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ABSTRACT
T cell-engaging therapies involving bispecific T cell engager (BiTE) and chimeric antigen receptor T (CAR- 
T) cells have achieved great success in the treatment of hematological tumors. However, the paucity of 
ideal cell surface molecules that can be targeted on glioblastoma (GBM) partially reduces the immu-
notherapeutic efficacy. Recently, high expression of Fn14 has been reported in several solid tumors, so the 
strategy of exploiting this specific antigen for GBM immunotherapy is worth studying. Consequently, we 
constructed Fn14× CD3 BiTE and Fn14-specific CAR-T cells and investigated their cytotoxic activity against 
GBM in vitro and in vivo. First, expression of Fn14 was confirmed in glioma tissues and GBM cells. Then, we 
designed Fn14-specific BiTE and CAR-T cells and tested their cytotoxicity in GBM cell cultures and mouse 
models of GBM. Fn14 was highly expressed in GBM tissues and cell lines, while it was undetectable in 
normal brain samples. Fn14× CD3 BiTE, Fn14 CAR-T cells and Fn14 CAR-T/IL-15 cells were antigen-specific 
and highly cytotoxic, showing good antitumor activity in vitro and causing significant regression of 
established solid tumors in xenograft models. However, the xenografts treated with Fn14 CAR-T cells 
regrew, whereas xenografts treated with Fn14 CAR-T/IL-15 cells did not. IL-15 engineering augmented the 
antitumor activity of Fn14 CAR-T cells and resulted in significant antitumor effects similar to those of 
Fn14× CD3 BiTE. Our results suggest that Fn14 is an appropriate target for GBM. Anti-Fn14 BiTE and Fn14- 
specific CAR-T/IL-15 cells may be exciting immunotherapeutic options for malignant brain cancer.
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Introduction

Glioblastoma (GBM), the highest grade of primary gliomas 
(WHO grade IV), is the most common and lethal brain 
tumor in adults. Despite the development of multidisciplinary 
treatment involving advanced surgical resection, radiotherapy 
and adjuvant chemotherapy, the median survival for patients 
with GBM is only 15 months, and the 5-year survival rate is less 
than 10%.1,2

Tumor immunotherapy has achieved tremendous progress, 
especially in the field of T cell-engaging therapies. Bispecific 
T cell engager (BiTE) as well as chimeric antigen receptor 
T (CAR-T) cells redirect T cells to recognize and kill cancer 
cells in a targeted manner, making them promising treatments 
against refractory cancer.3–5 The US Food and Drug 
Administration has approved products related to BiTE (blina-
tumomab) and CAR-T (Kymriah and Yescarta) on the basis of 
their impressive antitumor efficacy against acute lymphoblastic 
leukemia and relapse as well as refractory B cell non-Hodgkin’s 
lymphoma.6,7 These hematologic malignancies present uni-
form antigenic targets, but GBM shows extensive inter- and 

intratumoral heterogeneity, such that potential antigenic tar-
gets are not highly or ubiquitously expressed within tumor 
tissues. As a result, even promising GBM treatments targeting 
interleukin-13 receptor alpha 2 (IL-13Ra2), human epidermal 
growth factor receptor 2 (HER2), and epidermal growth factor 
receptor variant III (EGFRvIII) show disappointing efficacy, in 
part because of poor persistence of CAR-T cells and/or antigen 
loss or modulation, leading to tumor cell resistance.8–12 

Therefore, developing effective targeted immunotherapy of 
GBM requires identifying an ideal, highly tumor-specific 
antigen.

Fibroblast growth factor-inducible 14 (Fn14), a type 
I transmembrane protein, is the sole cell surface receptor 
of tumor necrosis factor–related weak inducer of apoptosis 
(TWEAK). Activation of the TWEAK/Fn14 molecular path-
way contributes to cell proliferation and death, angiogen-
esis, and inflammation,13 giving the pathway an important 
role in carcinogenesis in several solid tumors.14–16 Studies 
have reported that Fn14 is up-regulated in gliomas, and this 
overexpression can stimulate glioma cell migration and 
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invasion.17,18 Additionally, high Fn14 expression is more 
common in advanced brain cancers and is associated with 
higher grade and poorer prognosis.18–20 Therefore, target-
ing Fn14 to inhibit the TWEAK/Fn14 pathway may be 
a useful method for treating invasive brain cancer.

The cytokine IL-15 favors adoptive transfer of central mem-
ory T cells (TCM), and incorporation of the IL-15 gene into 
CAR constructs supports CAR-T cell proliferation, survival 
and effector function.21–23 In this study, we developed 
Fn14× CD3 BiTE antibody, Fn14-specific CAR-T (Fn14 
CAR-T) cells and Fn14-specific CAR-T cells engineered to 
secrete IL-15 (Fn14 CAR-T/IL-15). We assessed the antitumor 
activity of the three therapeutic approaches against GBM 
in vitro and in vivo. Our studies indicated that both the anti- 
Fn14 BiTE antibody and Fn14-redirected CAR-T cells exerted 
significant cytotoxic effects against GBM in vitro and in vivo. 
IL-15 production augmented the antitumor effects of CAR-T 
cells and resulted in longer remission and survival in mouse 
models of GBM.

Materials and methods

Cells and mice

HEK-293 T and four GBM cell lines (U87, U251, A172, and 
T98G) were purchased from the American Type Culture 
Collection (ATCC) and cultured in DMEM (Gibco). Normal 
human fetal lung fibroblasts (HFL1) were a kind gift from Jiang 
Yu in our laboratory and were cultured in HFL1 cell medium 
(Procell). All the media used above contained 10% fetal calf 
serum and 1.0 mmol/L penicillin–streptomycin combination 
(Hyclone), and all cell lines were cultured in a humidified 
incubator with 5% CO2 at 37 ◦C.

In our study, female NSG mice 6–8 weeks old were pur-
chased from the Model Animal Resource Information Platform 
of Nanjing University (Nanjing, P. R. China) and kept under 
pathogen-free conditions in the animal vivarium at the State 
Key Laboratory of Biotherapy, Sichuan University.

