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CD70, a member of the tumor necrosis factor receptor su-

perfamily, is expressed in glioblastoma (GB), where it pro-

motes tumor growth, migration, and immunosuppression. 

Accordingly, it has emerged as a target for chimeric antigen 

receptor (CAR)-T cell therapy. Despite the influence of CAR 

structure on therapeutic efficacy, no comparative studies 

have evaluated different CD70-directed CAR designs in 

GB. Our study addressed this gap. We first validated 

CD70 expression in transcriptomic datasets, patient tissue, 

and GB cell lines. We then generated CD70-specific 

CAR-T cells featuring distinct target recognition and co- 

stimulatory domains (CD27z, LF28z, and LFBBz) and 

performed phenotypic characterization. Using co-culture 

systems and 3D cerebral organoids, we showed that all con-

structs eliminated target cells in a CD70-dependent 

manner, with CD27z secreting the highest levels of Th1 cy-

tokines. This functional advantage translated into superior 

survival in an orthotopic GB mouse model. Based on these 

findings, we developed a panel of murine CD27-based con-

structs, all of which demonstrated potent antitumor activity 

in vitro and in immunocompetent GB mouse models, 

further underscoring the therapeutic promise of CD27 inte-

gration into the CAR design. Collectively, our comparative 

analysis highlights the superior efficacy of the ligand-based 

construct, supporting its incorporation into a clinical trial 

targeting CD70 in recurrent GB.

INTRODUCTION
Chimeric antigen receptor (CAR)-T cell therapy has yet failed to 
bring long-term clinical benefit to glioblastoma (GB) patients. 
Recent GB trials suggested promising CAR-T cell antitumor effi-
cacy,1,2 but observed responses were transient, underlining the 
need for further studies. In recent years, attention has been drawn 
to CD70, a member of the tumor necrosis factor receptor superfam-
ily.3 CD70 is detected in GB, where the highest expression levels are 
reported in the mesenchymal subtype.4,5 Notably, a negative prog-
nostic impact of CD70 expression on overall patient survival in 
low-grade glioma (LGG) and GB has been reported, attributed to 
its pro-tumorigenic function.4 Specifically, CD70 expression on GB 
cells led to a shift of the secretome toward a more immunosuppres-
sive state4 and is associated with enhanced cancer cell migration and 
the expression of CD44 and SOX2, factors linked to disease progres-
sion.6 Moreover, it is associated with a higher incidence of CD163+ 

tumor-associated macrophages in GB patients6 and is suggested to 
promote GB self-renewal, stemness and tumor growth.7 Finally, it 
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has been shown to induce T cell apoptosis,4,8 possibly via recruit-
ment of pro-apoptotic protein Siva that is shown to inflict mitochon-
drial damage and caspase activation,9,10 or through the well- 
described FasL/Fas axis.11 Based on the above, GB CD70 has been 
successfully targeted with CAR-T cells in the preclinical setting,4,7,12

and two clinical studies utilizing IL-8 receptor-modified CD70- 
directed CAR-T cells for GB and pediatric high-grade glioma treat-
ment have been initiated (NCT05353530 and NCT06946680, 
respectively).12

Despite the feasibility of targeting CD70 with CAR-T cells in GB, a 
comparative analysis of different CD70-directed CAR constructs is 
lacking. This is critical since the CAR composition significantly in-
fluences its metabolic program and antitumor cytotoxicity, resulting 
in varying treatment outcomes in patients treated with different con-
structs.13–15 Consequently, such a study is pivotal to determine the 
construct with the most optimal target engagement, killing speci-
ficity and persistence for clinical translation. In our study, we first 
independently validated CD70 as a suitable therapeutic target in 
GB and then performed an in vitro and in vivo comparative analysis 
of different anti-CD70 CAR constructs, both single-chain variable 
fragment (scFV)- and ligand-based, by employing conventional 
coculture, 3D cerebral organoid platforms and finally, patient- 
derived orthotopic xenograft GB mouse models. We demonstrate 
that all constructs were able to yield specific target-dependent anti-
tumor responses in vitro and in vivo and showcase the superiority 
of the CD27z construct. Expanding on these findings and acknowl-
edging the importance of the endogenous immune system in CAR-T 
cell efficacy, we advanced the CD27-based design and generated a 
novel panel of murine CD70-directed CAR-T cells incorporating 
mCD27 along with distinct co-stimulatory domains. These con-
structs mirrored the functionality of their human CD27z counter-
part, effectively eliminating murine GB cells in vitro and in vivo, 
with notable long-term in vivo persistence, further underscoring 
the translational relevance and robustness of the CD27-based design.

RESULTS
Validation of CD70 as a therapeutic target in GB

On a single cell level, we first explored CD70 expression in an in- 
house dataset comprising patients diagnosed with GB (N = 16), iso-
citrate dehydrogenase-1-mutant glioma (N = 3) and pediatric high- 
grade glioma (N = 1, all patients newly diagnosed, Table S1), and 
discovered heterogeneous CD70 expression in the malignant cell 
fraction (Figure 1A).16 CD70 was also expressed in myeloid cells. 
Nevertheless, the myeloid cluster almost universally expressed high 
levels of immunosuppressive markers IL10 and TGFB1,17 but also 
CD163, a receptor strongly expressed in immunosuppressive 
TAMs.6,18,19 CD70 expression was also detected in T cells, as previ-
ously described by others.20–22 Nevertheless, this cluster highly co- 
expressed TGFB1 and notably FOXP3, a marker of Treg cells, also 
with immunosuppressive functions in GB.17 These results were reca-
pitulated in an independent published single-cell dataset,23 analyzed 
using the Broad Institute Single Cell Portal.24 Specifically, CD70 was 
heterogeneously expressed in GB cells, but also in myeloid- and 

T cells, with the last two populations co-expressing the aforemen-
tioned immunosuppressive factors (Figure S1A). This suggests that 
targeting CD70 with CAR-T cells can not only eliminate CD70+ 

GB cells in qualifying patients but also potentially deplete suppres-
sive immune populations, an approach reported in other studies.25,26

This might eventually reshape the tumor microenvironment toward 
a more immune-privileged state, improving treatment outcomes. 
Furthermore, by analyzing Human Protein Atlas cell line data,27

we revealed CD70 expression in 86.6% (52 of 60) of glioma cell lines 
(Figure S1B; expression cutoff ≥1 nTPM) with 33.3% (20 of 60) cell 
lines displaying higher levels (expression cutoff ≥50 nTPM). We 
then explored CD70 expression in primary and recurrent GB patient 
samples from a Heidelberg University Hospital cohort by means of 
bulk RNA sequencing (RNAseq).28 CD70 was expressed in 39.8% 
(76 of 190) of samples analyzed (Figure 1B, expression cutoff ≥1 
FPKM). We did not observe differences in CD70 expression levels 
between samples derived at initial diagnosis and recurrent tumors. 
The same observation was obtained when analyzing a subset of 
20 matched primary/recurrent pairs from the same dataset 
(Figure 1C). All these patients received radiotherapy and at least 
one line of systemic treatment between the two sample acquisitions. 
These findings lie in agreement with previous research showing a 
trend toward increased CD70 expression in recurrent GB, with re-
ported differences not meeting statistical significance.4,7 Next, we 
confirmed CD70 expression by immunohistochemistry (IHC) in tu-
mor lesions of three representative GB patient samples from the 
same cohort, with confirmed CD70 positivity in bulk RNAseq 
(Figure 1D). Importantly, CD70 was expressed in tumor cells and 
did not co-localize with CD45, a global immune cell marker. Next, 
we screened a panel of primary and conventional cell lines for 
CD70 and detected expression in a subset by flow cytometry 
(Figure 1E) and qPCR (Figure 1F). CD70 expression was heteroge-
neous, with P3, T325, T269, U3017, and BG7 cell lines lacking rele-
vant expression, U3021 and BG5 showing low expression, and U138 
and U3047 displaying the highest levels. A strong positive correlation 
between CD70 gene expression and protein levels was revealed 
(Figure 1G). To first test the CD70-directed CAR-T cell specificity, 
we performed a lentiviral overexpression (OE) of CD70 in zero-ex-
pressing cell lines P3 (P3/CD70), S24 (S24/CD70), and T269 
(T269/CD70), which was confirmed by flow cytometry (Figure 1H) 
and western blot (Figure S1C).

