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Abstract
Background  Chimeric antigen receptor (CAR)-T cell therapy targeting novel glioblastoma (GBM)-specific cell surface 
antigens is a promising approach. However, transcriptome analyses have revealed few GBM-specific target antigens.
Methods  A library of monoclonal antibodies (mAbs) against tumor cell lines derived from patients with GBM was generated. 
mAbs reacting with tumor cells in resected tissues from patients with GBM but not with nonmalignant human brain cells 
were detected. The antigens that were recognized were identified through expression cloning. CAR-T cells derived from a 
candidate mAb were generated, and their functionality was tested in vitro and in vivo.
Results  Approximately 3,200 clones were established. Among them, 5E17 reacted with tumor cells in six of seven patients 
with GBM, but not with nonmalignant human brain cells. Prostaglandin F2 receptor negative regulator (PTGFRN) was iden-
tified as an antigen recognized by 5E17. CAR-T cells derived from 5E17 produced cytokines and exerted cytotoxicity upon 
co-culture with tumor cells from patients with GBM. Furthermore, intracranial injection of 5E17-CAR-T cells demonstrated 
antitumor effects in an orthotopic xenograft murine model with patient-derived GBM cells.
Conclusions  Cell surface PTGFRN is a candidate target for intracranial CAR-T cell therapy for GBM. On-target off-tumor 
toxicity in alternative normal tissues needs to be carefully tested.

Keywords  CAR-T cell therapy · Glioblastoma (GBM) · PTGFRN · Expression cloning · Monoclonal antibodies

Abbreviations
GBM	�  Glioblastoma
CAR​	�  Chimeric antigen receptor
GD2	�  Disialoganglioside 2
EGF	�  Epidermal growth factor;
EGFRvII	�  EGF receptor variant III

HER2	�  Human EGF receptor 2
IL13Rα2	�  Interleukin-13 receptor α2 chain
PTGFRN	�  Prostaglandin F2 receptor negative regulator
PDTCs	�  Patient-derived tumor cell lines
mAbsa	� Monoclonal antibodies
FACS	�  Fluorescence-activated cell sorting
PCR	�  Polymerase chain reaction
PTGFRN	�  Prostaglandin F2 receptor negative regulator
KO	�  Knockout
IDT	�  Integrated DNA Technologies
PBMCs	�  Peripheral blood mononuclear cells

Introduction

Glioblastoma (GBM) is the most common malignant brain 
tumor in adults. Despite intensive treatment with surgery, 
chemotherapy, and radiation, GBM remains incurable, with 
a median survival period of approximately 15–20 months 
[1, 2]. Therefore, more effective treatments are required, and 
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various therapies for GBM are being tested or are under 
development [3–5].

Chimeric antigen receptor (CAR)-T–cell therapy is effec-
tive for B-cell malignancies, and recent studies have sug-
gested its benefits for central nervous system malignancies, 
including GBM [6, 7]. In particular, CAR-T cells directed to 
disialoganglioside 2 (GD2) have generated promising results 
against H3-K27M+diffuse midline gliomas and neuroblas-
tomas [8, 9]. In addition, epidermal growth factor (EGF) 
receptor variant III (EGFRvIII), human EGF receptor 2 
(HER2), interleukin-13 receptor α2 chain (IL13Rα2), and 
B7-H3 have been used as target antigens for CAR-T cell 
therapy for GBM [7, 10–14]. However, to date, no CAR-T 
cells have been approved for GBM, partly because these 
antigens are not expressed in all heterogeneous GBM cells 
[4, 11, 15]. Furthermore, immunotherapy with a single target 
antigen often causes immune evasion through antigen loss 
in tumor cells [10, 16]. Therefore, more target antigens for 
GBM are required, although it is difficult to identify new cell 
surface molecules specifically expressed in GBM cells from 
transcriptome data.

To identify the cell surface antigens specifically expressed 
on tumor cells, we used a monoclonal antibody-based strat-
egy and identified two multiple myeloma-specific antigens 
that could not be identified using transcriptome analysis [17, 
18]. Previously, we applied the same strategy to GBM and 
identified B7-H3 as a GBM-specific antigen, indicating that 
screening is effective for GBM [19]. This study aimed to 
continue the screening using additional GBM samples and 
identify prostaglandin F2 receptor negative regulator (PTG-
FRN) as a potential target for CAR-T cell therapy for GBM.