Immunohistochemistry (IHC)

In order to assess the expression of CD3 or Fn14 in tumor- 
infiltrating T/CAR-T cells and to detect tumor cells, tumor 
tissues were harvested, embedded in paraffin, sectioned, then 
stained with commercial anti-CD3 rabbit monoclonal antibody 
(mAb, Cell Signaling Technology; 1:200) or anti-Fn14 rabbit 
mAb (Cell Signaling Technology; 1:200). Microarrays of 
human gliomas (low-grade glioma, n = 34; GBM, n = 38) and 
normal brain tissues (N = 12) were stained with anti-Fn14 
rabbit mAb (Cell Signaling Technology; 1:200).

In brief, tissue sections were incubated at 65°C for 1 h, 
blocked for 30 min at room temperature with phosphate- 
buffered saline (PBS) containing 10% normal goat serum 
(Boster, Wuhan, P. R. China), then incubated at 4°C overnight 
with primary antibody. Bound primary antibodies were 
detected using secondary goat anti-rabbit antibodies, followed 
by DAB (ZSGB-BIO, Beijing, P. R. China). Saturation and 
intensity of immunostained cells were evaluated in four visual 
fields under a light microscope. Staining intensity was scored as 

0 (-, negative), 1 (+, weakly positive), 2 (++, moderately posi-
tive) or 3 (+++, strongly positive). Histological scores were 
quantified using the following formula: histopathology 
score = [(1 × % of cells showing weak positive staining) + (2 
× % of cells showing moderate positive staining) + (3 × % of 
cells showing strong positive staining)] × 100.

A summary of the clinical characteristics and Fn14 histo-
score is provided in Supplementary Table 1.

Bioinformatic analysis

Fn14 microarray data of various gliomas were downloaded 
from the Sun Brain Dataset in the Oncomine database 
(http://www.oncomine.org). We also analyzed Fn14 expression 
and survival of patients with low-grade glioma (LGG) or GBM 
using the web-based Gene Expression Profiling Interactive 
Analysis (GEPIA) (http://gepia.cancer-pku.cn/), which has 
access to The Cancer Genome Atlas (TCGA). Fn14 expression 
was also analyzed in GBM tissues encoding wild-type or 
mutant IDH-1 and in the four pathological types of GBM, 
based on TCGA data.

Knockout of Fn14 in U87 and U251 cell lines

Fn14 was knocked out from U87 and U251 cells using the 
CRISPR-Cas9 system and gRNAs that were designed using 
the online server CHOPCHOP (http://chopchop.cbu.uib.no). 
The gRNAs were subcloned into lentiCRISPR_v2 (catalog 
no. 52961, Addgene), and the harvested lentiviral particles 
were transduced into U87 and U251 cells. After 24 hours, 
transfected cells were selected using puromycin, and the 
desired knockdown was confirmed 5 days later by sequencing 
and fluorescence-activated cell sorting (FACS). The forward 
primer flanking the Fn14 target was 5ʹ-AAATCATTCGG 
GAGGAGGTGGGA-3ʹ, and the reverse primer was 5ʹ- 
CAGCTGTTTTGTGTGAGCCAGC-3ʹ.

Immunofluorescence staining

HFL1 or GBM cells were incubated in 24-well plates with 
coverslips for 24 h at 37◦C. Then cells were fixed with 4% 
paraformaldehyde in PBS for 15 min, blocked with 1% BSA, 
stained for 1 h with primary antibody or purified Fn14 single- 
chain variable fragment-mouse fragment crystallizable Fc 
(Fn14 scFv-mFc), then stained for 1 h with Cy3- or FITC- 
conjugated secondary antibody (Proteintech). Finally, slides 
were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI) 
(Beyotime). Immunostained sections were imaged using con-
focal microscopy.

Western blotting

GBM cells were lysed in RIPA buffer (Beyotime) supplemented 
with protease inhibitor cocktail (Beyotime), then centrifuged at 
10,000 × g for 15 min at 4◦C. Total protein extracts were 
quantified using a BCA kit (Beyotime), subjected to 10% SDS- 
PAGE gel, transferred to polyvinylidene difluoride mem-
branes, then incubated with anti-Fn14 antibody (Cell 
Signaling Technology; 1:2000) and anti-α tubulin antibody 
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(Cell Signaling Technology; 1:2000). Finally, membranes were 
incubated with horseradish peroxidase-conjugated secondary 
antibodies (Beyotime, 1:3,000). Target bands were analyzed 
digitally based on enhanced chemiluminescence (Clinx 
Science Instruments, Chemiscope 5300).

Construction of Fn14-mFc recombinant protein and 
Fn14× CD3 BiTE

The sequence of the anti-Fn14 scFv (comprising VL and VH) 
that was used in Fn14 scFv-mFc recombinant protein, BiTE 
and CAR vectors was derived from a Fn14 monoclonal anti-
body P4A8 (patent EP2294089A2). The antibody is affinity- 
matured and has been shown to bind invasive human glioma 
cells.18 The anti-CD3 domain used in BiTE was derived from 
Blinatumomab (Blincyto, Amgen).24 The cDNAs encoding 
Fn14 and CD3-specific scFv were synthesized by Genewiz, 
and a recombinant single-chain Fn14× CD3 BiTE was con-
structed with a G4S linker between the two scFv’s. Then, the 
recombinant cDNAs of Fn14 scFv-mFc and BiTE were sub-
cloned into eukaryotic expression vectors with a His tag at the 
C-terminus to facilitate protein purification.

HEK293T cells were transfected with the expression vectors 
described above and cultured in FreeStyle serum-free medium 
(Thermo Fisher Scientific, Waltham, MA, USA) at 37°C with 
5% CO2 in a humidified incubator. One week later, the super-
natants were harvested, and the recombinant Fn14 scFv-mFc 
and Fn14× CD3 BiTE were purified on Ni-NTA affinity col-
umns and further purified using a Superdex 200 Increase 10/300 
GL Column (GE). The purified Fn14 scFv-mFc and Fn14× CD3 
BiTE were analyzed on SDS–PAGE gel after staining with 
Coomassie brilliant blue for size estimation and quality control.

