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Identification of genetic modifiers enhancing B7-H3-targeting CAR T cell therapy 1 

against glioblastoma through large-scale CRISPRi screening 2 

 3 
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Wan, Xingcong Ma, Shuqun Zhang, Yang Xu, Ruilin Tian 5 

 6 

Abstract  7 

Background 8 

Glioblastoma multiforme (GBM) is a highly aggressive brain tumor with a poor 9 

prognosis. Current treatment options are limited and often ineffective. CAR T cell 10 

therapy has shown success in treating hematologic malignancies, and there is growing 11 

interest in its potential application in solid tumors, including GBM. However, current 12 

CAR T therapy lacks clinical efficacy against GBM due to tumor-related resistance 13 

mechanisms and CAR T cell deficiencies. Therefore, there is a need to improve CAR 14 

T cell therapy efficacy in GBM. 15 

 16 

Methods 17 

We conducted large-scale CRISPR interference (CRISPRi) screens in GBM cell line 18 

U87 cells co-cultured with B7-H3 targeting CAR T cells to identify genetic modifiers 19 

that can enhance CAR T cell-mediated tumor killing. Flow cytometry-based tumor 20 

killing assay and CAR T cell activation assay were performed to validate screening hits. 21 

Bioinformatic analyses on bulk and single-cell RNA sequencing data and the TCGA 22 

database were employed to elucidate the mechanism underlying enhanced CAR T 23 

efficacy upon knocking down the selected screening hits in U87 cells. 24 

 25 

Results 26 

We established B7-H3 as a targetable antigen for CAR T therapy in GBM. Through 27 

large-scale CRISPRi screening, we discovered genetic modifiers in GBM cells, 28 

including ARPC4, PI4KA, ATP6V1A, UBA1, and NDUFV1, that regulated the efficacy 29 



of CAR T cell-mediated tumor killing. Furthermore, we discovered that TNFSF15 was 30 

upregulated in both ARPC4 and NDUFV1 knockdown GBM cells and revealed an 31 

immunostimulatory role of TNFSF15 in modulating tumor-CAR T interaction to 32 

enhance CAR T cell efficacy. 33 

 34 

Conclusions 35 

Our study highlights the power of CRISPR-based genetic screening in investigating 36 

tumor-CAR T interaction and identifies potential druggable targets in tumor cells that 37 

confer resistance to CAR T cell killing. Furthermore, we devised targeted strategies 38 

that synergize with CAR T therapy against GBM. These findings shed light on the 39 

development of novel combinatorial strategies for effective immunotherapy of GBM 40 

and other solid tumors. 41 

 42 
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Background 46 

Glioblastoma multiforme (GBM) is the most aggressive and common primary brain 47 

tumor, characterized by rapid growth, diffuse infiltration, and poor prognosis. With a 48 

median survival period of only 12-15 months and a 5-year survival rate of less than 5%, 49 

GBM poses a significant challenge in neuro-oncology [1-4]. The current standard 50 

therapy for GBM involves a combination of surgical resection, radiation therapy, and 51 

chemotherapy with temozolomide. However, the efficacy of these treatments is limited 52 

by the invasive nature of GBM cells, the presence of treatment-resistant tumor 53 

subpopulations, and the challenges posed by the blood-brain barrier [5]. Therefore, 54 

there is an urgent need to develop novel therapeutic modalities that can effectively 55 

target and eliminate GBM cells and overcome their inherent resistance in order to 56 

improve patient outcomes and ultimately find a cure for this devastating disease. 57 

Chimeric Antigen Receptor T (CAR T) cell therapy has emerged as a revolutionary 58 

immunotherapy approach for cancer treatment. It involves modifying a patient's own T 59 

cells to express a synthetic receptor (CAR), enabling them to recognize and target 60 

specific cancer cells [6]. CAR T therapy has demonstrated remarkable success in 61 

hematologic malignancies, such as leukemia and lymphoma [7, 8]. This success has 62 

spurred a growing interest in investigating the potential application of CAR T therapy 63 

in the treatment of solid tumors, including GBM [9]. Multiple targets have been 64 

explored so far for CAR T therapy against GBM, such as IL-13Rα2 [10-12], 65 

EGFR/EGFRvIII [13-15], EphA2 [16], HER2 [17, 18], B7-H3 (CD276) [19], GD2 [20], 66 

CD70 [21], CD133 [22], CD317 [23] and p32[24]. Unlike chemotherapy drugs, which 67 

often face challenges in penetrating brain tumors due to the blood-brain barrier, 68 

intravenous infusion of CAR T cells has been shown to effectively cross the blood-69 

brain barrier and enter the tumor in the brain [25, 26]. A few clinical trials have provided 70 

evidence of the feasibility, safety, and initial signs of efficacy of CAR T cell therapy in 71 

treating GBM [9]. However, the application of CAR T cells in GBM, like in other solid 72 

tumors, faces several limitations. GBM exhibits a high degree of antigen expression 73 

heterogeneity, thus highlighting the need to identify better targets with broader coverage 74 



and better safety profile [27, 28]. In addition, tumor cells develop resistance 75 

mechanisms that hinder the activation and effector functions of T cells. While 76 

mechanisms such as the PD-L1/PD-1 immune checkpoint axis are common to most 77 

tumor cells, many tumor-type specific resistance mechanisms remain to be uncovered 78 

[29, 30].  79 

High-throughput genetic screening is a powerful approach for identifying cancer 80 

therapeutic targets. This process has been greatly facilitated by the recent development 81 

of CRISPR/Cas-based genetic manipulation tools, including CRISPR knockout 82 

(CRISPRn), CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) [31-83 

33]. CRISPR-based genetic screening has been used in GBM recently to reveal 84 

mechanisms of resistance and uncover sensitizing targets for chemotherapy [34-36], 85 

radiotherapy [37, 38] and immunotherapy[39-41].  86 

In the present study, we first established B7-H3 as a targetable antigen for CAR T 87 

therapy in GBM. Next, we uncovered genetic modifiers in GBM cells that modulated 88 

the efficacy of CAR T cell-mediated tumor killing through large-scale CRISPRi 89 

screening. Finally, we demonstrated an immunostimulatory role of TNFSF15 in 90 

modulating tumor-CAR T interaction to enhance CAR T cell anti-tumor activity. 91 

  92 



Materials and methods 93 

Cell culture  94 

U87 MG, U251 MG, T98G and HEK293T cell lines were purchased from ATCC 95 

and cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Cat. no. C11995500BT) 96 

supplemented with 10% fetal bovine serum (TransGen Biotech, Cat. no. FS301-02) and 97 

1% penicillin and streptomycin (Aladdin, Cat. no. P301861-100ml) at 37 ℃and 5% 98 

CO2. All cell lines were mycoplasma negative detected by MycAway™ Plus-Color 99 

One-Step Mycoplasma Detection Kit (Yeasen, Cat. no. 40612ES25). 100 

Lentivirus production  101 

For lentivirus production of the H1 library, 5 × 106 HEK293T cells were seeded in 102 

a 15-cm dish for 24 hours before transfection. 15ug of H1 library plasmid and 15ug of 103 

third-generation packaging mix (1:1:1 mix of the three plasmids) were diluted in 3mL 104 

of Opti-MEM (Gibco, Cat. no.31986-07). Subsequently, 120 μL of Polyethylenimine 105 

Linear (PEI) MW40000 (Yeasen, Cat. no. 40816ES03) was added to the 3 mL DNA 106 

dilution, vortexed for 10 seconds, and thoroughly mixed. After incubating at room 107 

temperature for 10-15 minutes, the mixture was added to a 15-cm dish containing 108 

HEK293T cells. Forty-eight hours later, the viral supernatants were collected and 109 

filtered with a 0.45 μm filter (Millipore, Cat. no. SLHV033RB). 110 

For small-scale lentivirus production, 0.5 × 106 HEK293T cells were seeded on 6-111 

well plates. After 24 hours, 100 μL of Opti-MEM was used for each well of cells to 112 

dilute 1 μg of transfer plasmid and 1ug of third-generation packaging mix, thoroughly 113 

mixed to form the DNA dilution. Subsequently, 4 μL of PEI was added, and the mixture 114 

was thoroughly vortexed for homogeneity. The remaining procedures were carried out 115 

as described above. 116 

 117 

Retroviral construct and retrovirus production.  118 

The scFv fragment targeting human B7-H3 (clone 376.96) was cloned into a 119 

previously validated CAR format that contains the hinge and transmembrane domains 120 

of human CD8α and the endo-domains of human CD28 and CD3ζ. The B7-H3.CAR 121 



cassette was cloned into the SFG-based bicistronic retroviral vector containing IRES 122 

and a mCherry reporter. 123 

  Retroviral supernatants used to transduce human T cells were prepared based on 124 

the described protocol [42]. Briefly, 3-3.5 × 106 HEK293T cells were seeded in 10 cm 125 

cell culture dish and transfected with the plasmid mixture of the retroviral transfer 126 

vector, the PegPam plasmid encoding MoMLV gag-pol, and the RDF plasmid encoding 127 

the RD114 envelope, using the TransIT®-LT1 Transfection Reagent (Mirus, Cat. no. 128 

