
American Society of Hematology
2021 L Street NW, Suite 900,
Washington, DC 20036
Phone: 202-776-0544 | Fax 202-776-0545
bloodadvances@hematology.org

CD58 loss in tumor cells confers functional impairment of CAR T cells
Tracking no: ADV-2022-007891R2

Xin Yan (Nankai University, China) Deyun Chen (Chinese PLA General Hospital, China) Xinran Ma
(Chinese PLA General Hospital, China) Yao Wang (Institute of Basic Medicine, School of Life
Sciences, Chinese PLA General Hospital, China) Yelei Guo (Chinese PLA General Hospital, China)
Jianshu Wei (Chinese PLA General Hospital, China) Chuan Tong (Chinese PLA General Hospital, China)
Qi Zhu (Chinese PLA General Hospital, China) Yuting Lu (Chinese PLA General Hospital, China) Yang
Yu (Chinese PLA General Hospital, China) Zhiqiang Wu (Chinese PLA General Hospital, China) Weidong
Han (Chinese PLA General Hospital, China) 

Abstract:
Chimeric antigen receptor (CAR) T-cell therapy has achieved significant success in treating a
variety of hematologic malignancies, but resistance to this treatment in some patients limited its
wider application. Using an unbiased genome-wide CRISPR/Cas9 screening, we identified and validated
loss of CD58 conferred immune evasion from CAR T cells in vitro and in vivo. CD58 is a ligand of
the T cell costimulatory molecule CD2, and CD58 mutation or downregulated expression is common in
hematological tumors. We found that disruption of CD58 in tumor cells induced the formation of
suboptimal immunological synapse (IS) with CAR T cells, which conferred functional impairment of
CAR T cells, including the attenuation of cell expansion, degranulation, cytokine secretion and
cytotoxicity. In summary, we describe a potential mechanism of tumor intrinsic resistance to CAR T-
cell therapy and suggest that this mechanism may be leveraged for developing therapeutic strategies
to overcome resistance to CAR T-cell therapy in B-cell malignancies.
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Data availability 19 

All data that support the findings of this study are available to the researchers 20 

on reasonable request. The RNA sequencing data reported in this article have 21 

been deposited in the Gene Expression Omnibus database (accession number 22 

GSE201970). 23 

 24 

Abstract 25 

Chimeric antigen receptor (CAR) T-cell therapy has achieved significant 26 

success in treating a variety of hematologic malignancies, but resistance to this 27 

treatment in some patients limited its wider application. Using an unbiased 28 

genome-wide CRISPR/Cas9 screening, we identified and validated loss of 29 

CD58 conferred immune evasion from CAR T cells in vitro and in vivo. CD58 is 30 

a ligand of the T cell costimulatory molecule CD2, and CD58 mutation or 31 

downregulated expression is common in hematological tumors. We found that 32 

disruption of CD58 in tumor cells induced the formation of suboptimal 33 

immunological synapse (IS) with CAR T cells, which conferred functional 34 

impairment of CAR T cells, including the attenuation of cell expansion, 35 

degranulation, cytokine secretion and cytotoxicity. In summary, we describe a 36 

potential mechanism of tumor intrinsic resistance to CAR T-cell therapy and 37 

suggest that this mechanism may be leveraged for developing therapeutic 38 

strategies to overcome resistance to CAR T-cell therapy in B-cell malignancies. 39 

 40 

Key points: 41 

1. We emphasized the potential critical role of CD58 loss in resistance to CAR 42 

T-cell therapy.  43 

 44 

2. Loss of CD58 caused inefficient IS formation with CAR T cells, impairing the 45 

activation and cytotoxic function of CAR T cells.  46 

 47 

  48 
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 49 

Introduction 50 

Chimeric antigen receptor (CAR) T-cell therapy has demonstrated 51 

unprecedented success in the treatment of B-cell malignancies, especially 52 

CD19-targeted CAR T-cell therapy for acute lymphoblastic leukemia (ALL) and 53 

diffuse large B-cell lymphoma (DLBCL).1-5 Notwithstanding some progress 54 

achieved, primary or acquired resistance to the treatment still occurs.1,6 A 55 

deeper exploration for resistance mechanisms to CAR T-cell therapy may 56 

provide diverse rationales for patient selection or potential strategies. 57 

Target antigen evasion has been confirmed as a mechanism for acquired 58 

resistance to CAR T-cell therapy.7-10 Increasing evidence has suggested that 59 

the mechanisms of primary resistance to CAR T-cell therapy involve CAR T-cell 60 

defects, including impaired proliferative capacity, an exhaustion phenotype and 61 