Construction of the CAR vector

The original Fn14-targeted CAR consisted of CD8α signal pep-
tide, Fn14-specific scFv, hinge, CD8 transmembrane, the cyto-
plasmic domain of human CD28, 4–1BB and CD3ξ. Control 
CAR was constructed by swapping the Fn14 scFv sequence with 
the CD19 scFv. IL-15 autocrine CAR was constructed by adding 
the IL-15 sequence directly after 4–1BB/CD3ξ. A truncated, 
nonfunctional human EGFR (tEGFR) was used for CAR detec-
tion and control of unwanted expansion.25–27

Manufacture of lentivirus and T cell transduction

Lentivirus particles of all the CARs mentioned above were pro-
duced in HEK293T cells. In brief, HEK-293 T cells were cultured 
in DMEM and co-transfected with the target plasmid as well as 
two packaging plasmids (psPAX2 and pMD.2 G) in a ratio of 
4:3:2 using polyethyleneimine (PEI, Sigma). After transfection, 
supernatants were collected at 24 and 48 h and concentrated by 
ultracentrifugation at 25,000 × g for 2 h at 4°C. Concentrated 
viruses were resuspended in RPMI-1640 and stored at – 80◦C.

For T cell generation, peripheral blood mononuclear cells 
(PBMCs) from healthy donors were isolated by gradient cen-
trifugation at 800 × g for 15 min. Harvested PBMCs were 
cultured in X–vivo media (Lonza) containing 10% FBS, 
100 U/ml penicillin, and 100 μg/ml streptomycin in a 37°C 

incubator with an atmosphere of 5% CO2. T cells were sti-
mulated for 48 h with 200 ng/mL of anti-CD3 monoclonal Ab 
(OKT3, BioLegend), 100 ng/mL anti-CD28 monoclonal Ab 
(CD28.2, BioLegend) and 100 U/mL recombinant human 
interleukin (IL)-2 (Life Science). Then, activated 
T lymphocytes were transduced using lentivirus (CD19 
CAR, Fn14 CAR or Fn14 CAR/IL15) at a multiplicity of 
infection of 10 using hexadimethrine bromide (polybrene) 
(Sigma) in the presence of IL-2. After 12 h, the T cells were 
collected and maintained in X–vivo medium (Lonza) contain-
ing 100 U/ml IL-2. Lentivirus was titrated using the TCID50 
assay. Control T cells were not transduced (hereafter “NT 
cells”).

T-cell phenotype, activation and proliferation

At 10 days after transduction, T cells were collected and stained 
with antibodies against CD4, CD8, CD45RO, and CD62L to 
characterize phenotype.

In activation studies, U87 cells (1 × 105) were seeded in 24- 
well plates overnight and co-cultured for 48 h at 37◦C with 
4 × 105 effector cells (NT, CD19 CAR-T, Fn14 CAR-T, or Fn14 
CAR-T/IL15 cells). After that, T cells were collected and 
stained with antibody against CD69 for activation analysis.

In proliferation studies, 1 × 105 U87 cells and 4 × 105 

CytoTel Red-labeled effector cells were co-cultured at 37◦C 
for three days, then all cells were transferred into new wells 
and 1 × 105 U87 cells were added. After three co-culture cycles, 
T cells were collected and detected by flow cytometry based on 
CytoTel Red signal. In these tests, all analyses were conducted 
using ACEA NovoCyte (Agilent Biosciences), and 0.1 μg/ml 
Fn14× CD3 BiTE was added to the NT+BiTE group every day.

Cytotoxicity of Fn14× CD3 BiTE and Fn14-redirected CAR-T 
cells

A 12-h luciferase-based assay was performed to detect the anti-
gen-specific cytotoxicity of Fn14× CD3 BiTE and Fn14- 
redirected CAR-T cells in a two-dimensional (2D) model. For 
testing Fn14× CD3 BiTE, U87, U251, U87KO, U251KO, and 
HFL1 tumor cells (2 × 104) expressing firefly luciferase (FFluc) 
were plated per well in a 96-well black plate (Corning, USA). At 
24 h later, effector cells (NT cells) were added at an effector: 
tumor cell (E:T) ratio of 4:1 to assess whether Fn14× CD3 BiTE 
showed Fn14-redirected cytotoxicity based on differences 
between with or without 0.1 μg/ml Fn14× CD3 BiTE. Next, 
tumor-FFluc cells were incubated with Fn14× CD3 BiTE at 
concentrations ranging from 10−4 to 1 μg/ml and an E:T of 4:1.

For testing Fn14-redirected CAR-T cells, CD19 CAR-T, 
Fn14 CAR-T, or Fn14 CAR-T/IL15 cells were co-cultured 
together with HFL1-FFluc or tumor-FFluc cells at E:T ratios 
of 0:1, 1:1, 4:1, 8:1 and 16:1. Luciferin was added to each well, 
and luminescence was quantified using an Infinite® M200plate 
reader (Tecan). The number of viable HFL1-FFluc or tumor- 
FFluc cells in each well was calculated based on standard curves 
generated from serial dilutions of the target cells. Cytotoxicity 
was calculated as a percentage as follows: [(Cell number in 
untreated well − Cell number in assay well)/(Cell number in 
untreated well)] × 100%.28
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We also assessed cytotoxicity using a three-dimensional 
(3D) spheroid model. Briefly, U87-GFP cells (5 × 104) were 
seeded in ultra-low attachment 24-well dishes (Corning, USA) 
and grown in serum-free DMEM/F12 medium (Gibco, USA) 
supplemented with 2% B27 hormone mixture (Gibco), 20 ng/ 
mL human recombinant epidermal growth factor (Sino 
Biological), 10 ng/mL human recombinant fibroblast growth 
factor 2 (Sino Biological) and 1 μg/mL heparin for 21 days. 
Fresh medium was added every 48 h. Effector cells were stained 
with CytoTel Red (AAT Bioquest) according to the manufac-
turer’s instructions, then stained cells (2 × 105) were added to 
the wells at an E:T of 4:1. The maximal diameters of tumor 
spheres were measured daily under a fluorescence microscope. 
Where indicated, 0.1 μg/ml Fn14× CD3 BiTE was added daily 
to the NT+BiTE group.