Materials and methods

Clinical samples and tumor cells

Tumor tissues from seven patients with GBM (NP3022, 
NP7722, NP2523, NP3322, NP5223, NP423, and NP2023) 
and nonmalignant brain tissues from six patients with refrac-
tory epilepsy who underwent surgical resection (NP8222, 
NP7822, NP7022, NP2423, NP4923, and NP3523) were 
used after obtaining informed consent (Table 1). This study 
adhered to the tenets of the Declaration of Helsinki (2013, 
as amended) and was approved by the Ethics Review Com-
mittee of Osaka University Graduate School of Medicine 
(Suita, Osaka, Japan) (approval number: 20561).

Patient-derived tumor cell lines (PDTCs) were gener-
ated and cultured in a serum-free culture medium con-
taining EGF and basic fibroblast growth factor, as previ-
ously reported [19]. In this study, PDTCs established from 
19 patients (GDC519, GDC3320, GDC521, GDC1121, 
GDC3621, GDC4221, GDC4521, GDC322, GDC422, 

GDC622, GDC1122, GDC1822, GDC2822, GDC2922, 
GDC3222, GDC123, GDC1523, GDC1723, and GDC2223) 
were used (Table 1). U87MG, T98G and U251 cell lines 
were purchased from the American Type Culture Collec-
tion (Manassas, VA, USA) and were confirmed to have no 
mycoplasma contamination. The SP2/0 mouse myeloma cell 
line was kindly gifted by I. Weissman (Stanford University).

Animal experiments

All animal experiments were approved by the Institutional 
Animal Care and Use Committee at Osaka University Grad-
uate School of Medicine (approval numbers: 03-071-000 
and 04-028-002) and were performed according to the ani-
mal use guidelines of the Animal Experiment Committee of 
Osaka University Graduate School of Medicine. No statisti-
cal method was used to determine the sample size.

Generation of anti‑glioblastoma (GBM) monoclonal 
antibodies (mAbs)

We immunized 6-week-old BALB/c mice (CLEA Japan, 
Tokyo, Japan) with 1 × 106 GBM PDTCs every 1–2 weeks 
four times by injection into their right footpads. The PDTCs 
used for immunization were GDC519, GDC3320, GDC521, 
GDC1121, GDC3621 and GDC622. Lymphocytes from the 
right popliteal lymph nodes were fused to SP2/0 mouse 
myeloma cells using polyethylene glycol solution (Roche 
Applied Science, Penzberg, Germany). Hybridoma cells 
fused to lymphocytes and SP2/0 cells were suspended in 
96-well plates and incubated for 2–4 weeks. To select hybri-
domas producing monoclonal antibodies (mAbs) that react 
with GBM, GBM PDTCs which used for immunization were 
first reacted with Human Serum AB (Gemini Bio-Products, 
West Sacramento, CA, USA) to block nonspecific bind-
ing. Subsequently, the GBM PDTCs were incubated with 
hybridoma supernatants and then with a PE-conjugated anti-
mouse IgG antibody (eBioscience, San Diego, CA, USA) 
and analyzed by flow cytometry. Hybridoma clones that 
produced mAbs that reacted with GBM cells were frozen 
and stored for further analysis. Data were analyzed using the 
FlowJo software version 10.10.0 (Tree Star, Inc., Ashland, 
OR, USA).

Flow cytometry

Tissue samples from patients with GBM and epilepsy were 
dissociated using the Brain Tumor Dissociation Kit (Milte-
nyi Biotec, Bergisch Gladbach, Germany) and GentleMACS 
Octo Dissociator with Heaters (Miltenyi Biotec), follow-
ing the manufacturer’s protocol. The resulting single-cell 
suspensions were filtered at 40 μm with Hank’s Balanced 
Salt Solution containing Ca2+ and Mg2+ (Sigma-Aldrich 
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Corp., St. Louis, MO, USA). Subsequently, we collected 
the cells by centrifugation for 5 min at 300 × g, lysed the 
red blood cells with ACK buffer (Thermo Fisher Scientific, 
Inc.) for 5 min on ice, and removed the supernatant. We 
resuspended the cells in a staining medium (2% fetal bovine 
serum + phosphate-buffered saline [PBS]) at 2 × 106 /mL. 
The cells were incubated with Human Serum AB (Gemini 
Bio-Products) for 5 min to prevent nonspecific binding. 
Subsequently, the cells were incubated with the hybridoma 
supernatant for 30 min and with PE-conjugated anti-mouse 
IgG antibody. After washing with PBS, the cells were stained 
with anti-CD31-APC (eBioscience), anti-CD45-PEcy7 (Bio-
Legend, San Diego, CA, USA), CD90-FITC (BioLegend), 
and propidium iodide and analyzed by flow cytometry using 
a FACS Canto II (Becton, Dickinson and Company). GBM 
tumor cells were identified as CD31-CD45-CD90 + cells 
because CD90 is strongly positive in most GBM cells 