attenuated T-cell mediated cytotoxicity.2,11,12 Nevertheless, intrinsic 62 

mechanisms of primary resistance of tumor cells to the treatment remain largely 63 

elusive. 64 

High-throughput CRISPR/Cas9-based screening is a powerful tool that 65 

provides unbiased critical genetic data to exploit for the reasons for resistance 66 

to CAR T-cell therapy or to find new biomarkers for stratifying patients. To 67 

identify tumor cell-intrinsic factors that determine resistance to CAR T-cell 68 

cytotoxicity, we performed unbiased genome-wide CRISPR/Cas9 screening 69 

with a coculture model consisting of Nalm6 cells and CD19 CAR T cells. We 70 

revealed that CD58, a ligand for the CD2 receptor expressed on T cells,13 plays 71 

a key role in resistance to CAR T-cell therapy in pre-clinical tests. Disruption of 72 

CD58 in tumor cells impaired immunological synapse (IS) formation with CAR 73 

T cells, which led to the dysfunction of CAR T cells, including attenuated CAR 74 

signal transduction, CAR T-cell expansion and cytotoxicity. Taken together, 75 

these findings suggest a potential mechanism for resistance to CAR T-cell 76 

therapy.  77 

 78 
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Materials and methods 79 

Additional materials and methods are provided in the supplemental Materials. 80 

 81 

CRISPR/Cas9 screening 82 

The process of CRISPR/Cas9 screening has been described in our previous 83 

report.14 Briefly, Nalm6 cells were transfected with lentivirus carrying the 84 

Brunello library15 and cells exhibiting stable lentivirus integrations were selected 85 

with puromycin. Transduced Nalm6 cells were cultured with CD19 CAR T cells 86 

or control T cells at a 1:50 effector:target (E:T) ratio. Control T or CD19 CAR T 87 

cells were added to the culture at a 1:50 E:T ratio every 3 days. The cells were 88 

collected using a death cell removal magnetic bead kit (Miltenyi) for genomic 89 

DNA analysis on day 15. After removing low-quality reads from the original 90 

sequencing data, the reads were mapped to sgRNA sequence, and each 91 

sgRNA read was counted to generate a sgRNA count table, in which that data 92 

were normalized and used for significance analysis. sgRNA read counts were 93 

analysed with the MAGeCK v0.5.7 algorithm. Genes with significantly enriched 94 

sgRNAs were identified based on a log2 fold change (FC) and P value criteria. 95 

Hypergeometric distribution statistics were used to identify gene sets that 96 

overlapped with candidate genes (log2 fold change >2 and P < 0.05). 97 

 98 

Blocking experiment 99 

Cells were pretreated with blocking mAb against CD58 (clone TS2/9, 8 μg/ml, 100 

BioLegend) or CD2 (clone RPA-2.10, 10 μg/ml, eBioscience) or with isotype-101 

matched control mAbs for 30 min. The blocking effect was detected by staining 102 

for anti-CD58-PE (BioLegend) or anti-CD2-APC-Cy7 (BioLegend). Tumor cells 103 

blocked by anti-CD58 mAbs or CAR T cells blocked by anti-CD2 mAbs were 104 

subjected to subsequent experiments, including cytotoxicity assays and 105 

degranulation assays, according to the methods described above. 106 

 107 

Imaging flow cytometry 108 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2022007891/1903954/bloodadvances.2022007891.pdf by guest on 10 N

ovem
ber 2022



The sorted CD19 CAR T cells were stained with 0.2 μM CellTrace Violet dye 109 

(Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. 110 

A total of 1×106 WT (mCherry+) Nalm6, 1×106 CD58KO (GFP+) Nalm6 and 1×106 111 

CD19 CAR T cells (Violet+) were cocultured at 37 °C for the indicated times, 112 

fixed, permeabilized, and then stained with phalloidin-AF647 (Thermo Fisher 113 

Scientific) for detecting F-actin. A total of 1 × 106 events were recorded, and 114 

samples were analysed with an ImageStreamX.MKII flow cytometer (Luminex). 115 

Image acquisition and data analysis 16,17 were performed using IDEAS software 116 

version 6.2. The calculation formula for measuring IS is as follows: F-actin 117 

enrichment at IS (%) =100× (intensity of phalloidin at IS)/ (intensity of phalloidin-118 

stained CAR T cells) 119 

 120 
Xenograft mouse models 121 

A total of 1×105 luciferase-positive Nalm6 cells (WT or CD58KO) were 122 

intravenously (IV) transplanted into 4 to 6-week-old female NOD-Prkdc-scid-123 

Il2rg-null mice (NPG/Vst, VITALSTAR). Purified CD19 CAR T cells were 124 

selected using magnetic beads (Miltenyi Biotec) 3 days post-lentiviral infection. 125 

