediatric brain tumors are the leading cause of cancer-
related death in children and adolescents.1 Current 
treatment modalities are associated with suboptimal out-
comes and significant acute and long-term side effects. 
Immunotherapy with T cells expressing chimeric antigen 
receptors (CARs) has the potential to improve outcomes 
and reduce treatment-related complications.2 Clinical CAR 
T-cell therapy studies for brain tumors have so far targeted 
human epidermal growth factor receptor 2 (HER2), inter-
leukin 13 receptor subunit alpha 2 (IL-13Rα2), and epidermal 
growth factor receptor variant III (EGFRvIII), and have fo-
cused on adult patients except for one study.3–5 While CAR 
T-cell infusions were safe, antitumor activity was limited.3–5 
Lack of efficacy is most likely multifactorial and includes, in 
particular for pediatric brain tumors, a limited knowledge of 
CAR target antigen expression.

CAR T cells recognize cell surface proteins/antigens 
and not peptides in the context of HLA class I molecules 
like conventional αβ T-cell receptor (TCR) T cells.6 Past 
studies have reported on the cell surface expression of 
CAR targets in pediatric brain tumors, identifying HER2, 
IL-13Rα2, ephrin type-A receptor 2 (EphA2), B7 homolog 
3 (B7-H3), and disialoganglioside GD2 (GD2) as prom-
ising targets.7–13 However, a comprehensive comparison 
of the expression of these targets across different pedi-
atric brain tumor types is much needed. In addition, pre-
vious studies relied on immunohistochemistry (IHC) and/
or gene expression analyses, which does not allow for 
the reliable assessment of heterogenous antigen expres-
sion, which has emerged as major roadblock for CAR 
T-cell therapy.10,12–14

In addition, there is an existing controversy in the liter-
ature whether CAR T cells can exert their anti-brain tumor 
activity after intravenous (i.v.) delivery. While studies 
in xenograft models have demonstrated that systemi-
cally administered CAR T cells have limited antitumor ac-
tivity in orthotopic brain tumor models,14,15 EGFRvIII-CAR 
T cells were readily detectable in glioma patients after i.v. 
administration.5

To address these gaps in our knowledge, we profiled 
the expression of HER2, IL-13Rα2, EphA2, B7-H3, and 
GD2 by flow cytometry in 49 patient-derived orthotopic 
xenograft (PDOX) samples. In addition, we analyzed HLA 
class  I  expression to assess the potential of standard 
αβTCR T cells to recognize pediatric brain tumors. We 
demonstrate that CAR target antigen expression is het-
erogenous, with B7-H3 and GD2 being most consistently 
expressed, and that downregulation of HLA expression 
is a prominent feature of pediatric brain tumors except 
for gliomas. Finally, we demonstrate that B7-H3-CAR 

T cells have potent antitumor activity after local and/or 
systemic administration in PDOX and immunocompe-
tent brain tumor models.

Material and Methods

The following material and methods sections can be 
found in the Supplementary Material and Methods sec-
tion: (1) Cell lines, (2) Generation of B7-h3 knockout 
GL261 cells, (3) Flow Cytometry, (4) PDOX Models, (5) 
B7-H3 IHC, (6) Generation of human B7-H3-CAR T cells, (7) 
Generation of retroviral particles for murine T-cell trans-
duction, (8) Functional analysis of murine CAR T cells in 
vitro, (9) Functional analysis of CAR T cells in vivo, and (10) 
Bioluminescence imaging.

Ethics

Patient samples for tumor associated antigen (TAA) pro-
filing were obtained under a St. Jude Children’s Research 
Hospital (St. Jude) IRB approved protocol, after informed 
consent was obtained in accordance with the Declaration 
of Helsinki. All animal experiments followed a protocol ap-
proved by the St. Jude Institutional Animal Care and Use 
Committee. Mice were euthanized when they met physical 
euthanasia criteria (significant weight loss, signs of dis-
tress), or when recommended by St. Jude veterinary staff.

Tumor Antigen Profiling

PDOX and patient samples were analyzed for the surface 
expression of the following antigens: EphA2, IL-13Rα2, 
GD2, B7-H3, HER2, HLA class  I, CD47 (identification 
of human cells), and CD19 (negative control). A  list of 
antibodies and matching controls are provided in the 
Supplementary Material and Methods section.