[20]. In patients with epilepsy, we examined CD31– and 
CD45– cells, most of which were neurons, astrocytes, and 
oligodendrocytes [20, 21]. Data were analyzed using the 
FlowJo software (Tree Star).

Expression cloning

Expression cloning was performed, as previously reported 
[19, 22]. A cDNA library was generated from GBM PDTCs 
(GDC40 used as previously reported) using Superscript 
Choice System (Invitrogen) and linked with a BstXI adaptor. 
Complementary DNA fragments (1.0–5.0 kb) were selected 
using CHROMA SPIN columns (Takara Bio Inc.), purified 
by agarose gel electrophoresis, and then subcloned into ret-
roviral vector pMXs. The cDNA library constructed from 
the GBM PDTCs cells was transduced into Ba/F3 cells, a 
mouse pro-B cell line derived from the C3H strain, which 

Table 1   Clinical characteristics 
of patients and patient-derived 
tumor cell lines

Age Sex IDH pTERT MGMT Diagnosis

GDC519 67 M Wild type Mutant Unmethylated GBM
GDC3320 48 M Wild type Mutant Unmethylated GBM
GDC521 55 M Wild type Mutant Unmethylated GBM
GDC1121 72 F Wild type Mutant Unmethylated GBM
GDC3621 49 M Wild type Mutant Unmethylated GBM
GDC4221 45 M Wild type Mutant Methylated GBM
GDC4521 81 F Wild type Mutant Unmethylated GBM
GDC322 71 M Wild type Mutant Unmethylated GBM
GDC422 65 M Wild type Mutant Unmethylated GBM
GDC622 86 M Wild type Mutant Methylated GBM
GDC 1122 74 M Wild type Mutant Methylated GBM
GDC 1822 78 M Wild type Mutant Unmethylated GBM
GDC2822 68 F Wild type Mutant Unmethylated GBM
GDC2922 88 F Wild type Wild type Unmethylated GBM
GDC3222 72 F Wild type Mutant Unmethylated GBM
GDC 123 50 M Wild type Mutant Methylated GBM
GDC 1523 61 M Wild type Mutant Unmethylated GBM
GDC 1723 58 F Wild type Mutant Unmethylated GBM
GDC2223 44 M Wild type Mutant Unmethylated GBM
NP3022 56 M Wild type Mutant Unmethylated GBM
NP3322 79 F Wild type Wild type Methylated GBM
NP7722 84 F Wild type Wild type Unmethylated GBM
NP423 50 M Wild type Mutant Methylated GBM
NP2023 61 M Wild type Mutant Unmethylated GBM
NP5323 58 F Wild type Mutant Unmethylated GBM
NP2523 58 M Wild type Mutant Methylated GBM
NP3522 20 M N/A N/A N/A Epilepsy
NP7022 27 F N/A N/A N/A Epilepsy
NP7822 27 M N/A N/A N/A Epilepsy
NP8222 42 M N/A N/A N/A Epilepsy
NP2423 26 F N/A N/A N/A Epilepsy
NP4923 47 F N/A N/A N/A Epilepsy
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were purchased from RIKEN BioResource Center (Ibaraki, 
Japan). We sorted and expanded the Ba/F3 cells that reacted 
with 5E17 four times by fluorescence-activated cell sorting 
(FACS). Then, DNA from the enriched Ba/F3 was extracted 
using DNeasy Blood and Tissue kits (Qiagen, GmbH), 
amplified by PCR, and analyzed by Sanger sequencing.