MIR2306), according to the manufacturer's instruction. The supernatant containing the 129 

retrovirus was collected 48 and 72 hours after transfection and filtered with 0.45 μm 130 

filters. 131 

 132 

Transduction and expansion of CAR T cells 133 

Frozen peripheral blood mononuclear cells (PBMCs) from healthy donors were 134 

purchased from a commercial source (Stemcell). After thawing, PBMCs were activated 135 

on plates coated with 1 μg/mL CD3 (Miltenyi Biotec, Cat. no.130-093-387) and 1 136 

μg/mL CD28 (BD Biosciences, Cat. no. 555725) agonistic mAbs. On day 2, T 137 

lymphocytes were transduced with retroviral supernatants using retronectin-coated 138 

plates (Takara Bio Inc., Shiga, Japan, Cat. no. T100B). Three days post transduction, T 139 

cells are harvested and cultured in complete T cell media medium (X-VIVOTM 15 140 

(Lonza, Cat. no. 04-418Q), 5% FBS (Hyclone, Cat. no.SV30208.02), 2 mM GlutaMAX, 141 

100 unit/mL of Penicillin and 100 μg/mL of streptomycin) supplemented with IL-7 (10 142 

ng/mL; PeproTech, Cat. no. 200-07-500) and IL-15 (5 ng/mL; PeproTech, Cat. no. 200-143 

15-500), changing medium every 2-3 days [43]. On day 10-12 post transduction, T cells 144 

were collected and cultured in IL-7/IL-15 depleted T cell medium for one day prior and 145 

subsequently used for functional assays. 146 

 147 

Generation of CRISPRi-U87 cell line  148 

U87 cells were co-transfected with plasmids encoding pC13N-dCas9-BFP-KRAB 149 

[44] and TALENS targeting the human CLYBL intragenic safe harbor locus (pZT-C13-150 

R1 and pZT-C13-L1, Addgene #62196 and #62197) using Lipofectamine 3000 151 



(Thermo Fisher Scientific, Cat. no. L3000001). Transduced cells were enriched based 152 

on the blue fluorescent protein (BFP) signal by fluorescence-activated cell sorting 153 

(FACS) using FACSAria SORP (BD Biosciences). We named this cell line CRISPRi-154 

U87. 155 

 156 

CRISPRi screening 157 

The workflow of the CRISPRi screen is illustrated in Fig. 3D. The H1 library which 158 

contains 13,025 unique sgRNA sequences targeting 2,318 kinases, phosphatases and 159 

drug targets (5 or 10 sgRNAs each gene), along with 500 non-targeting control sgRNAs, 160 

was packaged into lentivirus and transducted into CRISPRi-U87 at a low multiplicity 161 

of infection (MOI) of 0.3. 162 

Then, the transduced cells were selected with 2 μg/mL of puromycin for 48 hr to 163 

eliminate uninfected cells and generate a genome-edited cell pool. After selection, cells 164 

were expanded and divided into four groups, each containing 5 million cells.                165 

The cells were co-cultured with B7-H3 targeting or CD19 targeting CAR T cells derived 166 

from two healthy donors at an effector-to-target ratio of 1:4 for 36 hours, followed by 167 

a 48-hour recovery period. Survived cells were then harvested, and the different cell 168 

populations were processed for next-generation sequencing to determine sgRNA 169 

abundancies in each group. Genomic DNA was extracted from CRISPRi-U87 cells with 170 

DNAiso Reagent (Takara, Cat. no. 9770Q) according to the manufacturer’s protocol. 171 

The sgRNA fragment was amplified using 2XPhanta Flash Master Mix (Vazyme, Cat. 172 

no. P510-02) and size-selected using Hieff NGS DNA Selection Beads (Yeasen, Cat. 173 

no. 12601ES08). The sgRNA products were sequenced using a DNBSEQ-T7 174 

instrument (MGI Tech). The MAGeCK-iNC pipeline was used for screening data 175 

analysis [44-46]. 176 

 177 

sgRNA cloning 178 

Individual sgRNAs were cloned into the pLG15 vector via BstXI and Bpu1102I 179 

sites as previously described [47]. The pLG15 vector contains a mouse U6 promoter-180 

driven sgRNA expression cassette and an EF-1α promoter-driven puromycin resistance 181 



marker and BFP expression cassette for selection. A complete list of sgRNA sequences 182 

used in this study is listed in Supplementary Table 5. 183 

 184 

Co-culture experiments 185 

  Tumor cells were seeded in 12-well plates at 1 × 105 cells/well. To assess the 186 

cytotoxic functions of CAR T cells, T cells were added to the culture at different ratios 187 

(E: T of 1:1, 1:2, or 1:4) without the addition of exogenous cytokines. Cells were 188 

analyzed on days 2-5 to measure residual tumor cells and T cells by FACS. Dead cells 189 

were gated out by Zombie Aqua Dye (Biolegend, Cat. no. 423102) staining, while 190 

T cells were identified by the expression of mCherry and tumor cells by the expression 191 

of GFP (U87, U251, T98G cell lines and sgRNA-knocked down U87 sublines).  192 

To detect cytokine production and activation markers of CAR T cells, a 5:1 E: T ratio 193 

was used, and culture supernatant and cells were collected 24 hours post co-culture. 194 

 195 

ELISA 196 

  Cytokines (TNF-α, IFN-γ and IL-2) released by CAR T cells were measured in 197 

duplicate using specific ELISA kits (R&D system, Cat. no. DY202-05, DY285B-05, 198 

DY210-05) following manufacturer’s instructions. An 8-point dilution standard curve 199 

was performed for each ELISA plate. 200 

 201 

Flow cytometry 202 

  For surface staining, cells were incubated with antibodies at room temperature for 15 203 

min or at 4 °C for 30 min. For staining of B7-H3 specific scFv molecules on the T cell 204 

surface, CAR T cells were incubated with recombinant B7-H3-Fc protein (Genscript) 205 

followed by Alexa Fluor 647-conjugated anti-Fc antibody (Biolegend, Clone 206 

M1310G05, Cat. no. 410714). 207 

  For intracellular staining, cells were fixed and permeabilized using 208 

Cytofix/CytoPerm (BD Biosciences, Cat. no. 554714) for 30 min at room temperature 209 

and washed with 1X PermWash (BD Biosciences, Cat. no. 554714). Subsequent 210 

staining was performed using 1X PermWash as staining and wash buffer. In most assays, 211 



cells were stained with Zombie Aqua Live/Dead Viability dye (Biolegend, Cat. no. 212 

423102) to gate out dead cells for analysis. 213 

  The following antibodies used for the flow cytometry analysis were obtained from 214 

Biolegend: PE/Dazzle 594-conjugated anti-CD3 (Clone OKT3, Cat. no. 317346), 215 

BV711-conjugated anti-CD4 (Clone OKT4, Cat. no. 317440), Alexa Fluor 700-216 

conjugated anti-CD8 (Clone SK1, Cat. no. 344724), APC-conjugated anti-CD25 (Clone 217 

BC96, Cat. no. 302610), BV650-conjugated anti-CD137 (Clone 4B4-1, Cat. no. 218 

309828), PE-conjugated anti-CD45RA (Clone H100, Cat. no. 304108). 219 

The following antibodies used for the flow cytometry analysis were obtained from 220 

BD Biosciences: FITC-conjugated anti-CCR7 (Clone 150503, Cat. no. 561271), APC-221 

Cy7-conjugated anti-CD69 (Clone FN50, Cat. no. 557756), V450-conjugated anti-222 

Granzyme B (Clone GB11, Cat. no. 561155).  223 

   Flow cytometry data were collected on NovoCyte Quanteon (Agilent) using 224 

NovoExpress software, and the flow data were analyzed using FlowJo software 225 

(version 9.32, Tree Star). 226 

 227 

Quantitative Real‑Time Polymerase Chain Reaction (qRT-PCR)  228 

Total RNA was extracted using MolPure® Cell RNA Kit (Yeasen, Cat. no. 229 

19231ES50) according to the manufacturer’s instructions. RNA was reverse transcribed 230 

to cDNA with TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix 231 

(TransGen, Cat. no. AT311-03). Quantitative real-time PCR was performed using AceQ 232 

qPCR SYBR Green Master Mix (Vazyme, Cat. no. Q111-02) according to the 233 

manufacturer’s protocol and run on a QuantStudio 7 Flex thermocycler (Applied 234 

Biosystems). GAPDH was used as an endogenous control. The qRT-PCR primers used 235 

in this study are listed in Supplementary Table 5. 236 

 237 

Tissue microarray analysis and immunohistochemistry staining 238 

The human microarrays containing 24 glioma tissue samples and corresponding 239 

clinicopathological information were obtained from Xi’an Bioaitech.com (Cat. no. 240 

N026Ct01). 241 



The antibody against B7-H3 (Abcam, Cat. no. ab227670) was used for 242 

immunohistochemistry (IHC) staining according to the manufacturer’s protocol. The 243 

overall immunoreactive score of each sample was defined as the product of the staining 244 

intensity and positive rate (0–300%). The staining intensity was divided into 4 stages 245 