Animal Models

PDOXs were established using primary patient sam-
ples obtained from patients treated at St. Jude Children’s 
Research Hospital by biopsy, surgical resection, or au-
topsy procedures. Primary tumor samples were dis-
sociated into single-cell suspensions using the Papain 
dissociation system (LK003150, Worthington Biochemical 
Corporation, Lakewood, NJ). Detailed description of PDOX 

Importance of the Study

Using a large collection of pediatric brain tumor patient-
derived orthotopic xenografts (PDOXs), we established 
an expression hierarchy of 5 CAR targets and demon-
strate heterogenous antigen expression and tumor type-
dependent downregulation of HLA class  I  expression. 

Lastly, we demonstrate the safety and efficacy of CAR T 
cells targeting B7-H3, in PDOXs and immune-competent 
brain tumor models. Thus, our study has implications for 
a broad range of immunotherapies that are being devel-
oped for pediatric brain tumors.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
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establishment has been described previously.16 Briefly, dis-
sociated cells were implanted orthotopically into the right 
hemisphere of the cerebral cortex of NOD/SCID gamma 
null (NSG) mice for medulloblastoma (MB), atypical 
teratoid rhabdoid tumor (ATRT), ependymoma (EPN), and 
embryonal tumor with multilayered rosette (ETMR), or in 
CD1 nude/nude for gliomas. If the cells engrafted and grew, 
tumors were harvested, mechanically dissociated, and 
reimplanted orthotopically into CD1 nude/nude mice to ex-
pand. Expanded tumors were harvested, mechanically dis-
sociated, and cryopreserved. All animals used were 8- to 
10-week-old male. CD1 nude/nude purchased from Charles 
River Laboratories (Wilmington, MA). The functional anal-
ysis of CAR T cells in animal models is described in the 
Supplementary Material and Methods section.

Generation of Murine CAR T Cells

CD3+ T cells were enriched from murine splenocytes by 
using Pan T-Cell Isolation Kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany). Briefly, spleens were collected from 
6- to 8-week-old C57BL/6 mice (C57BL/6J, 000664, The 
Jackson Laboratory, Bar Harbor, ME) or from luciferase 
transgenic mice (B6; FVB-Ptprca Tg(CAG-luc-GFP)
L2G85Chco Thy1a/J, 025854, The Jackson Laboratory) and 
passed through a 70-μm cell strainer using the back of a sy-
ringe plunger. Red blood cells were then lysed using ACK 
(ammonium-chloride-potassium) lysis buffer (A10492-01, 
Life Technologies, Carlsbad, CA), washed, and pelleted. 
CD3+ murine T cells were then collected using the Pan 
T-Cell Isolation Kit II (130-095-130, Miltenyi Biotec) as per 
the manufacturer’s protocol. Isolated T cells were washed 
and activated using plate-bound CD3/CD28 antibodies 
(553057 and 553294 respectively, BD Biosciences) in com-
plete RPMI media supplemented with 50 U/mL of human 
IL-2 (Peprotech, Rocky Hill, NJ).

On Day 2 post-activation, T cells were transduced with 
retroviral particles on RetroNectin-coated plates (Clontech, 
Mountain View, CA) in complete RPMI media supple-
mented with 50 U/mL of IL-2. non-transduced (NT) T cells 
were prepared by adding activated T cells on RetroNectin-
coated wells without retroviral particles. After 2  days, 
CAR T cells were harvested and expanded in the pres-
ence of IL-2 until Day 7 post-transduction. CAR detection 
was performed on Days 3-5 post-transduction using flow 
cytometry. Experiments were performed at or before Day 7 
post-transduction.

Statistical Analyses

All experiments were performed at least in duplicates. 
For comparisons between 2 groups, a 2-tailed t test was 
used. For comparisons of 3 or more groups with a single 
independent variable, statistical significance was deter-
mined by 1-way ANOVA with Tukey’s multiple comparisons 
test. For comparison of 3 or more groups with 2 or more 
independent variables, statistical significance was deter-
mined by multiple t tests or 2-way ANOVA with Sidak’s or 
Tukey’s multiple comparisons test. Survival curves were 
plotted using the Kaplan-Meier method. Statistical signif-
icance between survival curves was determined using the 

log-rank (Mantel-Cox) test. Bioluminescence imaging data 
were analyzed using either ANOVA or t test. P-values were 
calculated using Prism (GraphPad Software, San Diego, 
CA). *P < .05; **P < .01; ***P < .001; ****P < .0001; ns, 
nonsignificant.