Generation of prostaglandin F2 receptor 
negative regulator (PTGFRN)‑overexpressing 
or PTGFRN‑deficient cell lines

Ba/F3 cells were retrovirally transduced with PTGFRN 
cDNA to generate PTGFRN-overexpressing cells. The retro-
virus was generated by transfecting 293 T cells with the ret-
roviral vector, gag-pol, and VSV-G envelope plasmid using 
Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) and 
harvested after 48 h. Additionally, we established PTGFRN 
knockout (KO) U87MG cells using the CRISPR Cas9 sys-
tem. We generated crRNAs using the Integrated DNA Tech-
nologies (IDT) design tool. The target sequence was GAC​
GTG​CGC​CTC​GAC​ACC​GT. We generated an RNP complex 
consisting of a mixture of crRNA, tracrRNA (IDT, catalog 
no. 1072533), and TrueCut Cas9 protein V2 (Thermo Fisher 
Scientific, Inc.). The RNP complex was then electroporated 
into U87MG cells (5 × 106) by using a NEPA 21 electropora-
tor (Nepa Gene, Ichikawa, Japan) [23]. Overexpression and 
KO of PTGFRN were confirmed using known anti-PTGFRN 
antibody (R&D systems, inc.) and flow cytometry.

Development of chimeric antigen receptor (CAR)‑T 
cells for the candidate antigen and control

Variable regions of 5E17 were amplified through 5’-RACE 
PCR using Smarter RACE PCR kits (Takara Bio, Kusatsu, 
Japan) and sequenced. The cDNAs of the heavy and kappa 
light chains were fused with CD28 and CD3ζ by overlap-
ping PCR [24]. The CD19 CAR was constructed according 
to the reported sequences of the anti-CD19 mAb [25, 26]. 
Subsequently, the resulting CAR construct was integrated 
into the pMXs retroviral vector. Peripheral blood mono-
nuclear cells (PBMCs) taken from a healthy adult male 
were activated with anti-CD3 (OKT3; eBioscience) and 
anti-CD28 (CD28.2; eBioscience) and cultured in the pres-
ence of recombinant human interleukin-2 (IL-2) (Shionogi 
Pharma, Osaka, Japan) at a final concentration of 100 IU/
mL. Two days later, the PBMCs were transduced with the 
CAR retrovirus in the viral supernatants using RetroNectin 
(Takara Bio, Inc.). The transduced cells were cultured with 
IL-2 (100 IU/mL) for 10 days and analyzed to determine 
the transduction efficiency of the CAR. Cells were incu-
bated with Human Serum AB (Gemini Bio-Products) for 
5 min to prevent nonspecific binding. Subsequently, the cells 
were stained with goat anti-mouse F(ab′)2-Alexa Fluor 647 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA, USA) for 30 min and analyzed using a FACS Canto II. 
We used CD19 transduced T cells as a nonspecific control.

Cytokine release assays

The 5E17 CAR-T cells and CD19-transduced T cells (control 
T cells) were co-cultured with the indicated target cells for 
16 h. Cytokine production was measured using Quantikine 
ELISA kits (IL-2 and interferon gamma [IFN-γ]; R&D Sys-
tems, Inc.). Co-culture was performed with quintuplicate 
wells.

51Cr cytotoxicity assay

The cytotoxic ability of CAR-T cells was evaluated using 
a 51Cr release assay, as previously described [19]. Briefly, 
1 × 106 tumor cells were marked at 37 °C with 200 μCi of 
[51Cr] sodium chromate (GE Healthcare, Chicago, IL, USA) 
for 2 h. Subsequently, the target (1 × 104) and effector cells 
were cultured together. The effector/target ratios were set at 
3, 9, and 27. Four hours later, the amount of 51Cr released 
was measured using a gamma counter. The spontaneous and 
maximum amounts of 51Cr released were determined using 
the same volume of target cells in the culture medium or 
1%Triton X-100. Percentage-specific lysis was calculated as 
follows: ([specific 51Cr release – spontaneous 51Cr release]/
[maximum 51Cr release – spontaneous 51Cr release]) × 100.