Seven days after Nalm6 cell injection, the mice were IV injected with 1×106 126 

CD19 CAR T or control T cells in 100 μl of PBS. (n=6 mice per group). Leukemia 127 

burden was monitored once per week by bioluminescence in vivo imaging (BLI) 128 

with an IVIS imaging system (PerkinElmer). The average flux (photons per 129 

second/area [mm2]) was used to evaluate the BLI signal. Mouse peripheral 130 

blood samples were collected through the orbital sinus and lysed using ACK 131 

lysing buffer (Thermo Fisher Scientific). The remaining cells were stained with 132 

the indicated fluorochrome-conjugated antibodies. All studies were approved 133 

by the Institutional Animal Care and Treatment Committee of the Chinese PLA 134 

General Hospital. 135 

 136 

Statistical analysis 137 

Statistical analyses were conducted using GraphPad Prism 6. Statistical tests 138 
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were performed using a two-tailed t test, one-way ANOVA test and two-way 139 

ANOVA test with Bonferroni correction to compare the significant differences. 140 

Survival analysis was analyzed using the log-rank test. Unless otherwise 141 

indicated, a p value less than or equal to 0.05 was considered statistically 142 

significant for all analyses. All group values are represented as means ± SD, if 143 

not stated otherwise. 144 

 145 

Results 146 

CRISPR screening reveals critical regulators that determine resistance to 147 

CAR T-cell therapy 148 

To systematically identify critical regulators that determine resistance to CAR T-149 

cell therapy in tumor cells, we conducted genome-wide CRISPR/Cas9 150 

screening with a coculture model containing Nalm6 cells, CD19+ human pre-B 151 

ALL cells and CD19 CAR T cells (Figure 1A). The Nalm6 cells were transduced 152 

with a lentiviral CRISPR Brunello library targeting ~19,000 genes and then 153 

selected under puromycin pressure for 2 days. To better reflect the long-term 154 

high tumor burden in vivo, Nalm6 cells were supplemented with CD19 CAR T 155 

cells every 3 days for 15 days at a 1:50 E:T ratio.18 To avoid contamination by 156 

the enrichment of single guide RNAs (sgRNAs) that is associated with tumor 157 

cell survival but not with CAR T cell therapy, we cocultured Nalm6 cells that had 158 

been transduced with the aforementioned CRISPR library with control T cells 159 

as the control condition. The composition of the sgRNAs in surviving tumor cells 160 

under CAR T-cell or control T-cell treatment conditions was evaluated by 161 

Illumina sequencing and analysed by MAGeCK algorithm (supplemental Table 162 

1)19. Our CRISPR screening identified expected candidates among the top 10 163 

hits, namely CD19,7,8,20 JAK221 and CASP822 consistent with known 164 

mechanisms of resistance to CD19-targeted immunotherapies (Figure 1B). 165 

Interestingly, a cluster of membrane protein genes, including CD58, ICAM1, 166 

CD81 and ITGA4 were also positively selected (Figure 1C). In order to verify 167 

our screening findings, we generated stable KO cell lines of membrane proteins 168 
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(CD58, CD81, ICAM1, and ITGA4) in Nalm6 cells by the CRISPR/Cas9 169 

technology (Figure 1D). Growth competition assays were conducted for WT or 170 

KO target cell lines with different fluorescence labels in the presence of CAR T 171 

cells. The growth competition assays revealed that CD58KO and CD81KO cells 172 

conferred progressive enrichment in the presence of CD19 CAR T cells 173 

compared with WT cells (Figure 1E-F; supplemental Figure 1A-B). However, 174 

ICAM1KO and ITGA4KO cells did not show a significant increase (Figure 1G-H; 175 

supplemental Figure 1C-D). We identified that CD81 loss induced disruption of 176 

CD19 membrane trafficking (supplemental Figure 2). This finding is similar to 177 

previous reports in which downregulation of CD81 has been identified as a 178 

mechanism for resistance to CD19-targeted therapy.20,23. In the current study, 179 

we focused on the role of CD58 in CAR T-cell therapy. 180 

 181 

Loss of CD58 in tumor cells induces resistance to CAR T-cell therapy 182 

To explore whether CD58-deficient tumor cells mediated resistance to CAR T-183 

cell therapy were limited to CAR design, we also generated distinct CAR T cells 184 

including CD20 CAR T, tandem CD19/CD20 CAR T cells24 and CD19.28z CAR 185 

T cells from multiple healthy donors and observed that both CD58 loss in Nalm6 186 

cells and Raji cells were relatively resistant to CAR T cells (Figure 2A-G; 187 

supplemental Figure 3 and supplemental Figure 4A-J). We also found that 188 

tumor cells with disruption of CD58 exhibited low sensitivity to CAR T-cell–189 

mediated killing in a cytotoxicity assay (Figure 2H-L; supplemental Figure 2K-190 