Generation and phenotyping of CD70-directed CAR-T cells

CD70-targeting CAR constructs were designed as previously 
described.29 As target recognition domain, two constructs featured 
the scFv of an anti-CD70 antibody, followed by a long-flexible spacer 
motif and the transmembrane domain of CD28. Fused to that, one 
construct contained the cytoplasmic domain of CD137 (4-1BB) 
while the other one carried the equivalent domain of CD28. The 
third vector consisted of the full length CD27 (the only natural ligand 
of CD70). All constructs carried the intracellular signaling domain of 
CD3z chain. For detection, the tdTomato fluorescent reporter, 
driven by an IRES element, was cloned downstream of every CAR 
(Figure 2A). A non-targeting construct was also generated by 
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Figure 1. Validation of CD70 as a GB target for CAR-T cell therapy 

(A) Expression of CD70 and selected markers from an in-house glioma patient single-cell RNA seq dataset. (B) CD70 expression in GB samples from Heidelberg University 

Hospital, analyzed by bulk RNAseq. Each dot represents a patient. A Mann-Whitney test was performed to assess statistical significance. (C) CD70 expression in 20 matched 

pairs from (B). A two-tailed paired t test was used to assess significance. (D) IHC staining of three Heidelberg University Hospital GB patients from (B) with high CD70 

expression based on RNAseq. Scale bars, 200 μm. Patient-1 and Patient-3: primary GB; Patient-2: recurrent GB. (E) Measurement of CD70 protein levels on GB cells 

by flow cytometry. (F) Measurement of CD70 gene expression levels in glioma cell lines by RT-qPCR. N = 3 technical replicates per cell line. (G) Correlation between CD70 

gene expression and protein levels from (E) and (F). (H) Measurement of CD70 on the surface of generated primary GB models by flow cytometry (blue histograms). An isotype 

control antibody (red histograms) was used. For (E) and (H), data were gated on single live cells. Data presented as mean (SD). *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001; n.s., not significant.
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replacing the CAR sequence with a tdTomato cassette (SFG 
construct). Constructs were used to produce retrovirus and activated 
T cells from healthy donors were transduced. CAR expression was 
determined 4 d after transduction by flow cytometry (Figure 2B). 
At the same time point, we also performed phenotypic characteriza-
tion of our target-naïve effector cells. CAR-T cells featuring the 
4-1BB co-stimulatory domain showed the lowest fraction of Thelper 

cells (CD4+/CD8a−; Figure 2C). Additionally, we discovered that 
PD1 levels were consistently elevated in the LF28z construct while 
on the other hand, CAR-T cells featuring the 4-1BB co-stimulatory 
domain expressed higher levels of LAG3 and TIM3 (Figure 2D). 
Notably, the fraction of CAR-T cells that expressed PD1, LAG3, 
and TIM3 simultaneously was low for all constructs and donors 
(Figure 2E). Further phenotyping for immune memory markers 
CD45RA, CD45RO, CCR7, and CD62L revealed that LF28z 
CAR-T cells featured the highest frequency of terminal effector 
memory (TEMRA) cells, a phenotype linked to higher cytotoxicity 
and glycolytic metabolism capacity but also reduced proliferation 
and persistence.13–15 Concerning stem cell memory (TSCM) cells, 
the CD27z construct featured the highest fraction in one donor 
(Figure 2F).

CD70-directed CAR-T cells effectively target GB cells in vitro

To evaluate the potency of anti-CD70 CAR-T cells in vitro, we 
co-cultured them with the generated GB models in the absence of 
exogenous cytokines. After 18 h, all CD70 CAR-T cells secreted 
significantly higher levels of TNF-α, IFN-γ, and Granzyme-B when 
co-cultured with CD70-OE GB cells compared to mock-transduced 
T cells, as determined by ELISA (Figures 3A and S2A). Importantly, 
CD27z CAR-T cells secreted the highest levels of TNF-α and IFN-γ 

in all conditions. To discover whether this recognition was accompa-
nied by tumor cell eradication, we co-cultured CAR-T cells with P3/ 
CD70_EGFP tumor cells and monitored tumor cell growth and 
Annexin-V binding in real time using the Incucyte instrument. Sup-
porting the cytokine secretion patterns, only CD70-directed CAR-T 
cells eliminated GB cells (Figure 3B). Co-culture with LF28z CAR-T 
cells led to the highest degree of Annexin-V binding and the most 
prominent short-term reduction of tumor cell signal in all donors 
(Figures 3B and S2B), possibly attributed to the higher fraction of 
cytotoxicity-associated TEMRA cells (Figure 2F), but also to the 
near-zero fraction of PD1+/LAG3+/TIM3+ cells in this construct, de-
tected by flow cytometry after co-culture (Figure S3A). In the same 
setting, CAR-T cell engagement with tumor CD70 led to significantly 
reduced PD1−/LAG3−/TIM3− fractions compared to the control 
construct (Figure S3B), suggesting that target interception might 

lead to exhaustion. The anti-glioma cytotoxicity of CD70-targeting 
CAR-T cells was also demonstrated in naturally CD70 expressing 
cell lines. Specifically, we utilized CD70+ primary GB cell line 
MMKI (Figure 4A).30–32 After overnight (O/N) co-culture with 
CD70-targeting CAR-T cells in a 2:1 effector:target ratio, we 
observed specific CAR-T cell activation, delineated by upregulation 
of co-stimulatory marker CD137 (4-1BB) on CAR-T cells compared 
to control cells (Figure 4B).33 CD27z CAR-T cells showed the most 
prominent activation, in line with their higher cytokine secretion 
pattern (Figure 3A). The CAR-T cell specificity was also interrogated 
in a gene KO setting. We co-cultured CAR-T cells with genetically 
modified U138 cells that lacked CD70 expression after successful 
CRISPR/Cas9-mediated gene knockout (U138/CD70_KO), and 
with U138 cells transduced with a control non-targeting oligonucle-
otide sequence (U138/Ctrl; Figure 4C). At an effector:target ratio of 
1:1, only CD70-expressing U138/Ctrl cells were effectively elimi-
nated by CAR-T cells, as determined by live-cell imaging in the In-
cucyte platform (Figure 4D). Taken together, we highlight the po-
tency of CD70-targeting CAR-T cells to eradicate primary GB cell 
lines in a target-dependent manner. In our system, CD27z CAR-T 
cells showed the highest activation while LF28z CAR-T cells per-
formed faster short-term killing of GB cells.

CD70-specific CAR-T cells eliminate GB cells in cerebral 

organoids

To elaborate on the CAR-T cell potency in a more complex 3D 
setting requiring effector cell penetration for GB cell elimination, 
we investigated whether the observed anti-glioma cytotoxicity could 
be recapitulated in in vitro-derived cerebral organoids.34,35 Initially, 
we co-cultured cerebral organoids with EGFP-expressing primary 
GB cell lines P3/MCS, P3/CD70, T269/MCS, and T269/CD70, and 
demonstrated successful tumor cell infiltration and CD70 expres-
sion 14 d later by immunofluorescence (IF; Figures 5A and 5B). 
Importantly, CD70 was not expressed endogenously by cerebral or-
ganoids, which could potentially result in CAR-T cell-mediated on- 
target/off-tumor toxicity (Figure 5C). Next, we co-cultured cerebral 
organoids with our GB models for 14 d and subsequently treated the 
GB-infiltrated organoids with CAR-T cells. Successful infiltration of 
organoids by CAR-T cells was demonstrated 3 d later by IF 
(Figure 5D). This infiltration was more prominent in the condition 
where tumor cells expressed CD70 and was coupled to a potent anti- 
GB effect. Particularly, we observed lower tumor cell signal and 
significantly elevated levels of Granzyme-B, determined by IF, in 
treated organoids previously infiltrated by CD70+ cells, compared 
to treated organoids previously invaded by CD70− GB cells 

Figure 2. Generation and phenotyping of anti-CD70 CAR-Tcells 

(A) CAR construct design. (B) Transduction efficiency of primary human T cells by flow cytometry. A non-transduced (NT) sample from each donor was used to determine 

gating. Data gated on single live CD3+ cells. (C) CD8a/CD4 expression on transduced T cells, determined by flow cytometry. A one-way ANOVA followed by a Dunnett’s 

multiple comparisons test was performed to assess significance. (D) Expression of exhaustion receptors on transduced T cells, determined by flow cytometry. (E) Quan-

tification of PD1+/LAG3+/TIM3+ T cells from (D). (F) Expression of immune memory-associated markers on transduced T cells by flow cytometry. For (C), (D), (E), and (F), N = 3 

biological replicates per group. Isotype controls were used to determine gating and displayed data are gated on single live CD3+ cells (NT) or single live CD3+/tdTomato+ cells 

(SFG, CD27z, LF28z, and LFBBz). Data presented as mean (SD). A one-way ANOVA followed by a post-hoc �Sı́dák’s multiple comparisons test was performed. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant.
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(Figures 5D and 5E). Corroborating this, Granzyme-B and IFN-γ 

levels in the SN of these co-cultures were significantly increased 
in all CD70+ GB conditions (Figure 5F). Direct comparisons among 
constructs revealed that in all timepoints and for both P3/CD70 and 
T269/CD70 cell lines, CD27z CAR-T cells secreted the highest levels 
of Granzyme-B (Figures 5F and 5G). The same trend was observed 

for IFN-γ release (Figure 5G). Conclusively, we illustrate the capa-
bility of CD70-directed CAR-T cells to infiltrate cerebral organoids 
previously invaded by primary GB cell lines to exert cytotoxic 
effector functions, which are strictly driven by GB CD70. In this 
setting, CD27z CAR-T cells secreted the highest levels of measured 
cytokines.

Figure 4. Assessment of anti-CD70 CAR-T cell killing in naturally CD70 expressing cell lines 

(A) CD70 expression levels (blue histogram) on primary GB cell line MMKI by flow cytometry. Data gated on single live cells. An isotype control (red histogram) was used. (B) 

Quantification of activation marker CD137 after O/N co-culture of MMKI cells with CD70-targeting CAR-T cells by flow cytometry. N = 4 biological replicates per group. Data 

gated on single live CD3+ cells (NT) or single live CD3+/tdTomato+ cells (SFG, CD27z, LF28z, and LFBBz). Isotype control antibodies were used for gating. A one-way ANOVA 

followed by a Tukey’s multiple comparisons test was applied for significance. (C) Measurement of CD70 (blue histograms) on the surface of generated genetic knockout 

models by flow cytometry. An isotype control (red histogram) was used. Data gated on single live EGFP+ cells. (D) Measurement of tumor cell signal during co-culture with 

CAR-T cells on the Incucyte platform. N = 2 biological replicates per group. Every biological replicate is the mean of N = 5 technical replicates. Time point intervals = 45 min. 