In vivo xenograft mouse models

Orthotopic xenografts were established with patient-derived 
GBM cells utilizing NOD/Shi-scid IL2Rγ KO mice (NOG) 
(CIEA, Kawasaki, Japan). The mice were anesthetized with 
isoflurane, the skull burr hole was opened using a drill, and 
2 × 105 GDC519 cells labeled with GFP/luciferase were 
injected into the right cerebrum using a stereotactic injector 
(Muromachi Kikai, Osaka, Japan). The injection point in 
the cerebrum was 1 mm forward of the bregma, 2 mm to the 
right, and 2 mm deep. Six days after tumor injection, GBM 
tumor development in mice was confirmed using an In Vivo 
Imaging System (IVIS) (PerkinElmer, Inc., Waltham, MA, 
USA) and 150 μL luciferin (Promega, Madison, WI, USA). 
Mice were randomized into two groups according to the flu-
orescence intensities of the GBM tumors. There were no sig-
nificant differences in the fluorescence intensities between 
GBM tumors from mice treated with 5E17 CAR-T cells and 
those treated with control T cells. Seven days after tumor 
injection, 2 × 106 5E17 CAR-T or control T (CD19) cells 
were injected at the same injection point as the tumor cell 
injections. We did not inject IL2 in mice. Tumor volume was 
analyzed weekly using the IVIS. The mice were euthanized 
when they exhibited neurological symptoms. Mice in which 
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excessive tumor growth was observed before CAR-T cell 
injection (> 8 × 10e7 p/s/cm2/sr in IVIS luminescence) were 
excluded from the analysis.

Statistical analyses

Statistical analyses were performed using the JMP soft-
ware (version 16.0; SAS Institute, Cary, NC, USA). The 
Mann–Whitney U-test was used for group comparisons. 
Mouse survival was analyzed using Kaplan–Meier curves, 
and differences were assessed using log-rank tests. A p 
value < 0.05 was considered significant.

Results

Identification of 5E17 as a GBM‑specific mAb

Mice were immunized with PDTCs, and 3211 mAbs that 
bound to GBM PDTCs were established. Next, the binding 
of these mAbs to CD45-CD31-CD90+GBM tumor cells 

in resected tissues from patients with GBM was examined 
using flow cytometry, and 506 mAbs that exhibited distinct 
binding to at least one resected tissue from patients with 
GBM [20] were selected. Finally, the binding of these can-
didate mAbs to CD45−CD31− cells in nonmalignant cells 
obtained from patients with epilepsy was analyzed, and 
3N5, 4F11, 5E17 were identified as a candidate GBM-
specific mAbs. Among these, we chose 5E17 as the most 
promising mAb because 5E17 reacted with many GBM 
samples (Fig. 1A, Supplementary Fig. 1). Distinct binding 
of 5E17 was detected in three GBM cell lines (U87MG, 
T98G, and U251) and 18 of the 19 PDTCs (Supplemen-
tary Fig. 1). In two of seven primary GBM samples, 5E17 
distinctly bounded to all CD45−CD31−CD90+ GBM tumor 
cells, whereas 5E17 also bounded to a subset of tumor 
cells in the other four GBM samples (Fig. 1B, C, Supple-
mentary Fig. 2) [20]. In contrast, 5E17 did not react with 
CD45−CD31− cells in nonmalignant cells (Fig. 1B, C, 
Supplementary Fig. 2). 5E17 reactivity in PDTCs and pri-
mary GBM samples did not differ in patients with pTERT 
mutation, but was higher in patients with unmethylated 
MGMT (Table 1, Supplementary Fig. 3).

Fig. 1   Identification of 5E17 as a GBM-specific mAb. A Strategy 
for the identification of the GBM-specific mAb 5E17. B Representa-
tive flow cytometry findings of 5E17 mAb bound to GBM and non-
malignant brain cells from patients. Analyses of live (PI-negative) 
cells are shown. The results of staining with the isotype or nega-
tive control instead of anti-5E17 mAb, CD31, CD45, or CD90 are 
shown to draw the gate for 5E17-positive cells. Analyses of the other 
patients are shown in Supplementary Fig.  2. Blue histogram indi-

cates isotype control. SSC, side scatter. C Mean fluorescence inten-
sity (means ± standard error of the mean) of flow cytometry findings 
bound to GBM (n = 7) and nonmalignant brain cells (n = 6) from 
patients. Each plot shows the mean fluorescence intensity. GBM cells 
were assessed as CD31-CD45-CD90 + cells, and nonmalignant tumor 
cells were assessed as CD31-CD45- cells. *p < 0.05, calculated using 
a Mann–Whitney U-test
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5E17 recognized PTGFRN

The antigen recognized by 5E17 was identified using 
expression cloning. A retroviral cDNA library, previously 
generated from GBM cells, was transduced into mouse Ba/
F3 cells that did not react with 5E17 [19]. Transduced Ba/
F3 cells were stained with 5E17, and cells expressing the 

antigen recognized by 5E17 were enriched using FACS. 
After four rounds of sorting, most Ba/F3 cells were posi-
tively stained with 5E17. Finally, the cDNA transduced 
into 5E17-reactive Ba/F3 cells was identified as PTGFRN, 
suggesting that 5E17 recognizes PTGFRN (Fig. 2A, B). 
The results confirmed that 5E17 cells consistently reacted 
with Ba/F3 cells transduced with human PTGFRN cDNA 
but not with PTGFRN KO U87MG cells (Fig. 2C).