Cytokine production assays

Tumor cells (U87, U251, U87KO, U251KO) or HFL1 cells 
(1 × 105 in all cases) were co-cultured with 4 × 105 effector 
cells (CD19 CAR-T, Fn14 CAR-T, Fn14 CAR-T/IL15 and NT 
cells) in 24-well plates at 37◦C without exogenous cytokines. 
Culture medium was assayed for the cytokines IFN-γ and 
TNF-α at 24 h later, and for IL-15 at 24, 48 and 72 h. Where 
noted, 0.1 μg/ml Fn14× CD3 BiTE was added to the NT+BiTE 
group. All cytokines were measured using ELISA kits 
(BioLegend).

Flow cytometry

Briefly, cells (2 × 105) were washed twice with PBS, then 
incubated in 1% BSA solution with Fc blocker (Biolegend) for 
30 min. Fluorochrome-conjugated antibodies were purchased 
from Biolegend (CD3, CD4, CD8, CD45RO, CD62L, CD69, 
TWEAK/Fn14 and PD-1) or BD (Annexin-V, 7-AAD). 
Purified Fn14 scFv-mFc was used as primary antibody and 
anti-mouse IgG-FITC (BioLegend) as second antibody to ver-
ify the Fn14-specific scFv. CAR-T cells were stained with 
primary antibody against EGFR (C225), followed by PE- 
labeled anti-human-IgG antibody (BioLegend) for CAR 
detection.

In this study, T cell phenotype and activation were analyzed 
using FlowJo 9.3.2 software. The transduction efficiency of 
CAR-T cells, TWEAK/Fn14 expression on GBM cells, and 
proliferation of cells were measured using ACEA NovoCyte 
(Agilent Biosciences).

Patient-derived xenografts (PDXs)

We collected a primary patient-derived GBM sample 
(Supplementary Fig. S1 C) and modified the tumor cells with 
luciferase gene (GBM-FFluc) for later use. Then PDXs were 
established by intracranially injecting GBM-FFluc cells 
(2 × 105) into each mouse using the stereotactic apparatus. 
On day 7, mice were randomly divided into five groups (n = 4/ 
group), and two groups were used to assess the cytotoxicity of 
Fn14× CD3 BiTE. Concretely, T cells (5 × 105) and Fn14× CD3 
BiTE (10 ng) in 5 μl X–vivo medium were injected directly into 
the lesion.29 Control mice were treated with identical amounts 

of NT cells suspended in 5 μl X–vivo medium. Treatments 
were carried out using a stereotactic device once every two 
days for a total of four times. For cytotoxicity evaluation of 
Fn14-redirected CAR-T cells in the other three groups, CD19 
CAR-T, Fn14 CAR-T or Fn14 CAR-T/IL-15 cells (1 × 107) 
were administered once via the tail vein. In this study, tumors 
were imaged based on bioluminescence using the IVIS system 
(Caliper Life Sciences). Body position strongly influences bio-
luminescence intensity, so every mouse was measured three 
times in different body positions in order to reduce measure-
ment error. Mouse death served as the endpoint of the 
experiment.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 
8.0. Data were presented as mean ± SD. Comparisons of con-
tinuous variables between two groups were performed using 
the two-sided unpaired t-test. Comparisons of continuous 
variables among three groups were performed using one-way 
analysis of variance (ANOVA), followed by Dunnett’s test of 
multiple comparisons.

For survival analysis of orthotopic GBM models, the survival 
curve was obtained by Kaplan-Meier plot, and survival differ-
ences were assessed for significance using the log rank test.

In vitro experiments to measure cytokine release and cyto-
toxicity were conducted using T cells from two donors. The 
cells from each donor were tested in triplicate in two indepen-
dent experiments. Differences associated with P < .05 were 
considered significant (*P < .05; **P < .01; ***P < .001).

Ethical approval

All procedures involving animals were in accordance with the 
ethical standards of West China Hospital of Sichuan 
University, and were approved by our institutional 
Biomedical Ethics Committee. The Committee also approved 
the sampling and analysis of tumor tissue and blood from 
GBM patients and healthy donors (approval 2018–061). 
Written informed consent was obtained from all donors.

Results

Evaluation of Fn14 expression in gliomas

First, bioinformatic analysis was performed to examine 
Fn14 expression in gliomas. In the Oncomine database, 
Fn14 microarray data were downloaded from the Sun 
Brain Dataset for 23 normal brain, 57 LGG and 81 GBM 
samples. Fn14 was highly expressed in LGG and even more 
so in GBM (Figure 1A). In GEPIA, we also analyzed Fn14 
expression in LGG and GBM samples as well as survival of 
the corresponding patients. We found that Fn14 was highly 
expressed in LGG and GBM (Figure 1B), and higher 
expression correlated with worse disease-free survival 
(Figure 1C). Then, IHC, immunofluorescence, western blot-
ting and flow cytometry showed that Fn14 was expressed in 
human gliomas (Figure 1D) and the GBM cell lines U87, 
U251, T98G and A172 (Figure 2A–C). The intensity of 
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anti-Fn14 staining was 179.1 ± 35.9 in GBM and 
140.3 ± 45.3 in LGG. Fn14 was extremely low or undetect-
able in normal brain tissues (Figure 1E). The histopathol-
ogy score of Fn14 was higher for recurrent GBM than for 
primary GBM (p = .0121; Supplementary Fig. 1A). Fn14 
expression was higher in GBM involving wild-type IDH-1 
(Supplementary Fig. 1B).