Statistical significance was assessed as in Figure 3B). For (B) and (D), data are presented as mean (SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant.

Figure 3. In vitro assessment of the CD70-directed CAR-T cell anti-GB cytotoxicity 

(A) Measurement of secreted TNF-α and IFN-γ in the SN of GB/CAR-T cell co-cultures by ELISA. N = 3 biological replicates per group. For comparison between MCS and 

CD70 (upper bar plots), an unpaired two-tailed t test was used. For comparisons among constructs (bottom), a one-way ANOVA followed by a Holm-�Sı́dák multiple 

comparisons test was used. (B) Measurement of tumor cell signal during co-culture with CAR-T cells on the Incucyte platform. N = 2 biological replicates per group. Every 

biological replicate is the mean of N = 5 technical replicates. Time point intervals = 45 min. A two-tailed Student’s t test was performed using the values of the last measured 

time point to determine statistical significance. For (A) and (B), data presented as mean (SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant.
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Figure 5. Evaluation of CD70-directed CAR-T cell effector function in cerebral organoids 

(A) Confocal microscopy of cerebral organoids, infiltrated by generated GB models. (B) Quantification of CD70 signal in organoids from (A). Each dot represents an organoid. 

A Welch’s t test was used to assess significance. (C) Immunofluorescence analysis of endogenous CD70 expression in cerebral organoids. (D) Confocal microscopy of 

cerebral organoids previously invaded by GB cells and subsequently treated with CAR-T cells for 3 d. (E) Quantification of Granzyme-B signal from (D). A two-tailed t test was 

used to determine significance. (F) Measurement of secreted Granzyme-B and IFN-γ levels in the SN of co-cultures from (D) by ELISA. N = 3 biological replicates per group. 

(G) CAR construct direct comparisons from (F). A one-way ANOVA followed by a Tukey’s post hoc test for multiple comparisons was used. For (A), (C), and (D), scale bars, 

200 μm. For (D) and (E), N ≥ 3 organoids per group. For (E) and (F), a two-tailed t test was used to assess significance. For (B), (E), and (F), data presented as mean (SD). 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant.
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CD27z CAR-T cells show superior in vivo activity against 

orthotopic GB

Next, the ability of our CD70 CAR constructs to eliminate CD70+ 

GB in an orthotopic murine model was investigated. To this end, 
we first genetically modified the P3/CD70 cell line to express 
nano-luciferase (NLuc) and EGFP (P3/CD70_NLuc/EGFP), to 
allow GB monitoring by bioluminescence imaging (BLI) on a 
weekly basis. EGFP expression was verified by flow cytometry 
(Figure S4A) and the functionality of the NLuc gene was validated 
in an in vitro furimazine assay (Figure S4B). We orthotopically im-
planted NSG mice with 105 P3/CD70_NLuc/EGFP cells (day-1) and 
verified the presence of GB tumors 4 weeks later by BLI (day-28; 
Figures 6A and 6B). Subsequently, animals were assigned to 
different groups based on the size of their tumors to harmonize 
the tumor burden among the groups prior to treatment initiation 
(Figure S4C; N = 8 animals per group). Investigators were blinded 
during the conduct of the experiment. On day-29, animals were 
treated with 2 × 106 effector cells intratumorally (ICT). Mouse 
overall survival served as the primary outcome measure. CAR-T 
cell treatment, but not the infusion of SFG T cells, led to tumor 
remission in all treated animals (Figures 6B and 6C). Six weeks after 
therapy (w10), all mice treated with CD27z CAR-T cells showed no 
signs of tumor, while only 1/8 and 3/8 mice treated with LFBBz and 
LF28z CAR-T cells, respectively, showed recurring tumors, based 
on BLI. In comparison to the control group, all CD70-targeting 
CAR-T cell constructs significantly extended survival (CD27z me-
dian survival 115 days vs. SFG median survival 63 days, HR = 
0.03679, 95% CI: 0.007695–0.1759, p < 0.0001; LF28z median sur-
vival 87.5 days vs. SFG median survival 63 days, HR = 0.05947, 
95% CI: 0.01353–0.2614, p = 0.0002; LFBBz median survival 
93.5 days vs. SFG median survival 63 days, HR = 0.03679, 95% 
CI: 0.007695–0.1759, p < 0.0001; Figure 6D). While there was no 
significant difference in survival between the LF28z and the 
LFBBz constructs (HR = 0.3407, 95% CI: 0.09927–1.169, p = 
0.0870), treatment with CD27z CAR-T cells led to a superior sur-
vival of treated animals compared to the other two CAR constructs 
(CD27z vs. LF28z HR = 0.07339, 95% CI: 0.01722–0.3127, p = 
0.0004; CD27z vs. LFBBz HR = 0.1756, 95% CI: 0.04878–0.6320, 
p = 0.0078; Figure 6D). Eventually, all mice, except one treated 
with CD27z CAR T cells, experienced tumor recurrence and suc-
cumbed to the disease. IF analysis revealed CAR-T cell scarcity in 
recurrent tumor tissue, suggesting that recurrence might have 
emerged due to suboptimal long-term CAR-T cell persistence. 
This finding was also accompanied by universal and high CD70 
expression on tumor cells, providing a clear rationale for a second 
local CAR-T cell administration to constrain GB outgrowth and 

further extend survival (Figure 6E). Conclusively, we demonstrate 
the capacity of CD70-targeting CAR-T cells to exert anti-GB func-
tions in vivo, and that the CD27z construct performed best con-
cerning OS prolongation in treated animals.

A panel of murine ligand-based constructs demonstrates 

efficacy against murine GB in vitro

Building upon these results and considering the critical role of the 
endogenous immune system in shaping CAR-T cell responses, we 
further advanced the superior CD27-based design by developing a 
new panel of murine CD70-targeted CAR-T cells featuring 
mCD27 and diverse co-stimulatory domains. For comparison 
purposes, we first included a previously described construct 
comprising full-length mCD27 fused to the cytoplasmic tail of 
mCD3z (referred to as mCAR27). Additionally, we generated 
two other constructs, both incorporating full-length mCD27 as 
the target recognition, transmembrane, and co-stimulatory 
domain. One construct additionally included a mCD28 cyto-
plasmic domain (mCAR27/28), while the other contained the mu-
rine equivalent of CD137 (mCAR27/BB; Figure 7A). For detection 
purposes, a tdTomato cassette was cloned downstream of each 
CAR, driven by a T2A self-cleavage site. As a control, a non-tar-
geting retroviral vector encoding tdTomato alone was also gener-
ated (pMSCV). Primary activated murine T cells were successfully 
transduced with produced retrovirus (Figure 7B). Across all con-
structs and donors, substantially higher fractions of cytotoxic 
CD8a+/CD4− cells were reported, suggesting an elevated killing 
potential (Figures S5A and S5B). Phenotypically, mCAR27 cells 
featured the highest fraction of effector-like memory cells 
(Figures S6A and S6B) and the lowest incidence of PD1/LAG3/ 
TIM3 triple negative cells (Figures S6C and S6D). To assess 
mCAR-T cell functionality, mCD70 was overexpressed in murine 
glioma cell lines GL261 and CT2A (Figures 7C and 7D). Upon 
O/N co-culture with the engineered mCD27-based mCAR-T cells, 
we observed mCD70-dependent secretion of TNF-α (Figures 7E 
and 7F) and effector cell activation (Figure S7). Notably, murine 
T cells transduced with the mCAR27 construct consistently ex-
hibited higher levels of TNF-α secretion and activation compared 
to the mCAR27/28 and mCAR27/BB variants across all mouse do-
nors and target murine GB cell lines, an observation potentially 
linked to the enriched effector-like memory phenotype observed 
in this construct (Figure S6A). The cytotoxic potential of all 
mCD27-based constructs was further validated in a live-cell 
time-lapse co-culture assay (Figure 7G), where all mCD70-target-
ing mCAR-T cells, unlike mock-transduced murine T cells, effec-
tively eliminated GL261/CD70_EGFP cells (Figures 7H and S8).

Figure 6. In vivo evaluation of the anti-CD70 CAR-T cell killing efficacy 

(A) In vivo pipeline. (B) Measurement of tumor cell signal in mice orthotopically implanted with P3/CD70_NLuc/EGFP cells and subsequently treated ICT with anti-CD70 

CAR-T cells by BLI. 

(C) Quantification of BLI signals from B). N = 8 animals per group. 

(D) Overall survival of treated mice from B). The log rank (Mantel-Cox) test was used to assess statistical significance. Bonferroni-adjusted significance threshold: p = 0.0083. 