Fig. 2   5E17 recognized PTGFRN. A Procedure for expression clon-
ing to identify antigens recognized by 5E17 monoclonal antibody. 
B Flow cytometry plots showing the process of 5E17-positive cell 
enrichment in the expression cloning of the 5E17 antigen. SSC, side 

scatter. C Flow cytometry analysis of 5E17 (top row) and commer-
cially available anti-PTGFRN antibody (R&D systems, inc.) (bottom 
row) reactivity to wild/5E17 overexpressed Ba/F3 cells and wild/
PTGFRN KO U87MG cells. WT, wild type; KO, knock out
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T cells transduced with 5E17‑derived CAR showed 
significant antitumor effect in vitro

An anti-5E17 CAR was designed consisting of 5E17 scFv 
and cytoplasmic regions of CD28 and CD3ζ. Thereafter, 
5E17 CAR-T cells were established by transducing the 
CAR construct into T cells activated with CD3 and CD28 
mAbs (Fig. 3A, B). The 5E17 CAR-T cells exponentially 
expanded (Fig. 3C). 5E17 CAR-T cells produced IFN-γ 
and IL-2 upon co-cultured with U87MG cells but not with 
PTGFRN KO U87MG cells. In addition, 5E17 CAR-T cells 
produced IFN-γ and IL-2 upon co-cultured with GDC519 in 
ELISA (Fig. 4A). Furthermore, 5E17 CAR-T cells exerted 
significant cytotoxicity against U87MG and GDC519 cells, 
but not against PTGFRN KO U87MG cells by 51Cr release 
assay (Fig. 4B). 5E17 CAR-T cells showed less cytotoxicity 
against GDC622, which expressed lower amounts of PTG-
FRN than GDC519 cells (Supplementary Fig. 4).

Intracranial injection of 5E17 CAR‑T cells eliminated 
GBM cells in orthotopic patient‑derived xenograft 
model

An orthotopic xenograft model with patient-derived 
GBM cells (GDC519) was established by injecting 

luciferase-expressing GBM PDTCs into the right cerebrum 
of NOG mice [19]. Six days after injection of the GBM 
PDTCs, tumor development was confirmed by IVIS in all 
mice. The next day, 5E17 CAR-T cells or control T cells 
were injected into the tumor region (Fig. 5A). All mice 
treated with control T cells, including mice in which the 
initial tumor burden was low (rightmost of the control 
group in Fig. 5B), died by day 126 due to tumor progression 
(Fig. 5B–D). In contrast, two of the five mice treated with 
5E17 CAR-T cells survived until day 126 and GBM tumors 
became undetectable (Fig. 5B, C). These results suggest that 
5E17 CAR-T cells have antitumor activity, although the dif-
ference in overall survival between the mice treated with 
5E17 CAR-T cells and those treated with control T cells was 
not significant (Fig. 5D).

Discussion

PTGFRN belongs to the immunoglobulin superfamily and is 
a cell surface transmembrane protein. PTGFRN, also known 
as CD315, FPRP, CD9 partner-1, and EWI-F, is expressed 
in several types of cancer [27–29]. It interacts with tetras-
panins, integrins, or ezrin-radixin-moesin proteins to regu-
late migration, angiogenesis, and cell polarity [30–33] and 

Fig. 3   Development of CAR-T cells for the 5E17 antigen. A Estab-
lishment of CAR-T cells using the 5E17 monoclonal antibody in the 
indicated construct. VH, variable heavy; VL, variable light. B Flow 

cytometry plots of 5E17 CAR or Mock transduction efficiency in 
human T cells 10 days after CAR transduction. SSC, side scatter. C 
Growth of 5E17 CAR-T or Mock T cells during in vitro culture
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decreases the radiosensitivity of GBM cells [34]. Recently, 
silencing of PTGFRN in glioma cells in vitro downregulates 
cell proliferation, migration, invasion, cell cycle progres-
sion, and apoptosis, suggesting its oncogenic role in gliomas 
[27]. In addition, in vivo, PTGFRN has been shown to be 
involved in the tumor growth of lung cancer. Furthermore, 
an antibody–drug conjugate of PTGFRN conjugated with 
saporin has been shown to be effective against PTGFRN-
positive cancer cells, such as epidermoid carcinoma, spin-
dle carcinoma, and medulloblastoma [35, 36]. Although the 
functional significance of PTGFRN in GBM cells has not 
been tested in vivo.