M). This effect was recapitulated with an anti-CD58-blocking monoclonal 191 

antibody (mAb) (Figure 2M-N). Notably, blockage of CD2 on CAR T cells 192 

resulted in impaired CAR-T cell-mediated cytotoxicity (Figure 2O-P). As 193 

expected, resistance was not attributed to the downregulation of CD19 194 

expression or CD20 expression, as determined by flow cytometry (Figure 2Q-195 

R). Additionally, we observed that knocking out CD58 had no effect on the 196 

proliferation or apoptosis of tumor cells (supplemental Figure 5A-C). However, 197 

CD58 loss did not protect tumor cells from chemotherapy-mediated killing 198 
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(supplemental Figure 5D), implying that CD58 loss in tumor cells may 199 

specifically confer resistance to CAR T-cell–mediated killing. Collectively, these 200 

findings imply that the CD58-CD2 axis is necessary in cytotoxic killing by CAR 201 

T cells and that lack of CD58 in lymphoid cancer cells could induce resistance 202 

to CAR T-cell therapy. 203 

 204 

CD58 disruption in tumor cells impairs CAR T cells  205 

The CD58-CD2 interaction has been reported to be a crucial costimulatory 206 

signal for T-cell activation in response to target cells.25 Using TCGA RNA 207 

sequencing data and TIMER,26 we found that mRNA levels of CD58 were 208 

positively correlated with CD8 T cell infiltration in many human cancer types 209 

(supplemental Figure 6A). Besides, we found that the low expression of CD58 210 

was associated with the low expression of IFN-γ and TNF-a (supplemental 211 

Figure 6B-C), which suggested that the down-regulated expression of CD58 in 212 

tumor cells may be related to the dysfunction of T cells. Hence, we wondered 213 

whether resistance to CAR T-cell therapy caused by CD58 disruption in cancer 214 

cells is due to attenuated CAR T-cell function. We found decreased expansion 215 

of CD19 CAR T cells cocultured with CD58KO Nalm6 cells or CD58KO Raji cells 216 

(Figure 3A-B). We also observed that lack of CD58 in tumor cells initiated 217 

dysfunctional degranulation, as measured by CD107a level (Figure 3B; 218 

supplemental Figure 7A). In parallel, adding an anti-CD58-blocking mAb to 219 

Nalm6 cell cultures and an anti-CD2-blocking mAb to CD19 CAR T cells 220 

cultures significantly inhibited degranulation (Figure 3C-D). Moreover, we found 221 

that loss of CD58 in tumor cells led to the reduced secretion of cytokines, such 222 

as IL-2, TNF-α and IFN-γ (Figure 3E and supplemental Figure 7B). To further 223 

explore the effect of tumor cells with disrupted CD58 on CAR T cells, we sorted 224 

CAR T cells cultured with WT or CD58KO tumor cells and then tested their kinetic 225 

responses when cocultured with WT tumor cells (Figure 3F). Remarkably, we 226 

found that CD19 CAR T cells initially cultured with CD58KO tumor cells exhibited 227 

low expansion capacity, a reduced degranulation and impaired ability to kill WT 228 
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tumor cells again (Figure 3G-J; supplemental Figure 8A-D). We also noted 229 

increased apoptosis in CD19 CAR T cells initially cultured with CD58KO tumor 230 

cells, and this increased apoptosis was not driven by FAS or TNFR2 231 

upregulation (Figure 3K; supplemental Figure 8E-F). To investigate the effect of 232 

chronic CD58KO tumor cell stimulation on the function of CAR T cells, we 233 

established a coculture system in which WT or CD58KO tumor cells were added 234 

to a CAR T-cell culture every 72 h (Figure 3L). Repetitive CD58KO tumor cell 235 

stimulation attenuated CAR T-cell expansion and reduced CAR T-cell activation 236 