These experiments suggest that Fn14 may be a useful target 
in therapies mediated by effector cells, especially in therapies 
against recurrent GBM and GBM involving wild-type IDH-1.

Generation and characterization of Fn14-mFc 
recombinant protein, Fn14× CD3 BiTE and CAR-modified 
T cells

The Fn14-specific scFv derived from P4A8 mAb was combined 
with mFc or CD3 scFv to construct Fn14-mFc or Fn14× CD3 
BiTE in order to confirm binding and assess cytotoxicity 
(Figure 3A). The resulting Fn14-mFc and tandem single- 
chain Fn14× CD3 BiTE were expressed in HEK-293 T cells 
and verified by SDS–PAGE (Figure 3C). Before experiments, 
we also developed Fn14-knockout GBM cells (U87KO and 

Figure 1. Evaluation of Fn14 expression in gliomas. (A, B) Differential expression of Fn14 in normal, LGG and GBM tissues was analyzed in microarray and RNA-seq 
datasets from Oncomine and TCGA databases. (C) Correlational analysis between disease-free survival and Fn14 expression in LGG and GBM based on GEPIA. (D) 
Representative staining of Fn14 in normal, LGG and GBM tissue. Scale bar, 20 μm. (E) Histopathology scores of Fn14 in normal, LGG and GBM tissue. *P < 0.05; **P < 0.01; 
***P < 0.001.

ONCOIMMUNOLOGY e1983306-5



U251KO) using CRISPR/Cas9 (Supplementary Fig. 1D, E). The 
Fn14-mFc recombinant protein showed obvious affinity for 
U87 and U251 cell lines, but not for FACS-sorted U87KO or 
U251KO cell lines (Figure 3D and E).

We also constructed CD19 CAR (control CAR), Fn14 CAR, 
and Fn14 CAR/IL-15 (Figure 3A). Primary human T cells from 
healthy donors transduced with these CAR transgenes showed 
respective transduction efficiencies of 48.1%, 34.8% and 37.2% 
(Figure 3B). At 10 days after transduction, the ratios of CD4+/ 
CD8+ T cells were 6:5 in NT cells, 3:5 in Fn14 CAR-T cells and 
1:2 in Fn14 CAR-T/IL-15 cells. The percentage of memory 
T cells, defined as CD45RO+ and CD62L+ cells, was 85.2% 
among Fn14 CAR-T/IL-15 cells, higher than the corresponding 
percentages among NT cells (61.5%) and Fn14 CAR-T (60.9%) 
(Supplementary Fig. 3A).

Fn14× CD3 BiTE activates T cells and mediates the killing 
of T cells against GBM cell lines in vitro

We tested the ability of Fn14× CD3 BiTE to activate T cells 
in vitro. When U87 cells were incubated with Fn14× CD3 BiTE 
for 48 h, 99.6% of T cells were activated, based on expression of 
the marker CD69 (Supplementary Fig. 2A).

We also tested the ability of Fn14× CD3 BiTE to promote 
proliferation of T cells. Effector cells were stained with CytoTell 
Red, then incubated for three cycles with Fn14× CD3 BiTE and 
target cells. Based on flow cytometry, CytoTell Red was more 
diluted in the BiTE group (86.15%) than in the comparison 
group (39.82%), suggesting that T cells incubated with 
Fn14× CD3 BiTE underwent more cell divisions 
(Supplementary Fig. 2B).

Figure 2. Fn14 expression in four human GBM cell lines. (A) Immunofluorescence (IF), (B) western blotting and (C) flow cytometry showing surface expression of Fn14 in 
the cell lines A172, U251, U87 and T98G. Scale bar, 10 μm.
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Next, we evaluated the ability of Fn14× CD3 BiTE to elicit 
antigen-specific cytotoxic responses in vitro. Tumor-FFluc 
cells were co-cultured with effector cells at an E:T of 4:1 for 
12 h (Fn14× CD3 BiTE, 0.1 μg/ml). T cells that were redirected 
by Fn14× CD3 BiTE were highly cytotoxic against wild-type 
parental U87 and U251 cells, but they had no obvious effect 
against FACS-sorted U87KO or U251KO tumor cells or normal 
HFL1 cells (Figure 4A, Supplementary Fig. 4B-D). Fn14× CD3 
BiTE also improved T-cell–mediated cytotoxicity at much 
lower concentrations, giving EC50 values of 17.6 ng/ml against 
U87 cells and 20.9 ng/ml against U251 cells (Figure 4C).

The redirecting cytotoxicity of Fn14× CD3 BiTE against 
GFP-expressing U87 cells was assessed in 2D and 3D co- 
culture models. The 2D model (upper panels) showed 
obvious tumor-lytic activity (Figure 4E), while the 3D cancer 
spheroid model (lower panels) showed lysis of tumor spheres 
and smaller average maximal diameters (Figure 4D and E). 
Consistent with its potent cytotoxicity in vitro, Fn14× CD3 
BiTE favored secretion of the cytokines IFN-γ and TNF- 
α > 10-fold in culture medium (Figure 4G). These results 
indicate that Fn14× CD3 BiTE can significantly improve 
T-cell function.