In this study, PTGFRN was identified using monoclonal 
antibody-based screening. We chose mAb-based screening 
since it allows us to identify tumor-specific antigens includ-
ing those generated by post-translational events such as con-
formational changes or modifications [17, 18]. However, it 
remains unclear whether 5E17 reacts with such a conforma-
tional epitope in the PTGFRN protein. Analysis of a public 
gene expression database [37] showed that PTGFRN expres-
sion was elevated in GBM tumors compared with normal 
brain tissues [34]. Since useful GBM-specific targets may 

have been missed by the mAb-based strategy, comprehen-
sive transcriptome analysis, including single-cell RNAseq, 
of GBM and normal brain samples should be performed to 
identify more targets in future.

PTGFRN expression was scarcely detected in non-tumor-
ous brain cells. Therefore, PTGFRN CAR-T cells may be 
safely administered intracranially or in the postsurgical 
resection cavity. Intracranial injection of CAR-T cells has 
recently been shown to be effective and safe in several clini-
cal trials [10, 14, 38]. In preclinical animal studies, CAR-T 
cells were detected in systemic circulation even after intrac-
ranial injection, whereas circulating CAR-T cell numbers 
were lower than those after intravenous injection [39, 40]. 
Thus, it is important to carefully examine PTGFRN expres-
sion in vital organs. In future, testing the safety of PTGFRN-
targeting therapy using mouse CAR-T cells targeting mouse 
PTGFRN will also be important.

The delivery route is another important issue related 
to the application of CAR-T cell therapy for brain tumors, 
with various options being considered, including intra-
venous, intraventricular, intrathecal, and intracavitary 
administration. A previous study has shown that CAR-T 

Fig. 4   5E17 CAR-T cells are activated and have antitumor effects 
in vitro. A ELISA assay of IFN-γ and IL-2 released by 5E17 CAR-T 
cells or control CAR-T cells after co-culture with the indicated cells. 
Irrelevant antibody-transduced (CD19) T cells were used as controls. 
All experiments were performed in technical-quintuplicate wells. 
IFN-γ, interferon gamma; IL, interleukin; WT, wild type; KO, knock 

out. B 51Cr release assay to measure specific lysis of the indicated 
target cells by 5E17 or control CAR-T cells (CD19). All experiments 
were performed in technical-triplicate wells. Data are expressed as 
means ± standard error of the means. WT, wild type; KO, knock out. 
**p < 0.01, *p < 0.05, n.s, not significant, calculated using a Mann–
Whitney U-test
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cells injected into the cavity displayed potential traffick-
ing, even to distant sites within the brain [41]. In addition, 
recent clinical trials indicate that a combination of intra-
cavitary with intraventricular or intravenous administra-
tion could be a suitable delivery route option with regard 
to the effectiveness and distribution of CAR-T cell therapy 
[42, 43].

In this study, we could not find a significant effect of 
PTGFRN CAR-T cells on OS, although we could observe 
cytotoxicity of PTGFRN CAR-T cells in vitro. We found 
that higher GBM expression of PTGFRN resulted in more 
cytotoxicity in vitro. Therefore, treating cases with higher 
PTGFRN expression and/or optimizing the delivery route 
of CAR-T cells such as via a combination of intracavi-
tary and intraventricular/intravenous administration could 
lead to improvements in overall survival [42, 43]. How-
ever, further research is required as these factors were not 
assessed in the present study.

Finally, since 5E17 is a mouse antibody, it cannot 
be directly used in human patients. When used without 
any modification, the 5E17 scFv may cause an immune 
reaction. Therefore, it will be necessary to humanize the 
sequence of 5E17 scFv before proceeding to clinical trials. 
In conclusion, PTGFRN was identified as a potential target 
for CAR-T cell therapy for GBM and this study demon-
strated its antitumor effects in vitro and in vivo. PTGFRN 

CAR-T cell therapy may be a potential novel therapeutic 
target for GBM.
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