(no signal = 0, weak signal = 1, moderate signal = 2 and strong signal = 3), and the 246 

positive rates ranged from 0% to 100%. The IHC results were analyzed using 247 

Aipathwell (Wuhan servicebio technology CO., LTD).  248 

 249 

RNA sequencing and data analysis 250 

The CRISPRi-U87 cells expressing different sgRNAs were co-cultured with B7-251 

H3 CAR T cells at an E: T ratio of 1:4 for 12 hours. Following the co-culture, the 252 

CRISPRi-U87 cells were isolated and total RNA was extracted using Trizol (Invitrogen, 253 

Cat. no. 15596026); RNA purity and quantification were evaluated using Qubit 4.0 254 

(Thermo Scientific); RNA integrity was assessed using Agilent 2100 Bioanalyzer 255 

(Agilent Technologies); The sequencing libraries were constructed using Hieff NGS® 256 

Ultima Dual-mode mRNA Library Prep Kit for Illumina® (Yeasen, Cat. no. 12301). 257 

RNA-seq was performed on the DNBSEQ-T7 platform (Geneplus-Shenzhen). At least 258 

12 Gb sequencing data (PE150) per sample were obtained.  259 

The transcriptome sequencing data were aligned to the reference genome GRCh38 260 

using the STAR alignment software (version 2.7.6a). Gene expression levels were 261 

quantified using the StringTie2 software (version 2.0.4). The normalization of 262 

expression levels was performed using two methods: Fragments Per Kilobase of 263 

transcript per Million mapped reads (FPKM) and Transcripts Per Million (TPM). 264 

Differential expression analysis of two conditions was performed using the DEGSeq2 265 

R package (1.26.0). The P values were adjusted using the Benjamini & Hochberg 266 

method. A corrected P-value of 0.05 and log2(Fold change) of 1 were set as the 267 

threshold for significantly differential expression. 268 

Gene Ontology and KEGG enrichment analysis were performed to deduce the 269 

potential biological functions by an R package-clusterProfiler (version 3.14.0). Genes 270 

with at least one read in treatment or control samples were considered the enrichment 271 



analysis background. 272 

Stimulation of B7-H3.CAR T cells with plate-bound recombinant B7-H3-Fc 273 

protein 274 

  Non-tissue culture-treated 24-well plates were coated with 0.5 μg/mL recombinant 275 

human B7-H3-Fc proteins with or without recombinant trimeric TL1A/TNFSF15 276 

protein (MCE, Cat. no. HY-P78447) in 100 ng/mL or 400 ng/mL at 4 °C for 24 hours. 277 

Plates were washed with DPBS and T cell medium, and 5 × 105 B7-H3.CAR T cells 278 

were added onto the plate for stimulation. Cells were collected 24 hours post 279 

stimulation for FACS analysis. 280 

 281 

Public data mining 282 

Gene expression profiles and patient survival data of 1018 CGGA glioma 283 

samples and 751 TCGA glioma samples were obtained from the Chinese Glioma 284 

Genome Atlas (http://www.cgga.org.cn/analyse/RNA-data.jsp) and The Cancer 285 

Genome Atlas Program (https://portal.gdc.cancer.gov/). RNA sequencing data of 1079 286 

normal brain samples were obtained from the UCSC Xena (https://xenabrowser.net/). 287 

Single-cell transcriptome data for cytokine response in mice were obtained from the 288 

Immune Dictionary (https://immune-dictionary.org/app/home). 289 

 290 

Statistical analysis 291 

Statistical analysis was performed using GraphPad Prism 9 software. The Student’s 292 

t-test was used for comparison between two independent groups. One-way analysis of 293 

variance (ANOVA) was used to compare at least 3 experimental groups. The error bars 294 

represent the mean ± standard error of the mean (SEM). P values of less than 0.05 were 295 

considered statistically significant (∗< 0.05, ∗∗< 0.01 and ∗∗∗ < 0.001). 296 

  297 



Results  298 

B7-H3/CD276 is highly expressed in GBM 299 

Our previous studies showed that B7-H3 (also known as CD276) is a tumor-300 

associated antigen expressed on the surface of various cancer cell types and can be 301 

effectively targeted by B7-H3 specific CAR T cells [48, 49]. To determine whether B7-302 

H3 can also be used as a target antigen in human GBM, we first analyzed the gene 303 

expression profiles of glioma samples in The Cancer Genome Atlas (TCGA) [50-52] 304 

and Chinese Glioma Genome Atlas (CGGA) databases [53]. We found that B7-H3 305 

(encoded by the gene CD276) is highly expressed in all stages of glioma compared to 306 

normal brain tissue. Notably, its expression levels increase with increasing glioma grade, 307 

reaching the highest levels in GBM (Grade IV glioma) (Fig. 1A). Moreover, high 308 

expression levels of CD276 are associated with significantly shortened patient survival 309 

(Fig. 1B). In addition, IHC analysis of a tissue microarray containing 24 glioma 310 

samples also confirmed the high expression of B7-H3 in various stages of glioma, 311 

including GBM (Fig. 1C, Supplementary Table 1). 312 

Next, we determined B7-H3 expression levels in 3 commonly used GBM cell lines 313 

(U251, T98G and U87) by cell surface immunostaining, followed by flow cytometry 314 

analysis. Our results showed that the B7-H3 antigen is abundantly expressed in all 315 

tested cell lines, with the highest level observed in U87 cells (Fig. 1D-F). These data 316 

suggest that B7-H3 could be an ideal target antigen for developing CAR T therapy 317 

against GBM. 318 

B7-H3-specific CAR T cells recognize and eradicate GBM cells. 319 

We generated B7-H3-specific CAR T cells by transducing primary human T cells 320 

with a bicistronic retroviral vector encoding CAR molecule with CD28 and CD3ζ endo-321 

domains and mCherry as a detection marker (Fig. 2A&B). The CAR construct was 322 

efficiently expressed, as determined by mCherry expression and direct staining of CAR 323 

proteins on the cell surface (Fig. 2C). Ex vivo cultured B7-H3-specific CAR T cells 324 

contained 27.8% and 69.3% CD4+ and CD8+ cells, respectively and consist of memory 325 



T cell populations consistent with previous studies (Fig. 2D, Supplementary Figure 326 

1) [49]. Our B7-H3-specific CAR T cells exhibit strong T cell activation, indicated by 327 

the expression of activation markers CD69, CD25 and CD137 when co-cultured with 328 

GBM cell lines (Fig. 2E). Furthermore, expression of the cytotoxic protein granzyme 329 

B and cytokine secretion were robustly and specifically induced upon tumor 330 

engagement (Fig. 2F).  331 

To assess the cytotoxic efficacy of B7-H3-specific CAR T cells against GBM cells, 332 

we co-cultured three GBM cell lines with either CAR T cells or untransduced T cells 333 

(Ctrl) at 1-to-1 effector-to-target (E: T) ratio for 5 days. The residual tumor cells were 334 

quantified using flow cytometry. Remarkably, all three cell lines were efficiently 335 

eradicated by CAR T cells but not by Ctrl T cells (Fig. 2G). Next, we determined the 336 

kinetics of CAR T cell-mediated killing of U87 cells and found that tumor eradication 337 

was apparent starting from day 2 of co-culture (Fig. 2H), while CAR T cells gradually 338 

expanded over time (Fig. 2I). Furthermore, we observed increased tumor killing as a 339 

function of E: T ratios, with tumor cell elimination increasing from approximately 20% 340 

to approximately 90% as the E: T ratio increased from 1:4 to 1:1 (Fig. 2J). These data 341 

demonstrate that GBM cell lines can be effectively targeted by B7-H3-specific CAR T 342 

cells. 343 

 344 

A co-culture CRISPRi screen identified regulators of B7-H3 CAR T cell-mediated 345 

cytotoxicity in GBM cells 346 

Next, we sought to identify genetic modifiers in GBM cells that modulate their 347 

susceptibility to B7-H3 CAR T cell-mediated killing. To this end, we engineered a U87 348 

cell line that stably expresses the CRISPRi machinery (hereafter referred to as 349 

CRISPRi-U87) by integrating a CAG promoter-driven dCas9-BFP-KRAB expression 350 

cassette into the CLYBL safe harbor locus through homologous recombination [44] 351 

(Fig. 3A). Robust gene silencing was observed in this cell line when testing with three 352 

previously validated sgRNAs targeting STAT1, TFRC and IFNAR, respectively [44, 46] 353 

(Fig. 3B). 354 



We transduced CRISPRi-U87 cells with the H1 library, which comprises 355 

approximately 13,000 sgRNAs targeting 2,318 genes encoding kinases, phosphatases, 356 

and drug targets with 5 or 10 sgRNAs per gene, along with 500 non-targeting control 357 

sgRNAs [47]. Subsequently, the cells were co-cultured with either B7-H3 or CD19 358 

CAR T cells. CD19 CAR T cells were used as a control because CD19 is not expressed 359 

in GBM cells, and CD19 CAR T cells did not exhibit cytotoxicity towards U87 cells 360 

(Fig. 3C). We determined that a co-culture duration of 36 hours and a E: T ratio of 1:4 361 

resulted in approximately 50% tumor cell killing, which would allow us to identify 362 

genetic modifiers that either enhance or suppress the susceptibility of U87 cells to CAR 363 

T cell cytotoxicity (Fig. 3C). After co-culture, CAR T cells were removed and 364 