Results

B7-H3 and GD2 Are Consistently Expressed in 
Pediatric Brain Tumor PDOX Models

To identify potential CAR targets for pediatric brain tumors, 
we evaluated cell surface expression of 5 brain tumor 
antigens (B7-H3, GD2, IL-13Rα2, EphA2, HER2) in PDOX 
samples by flow cytometry analysis using CD19 as a neg-
ative control. In addition, we evaluated HLA class I expres-
sion. We profiled 49 PDOX samples, including 24 MBs, 5 
ATRTs, 5 EPNs, 1 ETMRs, 14 high-grade gliomas (HGGs). In 
addition, we analyzed established human brain tumor cell 
lines (U373, U87, T98G, DAOY, D341, D425, CHLA-01-MED) 
as controls. We considered PDOX samples and cell lines 
positive when ≥10% of analyzed tumor cells were positive. 
Almost all established cell lines consistently expressed all 
target antigens except for couple of cases (Figure 1A and 
B). B7-H3 was expressed in 47 (95.9%), GD2 in 41 (83.7%), 
IL-13Rα2 in 33 (67.4%), EphA2 in 14 (28.6%), and HER2 in 18 
(36.7%) PDOX samples (Figure 1A).

Mean antigen expression of positive tumors was 68% 
for B7-H3 (range: 17.7-99.0%), 74.1% for GD2 (range: 11.7%-
99.6%), 37.5% for IL-13Rα2 (range: 11.7%-99.6%), 50.1% for 
EphA2 (range: 12.0%-99.8%), and 36.1% for HER2 (range: 
10.0%-96.0%) (Figure 1B and C and Supplementary Tables 
1 and 2). Using a cutoff of 50%, 33 (67.3%) PDOX sam-
ples were positive for B7-H3, 33 (67.3%) for GD2, 9 (18.4%) 
for IL-13Rα2, 5 (10.2%) for EphA2, and 4 (8.2%) for HER2. 
Comparing HGGs to other pediatric brain tumors (MB, 
ATRT, EPN, and ETMR), HGG expressed significantly 
higher levels of GD2 (Figure 1C). HGGs also expressed sig-
nificantly higher levels (P < .0001) of HLA class I in compar-
ison to all other pediatric brain tumor subtypes evaluated 
(Figure 1C). Thus, B7-H3, GD2, IL-13Rα2, EphA2, and HER2 
expression is heterogenous in pediatric brain tumor PDOX 
models and there is a clear hierarchy: B7-H3  =  GD2  >> 
IL-13Rα2 > HER2 = EphA2. In addition, HLA class I expres-
sion is downregulated in MB, ATRT, EPN, and ETMR, a 
finding that supports the development of CAR T-cell ther-
apies since tumor cell recognition by CAR T cells is inde-
pendent of HLA expression.2 Importantly, we observed 
similar findings when we analyzed PDOX samples from 
different passages (Supplementary Figure 2A) and patient 
samples (Supplementary Figure 2B and C). Lastly, cell sur-
face expression did not correlate with existing gene ex-
pression (RNAseq) data of matching PDOX samples and 
samples from the Pediatric Cancer Genome Project (PCGP) 
(Supplementary Figures 3 and 4).