(E) Analysis of CAR-T cell persistence and CD70 expression in recurrent tumors of treated mice from (A) by IF. Representative images from N = 3 animals per group. Scale 

bars, 100 μm.
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Ligand-based mCD70-targeting CAR-T cells eliminate murine 

GB in vivo

To interrogate the anti-GB efficacy of the developed ligand-based 
constructs in the presence of a functional immune system, immuno-
competent C57BL/6J mice were orthotopically implanted with 105 

mCD70-expressing GL261 cells (GL261/CD70), and the presence 
of tumors was determined 14 days later by MRI (N = 5 mice per 
group). One day later, all mice received a single ICT dose of 
2 × 106 mock-transduced or ligand-based mCAR-T cells, the CAR 
expression of which was verified earlier on the same day. Tumor 
size was monitored on a weekly basis by MRI (Figures 8A and 8B). 
When comparing pre- and post-therapy measurements, all mice 
treated with non-targeting murine T cells exhibited progressive tu-
mor growth, whereas treatment with all ligand-based mCD70-target-
ing constructs resulted in significantly reduced tumor sizes, with the 
majority of animals achieving complete and durable remissions 
(Figures 8C and 8D). Across treatment arms, no differences in tumor 
size were observed prior to therapy; however, post-treatment, all 
mCD70-targeting constructs led to significantly smaller tumors 
compared to the control group (Figure 8E). This potent mCD70- 
driven cytotoxicity was translated to a significant OS prolongation. 
Whereas the median OS of mice treated with mock-transduced 
T cells was reported as 33 days, the median OS was notably not 
reached in any group receiving the ligand-based murine constructs, 
highlighting the robust and sustained antitumor efficacy of the 
mCD70-driven effector cell response (for mCAR27 vs. pMSCV, 
mCAR27/28 vs. pMSCV and mCAR27/BB vs. pMSCV: HR = 
0.03725, 95% CI: 0.004861–0.2855, p = 0.0015; Figure 8F). Finally, 
by performing IF analysis on brains of these treated mice, we de-
tected viable mCAR-T cells across all targeting constructs, an obser-
vation that coincided with a complete absence of murine GB cells. In 
contrast, sections from pMSCV-treated mice exhibited a dense 
network of tumor cells, along with a marked mCAR-T cell scarcity 
(Figure S9). In conclusion, our findings demonstrate that all 
mCD70-directed murine constructs can eliminate orthotopic GB 
in an immunocompetent setting, further supporting the translational 
potential of the ligand-based construct for clinical development.

DISCUSSION
In recent years, CD70 has emerged as a promising target antigen for 
CAR-T cell therapy in GB. Its role in promoting tumor growth,4,7,8

maintaining GB stemness,7 and inducing immunosuppression,4,6–8

led to the inception of preclinical investigations targeting GB CD70 

with CAR-T cells.4,7,12 Despite being clinically relevant, a direct com-
parison of structurally different CD70-directed CAR constructs is still 
lacking. To the best of our knowledge, our study is the first compar-
ative analysis of distinct CD70-directed CAR constructs in GB. While 
all constructs specifically eliminated CD70+ GB cells, the CD27z 
design proved superior concerning cytokine secretion in vitro and 
prolonging OS in vivo. Similar results were reported by Sauer et al., 
demonstrating that CD70-directed CD27z CAR-T cells led to 
extended OS compared to the LFBBz and LF28z counterparts in an 
acute myeloid leukemia mouse model.29 The observed difference 
might stem from the structural variation of the CARs that potentially 
impact the CAR-T cell phenotypic characteristics. CD27 is the natural 
ligand of CD70.3 Therefore, incorporating a physiological ligand-re-
ceptor interaction in a CAR design may lead to optimal target bind-
ing, potentially reduced levels of tonic signaling, and eventually better 
outcomes compared to constructs consisting of multiple synthetic fu-
sions. Future analyses will compare the CD27z CAR with counter-
parts utilizing only the extracellular domain of CD27, fused to the 
clinically relevant co-stimulatory domains of CD28 and/or CD137 
(4-1BB). In our study, the LF28z construct eliminated GB cells the 
fastest in vitro. This agrees with the generally accepted concept that 
CAR-T cells with the CD28 co-stimulatory domain kill tumor cells 
more rapidly.13,14,36 Relevantly, PD1/LAG3/TIM3 triple-positive cells 
in LF28z CAR-T cells were reported the lowest among all constructs 
after co-culture with CD70-expressing GB cells (Figure S3A), and the 
observed TEMRA cell fraction, a differentiation state linked to higher 
cytotoxicity,37 was higher in LF28z CAR-T cells (Figure 2F), poten-
tially explaining the faster killing dynamics. However, it is also linked 
to lower persistence and proliferative potential,37 which might explain 
the inferior OS of mice treated with LF28z CAR-T cells compared to 
the CD27z and LFBBz constructs. Conversely, the fraction of TSCM 

cells was increased in CD27z cells, possibly explaining the superiority 
of this construct in vivo, as TSCM cells persist longer and possess stron-
ger self-renewal capabilities.38,39 Future investigations will also focus 
on deciphering how the utilized co-stimulatory domains affect 
CAR-T cell metabolism. Previous studies indicate that CAR-T cells 
incorporating a CD28 co-stimulatory domain typically display 
elevated aerobic glycolysis, while constructs with a 4-1BB domain 
tend to promote increased mitochondrial biogenesis and oxidative 
phosphorylation.13–15 Therefore, metabolic characterization of the 
present study’s constructs would assist defining how the utilized co- 
stimulatory domains modulate the interplay between cytokine-driven 
activation and target-cell toxicity.

Figure 7. mCD27-based anti-murine CD70 CAR-T cells are potent against murine GB in vitro 

(A) Murine CD27-based construct design. (B) Transduction efficiency of primary murine T cells by flow cytometry. A non-transduced (NT) sample from each donor mouse was 

used to determine gating. Data gated on single live mCD3+ cells. (C) Measurement of mCD70 gene expression levels in generated OE models by RT-qPCR. N = 3 technical 

replicates per cell line. (D) Measurement of mCD70 on the surface of generated murine OE GB models by flow cytometry (blue histograms). Signal was compared to that of an 

isotype control (red histograms). 

(E) Quantification of secreted TNF-α in the SN of mGB/mCAR-T cell co-cultures by ELISA. N = 3 biological replicates per group. 

(F) Pairwise comparisons of secreted TNF-α levels from (E) among targeting constructs. A one-way ANOVA with a post hoc Holm-�Sı́dák test was used for significance. (G) 

Schematic representation of the live-cell imaging pipeline. (H) Quantification of tumor cell signal from (G) over time. A one-way ANOVA with a Dunnett’s multiple comparisons 

test was used with data from the t = 660 min mark. For (C) and (E), an unpaired two-tailed t test was used for significance. Data are presented as mean (SD). *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant; n.d., not detected.
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We also demonstrate the efficacy of CD70-directed CAR-T cells to 
eliminate primary GB cells in cerebral organoids. Despite the under-
lined success, these organoids are derived in vitro from human iPSCs 
via SMAD inhibition, therefore lacking mesodermal-stemming im-
mune cells and microglia.34,35 Relevantly, microglia constitutes a sig-
nificant portion of brain tumors and contributes to tumor progres-
sion by chemokine and cytokine secretion.40,41 Therefore, 
investigation of its interplay with CD70-directed CAR-T cells would 
be meaningful. Employment of patient-derived organoids can 
address this issue. Jacob et al. described a pipeline to develop GB-or-
ganoids from surgically resected GB tissue, preserving the molecular 
and histological features of parental tumors such as tumor heteroge-
neity, transcriptomic signature and mutational load. Importantly, 
their suitability as a platform to assess CAR-T cell therapies was eli-
cited.42,43 Utilization of such a model would benefit preclinical 
CAR-T cell investigations for GB treatment as it would allow to study 
the interplay between therapeutic and endogenous immune cells.

Except for one, all mice treated with human CD70-targeting CAR-T 
cells eventually experienced tumor recurrence, with reported 
CAR-T cell scarcity in recurrent lesions. This suboptimal long-term 
CAR-T cell persistence could be a result of exhaustion, as engagement 
of GB CD70 by all constructs led to a significant reduction of PD1/ 
LAG3/TIM3 triple-negative effector cells compared to the control 
group (Figure S3B). This, combined with the prolonged antigen stim-
ulation of the in vivo experiment might have led to exhaustion,44 ex-
plaining tumor recurrence. In future studies, CAR-T cells will be 
isolated from treated mice at earlier post-treatment time points to 
enable assessment of exhaustion-associated marker expression. This 
approach will provide deeper insights into the temporal dynamics 
of our therapeutic intervention and inform the design of combination 
strategies to enhance persistence and prevent tumor relapse. Impor-
tantly, our analysis on recurrent tissue also revealed high and univer-
sal CD70 expression, restricted to GB-cells. This finding excludes 
antigen loss as a tumor recurrence mechanism in our study and pro-
vides rationale for a second local CAR-T cell administration as an 
approach to tackle recurrent disease, an intervention which is fol-
lowed in the clinic and is well-tolerated by patients.1,45

Not only restricted to the immunocompromised setting, mCAR-T 
cells integrating mCD27 as target recognition and co-stimulatory 
domain demonstrated remarkable potency against murine GB cells 
in vitro and in vivo, with the median OS not reached by the end of 

the legally approved experimental period in any of the treatment 
groups. This robust and sustained tumor remission is likely attribut-
able to the observed long-term mCAR-T cell persistence within the 
brains of treated mice, a fact which suggests communication of the 
administered mCAR-T cells with the endogenous immune system, 
reported by others.46 Specifically, exogenously administered 
mCAR-T cells targeting orthotopically implanted murine GB tumors 
have been shown to induce a proinflammatory phenotype by driving 
an increase in T cell and dendritic cell infiltration, a decrease in the 
fraction of myeloid-derived suppressor cells, as well as enhancement 
of the antigen-presenting capacity of myeloid cells and reduction of 
the immunosuppressive regulatory T cell abundancy.47,48 Future 
studies will determine whether these events contribute to the durable 
anti-GB activity observed with mCAR-T cells in our study. In 
conclusion, this comparative study emphasizes the efficacy of several 
CD70-directed CAR-T cell constructs against GB in vitro and in vivo, 
with the ligand-based one exhibiting the most prominent anti-gli-
oma activity in vivo. Based on these results, a clinical trial evaluating 
the safety and efficacy of CD27z CAR-T cells for the treatment of 
patients with recurrent GB is currently in preparation.