CRISPRi-U87 cells were recovered for 48 hours. The remaining cells were then 365 

harvested and processed for next-generation sequencing to determine sgRNA 366 

abundancies (Fig. 3D). The screens were performed in parallel with CAR T cells 367 

derived from two separate donors. sgRNA abundances were compared between the B7-368 

H3 and CD19 groups to determine the phenotype and significance of each gene 369 

perturbation using the MAGeCK-iNC pipeline [54]. 370 

The screen results demonstrated high reproducibility, as evidenced by the strong 371 

correlation between the two donor replicates (Fig. 3E). We identified numerous positive 372 

and negative hits, corresponding to genes whose knockdown suppressed or enhanced 373 

the susceptibility of U87 cells to CAR T cell cytotoxicity, respectively (Fig. 3F, 374 

Supplementary Table 2&3). These hits covered diverse cellular processes, and the 375 

negative hits were enriched in pathways including the PI3K/AKT/mTOR signaling, 376 

Hypoxia and Oxidative phosphorylation (Fig. 3G&H).  377 

 378 

Knockdown of high-confident screening hits in GBM enhanced B7-H3 CAR T 379 

cell-mediated killing by stimulating cytotoxic Granzyme B production 380 

Our screens identified multiple genes that encode components of mitochondrial 381 

complex I, including NDUFAB1, NDUFC1 and NDUFV1. Knockdown of these genes 382 

enhanced the susceptibility of U87 cells to B7-H3 CAR T cell killing, suggesting an 383 

important role of complex I in this process (Fig. 4A, Supplementary Table 2&3). 384 



Furthermore, we compared our screening results with a previously published CRISPR 385 

screen in U87 cells focused on EGFR CAR T cell-mediated killing [39]. We re-386 

analyzed the EGFR CAR T screening data with the MAGeCK-iNC pipeline and 387 

filtered out genes not in the H1 library (Fig. 4B, Supplementary Table 4). The 388 

comparison revealed four overlapping negative hit genes: ARPC4, ATP6V1A, PI4KA 389 

and UBA1 (Fig. 4A-C). Based on these analyses, we prioritized five genes, NDUFV1, 390 

ARPC4, ATP6V1A, PI4KA, and UBA1, as high-confidence hits for further validation.  391 

We generated knockdown cell lines in CRISPRi-U87 cells by individually cloning 392 

sgRNAs targeting these genes (Fig. 4D). Subsequently, these cell lines were co-cultured 393 

with CAR T cells to assess cell survival and analyze gene expression of tumor cells, as 394 

well as evaluate T cell activation of CAR T cells (Fig. 4E). Remarkably, knockdown of 395 

PI4KA, ATP6V1A, NDUFV1 and ARPC4 significantly enhanced B7-H3 CAR T cell 396 

killing at all E: T ratios tested, as compared to control sgRNA (sgCtrl) (Fig. 4F-I). 397 

Knockdown of UBA1 also showed a significant effect at an E: T ratio of 1:4 (Fig. 4J). 398 

Notably, the number of CAR T cells at the end of co-culture was unchanged 399 

(Supplementary Figure 2), suggesting the increased sensitivity was not due to greater 400 

proliferation or expansion of CAR T cells but more likely to elevated per-cell killing 401 

capacity. Importantly, a selective PI4KA inhibitor, GSK-A1[55], also increased CAR T 402 

cytotoxicity at a low E: T ratio (Fig. 4K). Collectively, these data validate the effect of 403 

high-confidence screening hits in enhancing CAR T cell efficacy against GBM, 404 

highlighting the robustness of our CRISPRi screen. 405 

Next, we aimed to elucidate the mechanisms underlying the increased CAR T cell 406 

susceptibility after knocking down the high-confident hit genes in GBM cells. We 407 

excluded UBA1 from further characterization due to its high toxicity upon knockdown 408 

in U87 cells. Immunostaining analysis showed no increase in cell surface B7-H3 levels 409 

in any of the knockdown cell lines compared to the control (Fig. 4L), indicating that 410 

increased CAR T killing was not due to elevated antigen expression. Next, we 411 

determined the production of cytotoxic molecule granzyme B and the expression of 412 

activation markers in CAR T cells upon their engagement with different knockdown 413 



cell lines. Interestingly, Granzyme B production was elevated in all knockdown cell 414 

lines, with the most dramatic increase observed in PI4KA, ATP6V1A and NDUFV1 415 

knockdown cells (Fig. 4M). These data suggest that knockdown of the selected high-416 

confident hit genes potentiates CAR T cell cytotoxicity through stimulating Granzyme 417 

B production in CAR T cells.  418 

 419 

Upregulated cytokine signaling as a convergent mechanism mediating the effect of 420 

ARPC4 and NDUFV1 knockdown in enhancing CAR T cell cytotoxicity 421 

To understand how the knockdown of hit genes in U87 cells activates granzyme B 422 

production in CAR T cells, we performed RNA-seq analyses on CRISPRi-U87 cells 423 

expressing either a control sgRNA or sgRNAs targeting ARPC4, ATP6V1A, NDUFV1 424 

and PI4KA after co-cultured with B7-H3 CAR T cells for 12 hours at an E: T ratio of 425 

1:1 (Fig. 4E). The analyses revealed that cells with different gene knockdown exhibited 426 

distinct gene expression profiles (Fig. 5A-C, Supplementary Figure 3). Intriguingly, 427 

the knockdown of ARPC4 and NDUFV1, two genes with distinct known functions, 428 

resulted in a substantial overlap of upregulated genes (Fig. 5B-D). In particular, the 429 

upregulated genes were enriched in the KEGG pathway "Cytokine-cytokine receptor 430 

interaction" in both knockdown groups (Fig. 5E-H). This finding suggests that the 431 

knockdown of ARPC4 and NDUFV1 may have a convergent impact on cytokine 432 

signaling pathways, potentially contributing to the observed activation of Granzyme B 433 

production in CAR T cells. 434 

 435 

TNFSF15-mediated activation of the NF-κB pathway enhances CAR T cell 436 

cytotoxicity   437 

Our RNA-seq analyses revealed TNFSF15 as one of the shared upregulated genes 438 

involved in cytokine signaling in both APRC4 and NDUFV1 knockdown cells (Fig. 5B-439 

H). Previous studies showed that TNFSF15 engages with the DR3 receptor (encoded 440 

by the TNFRSF25 gene) on T cells and activates NF-κB and MAPK signaling cascade 441 

through TRAF2 [56]. In addition, TNFSF15 upregulation was observed in various 442 



autoimmune diseases, such as rheumatoid arthritis and inflammatory bowel disease 443 

[57]. Thus, the upregulated TNFSF15 in tumor cells upon APRC4 and NDUFV1 444 

knockdown may serve as an immune-stimulatory factor for CAR T cells, facilitating 445 

their tumor lytic activity. To test this hypothesis, we first activated B7-H3 CAR T cells 446 

with a plate-bound recombinant B7-H3-Fc protein with or without recombinant trimeric 447 

TNFSF15 protein, and measured T cell activation 24 hours post activation. Intriguingly, 448 

the addition of TNFSF15 protein exhibited a significant and dose-dependent increase 449 

of T cell activation based on the expression of CD69 and CD25 (Fig. 6A). Moreover, 450 

the addition of recombinant trimeric TNFSF15 protein into CAR T-tumor coculture 451 

significantly promoted tumor killing by CAR T cells in an antigen-specific and dose-452 

dependent manner (Fig. 6B). To corroborate with these observations, we leveraged 453 

public transcriptomics data of human GBM samples in TCGA and found a strong 454 

positive correlation between TNFSF15 expression and T cell activation signature (Fig. 455 

6C). Taken together, these data support our hypothesis that upregulated TNFSF15 in 456 

APRC4 and NDUFV1 knockdown GBM cells plays an immune-stimulatory role in 457 

enhancing CAR T cell efficacy. 458 

To further elucidate the mechanisms by which TNFSF15 stimulates CAR T cells, 459 

we performed single-cell transcriptome analysis on a recently published comprehensive 460 

database of in vivo cellular immune responses to cytokines [58]. In that study, mice 461 

were treated with either PBS control or different cytokines, followed by single-cell 462 

RNA sequencing of their skin-draining lymph nodes [58]. We specifically examined the 463 

gene expression changes within the CD8+ T cells upon TNFSF15 (also known as TL1A) 464 

injection compared to PBS (Fig. 6D). Interestingly, we discovered that TNFSF15 465 

treatment induced the upregulation of many genes involved in immune function, with 466 

the top 50 upregulated genes enriched in GO terms “response to cytokine”, “regulation 467 

of immune system process” and “lymphocyte activation” (Supplementary Figure 4). 468 

In particular, genes in the NF-κB pathway, including Nfkb1, Nfkb2 and Relb, and genes 469 

associated with T cell activation, including Trp53, Psmb10, Irf1, Cd4, Icam1, Pglyrp1, 470 

and Pou2f2 were significantly upregulated (Fig. 6E). Supporting this finding, analysis 471 

of the TCGA database revealed strong positive correlations between the expression of 472 



TNFSF15 and NF-κB pathway-related genes NFKB1, NFKB2 and RELB, as well as a 473 

key marker gene associated with T cell activation ICAM1 in human GBM samples [59] 474 