IHC Confirms B7-H3 Expression in Pediatric 
Brain Tumors

Based on our findings, we decided to focus on B7-H3 since 
it is not expressed in normal brain tissue in contrast to 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
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Fig. 1  Heterogeneous CAR target and HLA expression in pediatric brain tumors. PDOX samples were stained for B7-H3, EphA2, GD2, HER2, 
IL-13Rα2, HLA class I, and CD19. CHLA, CHLA-01-MED; MB, medulloblastoma; ATRT, atypical teratoid rhabdoid tumor; EPN, ependymoma; ETMR, 
embryonal tumor with multilayered rosettes; HGG, high-grade glioma; DIPG, diffuse intrinsic pontine glioma. A, Percentage of positive/negative 
cell lines and PDOXs. B, Double color gradient heatmap: 0%: yellow, 10%: white, 100%: blue gradient. WNT, MB wingless subgroup; SHH, MB 
sonic hedgehog subgroup; G3, MB subgroup 3; G4, MB subgroup 4; MYC, MYC ATRT subgroup; III, HGG WHO grade III; IV, HGG WHO grade IV; 
No, PDOX model number. Details related to each model are provided in Supplementary Tables 1 and 2. C, Violin plots showing percentage of cell 
surface expression of TAAs in different pediatric brain tumor subtypes and subgroups (2-way ANOVA with Sidak’s test for multiple comparisons; 
***P < .001; ****P < .0001).
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Fig. 2  B7-H3 is expressed in pediatric brain tumors. PDOXs were evaluated for B7-H3 expression by IHC. A, Top panel: representative images 
for different tumor subtypes, including ATRT, MB-SHH, G3-MB, and G4-MB stained for B7-H3. Bottom panel: B7-H3 staining-intensity scale: 0+: 
no staining, 1+: weak positive, 2+: moderate positive, 3+: strong positive. Scare bar, 50 µm. B and C, H-scores of PDOXs and pediatric brain tumor 
sections (evaluated by pathologist blinded to tumor type and expression status). D, MB-SHH PDOX tumor cells (Model No. 5, SJMBSHH-13-5634) 
expressing YFP.ffLuc were implanted into the cortices of NSG mice followed by i.v. injection of 5 × 106 hB7-H3− or hCtrl-CAR T cells on Day 28. 
Radiance (total flux) is shown. E, Kaplan-Meier survival analysis. Log-rank (Mantel-Cox) test; hCtrl− vs hB7-H3-CAR T cells; P = .0052).
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GD2.17 To validate B7-H3 expression, we performed IHC 
on paraffin-embedded tissue blocks of 29 pediatric brain 
tumor PDOX models (Figure  2A). Twenty-four were pos-
itive for B7-H3, with most of them (92%) demonstrating 
high-intensity staining (2+ or 3+). Eight out of 10 MBs 
were positive for B7-H3, and 13 out of 14 pediatric gliomas 
were positive for B7-H3 with mostly high-intensity staining 
(Figure 2B, Supplementary Figure 5). One ETMR showed 
positive staining for B7-H3. In contrast, all ATRTs and one 
evaluated EPN were negative for B7-H3. For most of the 
PDOX samples evaluated, we also had matching patient 
tumor samples that were collected for diagnostic pur-
poses or at autopsy and had not been passaged in mice. 
We observed a similar pattern of B7-H3 expression in these 
samples, although the staining intensities were lower 
(Figure 2C, Supplementary Figure 5A).

Human B7-H3-CAR T Cells Have Antitumor 
Activity in a PDOX Models In Vivo

Having established that B7-H3 is a promising CAR target for 
pediatric brain tumors, we next evaluated if B7-H3-positive 
PDOX tumors can be recognized and killed by human (h) 
B7-H3-CAR T cells in vivo. We generated hB7-H3-CAR and 
nonfunctional control (hCtrl)-CAR T cells for these studies 
(Supplementary Figure 6A and B), and used a B7-H3-positive 
orthotopic SHH-MB PDOX model (model 5; Supplementary 
Figure 6C). On Day 0, SHH-MB PDOX expressing YFP.ffLuc 
were orthotopically implanted into NSG mice. At Day 28, 
mice received a single i.v. dose of 5  × 106 hB7-H3-CAR or 
hCtrl-CAR T cells. Tumor growth was monitored by weekly 
bioluminescence imaging. hB7-H3-CAR T cells induced 
tumor regression compared to hCtrl-CAR T cells, resulting 
in a significant overall survival advantage (Figure 2D and E, 
P  =  .0052). Two tumor-free animals in the B7-H3-CAR T-cell 
treatment group died due to a rapid weight loss, which could 
be explained by xenogeneic graft-vs-host disease (GVHD). 
However, we did not observe any other clinical signs of 
GVHD (eg, scruffy fur, loss of whiskers). Next, we performed 
similar studies using DIPG (diffuse intrinsic pontine glioma) 
PDOX model (model 48). hB7-H3-CAR T cells showed sig-
nificant control of tumor burden and an overall survival ad-
vantage when compared to Ctrl-CAR T cells (Supplementary 
Figure 7). Thus, hB7-H3-CAR T cells have potent antitumor ac-
tivity in pediatric PDOX models in vivo.