Limitations of the study

One limitation of our study is the interpatient and intrapatient tumor 
heterogeneity regarding the qualitative and quantitative nature of 
CD70 expression. This represents a hallmark of GB and a phenom-
enon reported in clinical trials utilizing CAR-T cells for the treat-
ment of GB. Consequently, it may hinder the success of cell therapy 
by rendering patients ineligible for treatment due to low or no 
expression of the target of interest, or by intercepting only part of 
the tumor. Additionally, although we have successfully demon-
strated the very potent and specific CD70-driven CAR-T cell cyto-
toxicity in immunocompromised (NSG) and immunocompetent 
(C57BL/6J) mouse models, further incorporating a fully-humanized 
mouse model would allow us to provide deeper insights into the me-
chanics of tumor cell interception as well as to examine the interplay 
between administered human CAR-T cells and endogenous human 
immune cells. Finally, our study does not involve a thorough evalu-
ation of our immunotherapy’s safety profile. However, in our expe-
rience, on-target/off-tumor associated toxicities are not expected, 
since we perform local CAR-T cell administration in the brain, which 
is an organ that completely lacks CD70 expression, providing a ratio-
nale in favour of the safety of our administration method and our 
approach in general.

Figure 8. mCD27-based CAR constructs lead to regression of syngeneic GB tumors in vivo 

(A) Schematic representation of the syngeneic model in vivo experiment. (B) Evaluation of mCAR expression on transduced murine T cells on treatment day by flow cytometry. 

A non-transduced sample was used to determine gating. Data gated on single live mCD3+ cells. (C) Weekly tumor volume evaluation in C57BL/6J mice orthotopically 

implanted with GL261/CD70 cells and subsequently treated ICT with anti-mCD70 CAR-T cells by MRI. A one-way ANOVA with a Dunnett’s multiple comparisons test was 

used to assess significance. (D) Indicative T2-weighed MRI sections (coronal plane) from N = 3 mice of each treatment group from (C), before and after treatment with anti- 

mCD70 CAR-T cells. (E) Comparison of tumor volumes among treatment groups from (C). For day-14, a one-way ANOVA followed by a Tukey’s multiple comparisons test 

was used. For day-21, a Welch’s ANOVA followed by a Dunnett’s T3 multiple comparisons test was used. For day-28, a Kruskal-Wallis test followed by a Dunn’s multiple 

comparisons test was used. Data presented as mean (SD). 

(F) Overall survival of treated mice from (C). The log rank (Mantel-Cox) test was used to assess statistical significance. Bonferroni-adjusted significance threshold: p = 0.0166. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant; n.d., not detected.
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MATERIALS AND METHODS
Cell culture

The origins of primary human GB cell lines T269, T325, S24, U3017, 
U3021, U3047, P3, BG5, and BG7 have been described in detail pre-
viously.49 Primary human GB cell line MMKI was provided by Bryan 
Day.30–32 Primary GB cells were maintained under neurosphere- 
forming conditions using DMEM-F12 (#11330-032, Gibco), supple-
mented with B27 (#17504044, Gibco), 5 μg/mL insulin (#I9278, 
Sigma-Aldrich), 5 μg/mL heparin (#H4784, Sigma-Aldrich), 
20 ng/mL epidermal growth factor (EGF; #PHG0311, Gibco), and 
20 ng/mL fibroblast growth factor (FGF; #PHG0021, Gibco), collec-
tively referred to as “human Glioma Cell Medium” (hGCM).50 U138 
cells were purchased from the American Type Culture Collection 
(ATCC) and cultured in Dulbecco’s modified eagle’s medium 
(DMEM; #D5796, Sigma-Aldrich), supplemented with 10% (v/v) 
fetal bovine serum (FBS; #S0615, Sigma-Aldrich) and 1% (v/v) peni-
cillin/streptomycin (#PS-B, Capricorn Scientific). Murine glioma cell 
lines GL261 and CT2A were purchased from ATCC and cultured in 
DMEM (#6429, Sigma-Aldrich), supplemented with 10% (v/v) FBS, 
referred to as “murine Glioma Cell Medium” (mGCM). HEK293 
cells, obtained from ATCC, were cultured in Iscove’s modified Dul-
becco’s medium (IMDM; #12440053, Gibco), supplemented with 
10% (v/v) FBS. Cell line authenticity was confirmed by Multiplexion 
GmbH (Heidelberg, Germany), and cells were tested for mycoplasma 
contamination. Adherent lines U138, GL261, CT2A, and HEK293 
were dissociated with Trypsin-EDTA (0.25%; #25200056, Gibco), 
while StemPro Accutase (#A1110501, Gibco) was used for primary 
cells.

Generation of OE and knockout models

For CD70 OE in primary human GB cell lines S24, S24/EGFP, P3, P3/ 
EGFP, T269 and T269/EGFP, the generation of the lentiviral 
construct and its non-expressing control equivalent are described 
in detail in our previous published work.49 The exact same approach 
was followed for cloning the mCD70 OE construct, with full-length 
mCD70 (GenBank: NM_011617.2) serving as the integrated DNA 
fragment. The following murine cell lines were transduced with 
the mCD70 OE or control constructs: GL261, GL261/EGFP, and 
CT2A. For human CD70 gene knockout (KO), a single-guide RNA 
(5′-GTGCATCCAGCGCTTCGCAC-3′, U138/CD70_KO resulting 
cell line) or a control non-targeting sequence (5′-GTAGGCGCGCC 
GCTCTCTAC-3′, U138/Ctrl resulting cell line) were designed with 
the CHOP/CHOP online design tool (RRID:SCR-015723) and syn-
thesized by Eurofins Genomics. Complementary oligonucleotide se-
quences were annealed and phosphorylated with T4 Polynucleotide 
Kinase (#M0201S, New England Biolabs). Then, the oligonucleotides 
were inserted into the LentiCRISPRv2GFP vector by digestion with 
BsmbI-v2 (#R0739S, New England Biolabs) and ligation using T4 
DNA ligase (#M0202S, New England Biolabs). Ligation products 
were then used to transform DH5α competent bacterial cells 
(#18265017, Invitrogen). Single bacterial clones were selected and 
cultured O/N in Luria-Broth medium (#A0954, PanReac Appli-
Chem) with 100 μg/mL ampicillin (#A5354, Sigma-Aldrich). 

Plasmid DNA was purified with the QIAprep Spin Miniprep Kit 
(#27106, Qiagen). To produce lentivirus for transduction of human 
and murine cell lines, HEK293 cells were co-transfected with 
4.7 × 1011 copies of transfer plasmid and packaging plasmids 
psPAX2 (Addgene plasmid #12260; http://n2t.net/addgene:12260; 
RRID:Addgene_12260, gift from Didier Trono) and pMD2.G 
(Addgene plasmid #12259; http://n2t.net/addgene:12259; RRI-
D:Addgene_12259, gift from Didier Trono) using TransIT-LT1 
Transfection Reagent (#MIR 2304, Mirus Bio). Supernatant was 
collected 24 and 48 h after transfection, filtered, and lentiviral parti-
cles were concentrated using the PEG-it Virus Precipitation Solution 
(#LV810A-1, Systems Bioscience). Human and murine cells were 
transduced in the presence of 8 μg/mL polybrene (#TR-1003-G, 
Sigma Aldrich). Growth medium was exchanged 24 h later. Trans-
duced human and murine cells were sorted on a BD FACSAria 
fusion instrument (BD Biosciences) based on CD70 expression. 
For cloning of the lentiviral human and murine CD70 OE construct, 
the pLEX306 was a gift from David Root (Addgene plasmid #41391; 
http://n2t.net/addgene:41391; RRID:Addgene_41391). For cloning 
of the lentiviral CD70 knockout construct, the LentiCRISPRv2GFP 
was a gift from David Feldser (Addgene #82416; http://n2t.net/ 
addgene:82416; RRID:Addgene_82416).