(Fig. 6F-I). 475 

 In summary, our study proposes the following model: knockdown of APRC4 or 476 

NDUFV1 in GBM cells leads to the upregulation of the immuno-stimulatory factor 477 

TNFSF15 in tumor cells. This, in turn, promotes the activation of CAR T cells, 478 

stimulating the production of proinflammatory and cytotoxic factors, including 479 

granzyme B, perforin, IL-2, TNF and IFN-γ possibly through the NF-κB pathway, 480 

thereby augmenting the killing efficacy of CAR T cells against GBM (Fig. 6J). 481 

  482 



Discussion 483 

CAR T cell therapy has emerged as a groundbreaking approach for cancer treatment. 484 

However, despite its remarkable efficacy in certain hematologic malignancies such as 485 

acute lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma (DLBCL)， 486 

the application of CAR T cell therapy in solid tumors has faced significant challenges 487 

[60, 61]. One key challenge is the lack of tumor-specific antigens that can be effectively 488 

targeted by CAR T cells, as solid tumors often exhibit antigen heterogeneity. 489 

Additionally, the immune-resistance mechanism in solid tumors can hamper the 490 

function and persistence of CAR T cells, limiting their effectiveness [62].  491 

In this study, we aimed to identify novel strategies to enhance CAR T cell therapy 492 

efficacy in treating GBM, a highly malignant brain tumor that exhibits limited response 493 

to conventional chemotherapy and radiotherapy. We first established B7-H3 as a 494 

targetable antigen for CAR T therapy against GBM based on 1) its tumor-specific high 495 

expression in GBM cell lines and patient samples (Fig. 1), and 2) its ability in engaging 496 

and activating B7-H3 targeting CAR T cells for tumor clearance (Fig. 2). These results 497 

are in line with previously published studies [28, 63]. 498 

 Next, we employed large-scale CRISPRi screening to identify targets in GBM cells 499 

that could enhance their susceptibility to B7-H3 CAR T cell-mediated killing. Similar 500 

screens on GBM sensitivity to CAR T cells were previously conducted by Wang et 501 

al.[40] and Larson et al. [39], using GBM stem cells (GSCs) co-cultured with IL13Rα2 502 

CAR T cells and U87 cells co-cultured with EGFR CAR T cells, respectively. We 503 

reasoned that common hits identified from different screens would be more reliable 504 

modifiers of CAR T therapy. Thus, we compared our results with those of Larson et al. 505 

since both studies were conducted in U87 cells. The comparison led to the identification 506 

of ARPC4, PI4KA, ATP6V1A, and UBA1, whose knockdown could improve the killing 507 

of U87 cells by both EGFR and B7-H3 CAR T cells. We also prioritized mitochondrial 508 

complex I subunit NDUFV1 for further characterization as multiple mitochondrial 509 

complex I subunit genes were identified in our screen.  510 

All five selected hits were validated to enhance CAR T cell-mediated killing upon 511 



knockdown in U87 cells by subsequent characterization. Their knockdown led to more 512 

cytotoxic granzyme B production in CAR T cells without changing the cell surface B7-513 

H3 antigen levels in U87 cells.  514 

One intriguing finding in our study is that genes with seemingly no related function 515 

could influence CAR T cell efficacy through a convergent mechanism. Specifically, we 516 

found that knockdown of ARPC4, which encodes a subunit of the Arp2/3 complex 517 

mediating actin polymerization, and NDUFV1, which encodes a subunit of 518 

mitochondrial complex I participating in oxidative phosphorylation, led to the 519 

upregulation of highly overlapping sets of genes. This finding suggests the presence of 520 

a shared regulatory pathway or signaling network that connects these seemingly 521 

disparate cellular processes, which requires further investigation. 522 

Among the genes upregulated in both APRC4 and NDUFV1 knockdown cells, we 523 

focused on TNFSF15, which has been characterized as a T cell co-stimulator [64]. By 524 

integrating experimental data with bioinformatic analyses of published single-cell 525 

transcriptome and TCGA databases, we demonstrated that TNFSF15 acts as an 526 

immunostimulatory factor that promotes the production of proinflammatory and 527 

cytotoxic factors in CAR T cells, possibly through the NF-κB pathway, leading to 528 

enhanced tumor killing (Fig. 6J). Our study provides novel insights into improving 529 

CAR T cell tumor killing by modulating the tumor-CAR T interaction through 530 

intervening specific targets in cancer cells.  531 

  532 



Conclusion 533 

Our study demonstrated B7-H3 as a viable antigen for CAR T therapy in GBM. We 534 

identified five genes (ARPC4, PI4KA, ATP6V1A, UBA1, and NDUFV1) whose 535 

knockdown in GBM improved CAR T cell killing. We discovered that TNFSF15 is 536 

upregulated in both ARPC4 and NDUFV1 knockdown cells and acts as an 537 

immunostimulatory factor that enhances CAR T cell efficacy. These findings provide 538 

new insights into the mechanisms underlying CAR T cell-mediated tumor killing and 539 

identify potential targets for improving CAR T cell therapy in GBM and other solid 540 

tumors. Our study highlights the power of CRISPR-based genetic screening in 541 

investigating tumor-CAR T interactions and contributes to the development of novel 542 

strategies to enhance CAR T cell therapy in solid tumors. 543 

 544 

Abbreviations 545 

GBM: Glioblastoma multiforme 546 

CRISPRi: CRISPR interference  547 

CAR T: Chimeric Antigen Receptor T 548 

CRISPRn: CRISPR knockout 549 

CRISPRa: CRISPR activation 550 

PEI: Polyethylenimine Linear  551 

PBMC: peripheral blood mononuclear cells  552 

BFP: blue fluorescent protein  553 

FACS: fluorescence-activated cell sorting 554 

MOI: multiplicity of infection  555 

qRT-PCR: Quantitative Real-Time Polymerase Chain Reaction  556 

IHC: immunohistochemistry  557 

FPKM: Fragments Per Kilobase of transcript per Million mapped reads  558 

TPM: Transcripts Per Million 559 

RNA-seq: RNA sequencing  560 

ANOVA: One-way analysis of variance  561 



SEM: standard error of the mean  562 

TCGA: The Cancer Genome Atlas  563 

CGGA: Chinese Glioma Genome Atlas 564 

ALL: acute lymphoblastic leukemia  565 

DLBCL: diffuse large B-cell lymphoma 566 

GSC: GBM stem cell 567 

  568 



References 569 

1. Ghaffari-Rafi A, Samandouras G. Effect of Treatment Modalities on 570 

Progression-Free Survival and Overall Survival in Molecularly Subtyped World 571 

Health Organization Grade II Diffuse Gliomas: A Systematic Review. World 572 

Neurosurg. 2020;133:366-80.e2. 573 

2. Birk HS, Han SJ, Butowski NA. Treatment options for recurrent high-grade 574 

gliomas. CNS Oncol. 2017;6(1):61-70. 575 

3. Tykocki T, Eltayeb M. Ten-year survival in glioblastoma. A systematic review. 576 

J Clin Neurosci. 2018;54:7-13. 577 

4. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. 578 

The 2021 WHO Classification of Tumors of the Central Nervous System: a 579 

summary. Neuro Oncol. 2021;23(8):1231-51. 580 

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. 581 

Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N 582 

Engl J Med. 2005;352(10):987-96. 583 

6. Feins S, Kong W, Williams EF, Milone MC, Fraietta JA. An introduction to 584 

chimeric antigen receptor (CAR) T-cell immunotherapy for human cancer. Am 585 

J Hematol. 2019;94(S1):S3-s9. 586 

7. Shadman M. Diagnosis and Treatment of Chronic Lymphocytic Leukemia: A 587 

Review. Jama. 2023;329(11):918-32. 588 

8. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al. 589 

Decade-long leukaemia remissions with persistence of CD4(+) CAR T cells. 590 

Nature. 2022;602(7897):503-9. 591 

9. Bagley SJ, Desai AS, Linette GP, June CH, O'Rourke DM. CAR T-cell therapy 592 

for glioblastoma: recent clinical advances and future challenges. Neuro Oncol. 593 