mB7-H3-CAR T Cells Recognize and Kill Murine 
Glioma Cells In Vitro

Having shown that hB7-H3-CAR T cells can recognize and 
eradicate tumors, we next sought to evaluate the safety 
and efficacy of B7-H3-CAR T-cell therapy in an immuno-
competent glioma mouse model. To generate murine 
(m) B7-H3-CAR T cells, we designed a retroviral vector 
encoding a second-generation CD28.ζ CAR with an antigen 
recognition domain derived from the mB7-H3-specific 
MAb m27618 (Figure 3A, Supplementary Figure 8A). As a 
control CAR (Ctrl-CAR), we used a previously described 
Sp6-CAR vector with the same CD28.ζ endodomain.19 
CAR T cells were generated by standard retroviral trans-
duction and a mean CAR transduction efficiency of 50% 

(SD ±17.19%) for mB7-H3-CAR and 35% (SD ±12.23%) for 
Ctrl-CAR was achieved (Figure 3B and C). For subsequent 
experiments, cells were used within the first 7 days’ post-
transduction since there was no difference in expansion 
and viability between NT, Ctrl-CAR, and mB7-H3-CAR T cells 
(Figure 3D, Supplementary Figure 8B). Phenotypic analysis 
revealed a mixture of CD4+ and CD8+ T cells with no signif-
icant differences between NT, Ctrl-CAR, or mB7-H3-CAR T 
cells (Figure  3E). In addition, transduction did not affect 
T-cell subset composition (memory: CD44+/CD62L−; central 
memory: CD44+/CD62L+; naïve CD44−/CD62L+; Supplementary 
Figure 8C). To evaluate if mB7-H3-CAR T cells recognize and 
kill target cells in an antigen-dependent manner, we used 
a 72 hours’ MTS assay with the following targets: mB7-
H3-positive GL261 (murine glioma) cells, GL261 mB7-H3 
knockout cells (GL261-KO), and mB7-H3-negative MC38 
(murine colon adenocarcinoma) cells (Supplementary 
Figure 9). Only mB7-H3-CAR T cells had significant (P < 
.0001) cytolytic activity against GL261 in contrast to NT or 
Ctrl-CAR T cells (Figure 3F). This result was confirmed with 
sorted Ctrl-CAR and mB7-H3 CAR T cells (Supplementary 
Figure 10). No mB7-H3-specific cytolytic activity was ob-
served against GL261-KO and MC38 cells (Figure 3F), con-
firming specificity.

mB7-H3-CAR T Cells Maintain Their Effector 
Function in Repeat Stimulation Assays

To test if CAR T cells retain their ability to recognize and 
kill tumor cells after multiple stimulations, we set up a 
repeated-stimulation assay. Effector T-cell populations 
were co-cultured with GL261, GL261-KO, or MC38 tumor 
cells at an effector to target (E:T) ratio of 2:1 without any 
exogenous cytokines. Every 3 days, T cells were counted 
and restimulated with fresh tumor cells at the same E:T 
ratio, until they stopped expanding. In addition, co-culture 
supernatants were collected at 24 hours after each stimu-
lation, and the concentrations of IFN-γ and IL-2 were deter-
mined by ELISA. In addition, we also evaluated other Th1 
(TNF-α, IL-1α, GM-CSF, IL-3) and Th2 (IL-6, IL-9, IL-10, IL-13) 
cytokines, and chemokines (LIX, KC, MCP1, RANTES, IP10) 
by Multiplex analysis.