Figure 3. Construction of Fn14×CD3 BiTE and Fn14-specific CAR-T cells with or without IL-15. (A) Schematic representations of Fn14 scFv-mFc, Fn14×CD3 BiTE and Fn14- 
specific CAR-T cells with or without IL-15. (B) After transduction, expression of CD19 CAR, Fn14 CAR and Fn14 CAR/IL-15 on T cells was analyzed by flow cytometry. (C) 
SDS–PAGE of purified Fn14 scFv-mFc and Fn14×CD3 BiTE. (D, E) Fn14 scFv-mFc was used as primary antibody to validate the ability of Fn14-specific scFv to bind Fn14 on 
U87 and U251 cells. FACS-sorted U87KO and U251KO cells served as controls. Scale bar, 20 μm. (F) T lymphocytes transduced with the Fn14 CAR/IL-15 construct released 
IL-15 after antigen stimulation. ***P < 0.001.
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T lymphocytes transduced with the Fn14 CAR/IL-15 
construct release IL-15 after antigen stimulation, which 
enhances the expansion, anti-tumor activity and survival of 
CAR-modified T cells in vitro

We separately co-cultured CD19 CAR, Fn14 CAR and Fn14 
CAR/IL-15 T cells with U87 or U251 cells to model antigen 
stimulation or the corresponding cell lines without antigen 

stimulation (U87KO, U251KO). IL-15 was nearly undetectable 
from stimulated or unstimulated CD19 CAR and Fn14 CAR 
cells (Figure 3F). It was produced in small amounts in unsti-
mulated Fn14 CAR/IL-15 cells, with levels ranging from 21 to 
41 pg/ml in U87 cells or from 18 to 39 pg/ml in U251 cells. 
Notably, its production significantly increased after antigen 
stimulation, with levels ranging from 93 to 187 pg/ml in U87 
cells, or from 78 to 168 pg/ml in U251 cells (p < .001).

Figure 4. Fn14×CD3 BiTE, Fn14 CAR and Fn14 CAR/IL-15 redirect T cells to kill Fn14-expressing gliomas in vitro. (A) Luciferase-based cytotoxicity assay demonstrating 
specific lysis of U87 cells and U251 cells, but not the corresponding Fn14-knockout (KO) cell lines, by T cells and Fn14×CD3 BiTE. E:T ratio, 4:1; incubation time, 12 h; 
Fn14×CD3 BiTE, 0.1 μg/mL. (B) T cells transduced with Fn14 CAR or Fn14 CAR/IL-15 constructs showed cytotoxicity against U87 and U251 cells at different E:T ratios. 
Incubation time, 12 h. (C) Specific lysis of U87 and U251 cell lines and the corresponding KO lines varied with Fn14×CD3 BiTE concentration. E:T ratio, 4:1; incubation 
time, 12 h. (D) Fn14×CD3 BiTE, Fn14 CAR as well as Fn14 CAR/IL-15 cells redirected T cells to lyse 3D spheroids of U87 cells. (E, F) Representative images showing the 
ability of Fn14×CD3 BiTE and Fn14-specific CAR-T cells to kill 2D tumor models (upper panels) and 3D tumor models (lower panels). Scale bars, 20 μm (upper) or 100 μm 
(lower). (G) Concentrations of IFN-γ and TNF-α in culture medium, as measured by ELISA. *P < 0.05; ***P < 0.001.
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In the U87 stimulation group, high levels of TNF-α and 
IFN-γ were detected only in stimulated Fn14 CAR and Fn14 
CAR/IL-15 cells, and levels were similar in the two cases 
(p = .45; Supplementary Fig. 2D). In the U87KO, U251KO and 
HFL1 stimulation groups (Supplementary Fig. 2C), similarly 
small amounts of IL-15 were detected in stimulated and unsti-
mulated Fn14 CAR/IL-15 cells.

The proportions of CAR-T cells expressing the activation 
marker CD69 were 4.4% for control CAR-T cells, 25.4% for 
Fn14 CAR-T cells, and 45.3% for Fn14 CAR-T/IL-15 cells 
(Supplementary Fig. 3B). Fn14 CAR-T/IL-15 cells showed more 
diluted CytoTell Red signal intensity (46.34%) than Fn14 CAR-T 
cells (24.16%), and they showed a lower rate of 7-AAD+/Annexin 
V+ staining (19.7% vs 30.5%) and higher rate of 7-AAD−/ 
Annexin V− (56.1% vs 48.3%) (Supplementary Fig. 3C, D).

Finally, we also assessed the antitumor activities of Fn14 
CAR-T and Fn14 CAR-T/IL-15 cells in vitro. Fn14 CAR-T and 
Fn14 CAR-T/IL-15 cells efficiently eliminated tumor cells at an 
E:T ratio of 2:1, and the specific antitumor effects positively 
correlated with E:T (Figure 4B). Fn14 CAR-T/IL-15 cells showed 
stronger antitumor activity against U87 cells at E:T ratios of 8:1 
(p = .031) and 16:1 (p = .016), while they showed stronger 
antitumor activity against U251 cells at E:T of 16:1 (p = .024). 
Vehicle-transfected control T cells were not cytotoxic against 
U87 cells, nor were transduced T cells cytotoxic against normal 
HFL1 cells (Supplementary Fig. 4E, F). Cytotoxicity against U87 
cells was confirmed in 2D and 3D co-culture models, and the 
results were similar to Fn14× CD3 BiTE-redirected cytotoxicity. 
In the last two days before the end of co-culture, a larger number 
of Fn14 CAR-T/IL-15 cells than Fn14 CAR-T cells were clus-
tered and involved in tumor killing, leading to more lysis. Fn14 
CAR-T/IL-15 cells also led to spheres of smaller average max-
imal diameter (Figure 4D and F) as well as higher levels of IFN-γ 
and TNF-α in culture medium (Figure 4G).

These experiments suggest that secretion of IL-15 strength-
ens the anti-tumor activity of CAR-T cells by enhancing cell 
proliferation, activation and survival. This translates to greater 
killing ability with co-culture time.

Fn14× CD3 BiTE represses established tumors, and 
transgenic IL-15 increases antitumor activity, expansion 
and persistence of Fn14 CAR-T/IL-15 cells in vivo

In order to assess antitumor activity in vivo, we established 
glioblastoma PDXs in NSG mice (Figure 5A and E). For 
Fn14× CD3 BiTE evaluation, T cells (5 × 105 per mouse) and 
Fn14× CD3 BiTE (10 ng per mouse) were administered intra- 
tumorally every two days starting on day 7 after PDX inocula-
tion, for a total of four times. These treatments significantly 
suppressed tumor growth and increased tumor cell-killing 
ability (Figure 5B and C). Survival was 100% in the NT/BiTE 
group on day 60, while mice treated with NT cells were dead 
within 40 days (Figure 5D).