2018;20(11):1429-38. 594 

10. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. 595 

Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. 596 

N Engl J Med. 2016;375(26):2561-9. 597 



11. Brown CE, Badie B, Barish ME, Weng L, Ostberg JR, Chang WC, et al. 598 

Bioactivity and Safety of IL13Rα2-Redirected Chimeric Antigen Receptor 599 

CD8+ T Cells in Patients with Recurrent Glioblastoma. Clin Cancer Res. 600 

2015;21(18):4062-72. 601 

12. Pituch KC, Miska J, Krenciute G, Panek WK, Li G, Rodriguez-Cruz T, et al. 602 

Adoptive Transfer of IL13Rα2-Specific Chimeric Antigen Receptor T Cells 603 

Creates a Pro-inflammatory Environment in Glioblastoma. Mol Ther. 604 

2018;26(4):986-95. 605 

13. O'Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morrissette 606 

JJD, et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells 607 

mediates antigen loss and induces adaptive resistance in patients with recurrent 608 

glioblastoma. Sci Transl Med. 2017;9(399). 609 

14. Sampson JH, Choi BD, Sanchez-Perez L, Suryadevara CM, Snyder DJ, Flores 610 

CT, et al. EGFRvIII mCAR-modified T-cell therapy cures mice with established 611 

intracerebral glioma and generates host immunity against tumor-antigen loss. 612 

Clin Cancer Res. 2014;20(4):972-84. 613 

15. Abbott RC, Verdon DJ, Gracey FM, Hughes-Parry HE, Iliopoulos M, Watson 614 

KA, et al. Novel high-affinity EGFRvIII-specific chimeric antigen receptor T 615 

cells effectively eliminate human glioblastoma. Clin Transl Immunology. 616 

2021;10(5):e1283. 617 

16. Chow KK, Naik S, Kakarla S, Brawley VS, Shaffer DR, Yi Z, et al. T cells 618 

redirected to EphA2 for the immunotherapy of glioblastoma. Mol Ther. 619 

2013;21(3):629-37. 620 

17. Rodriguez A, Brown C, Badie B. Chimeric antigen receptor T-cell therapy for 621 

glioblastoma. Transl Res. 2017;187:93-102. 622 

18. Ahmed N, Brawley V, Hegde M, Bielamowicz K, Kalra M, Landi D, et al. 623 

HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells for 624 

Progressive Glioblastoma: A Phase 1 Dose-Escalation Trial. JAMA Oncol. 625 

2017;3(8):1094-101. 626 

19. Haydar D, Houke H, Chiang J, Yi Z, Odé Z, Caldwell K, et al. Cell-surface 627 



antigen profiling of pediatric brain tumors: B7-H3 is consistently expressed and 628 

can be targeted via local or systemic CAR T-cell delivery. Neuro Oncol. 629 

2021;23(6):999-1011. 630 

20. de Billy E, Pellegrino M, Orlando D, Pericoli G, Ferretti R, Businaro P, et al. 631 

Dual IGF1R/IR inhibitors in combination with GD2-CAR T-cells display a 632 

potent anti-tumor activity in diffuse midline glioma H3K27M-mutant. Neuro 633 

Oncol. 2022;24(7):1150-63. 634 

21. Jin L, Ge H, Long Y, Yang C, Chang YE, Mu L, et al. CD70, a novel target of 635 

CAR T-cell therapy for gliomas. Neuro Oncol. 2018;20(1):55-65. 636 

22. Liu M, Zhang L, Zhong M, Long Y, Yang W, Liu T, et al. CRISPR/Cas9-637 

mediated knockout of intracellular molecule SHP-1 enhances tumor-killing 638 

ability of CD133-targeted CAR T cells in vitro. Exp Hematol Oncol. 639 

2023;12(1):88. 640 

23. Hänsch L, Peipp M, Mastall M, Villars D, Myburgh R, Silginer M, et al. 641 

Chimeric antigen receptor T cell-based targeting of CD317 as a novel 642 

immunotherapeutic strategy against glioblastoma. Neuro Oncol. 643 

2023;25(11):2001-14. 644 

24. Rousso-Noori L, Mastandrea I, Talmor S, Waks T, Globerson Levin A, Haugas 645 

M, et al. P32-specific CAR T cells with dual antitumor and antiangiogenic 646 

therapeutic potential in gliomas. Nat Commun. 2021;12(1):3615. 647 

25. Majzner RG, Theruvath JL, Nellan A, Heitzeneder S, Cui Y, Mount CW, et al. 648 

CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent 649 

Preclinical Activity Against Pediatric Solid Tumors and Brain Tumors. Clin 650 

Cancer Res. 2019;25(8):2560-74. 651 

26. Theruvath J, Sotillo E, Mount CW, Graef CM, Delaidelli A, Heitzeneder S, et 652 

al. Locoregionally administered B7-H3-targeted CAR T cells for treatment of 653 

atypical teratoid/rhabdoid tumors. Nat Med. 2020;26(5):712-9. 654 

27. Choe JH, Watchmaker PB, Simic MS, Gilbert RD, Li AW, Krasnow NA, et al. 655 

SynNotch-CAR T cells overcome challenges of specificity, heterogeneity, and 656 

persistence in treating glioblastoma. Sci Transl Med. 2021;13(591). 657 



28. Nehama D, Di Ianni N, Musio S, Du H, Patané M, Pollo B, et al. B7-H3-658 

redirected chimeric antigen receptor T cells target glioblastoma and 659 

neurospheres. EBioMedicine. 2019;47:33-43. 660 

29. Lemoine J, Ruella M, Houot R. Born to survive: how cancer cells resist CAR T 661 

cell therapy. J Hematol Oncol. 2021;14(1):199. 662 

30. Liu G, Rui W, Zhao X, Lin X. Enhancing CAR-T cell efficacy in solid tumors 663 

by targeting the tumor microenvironment. Cell Mol Immunol. 2021;18(5):1085-664 

95. 665 

31. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, et al. 666 

Repurposing CRISPR as an RNA-guided platform for sequence-specific control 667 

of gene expression. Cell. 2013;152(5):1173-83. 668 

32. Kampmann M. CRISPR-based functional genomics for neurological disease. 669 

Nat Rev Neurol. 2020;16(9):465-80. 670 

33. Li K, Ouyang M, Zhan J, Tian R. CRISPR-based functional genomics screening 671 

in human-pluripotent-stem-cell-derived cell types. Cell Genom. 672 

2023;3(5):100300. 673 

34. MacLeod G, Bozek DA, Rajakulendran N, Monteiro V, Ahmadi M, Steinhart Z, 674 

et al. Genome-Wide CRISPR-Cas9 Screens Expose Genetic Vulnerabilities and 675 

Mechanisms of Temozolomide Sensitivity in Glioblastoma Stem Cells. Cell 676 

Rep. 2019;27(3):971-86.e9. 677 

35. Huang K, Liu X, Li Y, Wang Q, Zhou J, Wang Y, et al. Genome-Wide CRISPR-678 

Cas9 Screening Identifies NF-κB/E2F6 Responsible for EGFRvIII-Associated 679 

Temozolomide Resistance in Glioblastoma. Adv Sci (Weinh). 680 

2019;6(17):1900782. 681 

36. Tong F, Zhao JX, Fang ZY, Cui XT, Su DY, Liu X, et al. MUC1 promotes 682 

glioblastoma progression and TMZ resistance by stabilizing EGFRvIII. 683 

Pharmacol Res. 2023;187:106606. 684 

37. Zhu GD, Yu J, Sun ZY, Chen Y, Zheng HM, Lin ML, et al. Genome-wide 685 

CRISPR/Cas9 screening identifies CARHSP1 responsible for radiation 686 

resistance in glioblastoma. Cell Death Dis. 2021;12(8):724. 687 



38. Liu SJ, Malatesta M, Lien BV, Saha P, Thombare SS, Hong SJ, et al. CRISPRi-688 

based radiation modifier screen identifies long non-coding RNA therapeutic 689 

targets in glioma. Genome Biol. 2020;21(1):83. 690 

39. Larson RC, Kann MC, Bailey SR, Haradhvala NJ, Llopis PM, Bouffard AA, et 691 

al. CAR T cell killing requires the IFNγR pathway in solid but not liquid 692 

tumours. Nature. 2022;604(7906):563-70. 693 

40. Wang D, Prager BC, Gimple RC, Aguilar B, Alizadeh D, Tang H, et al. CRISPR 694 

Screening of CAR T Cells and Cancer Stem Cells Reveals Critical 695 

Dependencies for Cell-Based Therapies. Cancer Discov. 2021;11(5):1192-211. 696 

41. Bernareggi D, Xie Q, Prager BC, Yun J, Cruz LS, Pham TV, et al. CHMP2A 697 

regulates tumor sensitivity to natural killer cell-mediated cytotoxicity. Nat 698 

Commun. 2022;13(1):1899. 699 

42. Vera J, Savoldo B, Vigouroux S, Biagi E, Pule M, Rossig C, et al. T lymphocytes 700 

redirected against the kappa light chain of human immunoglobulin efficiently 701 

kill mature B lymphocyte-derived malignant cells. Blood. 2006;108(12):3890-702 

7. 703 

43. Xu Y, Zhang M, Ramos CA, Durett A, Liu E, Dakhova O, et al. Closely related 704 

T-memory stem cells correlate with in vivo expansion of CAR.CD19-T cells 705 

and are preserved by IL-7 and IL-15. Blood. 2014;123(24):3750-9. 706 

44. Tian R, Gachechiladze MA, Ludwig CH, Laurie MT, Hong JY, Nathaniel D, et 707 

al. CRISPR Interference-Based Platform for Multimodal Genetic Screens in 708 

Human iPSC-Derived Neurons. Neuron. 2019;104(2):239-55.e12. 709 

45. Tian R, Abarientos A, Hong J, Hashemi SH, Yan R, Dräger N, et al. Genome-710 

wide CRISPRi/a screens in human neurons link lysosomal failure to ferroptosis. 711 