Only mB7-H3-CAR T cells expanded for up to 6 stimu-
lations with GL261. This expansion was antigen-specific, 
since we observed no expansion after stimulation with 
mB7-H3-negative tumor cells (GL261-KO, MC38; Figure 4A). 
Compared to NT or Ctrl-CAR T cells, mB7-H3-CAR T cells se-
creted significantly (P < .0001) higher levels of IFN-γ and 
IL-2 after the first stimulation with GL261 (Figure 4B and C; 
Supplementary Figure 11). With subsequent stimulations, 
IFN-γ and IL-2 secretion was only sustained by mB7-H3-
CAR T cells. In addition to IFN-γ and IL-2, mB7-H3-CAR T 
cells also consistently produced IL-1α, GM-CSF, IL-10, and 
RANTES (Figure  4D). Consistent with published data,20,21 
IL-6 and IP-10 were produced by GL261 tumor cells.

mB7-H3-CAR T Cells Have Potent Anti-Glioma 
Activity Post-Local or Systemic Administration

Finally, we evaluated the antitumor activity of mB7-H3-
CAR T cells in an immune-competent model in vivo. We 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
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selected the orthotopic GL261 murine glioma model, 
since GL261 tumors faithfully recapitulate human dis-
ease22 and express murine B7-H3. On Day 0, GL261.eGFP.
ffLuc cells were implanted into the brains of C57BL/6 
mice, followed by intra-tumoral injection of 2 × 106 CAR 
T cells on Day 7 (Figure  5A). Tumor burden was moni-
tored by weekly IVIS imaging. Intra-tumoral injection 

of mB7-H3-CAR T cells resulted in a complete tumor re-
gression in 12 out of 20 (60%) treated mice (Figure  5B; 
Supplementary Figure 12). This resulted in a significant 
increase in overall survival without any signs of tox-
icity as judged by weight measurements, compared to 
untreated mice and mice injected with Ctrl-CAR T cells 
(Figure 5C and D, P = .006).
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Next, we examined the antitumor activity of mB7-H3-
CAR T cells post-systemic administration. CAR T cells (3 × 
106/mouse) were injected i.v. at Day 7 post-tumor implan-
tation (Figure 5E). mB7-H3-CAR T cells induced complete 
eradication of tumors in 6 out of 10 (60%) treated mice, 
whereas Ctrl-CAR T cells had minimal antitumor activity 
(Figure  5F), resulting in a significant survival advantage 
for mice receiving the mB7-H3-CAR (Figure 5G, P = .0112). 
Systemic T-cell administration did not cause weight loss in 
any of the treated animals (Figure 5H).

Systemic Administration of mB7-H3-CAR T Cells 
Is Safe

B7-H3 is expressed at low levels on some normal tissues 
like adrenal glands, liver, and reproductive organs18,23; 
thus, we sought to evaluate the safety of mB7-H3-CAR T 
cells in tumor-free C57BL/6 mice. To generate CAR T cells, 
we used CD3+ T cells from the splenocytes of luciferase 
transgenic mice to track CAR T-cell migration and expan-
sion over time using bioluminescence imaging. Tumor-free 
mice received one i.v. dose of 1 × 107 NT or mB7-H3-CAR 
T cells. We observed only minor, transient mB7-H3-CAR 
T-cell expansion compared to that in the NT T-cell group 
(Figure 6A and B; Supplementary Figure 13A and B). Mice 
did not lose weight or develop any signs of morbidity 
or weakness upon daily follow-up (Figure  6C). One out 
of 5 mice in the NT group died during imaging at Day 4 
posttreatment due to unknown reasons. Mice from both 
groups were euthanized on Day 14 post–T-cell injection 
and subjected to histopathological evaluation. No notable 
histologic differences were observed in the examined tis-
sues between the 2 groups (Figure  6D, Supplementary 
Figure 13C). One out of 5 mice that received mB7-H3-CAR T 
cells had mild liver inflammation, as judged by numerous 
mixed-cell foci in the liver parenchyma. The observed in-
flammation was most likely the result of a bacterial shower 
from the gut rather than due to mB7-H3-CAR T cells since 
it was not located around the periportal/biliary tract area 
and did not consist of lymphocytes. Additionally, extensive 
analysis of major brain structures revealed no treatment-
related side effects (Supplementary Figure 14). Similarly, 
safety studies in younger mice (4 weeks old) revealed no 
evidence of CAR T-cell–mediated toxicity (Supplementary 
Figure 15).