To assess cytotoxic effects of Fn14-redirected CAR-T cells, 
we administered a single dose of 1 × 107 CAR-T cells per 
mouse (Figure 5F and G). As predicted, tumors grew rapidly 
in mice following control T-cell therapy, while Fn14 CAR-T 
and Fn14 CAR-T/IL-15 cells were similarly efficient at control-
ling tumor growth during the first 7 days after administration. 

However, tumor regression was only transient in the case of 
Fn14 CAR-T cells, with relapse in mice by day 28 and death of 
all tumor-bearing mice within 60 days.

Fn14 CAR-T/IL-15 cells, in contrast, led to superior anti- 
tumor activity: three of four mice showed persistent tumor regres-
sion and survived through the end of observation (Figure 5F–H). 
More Fn14 CAR-T/IL-15 cells were detected in peripheral blood 
on days 14 and 21, and they continuously produced IL-15 and 
proliferated, consistent with in vitro experiments (Figure 6E and 
G). In addition, fewer PD-1+ T cells and higher levels of inflam-
matory cytokines (IFN-γ, TNF-α) were detected in the Fn14 
CAR/IL-15 group on days 14 and 21 (Figure 6F and H). Mice 
treated with Fn14 CAR-T/IL-15 cells weighed more than control 
mice starting from day 18 (Supplementary Fig. 2E). These results 
indicate that IL-15 secretion can reduce exhaustion of T cells and 
strengthen anti-tumor activity in vivo.

Expression of Fn14 and infiltration of T cells in xenografts

Based on magnetic resonance imaging (MRI), tumor-bearing 
mice treated with NT/BiTE or Fn14 CAR-T/IL-15 cells showed 
significant tumor repression by day 28 in comparison to their 
counterparts treated with NT or CD19 CAR-T cells. In con-
trast, mice treated with Fn14 CAR-T cells showed only mod-
erate repression (Figure 6A and D).

Consistent with the MRI results, IHC of tumor sections 
showed that NT/BiTE and Fn14 CAR-T/IL-15 treatment 
obviously reduced Fn14 expression (Figure 6A, B and D). 
Furthermore, NT/BiTE treatment induced substantially more 
T cell infiltration of tumor tissue away from the puncture site 
than NT treatment, based on immunostaining for CD3. These 
results suggest that Fn14× CD3 BiTE shows good tissue- 
penetrating ability, which allows it to promote distant migra-
tion by T cells, leading to tumor killing. In addition, massive 
numbers of Fn14 CAR-T/IL-15 cells and relatively few Fn14 
CAR-T cells infiltrated tumor tissues and caused correspond-
ing levels of tumor regression (Figure 6A, C and D). These 
experiments suggest that intralesional application of NT/BiTE 
or systemic administration of Fn14 CAR-T/IL-15 cells can 
induce excellent responses against GBM.

Discussion

Advanced T cell-based therapies including BiTE and CAR-T 
therapy have become research hotspots because of their pro-
mise in treating hematologic malignancies. However, treating 
solid tumors with therapies based on T cells still faces major 
challenges, especially in the case of GBM, which shows exten-
sive inter- and intratumoral heterogeneity. As a result, many 
GBM cells lack ideal, targetable antigens.30 These considera-
tions highlight the need for identifying a specific, ubiquitous 
antigen within tumors that is persistently expressed and whose 
targeting does not trigger cytotoxicity.

Fn14, the sole transmembrane surface receptor of 
TWEAK, is expressed at low levels in normal brain tissue 
and upregulated in advanced brain tumors. Fn14-targeted 
therapies exert highly specific antitumor activity against 
GBM or some solid tumors; these therapies include Fn14- 
specific mAbs (P4A8, PDL192), anti-Fn14 antibody 
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conjugated nanoparticles, and Fn14-targeted fusion 
constructs.31–34 Therefore, we hypothesized that Fn14- 
redirected BiTE and CAR-T strategies would be feasible 
and effective for developing targeted GBM treatments. We 
first verified Fn14 expression in GBM tissue, based on the 
Oncomine and TCGA databases. Fn14 staining intensity 
and histoscore varied among GBM patients. This indicates 
that Fn14 expression is not completely uniform or ubiqui-
tous, like the expression of the tumor-associated antigens 
Her2, IL13Rα2 and EGFRvIII.8–10 Nevertheless, Fn14 is 
highly expressed in GBM and may be a suitable tumor- 

associated antigen for targeted therapy. Since we found that 
Fn14 is expressed more often in recurrent GBM and GBM 
involving wild-type IDH-1, we designed Fn14-targeted 
BiTE and CAR-T cells and tested their antitumor efficacy 
in vitro and in vivo.

In line with our hypothesis, Fn14× CD3 BiTE showed 
remarkable tumor-lytic activity in vitro and in a preclinical 
model. At the same time, it had no cytotoxic effects on Fn14- 
knockout U87 or U251 cell lines or on normal HFL1 cells. This 
suggests that T cell-mediated effects occur in a Fn14 antigen- 
restricted fashion and are relatively safe. Our observation of an 

Figure 5. Antitumor effects of Fn14-redirected BiTE, CAR-T and CAR-T/IL-15 cells in PDXs. (A, E) Schematic showing how NSG mouse models were treated with Fn14- 
specific BiTE and modified T cells. (B, F) Representative images of xenograft bioluminescence after different treatments over time (n=4). (C, G) Tumor total flux (p/s) was 
calculated using Living Image software. (D and H) Overall survival of tumor-bearing mice, compared using the log rank test. *P < 0.05; **P < 0.01; ***P < 0.001.
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upregulated activation marker, good proinflammatory cyto-
kine secretion and enhanced T-cell proliferation in vitro are 
consistent with reports that bispecific antibody recruits, acti-
vates and expands T cells to strengthen antitumor ability.35,36