Nat Neurosci. 2021;24(7):1020-34. 712 

46. Samelson AJ, Tran QD, Robinot R, Carrau L, Rezelj VV, Kain AM, et al. BRD2 713 

inhibition blocks SARS-CoV-2 infection by reducing transcription of the host 714 

cell receptor ACE2. Nat Cell Biol. 2022;24(1):24-34. 715 

47. Horlbeck MA, Gilbert LA, Villalta JE, Adamson B, Pak RA, Chen Y, et al. 716 

Compact and highly active next-generation libraries for CRISPR-mediated gene 717 



repression and activation. Elife. 2016;5. 718 

48. Li G, Wang H, Wu H, Chen J. B7-H3-targeted CAR-T cell therapy for solid 719 

tumors. Int Rev Immunol. 2022;41(6):625-37. 720 

49. Du H, Hirabayashi K, Ahn S, Kren NP, Montgomery SA, Wang X, et al. 721 

Antitumor Responses in the Absence of Toxicity in Solid Tumors by Targeting 722 

B7-H3 via Chimeric Antigen Receptor T Cells. Cancer Cell. 2019;35(2):221-723 

37.e8. 724 

50. Comprehensive genomic characterization defines human glioblastoma genes 725 

and core pathways. Nature. 2008;455(7216):1061-8. 726 

51. Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama SR, 727 

et al. The somatic genomic landscape of glioblastoma. Cell. 2013;155(2):462-728 

77. 729 

52. Brat DJ, Verhaak RG, Aldape KD, Yung WK, Salama SR, Cooper LA, et al. 730 

Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade 731 

Gliomas. N Engl J Med. 2015;372(26):2481-98. 732 

53. Zhao Z, Zhang KN, Wang Q, Li G, Zeng F, Zhang Y, et al. Chinese Glioma 733 

Genome Atlas (CGGA): A Comprehensive Resource with Functional Genomic 734 

Data from Chinese Glioma Patients. Genomics Proteomics Bioinformatics. 735 

2021;19(1):1-12. 736 

54. Leng K, Kampmann M. Towards elucidating disease-relevant states of neurons 737 

and glia by CRISPR-based functional genomics. Genome Med. 2022;14(1):130. 738 

55. Bojjireddy N, Botyanszki J, Hammond G, Creech D, Peterson R, Kemp DC, et 739 

al. Pharmacological and genetic targeting of the PI4KA enzyme reveals its 740 

important role in maintaining plasma membrane phosphatidylinositol 4-741 

phosphate and phosphatidylinositol 4,5-bisphosphate levels. J Biol Chem. 742 

2014;289(9):6120-32. 743 

56. Meylan F, Richard AC, Siegel RM. TL1A and DR3, a TNF family ligand-744 

receptor pair that promotes lymphocyte costimulation, mucosal hyperplasia, and 745 

autoimmune inflammation. Immunol Rev. 2011;244(1):188-96. 746 

57. Xu WD, Li R, Huang AF. Role of TL1A in Inflammatory Autoimmune Diseases: 747 



A Comprehensive Review. Front Immunol. 2022;13:891328. 748 

58. Cui A, Huang T, Li S, Ma A, Pérez JL, Sander C, et al. Dictionary of immune 749 

responses to cytokines at single-cell resolution. Nature. 2023. 750 

59. Ramkumar P, Abarientos AB, Tian R, Seyler M, Leong JT, Chen M, et al. 751 

CRISPR-based screens uncover determinants of immunotherapy response in 752 

multiple myeloma. Blood Adv. 2020;4(13):2899-911. 753 

60. Larson RC, Maus MV. Recent advances and discoveries in the mechanisms and 754 

functions of CAR T cells. Nat Rev Cancer. 2021;21(3):145-61. 755 

61. Hong M, Talluri S, Chen YY. Advances in promoting chimeric antigen 756 

receptor T cell trafficking and infiltration of solid tumors. Curr Opin Biotechnol. 757 

2023;84:103020. 758 

62. Bonaventura P, Shekarian T, Alcazer V, Valladeau-Guilemond J, Valsesia-759 

Wittmann S, Amigorena S, et al. Cold Tumors: A Therapeutic Challenge for 760 

Immunotherapy. Front Immunol. 2019;10:168. 761 

63. Tang X, Zhao S, Zhang Y, Wang Y, Zhang Z, Yang M, et al. B7-H3 as a Novel 762 

CAR-T Therapeutic Target for Glioblastoma. Mol Ther Oncolytics. 763 

2019;14:279-87. 764 

64. Migone TS, Zhang J, Luo X, Zhuang L, Chen C, Hu B, et al. TL1A is a TNF-765 

like ligand for DR3 and TR6/DcR3 and functions as a T cell costimulator. 766 

Immunity. 2002;16(3):479-92. 767 

 768 

  769 



Supplementary Materials 770 

Additional file 1: Supplementary Figures 1-4 771 

Additional file 2: Supplementary Table 1; IHC analysis summary of the glioma tissue 772 

microarray 773 

Additional file 3: Supplementary Table 2; sgRNA counts in different screening groups 774 

Additional file 4: Supplementary Table 3; Results of the U87-B7-H3 CAR T co-culture 775 

screen in this study, analyzed by the MAGeCK-iNC pipeline 776 

Additional file 5: Supplementary Table 4; Results of the U87-EGFR CAR T co-culture 777 

screen by Larson et al., re-analyzed by the MAGeCK-iNC pipeline 778 

Additional file 6: Supplementary Table 5; qPCR primers and sgRNA oligo sequences 779 

used in this study 780 

  781 



Acknowledgments 782 

We thank the assistance of SUSTech Core Research Facilities on flow cytometry. We 783 

thank all members of the Tian lab and Xu lab for the discussion. 784 

 785 

Funding 786 

This work was supported by the National Natural Science Foundation of China 787 

(32100766 and 82171416 to R.T., 32200769 to Y.X.), Guangdong Basic and Applied 788 

Basic Research Foundation (2023B1515020075 to R.T.), Guangdong Medical Science 789 

and Technology Research Foundation (A2022265 to Y.X.), Shenzhen Fundamental 790 

Research Program (RCBS20210609103800006, JCYJ20220530112602006 and 791 

RCYX20221008092845052 to R.T.), the Lingang Laboratory Grant (LG-QS-202203-792 

11 to R.T.), Shenzhen Medical Research Fund (A2301054 to Y.F., A2303039 to R.T.). 793 

 794 

Author information 795 

Xing Li, Shiyu Sun, Wansong Zhang and Ziwei Liang contributed equally to this 796 

work. 797 

 798 

Authors and Affiliations 799 

School of Medicine, Southern University of Science and Technology, Shenzhen, 800 

Guangdong Province, 518055, China 801 

Xing Li, Shiyu Sun, Wansong Zhang, Ziwei Liang, Yitong Fang, Tianhu Sun, Yang Xu 802 

and Ruilin Tian 803 

 804 

Key University Laboratory of Metabolism and Health of Guangdong, Southern 805 

University of Science and Technology, Shenzhen, Guangdong Province, 518055, China 806 

Xing Li, Wansong Zhang, Yitong Fang, Tianhu Sun and Ruilin Tian 807 

 808 

Department of Neurosurgery, Shenzhen People’s Hospital, Shenzhen 518020, 809 

Guangdong, China 810 



Yong Wan 811 

 812 

Department of Oncology, the Second Affiliated Hospital of Xi’an Jiaotong University, 813 

Xi'an, Shaanxi Province, 710004, China 814 

Shiyu Sun, Xingcong Ma, Shuqun Zhang 815 

 816 

Contributions 817 

R.T. and Y.X. conceived the project. R.T., Y.X. and S.Z. supervised the project. X.L., 818 

S.S., W.Z., Z.L., Y.W., Y.F. and T.S. designed and conducted experiments with 819 

guidance from Y.X. and R.T. X.L., S.S., W.Z., X.M., Y.X., R.T. analyzed data. X.L., 820 

S.S., W.Z., Y.X. and R.T. wrote the manuscript with input from all authors. 821 

 822 

Corresponding authors 823 

Correspondence to Shuqun Zhang (zhangshuqun1971@aliyun.com), Yang Xu 824 

(xuy6@sustech.edu.cn) or Ruilin Tian (tianrl@sustech.edu.cn) 825 

 826 

Ethics declarations 827 

Ethics approval and consent to participate 828 

Not applicable to this study 829 

 830 

Consent for publication 831 

All authors have read and approved the publication of the manuscript. 832 

 833 

Competing interests 834 

The authors have declared that no competing interest exists. 835 

 836 

Availability of data and materials 837 

All data generated or analyzed during this study are included in this published article. 838 

  839 



Figures 840 

 841 

 842 

 843 

Figure 1. B7-H3/CD276 is highly expressed in GBM 844 

A. The mRNA expression levels of B7-H3/CD276 in normal brain tissues and glioma 845 

patient samples of various grades. Data were obtained from the TCGA and CGGA 846 

databases. 847 

B. The Kaplan–Meier curves for overall survival (OS) of glioma patients with high and 848 

low expression levels of B7-H3/CD276. Data were obtained from the TCGA and 849 

CGGA databases.  850 

C. Immunohistochemical analysis of B7-H3 expression in different grades of glioma 851 

samples. 852 

D. Cell surface levels of B7-H3 in three human GBM cell lines stained with the B7-853 

H3-PE antibody as measured by flow cytometry. 854 

E&F. Quantifications of the percentage of B7-H3+ cells (E) and mean fluorescence 855 

intensity (MFI) of B7-H3 staining signal (F).  856 



 857 

 858 

Figure 2. B7-H3-specific CAR T cells recognize and eradicate GBM cells 859 

A. Retroviral vectors construct encoding the B7-H3.CAR and bicistronic mCherry 860 

reporter. 861 

B. Schematics of transduction and expansion of CAR T cells used in this study. 862 

C. Expression of the B7-H3.CAR in transduced human T cells. The transduction 863 

efficiency of CAR molecules was measured either by mCherry expression or by direct 864 

staining of B7-H3 specific scFv molecules. Data shown are a representative FACS plot 865 



and quantifications of 3 independent donors. Error bars denote SEM. 866 

D. Phenotypic analysis of CAR+ T cells at 12 days post transduction showing the 867 

frequency of CD4+ and CD8+ population in CAR+ T cells (left) as well as percentage 868 

of stem cell memory T cells (TSCM, CD45RA+CCR7+), central memory T cells (TCM, 869 