Discussion

Here we established an expression hierarchy of 5 CAR tar-
gets: B7-H3 = GD2 >> IL-13Rα2 > HER2 = EphA2 in pediatric 
brain tumor PDOX samples and demonstrate significant 
inter- and intratumor heterogeneity in regard to antigen 
expression. We further demonstrate that MB, ATRT, EPN, 
and ETMR PDOXs express lower levels of HLA class I than 
HGG/DIPGs. Lastly, we generate B7-H3-CAR T cells and 
show that these CAR T cells have potent antitumor ac-
tivity after local or systemic delivery in orthotopic brain 
tumor models.

Few studies have compared the expression of tumor 
antigens in pediatric brain tumors. One study analyzed 
the expression of cell surface and intracellular antigens 
by RT-qPCR in 5 HGGs, 4 low-grade gliomas, 10 juvenile 
pilocytic astrocytomas, and 7 EPNs.13 EphA2, IL-13Rα2, 
and HER2 were included in the analysis, and all analyzed 
tumors expressed EphA2, 15/26 expressed IL-13Rα2, and 
14/26 expressed HER2. Another study analyzed the ex-
pression of EphA2, IL-13Rα2, and survivin in 15 pediatric 
brain stem gliomas (BSGs) and 12 non-brain stem gliomas 
(NBSGs), which included high-grade as well as low-grade 
histologies.12 EphA2 was expressed in 7/15 BSGs and 12/12 
NBSGs, and IL-13Rα2 was expressed in 10/15 BSGs and 7/9 
NBSGs. Finally, a recent study demonstrated expression of 
EphA2, HER2, and IL-13Rα2 in wide array of MBs by IHC, 
which is in contract to our findings.14

Numerous studies have reported the expression of single 
antigens in pediatric brain tumors. For example, evaluating 
HER2 expression in MBs, investigators found that 60/70 tu-
mors were positive with 32.9% of tumors having greater 
than 50% positivity by IHC analysis.24 Modak et  al. first 
reported high levels of B7-H3 expression in 33/47 pedi-
atric brain tumors including HGG, mixed glioma, oligo-
dendroglioma, astrocytoma, meningioma, schwannoma, 
and MB.25 High expression of B7-H3 in pediatric brain tu-
mors was recently confirmed by others.10 Expression of 
IL-13Ra2 was also examined in 58 pediatric brain tumors 
using in situ hybridization and IHC26; 11/11 high-grade 
astrocytomas, 26/33 of low-grade astrocytomas, 4/6 MBs, 
and 2/3 EPNs were positive for IL-13Rα2. Lastly, Mount et al. 
recently reported on consistent and high levels of GD2 ex-
pression in H3 K27M-mutant diffuse midline gliomas in-
cluding DIPGs.11

Our study now extends these findings and performs 
for the first time a comprehensive analysis of 49 pediatric 
brain tumor PDOXs. It is also the first study to use flow 
analysis for all 5 antigens, which significantly reduces the 
risk of false-positive antigen detection and enables re-
liable detection of heterogenous antigen expression in 
contrast to standard IHC. Based on our analysis, using a 
stringent cutoff of at least 10% positive cells, we unequiv-
ocally establish a rank order of expression for B7-H3, GD2, 
EphA2, IL-13Rα2, and HER2 (B7-H3  =  GD2  >> IL-13Rα2  > 
HER2  =  EphA2). In addition, we demonstrate that target 
antigen expression is heterogenous in PDOX tumors, in 
contrast to established cell lines, highlighting (i) the im-
portance of using PDOX models to evaluate suitable CAR 
T-cell targets and (ii) the need to target multiple antigens 
to reduce the risk of immune escape when a single antigen 
is targeted. Importantly, our results indicate that gene ex-
pression analysis does not correlate with cell surface ex-
pression of a particular TAA, emphasizing the significance 
of analyzing protein expression.