CAR design

For human CD70, retroviral CAR constructs CD27z, LF28z, and 
LFBBz have been described previously.29 To introduce the IRES/ 
tdTomato cassette into the human-CD70 targeting retroviral 
CAR constructs, the IRES2/tdTomato region of the LeGO-iT vector 
was amplified with primers featuring SphI/BspEI (forward primer 
5′-GTGACAGCATGCATTCCTGCAGGCCTCGACGA-3′ and 
reverse primer 5′-TGTCACTCCGGATCGACGAATTTCGACCA 
CTGTGC-3′) or NotI/MluI (forward primer 5′-GTGACAGCGG 
CCGCATTCCTGCAGGCCTCGACGA-3′ and reverse primer 5′- 
TGTCACACGCGTTCGACGAATTTCGACCACTGTGC-3′) over-
hangs for cloning into the CD27z or the LF28z/LFBBz constructs, 
respectively. PCR products were purified with the DNA Clean & 
Concentrator-5 kit (#D4003, Zymo Research) and cloned into the 
CD27z vector after double digestion with SphI (#R3182S, New En-
gland Biolabs) and BspEI (#R0540S, New England Biolabs), using 
T4 DNA Ligase (# New England Biolabs, M0202S). For cloning 
into the LF28z/LFBBz vector, the respective PCR products and desti-
nation backbones underwent double digestion with MluI (#R3198S, 
New England Biolabs) and NotI (#R3189S, New England Biolabs). A 
non-targeting control construct encoding only tdTomato was also 
generated (referred to as SFG). To generate it, the tdTomato region 
of the LeGO-iT vector was amplified with primers featuring XhoI/ 
MluI overhangs (forward primer 5′-GTGACACTCGAGCGATG 
GTGAGCAAGGGCGAG-3′ and reverse primer 5′- CAAGCTAC 
GCGTTTACTTGTACAGCTCGTCCATGCC-3′), purified as above, 
and cloned into the LFBBz construct after dual digestion with 
XhoI (#R0146S, New England Biolabs) and MluI. DH5α competent 
bacterial cell transformation, O/N culture, picking and growing 
of single clones and DNA isolation were performed as above. 
LeGO-iT was a gift from Boris Fehse (Addgene plasmid #27361; 
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http://n2t.net/addgene:27361; RRID:Addgene_27361). For murine 
CD70, retroviral constructs mCAR27, mCAR27/28, and mCAR27/ 
BB were designed in-house and synthetized by VectorBuilder. The 
full-length sequence of mCD27 was fused either to the cytoplasmic 
portion of the mCD3z chain (mCAR27), or the cytoplasmic domain 
of mCD28 and then that of mCD3z (mCAR27/28), or the cyto-
plasmic domain of mCD137 (m4-1BB) and then that of mCD3z 
(mCAR27/BB). The tdTomato cassette was fused to the above se-
quences, driven by a T2A self-cleavage site. Like with the human 
counterparts, a non-targeting control construct encoding only 
tdTomato was also generated (referred to as pMSCV).

Retrovirus production and T cell transduction

Human T cells

HEK293 cells were co-transfected using 3.75 μg of MLV gag/pol-ex-
pressing plasmid pEQ-Pam3(-E), 2.5 μg of envelope-encoding 
plasmid pLTR-RD114A,29 and 3.75 μg of SFG, CD27z, LF28z, or 
LFBBz constructs (all tdTomato-encoding) using GeneJuice 
(#70967, Sigma-Aldrich). Supernatant (SN) was collected 48 h 
post-transfection, filtered, and used to transduce activated human 
T cells from healthy donors, which were isolated from Buffy Coats 
as described previously,49 and activated for 48 h in medium consist-
ing of 45% (v/v) Click’s medium (#C5572, Sigma-Aldrich), 45% (v/v) 
RPMI-1640 (#11875093, Gibco), 10% (v/v) FBS, 10 ng/mL IL-7 
(#200-07, Peprotech), and 5 ng/mL IL-15 (#200-15, Peprotech, here-
by referred to as “hCAR medium”), further supplemented with a 
1:100 dilution of human T cell TransAct (#130-111-160, Miltenyi 
Biotec), at a density of 106 cells/mL. Human T cell retroviral trans-
duction was performed as previously described.49 Transduction effi-
ciency was evaluated 96 h later by flow cytometry.

Murine T cells

HEK293 cells were co-transfected with 4.75 μg of gag/pol/env-en-
coding plasmid pCL-Eco (Addgene #12371; http://n2t.net/addgene: 
12371; RRID:Addgene_12371, gift from Inder Verma) and 3 μg of 
murine retroviral constructs pMSCV, mCAR27, mCAR27/28, and 
mCAR27/BB using GeneJuice (#70967, Sigma-Aldrich). SN was 
collected 48 h post-transfection, filtered, and used to transduce acti-
vated murine T cells. To isolate primary murine T cells, C57BL/6J 
mice (Janvier Labs) were sacrificed by cervical dislocation and the 
spleen and lymph nodes were removed using aseptic technique. 
They were meshed through a 70 μm strainer (#CNA0.1, Carl Roth) 
and washed twice with PBS. Meshed spleens were resuspended in 
ACK Lysing Buffer (#A1049201, Invitrogen) at RT for 1.5 min, 
washed with PBS, and meshed again. The spleen and LN preparation 
products were pooled, and murine T cells were enriched using the 
MagniSort Mouse T cell Enrichment Kit (#8804-6820-74, Invitro-
gen). Isolated T cells were activated on 24-well plates, previously 
coated with 20 μg/mL anti-hamster IgG whole molecule (#55397, 
MP Biomedicals) at 37◦C for 4 h, followed by a PBS wash and coating 
with 4 μg/mL Ultra-LEAF Purified anti-mouse CD3 Antibody 
(#100340, Biolegend, RRID: AB_11149115) at 4◦C for 1 h. Activation 
took place in T cell proliferation medium (TCPM), supplemented 
with 5 μg/mL Ultra-LEAF Purified anti-mouse CD28 Antibody 

(#102115, Biolegend, RRID: AB_11150408) and 100 IU/mL recom-
binant human IL-2 (#130-097-743, Miltenyi Biotec). TCPM 
comprised RPMI-1640 supplemented with 10% (v/v) FBS, 1% (v/v) 
penicillin/streptomycin, 2 mM L-Glutamine (#25030081, Gibco), 
50 μM β-mercaptoethanol (#M6250, Sigma-Aldrich), 25 mM 
HEPES (#15630080, Gibco), 1 mM sodium pyruvate (#11360070, 
Gibco), and 0.1 mM MEM non-essential amino acids solution 
(#11140050, Gibco). Murine T cell transduction took place 36 h after 
activation, exactly as described for primary human T cells.49 Trans-
duced murine T cells were expanded in TCPM supplemented with 
100 IU/mL IL-2, referred to as “mCAR-medium.” Transduction effi-
ciency was evaluated 96 h later by flow cytometry.

qPCR

The RNeasy Mini Kit (#74104, Qiagen) was used to extract RNA 
from 106 GB cells. The MultiScribe Reverse Transcriptase kit 
(#4311235, Invitrogen) was employed to reverse-transcribe 1 μg 
RNA. Gene expression quantification was achieved on a 
QuantStudio-3 real-time PCR system (Applied Biosystems) using 
TaqMan Gene Expression Master Mix (#4369016, Applied Bio-
systems) and TaqMan probes targeting human CD70 (assay ID: 
Hs00174297_m1, Applied Biosystems) and human GAPDH (assay 
ID: Hs99999905_m1, Applied Biosystems), or mouse CD70 (assay 
ID: Mm00441914_m1, Applied Biosystems) and mouse GAPDH 

(assay ID: Mm99999915_g1, Applied Biosystems).

Generation of luminescent tumor models

The lentiviral plasmid pCDH_NanoLuc/EGFP was a kind gift from 
Patricia Benites. The human primary GB cell line P3 was transduced 
to generate the P3/CD70_NLuc/EGFP cell line. The functionality of 
the NLuc gene was verified using the Nano-Glo Luciferase Assay 
System kit (#N1120, Promega) according to the manufacturer’s 
instructions.

Generation of cerebral organoids

Human induced pluripotent stem cells (iPSC) were subjected to 
dual SMAD inhibition using SB-431542 (#SM33, Cell Guidance 
Systems), LDN193189 (#72149, Stem Cell Technologies), and 
XAV (#SM38-50, Cell Guidance Systems) to differentiate into neu-
ral precursor cells (NPC). Cells were cultured in DMEM/F12 sup-
plemented with N2-supplement (#17502048, Gibco), B27-supple-
ment, 1% (v/v), GlutaMax (#35050061, Gibco), 1% (v/v) NEAA 
(#11140035, Gibco), 1.6 mg/mL D-Glucose (#G8270, Sigma- 
Aldrich), 1% (v/v) penicillin/streptomycin, 1 μM LDN193189, 
10 μM SB-431542, and 2 μM XAV. After 8 d, the concentration 
of LDN193189 was reduced to 200 nM and SB-431542 was omitted. 
Cells were dissociated into single-cell suspensions using TrypLE 
Express (#12604013, Gibco) and 105 cells were plated in 
U-bottom plates pre-coated with 0.5% (v/v) Pluronic (#435465, 
Sigma-Aldrich) in the same culture medium, supplemented with 
50 μM Y-27632 (#SCM075, Sigma-Aldrich). 48 h later, the resulting 
spheroids were transferred to 6 cm dishes. After 5 d, the small mol-
ecules were replaced with 20 ng/mL EGF and 20 ng/mL FGF for 19 
d. The culture medium was changed every 2 d, and EGF/FGF were 
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removed starting from day 27. Neuronal differentiation was subse-
quently initiated via Notch inhibition.

Co-culture

Evaluation of human CAR-T cell cytotoxicity by flow cytometry 

and ELISA

Human GB cells were dissociated as above, washed, and seeded on 
wells of a U-bottom 96-well pate (105 cells per well, #83.3925.500, 
Sarstedt) in hCAR medium. Immediately afterwards, effector cells 
were harvested, washed, and 2 × 105 CAR-T cells were added to 
the GB cells in hCAR medium without exogenous cytokines. After 
18 h, SN was collected for ELISA and CAR-T cell activation was eval-
uated by flow cytometry.

Evaluation of murine CAR-T cell cytotoxicity by flow cytometry 

and ELISA

Murine GB cells were dissociated with trypsin and 1 × 105 cells were 
seeded on the wells of 96-well plate (#92196, TPP) in mGCM. On the 
next day, mGCM was removed and 2 × 105 mCAR-T cells were 
added to each well in TCPM without exogenous cytokines. SN was 
collected 18 h later for ELISA and mCAR-T cell activation was as-
sessed by flow cytometry.