CD45RA-CCR7+), effector memory T cells (TEM, CD45RA-CCR7- ), and effector T 870 

cells (TE, CD45RA+CCR7- ) in CD4+ T cells and CD8+ T cells (n=3). Error bars denote 871 

SEM. 872 

E. Surface staining for CD69, CD25, and CD137 of CAR T cells after co-culture with 873 

the indicated cell lines for 24 hours (n=3). Error bars denote SEM. 874 

F. Expression of granzyme B and cytokine (TNF-α, IFN-γ and IL-2) secretion of CAR 875 

T cells after co-culture with the indicated cell lines for 24 hours (n=3). Error bars denote 876 

SEM. 877 

G. Counts of residual tumor cell lines after 5-day co-culture with CAR T cells or Ctrl 878 

T cells at 1:1 E: T ratio (n=3). Error bars denote SEM. 879 

H&I. Counts of U87 tumor cells and T cells (CAR T or Ctrl T cells) on indicated days 880 

post co-culture at 1:1 E: T ratio (n=3). Error bars denote SEM. 881 

J. Counts of U87 tumor cells on day two post co-culture with CAR T cells or Ctrl T 882 

cells at 1:1, 1:2, and 1:4 E: T ratio (n=3). Error bars denote SEM.  883 



 884 

Figure 3. A co-culture CRISPRi screen identified regulators of B7-H3 CAR T cell-885 

mediated cytotoxicity in GBM cells 886 

A. The construct for expressing the CRISPRi machinery from the CLYBL safe-harbor 887 

locus: catalytically dead Cas9 (dCas9) fused to a blue fluorescent protein (BFP) and the 888 

KRAB domain, under the control of the constitutive CAG promoter. 889 

B. Functional validation of CRISPRi activity in the CRISPRi-U87 cells via qPCR with 890 



sgRNAs targeting STAT1, TFRC and IFNAR. A non-targeting sgRNA was used as the 891 

control. 892 

C. Killing effect of B7-H3 and CD19 CAR T cells against U87 cells at an E: T ratio of 893 

1:2 or 1:4 after 1-, 2- or 3-day co-culture. 894 

D. Schematic of the co-culture CRISPRi screen. CRISPRi-U87 cells were transduced 895 

with the H1 sgRNA library and co-cultured with CD19 or B7-H3 targeting CAR T cells 896 

at an E: T ratio of 1:4 for 36 hours, followed by a 48-hour recovery. Frequencies of 897 

CRISPRi-U87 cells expressing a given sgRNA were determined in each population by 898 

next-generation sequencing. The screens were performed in parallel with CAR T cells 899 

derived from 2 donors as biological replicates. 900 

E. Correlations of sgRNA counts between two donors of B7-H3 (left) and CD19 (right) 901 

CAR T screening groups. 902 

F. Volcano plots summarizing phenotypes and statistical significances of gene 903 

perturbations in the screen as determined by the MAGeCK-iNC pipeline. Dashed line 904 

indicates the cut-off for hit genes (false discovery rate (FDR) = 0.1). Dots in blue or red 905 

represent hit genes whose knockdown enhanced or suppressed CAR T cytotoxicity, 906 

respectively. Non-hit genes are shown in orange and negative controls are shown in 907 

gray.  908 

G. Enrichment analysis of the negative screening hits against gene sets in the Human 909 

Molecular Signatures Database (MSigDB). Enriched terms with adjusted P values less 910 

than 0.05 are shown. 911 

H. Screening hits grouped by their biological function. Gene symbols in blue and red 912 

represent genes whose knockdown in U87 cells represses and enhances CAR T 913 

cytotoxicity, respectively. 914 

  915 



 916 

Figure 4. Identification of high-confident hits and validation of their knockdown 917 

effect in enhancing CAR T cell-mediated tumor killing 918 

A-C. Comparing screening results in U87 cells that were co-cultured with B7-H3-919 

targeting CAR T cells (A, this study) and with EGFR-targeting CAR T cells (B, Larson 920 



et al.[39]) revealed common hits showing CAR T enhancing phenotypes in the screens 921 

(C). 922 

D. Knockdown of PI4KA, ATP6V1A, NDUFV1, UBA1 and ARPC4 in CRISPRi-U87 923 

cells. The relative mRNA level of each targeted gene was calculated as the ratio of its 924 

expression in cells expressing a targeting sgRNA as compared to a non-targeting control 925 

sgRNA measured by qPCR. Error bars denote SEM. 926 

E. Strategies for further characterization of the selected high-confident hits.   927 

F-J. Tumor killing effect of B7-H3 CAR T cells against CRISPRi-U87 cells with 928 

PI4KA (F), ATP6V1A (G), NDUFV1 (H), ARPC4 (I) and UBA1 (J) knockdown after 929 

2-day co-culture at E: T ratios of 1:1,1:2, and 1:4 (n=3). Error bars denote SEM. 930 

K. Tumor killing effect of B7-H3 CAR T cells against U87 cells treated with vehicle 931 

(Ctrl) or 5nM PI4KA inhibitor GSK-A1 at E: T ratios of 1:1, 1:2 and 1:4. Data shown 932 

are the percentages of residual tumor cells after 2-day co-culture (n=3). Error bars 933 

denote SEM. 934 

L. Cell surface levels of B7-H3 in CRISPRi-U87 cells expressing the indicated sgRNAs 935 

stained with the B7-H3-PE antibody as assessed by flow cytometry. 936 

M. Intracellular staining of granzyme B in CAR T cells after 24hr co-culture with the 937 

CRISPRi-U87 cells expressing the indicated sgRNAs as assessed by flow cytometry. 938 



 939 

Figure 5. Transcriptome analysis revealed common gene expression signatures in 940 

U87 cells upon knocking down ARPC4 and NDUFV1 941 

A. Principal Component Analysis (PCA) on the expression profiles of CRISPRi-U87 942 

cells expressing indicated sgRNA after 12-hour co-culture with B7-H3 CAR T cells. 943 



Each data point corresponds to an independent biological replicate, with colors 944 

denoting distinct gene knockdown groups. 945 

B&C. Volcano plots showing differentially expressed genes following the knockdown 946 

of ARPC4 (B) and NDUFV1 (C) in CRISPRi-U87 cells. 947 

D. Venn diagram illustrating the overlap of upregulated genes between the knockdown 948 

of ARPC4 and NDUFV1 in CRISPRi-U87 cells. 949 

E&F. KEGG pathway enrichment analysis on upregulated genes in ARPC4 knockdown 950 

cells.  951 

G&H. KEGG pathway enrichment analysis on upregulated genes in NDUFV1 952 

knockdown cells. 953 



 954 

 955 



Figure 6. TNFSF15 is an immunostimulatory factor that enhances CAR T cell 956 

cytotoxicity 957 

A. Cell surface staining of CD69 and CD25 in CAR T cells stimulated by plate-bound 958 

recombinant B7-H3-Fc protein with or without recombinant trimeric TNFSF15 protein. 959 

(n=3 for 0, 100ng/mL and =2 for 400ng/mL). Error bars denote SEM. 960 

B. Tumor killing of U87 cells by B7-H3-targeting CAR T cells or control T cells at an 961 

E: T ratio of 1:2 after two-day co-culture with or without exogenous addition of 962 

recombinant TNFSF15 protein (n=4). Error bars denote SEM. 963 

C. Gene expression correlation between TNFSF15 and the T cell activation signature 964 

(GZMB、GZMK、GZMA、IFNG、TNF、IL2、IL2R、CD69 and CD137) in human 965 

GBM samples. Data were obtained from TCGA. 966 

D. Schematic of a recent study that performed single-cell RNA sequencing on mouse 967 

lymph nodes for probing cellular response to various cytokines, including TNFSF15 968 

(TL1A). 969 

E. Violin plots showing the expression levels of genes involved in T cell activation and 970 

NF-κB pathway in CD8+ T cells following PBS or TNFSF15 treatment in vivo. 971 

F-I. Gene expression correlation between TNFSF15 and NFKB2 (F), NFKB1 (G), 972 

RELB (H) and ICAM1 (I) in human GBM samples. Data were obtained from TCGA. 973 

J. Schematic of our proposed model. Inhibiting ARPC4 or NDUFV1 in GBM cells 974 

upregulates TNFSF15. TNFSF15 acts as an immunostimulatory factor that activates the 975 

NF-κB pathway in CAR T cells, leading to increased production and release of 976 

proinflammatory and cytotoxic factors, thus enhancing the anti-tumor activity of CAR 977 

T cells. 978 
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