We also analyzed HLA class  I  expression and demon-
strate that MB, ATRT, EPN, and ETMR expressed signif-
icant lower levels of HLA class  I  than HGG/DIPG. Low 
levels of HLA class  I  expression have been reported in 
MB.27 One study has also demonstrated that H3 K27M-
mutant induces HLA class  I  expression in DIPG via 
VCX3A.28 Our study now firmly established significant 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa278#supplementary-data
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differences in HLA class  I  expression between non-glial 
brain tumors and HGGs. This has potential implications 
for immunotherapeutic approaches for pediatric brain tu-
mors that are currently being developed since checkpoint 
blockade, vaccines, and αβTCR T-cell therapies rely on HLA 
class I expression to exert their antitumor activity in con-
trast to CAR T-cell or natural killer-cell therapies.6

We focused our therapeutic approach on targeting 
B7-H3 with CAR T cells since it was expressed consistently 
across all pediatric brain tumor types. We demonstrate 

that human B7-H3-CAR T cells have potent antitumor ac-
tivity in a B7-H3-positive SHH-MB and DIPG PDOX models, 
extending findings by others that B7-H3-CAR T cells have 
significant antitumor activity against MB and ATRT in 
xenograft models.10,15 To establish the safety and effi-
cacy of B7-H3-CAR T cells in an immunocompetent brain 
tumor model, we adapted a well-characterized GL261 mu-
rine glioma model.22 We demonstrate that mB7-H3-CAR T 
cells recognize and kill B7-H3-positive murine tumor cells 
in vitro and have potent anti-glioma activity in vivo after 
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local or systemic T-cell delivery. We did not observe any 
evidence of on-target/off-tumor toxicity after local or sys-
temic delivery. This finding is consistent with one other 
study that demonstrated that the i.v. injection of mB7-H3-
CAR T cells does not induce systemic toxicities in immuno-
competent models despite reports that B7-H3 is expressed 
at low levels in several healthy tissues.23

The observed antitumor activity in our immunocom-
petent animal model is noteworthy given its physiolog-
ical relevance. While other immunocompetent animal 
models have relied on genetically modifying murine 
brain tumor cells to overexpress CAR targets, including 
human IL-13Rα2, human EGFRvIII, murine CD70 or mu-
rine GD2 and GD3 synthases,18,29–32 we used a glioma 
cell line that was not genetically modified to express 
the target antigen, mimicking physiological antigen 
expression.

Antitumor activity of systemic administration of CAR T 
cells in orthotopic brain tumor xenograft models has been 
model dependent; several studies have reported limited 
or no antitumor activity while others have reported re-
sponses, including complete tumor regressions.9,10,14,15,33 
In addition, H3.3 K27M mutant-specific αβTCR T cells had 
potent anti-DIPG activity in xenograft models,34 and CD70−, 
GD2−, or EGFRvIII-CAR T cells in immunocompetent models 
after i.v. administration.30,31 In humans, T cells also had 
antitumor activity against brain tumors and/or were de-
tected within the central nervous system (CNS) after i.v. 
administration. For example, Epstein-Barr virus (EBV)-
specific T cells have induced complete remissions in pa-
tients with EBV-positive CNS lymphoma,35 and CD19-CAR 
or EGFRvIII-CAR T cells are readily detected in the cerebro-
spinal fluid or at glioma sites, respectively.5,36 In addition, 
1 patient with a centrally located HGG had a remarkable 
response post-i.v. administration of HER2-CAR T cells.3 
Lastly, infusion of tumor-infiltrating lymphocytes (TILs) in 
patients with melanoma brain metastases was associated 
with an intracranial objective response of 28% in one clin-
ical study.37 Thus, at present, it is unclear what the optimal 
route of administration of CAR T cells for brain tumor is; 
most likely, it will depend on anatomic localization and the 
targeted antigen. For example, if a targeted antigen is not 
expressed in normal brain tissue, but at low levels outside 
the CNS, then locoregional delivery might be advanta-
geous to prevent on-target/off-cancer toxicity.

In conclusion, our study establishes for pediatric brain tu-
mors an expression hierarchy of 5 CAR target antigens that 
are currently being explored in preclinical as well as clinical 
studies. In addition, it highlights that downregulation of HLA 
class I expression is a prominent feature of non-glial pedi-
atric brain tumors. Lastly, we demonstrate that CAR T cells 
targeting B7-H3, one of the two antigens that is expressed 
in the majority of pediatric brain tumors, have potent 
antitumor activity in PDOX and immunocompetent animal 
models, warranting further active exploration of B7-H3-
targeted CAR T-cell therapies for pediatric brain tumors.
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