One problem with our approach is that Fn14 is expressed 
to some extent in normal tissues.13 Thus, even though 
Fn14× CD3 BiTE can pass through the blood-brain barrier 
and enter the central nervous system, the presence of 
TWEAK/Fn14 in normal tissues can lead to cross- 
reactivity and compete with uptake by the tumor. In 

addition, the Fn14× CD3 BiTE in our study contains a tan-
dem scFv and non-IgG; as a result, it has a shorter plasma 
half-life than IgG-like bispecific antibodies with an Fc 
region, and it cannot perform additional effector functions, 
such as Ab-dependent cellular cytotoxicity and comple-
ment-dependent cytotoxicity.37 Given these circumstances 
and to ensure a high level of Fn14× CD3 BiTE in xenografts, 
we injected it within the lesions of an intracranial orthoto-
pic model as reported,29 rather than administering it sys-
temically. Others have reported significant therapeutic 

Figure 6. Fn14×CD3 BiTE mediates the distant migration of T cells, and IL-15 augments proliferation and persistence of Fn14 CAR-T/IL-15 cells in vivo. (A, D) Mouse 
tumors were subjected to MRI on day 28 (red circle), then specimens were harvested and stained for Fn14 and CD3 in order to evaluate the tumor-lytic activity and 
distant T cell infiltration. Scale bar, 20 μm. (B, C) Fn14 staining intensity and average percentage of CD3+ cells per field in different groups. (E-G) The peripheral blood of 
Fn14 CAR-T/IL-15-treated mice showed a higher percentage of CAR+ cells, fewer PD-1+ T cells, and higher level of IL-15 than Fn14 CAR-T cells on days 14 and 21. (H) 
Fn14 CAR-T/IL-15 cells secreted larger amounts of the inflammatory cytokines IFN-γ and TNF-α than Fn14 CAR-T cells did. **P < 0.01; ***P < 0.001.
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responses of intracerebral GBM tumors to a tandem bispe-
cific antibody that targeted EGFRvIII and was delivered 
systemically,38,39 in contrast to our approach. That efficacy 
likely reflects the strictly tumor-specific expression of 
EGFRvIII and strong uptake by the tumors. Nevertheless, 
EGFRvIII×CD3 BiTE in those studies also accumulated in 
off-target tissues, limiting therapeutic efficacy.

Despite local damage from the microinjector, Fn14× CD3 
BiTE eliminated the lesion, led to distant T cell infiltration and 
decreased expression of Fn14. This suggests that Fn14× CD3 
BiTE has noteworthy ability to penetrate tissues and induce 
T lymphocytes to lyse xenografts. Indeed, all tumor-bearing 
mice treated with Fn14× CD3 BiTE survived more than two 
months, while NT-treated animals died within 40 days.

Fn14 CAR-T cells displayed high killing efficiency against 
U87 and U251 cell lines in vitro, but they induced only tran-
sient tumor regression in vivo, such that tumors eventually 
regrew and led to death. Other studies have also reported 
limited therapeutic efficacy of CAR-T cell infusion against 
solid tumors,8–10 which those researchers attributed to loss of 
anti-tumor ability of effector cells because of tumor heteroge-
neity progression and an immunosuppressive tumor 
microenvironment.

IL-15 is known to provide a supportive milieu for T cells, 
enhancing their effector function and antitumor activity, so 
we developed “armored” CAR-T cells that secrete it. Fn14 
CAR-T/IL-15 cells contained higher numbers of central 
memory T cells and upregulated CD69 after binding to the 
specific tumor-antigenic Fn14. These results are consistent 
with reports that IL-15 production promotes T-cell differ-
entiation and activation.23,40 Indeed, Fn14 CAR-T/IL-15 
cells displayed stronger antitumor activity than Fn14 CAR- 
T cells in a 3D co-culture model and in vivo. We also 
detected high levels of IL-15 along with a higher percentage 
of CAR+ T cells and fewer PD-1+ T cells in peripheral blood 
on days 14 and 21 in the Fn14 CAR-T/IL-15 group. These 
results are in agreement with previous work,22 and they 
reflect that sustained production of IL-15 can maintain the 
proliferation and survival of Fn14 CAR-T/IL-15 cells.41–43 

These effects of IL-15 were confirmed by our observation of 
greater T cell infiltration and lower Fn14 expression in 
tumors treated with Fn14 CAR-T/IL-15 cells. These results 
suggest that Fn14 can be an effective target in GBM CAR-T 
therapy.

On the other hand, IL-15 acts as a growth cytokine for 
T cells, which can endow “stemness” properties on Fn14 
CAR-T/IL-15 cells. Nevertheless, we did not observe unwanted 
proliferation in our experiments. If necessary, uncontrolled 
expansion can be controlled by using a clinical antibody 
against the co-engineered surface tag tEGFR used for CAR 
detection.44 This approach is analogous to the use of inducible 
caspase-9 to inhibit CAR-T activity.22,45

Our experiments suggest that either use of Fn14× CD3 BiTE 
or transfer of Fn14-specific CAR-T cells may be effective 
against GBM, at least in the short term. Fn14 CAR-T/IL-15 
treatment led to lower intratumoral Fn14 expression than Fn14 
CAR-T treatment. However, the number of tumor cells expres-
sing Fn14 decreased with treatment time, suggesting that in the 

longer term, antigen escape and heterogeneity may limit ther-
apeutic efficacy. This implies that treating GBM will require 
a multimodal approach.

Our in vivo experiments should be interpreted with caution 
because the xenografts were grown in immunodeficient mice, 
which cannot replicate the immunosuppressive tumor micro-
environment and may not allow IL-15 to exert its full range of 
immunoactivating effects. Therefore, future studies should 
develop immunocompetent models in which the effects of 
transgenic expression of IL-15 on immune and other cell 
types can be evaluated. Despite these limitations, our experi-
ments in vitro and in vivo suggest that anti-Fn14 BiTE and 
Fn14-specific CAR-T cells can efficiently recognize Fn14 on 
GBM cells and cause tumor regression. Targeting the tumor 
antigen Fn14 may be a powerful approach for exploiting T cells 
to treat GBM.
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