Evaluation of human CAR-T cell cytotoxicity on the Incucyte 

platform

Wells of a 96-well plate (#655090, Greiner Bio-One) were coated 
with a 1:50 dilution of growth factor-reduced Corning Matrigel Ma-
trix (#356231, Corning) in hGCM for 1 h at 37◦C. Afterward, matri-
gel was removed and 7.5 × 103 P3/GFP_MCS or P3/GFP_CD70 cells 
were seeded in hGCM medium supplemented with D-Glucose 
(50 mM final concentration). Adherent U138/CD70_KO and 
U138/Ctrl cells were directly seeded in DMEM, supplemented with 
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. Next day, 
7.5 × 103 effector cells were added per well in hCAR medium 
without cytokines. The Incucyte Annexin-V Near Infrared Dye 
(#4768, Sartorius) was added at a final concentration of 1:200. 
Live-cell imaging immediately commenced on the Incucyte SX5 in-
strument using the 10x objective. The time interval between two 
given consecutive timepoints was 45 min. Data from the SX5 Incu-
cyte instrument were analyzed on the Incucyte Analysis Software 
(version 2020C, Sartorius) using the Incucyte Basic Analysis Module. 
The confluency mask was first set on the phase contrast channel to 
identify cells and background noise by defining cell size, eccentricity 
as well as background signal threshold values. Next, analysis param-
eters for the EGFP (tumor cell signal) and the NIR (Annexin-V 
incorporation to flipped phosphatidylserines) channels were defined. 
A Top-Hat segmentation approach was followed to correct for fluo-
rescent background signal. Co-localization analysis was performed 
by generating an overlap mask from the previously defined parame-
ters over time. The following metrics were calculated for every sam-
ple, image and time point: (a) Annexin-V+/EGFP+ object count 
divided by total EGFP+ object count and (b) EGFP+ total object 
count. Both generated metrics were normalized against the first 
measured time point.

Evaluation of mCAR-T cell cytotoxicity against mCD70- 

expressing GB cells by live cell imaging

Murine GB cells were dissociated, washed, and seeded on wells of a 
96-well plate (105 cells per well, #655090, Greiner Bio-One) in 
mGCM. Next day, medium was removed, and 105 mCD70-targeting 
CAR-T cells were added in TCPM, without exogenous cytokines. 
The plate was spun down 500 G for 5 min and live cell confocal mi-
croscopy commenced immediately on a LSM980 confocal micro-
scope (Carl Zeiss). Image acquisition and data analysis are described 
in detail in supplemental methods.

Evaluation of human CAR-T cell cytotoxicity in 3D cerebral 

organoids

Organoids were cultured in advanced MEM (#11095080, Gibco), en-
riched with B27 supplement, GlutaMax, 5 mg/mL D-glucose, and 1% 
(v/v) penicillin/streptomycin, a composition hereby referred to as 
“Organoid medium.” GB cells were dissociated and washed once 
with PBS. A total of 5 × 103 cells were then seeded in U-bottom 
96-well plates, pre-coated with 0.5% (v/v) pluronic, in organoid me-
dium, further supplemented with 20 ng/mL EGF and 20 ng/mL FGF. 
One organoid per well was then manually added. Six days later, EGF 
and FGF were removed from the medium. Fourteen days after the 
co-culture initiation, organoids were either harvested and fixed in 
4% (v/v) paraformaldehyde (PFA; #sc-281692, Santa Cruz Biotech-
nology) in PBS for subsequent IF analysis or treated with CD70-tar-
geting CAR-T cells. For treatment, CAR-T cells were harvested, 
washed once with PBS, and 25 × 103 cells were added per well in or-
ganoid medium. SN was collected prior to, and 2, 3, and 5 d following 
the addition of CAR-T cells. Organoids were fixed as above 3 d after 
CAR-T cell addition for downstream IF analysis.

Flow cytometry

For all flow cytometry analysis experiments, human cells were 
washed with PBS and blocked in human serum (#H4522, Sigma- 
Aldrich), diluted 1:10 in PBS for 10 min at RT. Murine cells were 
washed with PBS and blocked with a 10 μg/mL a-mCD16/a- 
mCD32 mix (#14-0161-82, Thermo Fisher Scientific) in PBS for 
10 min at RT. After blocking, antibody incubation took place for 
30 min at 4◦C, protected from light. Cell viability was evaluated using 
the eBioscience Fixable Viability Dye eFluor 780 (#65-0865-14, eBio-
science). Following incubation, cells underwent two washes with 
PBS. Data acquisition was carried out using an LSR Fortessa instru-
ment (BD Biosciences), and data analysis was conducted with FlowJo 
(version 10.10.0, Treestar). For evaluation of human CD70 expres-
sion on GB cells, 106 GB cells cells were stained with anti-human 
CD70-PE (#555835, BD Biosciences, RRID: AB_396158). For evalu-
ation of human T cell transduction efficiency and CAR-T cell pheno-
typing, before or after target cell stimulation transduced T cells 
were incubated with the following antibody mixes: (a) anti-human 
CD3-BV711 (#317328, Biolegend, RRID: AB_2562907), anti- 
human CD366-BV421 (#364808, Biolegend, RRID: AB_3068174), 
anti-human CD223-BV510 (#369318, Biolegend, RRID: 
AB_2715780), and anti-human CD279-APC (#379208, Biolegend, 
RRID: AB_2922606), (b) anti-human CD3-BV711 (#317328, 
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Biolegend, RRID: AB_2562907), anti-human CD4-PacificBlue 
(#344620, Biolegend, RRID: AB_2832384), and anti-human CD8a- 
APC (#300912, Biolegend, RRID: AB_314115), or (c) anti-human 
CD3-BV711 (#317328, Biolegend, RRID: AB_2562907), anti-human 
CD197-FITC (CCR7, #353216, Biolegend, RRID: AB_10924057), 
anti-human CD62L-PacificBlue (#304825, Biolegend, RRID: 
AB_2186977), anti-human CD45RA-APC (#304112, Biolegend, 
RRID: AB_2564158), and anti-human CD45RO-BV605 (#304238, 
Biolegend, RRID: AB_2562143). For assessment of CAR-T cell acti-
vation after co-culture with MMKI cells, the following antibodies 
were used: anti-human CD3-APC (#100236, Biolegend, RRID: 
AB_312660) and anti-human CD137-BV421 (#309820, Biolegend, 
RRID: AB_2563830). Regarding murine cells, for measurement of 
mCD70 levels on murine glioma cell lines, 106 cells were stained 
with anti-mouse CD70-PE (#104606, Biolegend, RRID: AB_ 
2291343). For evaluation of transduction efficiency of murine 
T cells, the following mix was used: anti-mouse CD3-BV711 
(#100241, Biolegend, RRID: AB_2563945), anti-mouse CD8a-APC 
(#100712, Biolegend, RRID: AB_312751), and anti-mouse CD4- 
FITC (#100406, Biolegend, RRID: AB_312691). For assessment of 
mCAR-T cell activation after co-culture with murine GB models, 
the following mix was used: anti-mouse CD3-BV711 (#100241, Bio-
legend, RRID: AB_2563945) and anti-mouse CD137-APC (#106110, 
Biolegend, RRID: AB_2564297). All isotype antibodies used in this 
study are provided in supplemental methods.

ELISA

The following kits were used to quantify cytokine secretion: Human 
Granzyme-B DuoSet enzyme-linked immunosorbent assay kit 
(ELISA; #DY2906–05, R&D Systems), Human IFN-gamma DuoSet 
ELISA kit (#DY285B, R&D Systems), Human TNF-alpha 
DuoSet ELISA kit (#DY210, R&D Systems), and Mouse TNF-alpha 
DuoSet ELISA kit (#DY410, R&D Systems).

Animal experiments

Animal housing and welfare measures are described in detail in 
supplemental methods. For orthotopic implantation of GB cells, 7– 
12-week-old male NOD.Cg-PrkdcSCIDIl2rgtm1Wjl/SzJ (NSG) immuno-
compromised mice, or C57BL/6J immunocompetent mice, purchased 
from Janvier Labs, were anesthetized with an intraperitoneal (i.p.) in-
jection of a 100 mg/kg body-weight ketamine (LOT# FS1670041, bela- 
pharm) and 20 mg/kg body weight xylazine (LOT# PZN-01320422, 
Elanco) mixture. Tumor cells were loaded on a 10 μL Hamilton sy-
ringe (#80308, Hamilton) and 105 (for NSG mice) or 5 × 104 (for 
C57BL/6J mice) cells were stereotactically injected into the right hemi-
sphere, 2 mm right lateral of the bregma and 1 mm anterior to the cor-
onal suture, 3 mm below the dural surface, with an injection rate of 
5 × 104 cells/min. On treatment day, human or murine CAR-T cells 
were harvested and washed with PBS. Intratumoral (ICT) administra-
tion of 2 × 106 therapeutic or control cells took place as described 
above, at a rate of 106 cells/min. Upon meeting termination criteria, 
animals were intracardially perfused with PBS followed by 4% (w/v) 
PFA in PBS, under deep anesthesia, and brains were subsequently 
fixed and frozen as previously described.49

Immunofluorescence

On cerebral organoids

Fixation took place in 4% (w/v) PFA in PBS at RT for 20 min and 
organoids were then transferred to 30% (w/v) sucrose in PBS O/N 
at 4◦C. Embedding took place in a 10% (w/v) gelatin (#9000-70-8, 
Sigma-Aldrich)/7.5% (w/v) sucrose solution in PBS. Organoids 
were frozen at −80◦C. Cryosectioning was performed to generate 
sections of 20 μm thickness. Sections were blocked in 10% (v/v) horse 
serum (#16050130, Gibco) in PBS, supplemented with 0.1% (v/v) 
Triton-X at RT for 1 h. Samples were then incubated O/N at 4◦C 
with the following primary antibody mixes, diluted 1:1000 in block-
ing buffer: (a) chicken anti-EGFP (#GFP1020, Aves Labs) and mouse 
anti-human CD70 (#ab77868, Abcam) or (b) chicken anti-EGFP, 
rabbit anti-RFP (#600-401-379, Rockland) and mouse anti-Gran-
zyme-B (#MA1-80734, Invitrogen). Samples were washed three 
times in TBS-T and incubated at RT for 1 h in the dark with the 
following secondary antibodies diluted in TBS-T, used in different 
combinations: Donkey anti-Mouse IgG (H + L) Alexa Fluor 647, 
Goat anti-Chicken IgY (H + L) Alexa Fluor 488, and Donkey anti- 
Rabbit IgG (H + L) Alexa Fluor 546. Samples were then washed three 
times in TBS-T, counterstained with DAPI as above, and washed 
three times in TBS-T. Mouse brain tissue and organoid sections 
were mounted on Superfrost slides (#J1800AMNZ, Thermo Fisher 
Scientific) using the Fluoromount Aqueous Mounting Medium 
(#F4680, Sigma-Aldrich). Slides were allowed to dry at 4◦C for 1 h 
and were stored at 4◦C until confocal microscopy. Confocal micro-
scopy was performed on the LSM980 instrument (Zeiss). The 
following lasers were used: 5 mW 405 nm diode (detection of 
DAPI), 10 mW 488 nm diode (detection of Alexa Fluor 488 signal), 
10 mW 561 nm diode (detection of Alexa Fluor 546 signal), and the 
5 mW 640 nm diode (detection of Alexa Fluor 647 signal). The laser 
power, digital offset, and digital gain were adjusted for each individ-
ual experiment and remained constant across all conditions. The 
20x/0.8 Plan-Apochromat M27 (a = 0.55 mm) and 40x/1.2 LD LCI 
Plan-Apochromat DIC M27 (a = 0.40 mm, D = 0.17 mm) objectives 
were used. All images were acquired with a bit depth of 16 and by 
generating z-stacks. Acquired images were processed using Fiji soft-
ware (version 1.53c, National Institutes of Health). Channels were 
first split and maximum intensity projections from all obtained 
z-stacks were generated. The same brightness and contrast adjust-
ments were then applied to all samples. For quantification of CD70 
and Granzyme-B signal on cerebral organoids, the corresponding 
channels were converted to a binary format using the same thresh-
olding method across all samples and conditions, with a dark back-
ground setting. The area of each individual organoid was then calcu-
lated using the DAPI channel. For each sample, the % fraction of the 
total organoid area occupied by CD70 or Granzyme-B signal was 
then calculated.

On treated mouse brain tissue

IF was performed on 50 μm free-floating cryosections. Sections were 
placed into a 24-well plate and subjected to two washes in Tris-buff-
ered saline (TBS), followed by a wash in TBS containing 0.4% (v/v) 
Triton-X (TBS-T; #648466, Sigma Aldrich). All washes, unless 
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otherwise specified, were carried out at RT for 15 min using 500 μL 
per well. Sections were blocked for 90 min in TBS-T supplemented 
with 0.25% (w/v) bovine serum albumin (BSA; #T844.2, Roth) and 
10% (v/v) normal goat serum (#5425, Cell Signaling Technology) 
at RT. Next, sections were incubated O/N at 4◦C with the following 
primary antibodies diluted 1:1000 in TBS-T: (a) chicken anti-EGFP 
(#GFP1020, Aves Labs), rabbit anti-RFP (#600-401-379, Rockland), 
and mouse anti-human CD70 (#ab77868, Abcam) for staining of 
treated NSG mouse brains and (b) chicken anti-EGFP (#GFP1020, 
Aves Labs) and rabbit anti-RFP (#600-401-379, Rockland) for stain-
ing of treated C57BL/6J mouse brains. On the following day, after 
four washes in TBS-T, sections were exposed to secondary antibodies 
O/N at 4◦C, in the dark, while gently rotating. The following second-
ary antibodies were used in different combinations: Goat anti- 
chicken IgY (H + L) Alexa Fluor 488 (#A32931, Invitrogen; 1:500), 
donkey anti-rabbit IgG (H + L) Alexa Fluor 546 (#A10040, Invitro-
gen; 1:500), and donkey anti-mouse IgG (H + L) Alexa Fluor 647 
(#A31571, Invitrogen; 1:500), diluted in TBS. Sections were then 
washed twice with TBS-T, followed by one wash in TBS. All samples 
were counterstained with 1 μg/mL DAPI (#62248, Invitrogen) in 
TBS for 15 min at RT, followed by three washes in TBS-T and one 
in TBS. Sections were mounted as above. Slides were allowed to 
dry at 4◦C for 1 h and were stored at 4◦C. Confocal microscopy 
was performed exactly as described above, utilizing the same instru-
ment setup.

Immunohistochemistry

IHC was performed on 1 μm FFPE tissue sections using the 
BenchMark Ultra immunostainer (Ventana Medical Systems). Sam-
ples were stained with a rabbit anti-CD70 antibody (#A700-266, 
Fortis Life Science; 1:100). Sections were mounted on StarFrost 
Advanced Adhesive slides (#11270, Engelbrecht) and dried for 
15 min at 80◦C. Slides were pretreated with Cell Conditioning Solu-
tion CC1 (#05279801001, Ventana Medical Systems) for 32 min 
at RT. Primary antibody incubation occurred for 32 min at 37◦C, 
followed by Ventana’s standard signal amplification kit 
(#05266114001, Ventana Medical Systems), UltraWash, counter-
staining with hematoxylin (one drop for 4 min), and bluing reagent 
(one drop for 4 min). The chromogenic reaction was performed us-
ing the UltraView Universal DAB Detection Kit (#05269806001, 
Ventana Medical Systems). Stained slides were scanned with the 
Aperio AT2 Scanner (Aperio Technologies, Vista, USA) and digi-
tized via Aperio ImageScope software (version 12.3.2.8013, Leica 
Biosystems).

MRI

For MRI, mice were anesthetized with 2% (v/v) isoflurane for induc-
tion, and anesthesia was maintained at a reduced concentration of 1– 
1.5% (v/v) isoflurane. Throughout the process, animals were posi-
tioned on a heating pad to preserve stable body temperature, and 
their breathing was continuously monitored using a respiratory 
sensor pad linked to a LabVIEW-based system developed in-house 
(National Instruments Corporation). MRI scans were conducted us-
ing a 9.4 T horizontal bore small animal MR scanner (BioSpec 94/ 

20 USR, Bruker BioSpin), equipped with a four-channel phased- 
array surface coil. To assess tumor volume, a 3D T2-weighted rapid 
acquisition sequence with refocused echoes (RARE) was employed. 
The sequence parameters were set as follows: echo time (TE) = 
72.56 ms, repetition time (TR) = 1800 ms, flip angle = 90◦, matrix 
size: 200 × 100 × 120, with one average, slice thickness of 100 μm, 
and an isotropic resolution of 100 μm. The total acquisition 
time was 3 min. Post-acquisition, MR images were saved as 
DICOM files and visualized using Slicer imaging software (version 
4.11.20210226).

In vivo bioluminescence imaging

In vivo imaging of brain tumors was performed on the IVIS Lumina 
III system (PerkinElmer). Animals received an i.p. injection of furi-
mazine (#N1120, Promega) at a dose of 250 μg/kg body weight, 
diluted in PBS. Imaging commenced 10 min after injection with 
10 min exposure time under isoflurane-induced inhalation anes-
thesia. Data were analyzed using the Living Image Software (version 
4.7.2, PerkinElmer). Brightness was set to 100, contrast was set to 1.5, 
and opacity was set to 100. Binning was set to 1, and the color scale 
ranged from 1 × 104 to 3 × 105. For every animal, regions-of-interest 
of the same size were drawn around the tumor area, and the average 
radiance values (p/sec/cm2/sr) were calculated and compared.

Statistical analysis

Data were analyzed with GraphPad Prism (version 10.1.2; GraphPad 
Software). Results are expressed as mean (SD) unless otherwise 
stated. The applied statistical tests are always mentioned in the cor-
responding figure captions. Data normality was investigated. Data 
were visualized using GraphPad Prism (version 10.1.2; GraphPad 
Software). Illustrations were made using BioRender (BioRender 
Inc.). Figures were assembled using Inkscape (version 1.3.2, Inkscape 
Developers).

Study approvals

All animal experiments were approved by the local regulatory au-
thority (“Regierungspräsidium Karlsruhe,” Karlsruhe, Germany, ref. 
nr. G-51/22) and performed following the institutional laboratory 
animal research guidelines. Utilization of mice that served as murine 
T cell donors was approved both institutionally (ref. nr. DKFZ-401) 
and by the local regulatory authority (“Regierungspräsidium Karls-

ruhe,” Karlsruhe, Germany, ref. nr. G-51/22). All genetic engineering 
work in this study has been approved by the local regulatory author-
ity (“Regierungspräsidium Tübingen,” Tübingen, Germany, ref. nr. 
DKFZ.HD.04.03-39).

DATA AND CODE AVAILABILITY
Data and protocols are provided in the main article or as supplemental material and are 
available from the corresponding author upon reasonable request.
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