as measured by Ki67, CD25 and CD69 level (Figure 3M-O and supplemental 237 

Figure 8G-K). Overall, these results suggest that CD58 disruption in cancer 238 

cells conferred functional impairment of CAR T cells including reduced CAR T-239 

cell expansion, survival, activation, degranulation, cytotoxicity, cytokine 240 

secretion and increased CAR T-cell death, which might be responsible for 241 

resistance to CAR T-cell therapy.  242 

 243 

CD58-deficient tumor cells prevent effective IS formation with CAR T cells 244 

and attenuate CAR signaling transduction 245 

The CD2-CD58 interaction is essential for the formation of effective IS, which 246 

contribute to sustaining the activation and proliferation of T cells and trigger a 247 

series of intracellular signaling pathways in T cells.25 Recent studies have 248 

revealed that CAR T cells can initiate cytotoxicity by forming non-classical IS, 249 

which has been regarded as important indicators for predicting the 250 

effectiveness of CAR T-cell therapy.27-29 Therefore, we hypothesized that the 251 

inhibition of CAR T-cell function induced by CD58-deficient tumor cells is 252 

caused by the ineffective formation of IS and weakened CAR signaling strength. 253 

To test this hypothesis, we performed an in vitro conjugation assay.30 Compared 254 

to WT cells, CD58KO Nalm6 cells formed significantly fewer conjugates with 255 

CAR-expressing Jurkat cells or CAR T cells (Figure 4A and supplemental 256 

Figure 9).  257 

 258 
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Next, we used high-throughput imaging flow cytometry (ImageStream) to 259 

evaluate the stability of IS (Figure 4B). CD58KO Nalm6 cells formed IS 260 

structures with potentially disadvantageous cytoskeletal properties, as 261 

measured by F-actin intensity and enrichment at the IS (Figure 4C-D), implying 262 

that CD58KO Nalm6 cells prevented effective IS formation with CAR T cells.  263 

Considering that the production of CAR T cells requires the activation of anti-264 

CD3 antibody, the background phosphorylation level so high that we could not 265 

detect differences between groups. We observed that the phosphorylation of 266 

CD3ζ-CAR, LCK or ZAP70 in CAR-expressing Jurkat cells stimulated with 267 

CD58KO Nalm6 cells was inhibited compared to that stimulated with WT Nalm6 268 

cells (Figure 4E). Of note, an anti-CD2 antibody can activate CAR T cells by 269 

detecting the expression of CD25 in CAR T cells (supplemental Figure 10 A). 270 

However, CD58 loss in tumor cells did not show increased sensitivity to CAR T 271 

cells after the addition of an anti-CD2 antibody (supplemental Figure 10 B), 272 

indicating the stable IS formed by CD58 on tumor cells is necessary for CAR T 273 

cells to successfully kill tumor cells. 274 

 275 

To decipher the underlying molecular programs accounting for CD58-deficient 276 

tumor-mediated CAR T-cell dysfunction, we leveraged the transcriptional 277 

profiles of CD19 CAR T cells cocultured with WT Nalm6 cells or CD58KO Nalm6 278 

cells. We observed differentially expressed genes in CD19 CAR T cells 279 

stimulated with WT Nalm6 cells or CD58KO Nalm6 cells (supplemental Figure 280 

11A). A gene enrichment analysis of these differentially expressed genes 281 

revealed that these genes were significantly enriched in regulation of cell 282 

adhesion, T-cell activation, cytokine related signaling and cell proliferation 283 

(Figure 4F; supplemental Figure 11B-C; supplemental Table 2). More 284 

specifically, CD19 CAR T cells cocultured with CD58KO Nalm6 cells showed 285 

marked downregulation of genes associated with activation (RIPOR2, IL1A, 286 

RUNX1, NFKB2, SDC4 and TNFRSF4),31-35 and significantly differentially 287 

expressed genes associated with T-cell differentiation (CXCR4, CCR7, TOX, 288 
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LGALS3 and XBP1).36-38 In addition, we found that the expression of a cluster 289 

of cytokine genes (IFNG, TNF, IL17F, IL13, CCL3L3 and CCL5) were 290 

decreased in CAR T cells cocultured with CD58KO Nalm6 cells (Figure 4G). 291 

Taken together, these findings indicates that CD58KO tumor cells and CAR T 292 

cells forms inefficient IS, which drives a reduction in CAR T-cell activation, 293 

resulting in CAR T-cell dysfunction.  294 

 295 

Loss of CD58 in tumor cells exhibits resistance to CAR T-cell therapy in 296 

vivo 297 

To evaluate the effect of CD58 knockout in tumor cells on the anti-tumor ability 298 

of CAR T-cell therapy in mouse xenograft models, we examined the tumor-299 

suppressive ability of equal amounts of CAR T cells in mice transplanted with 300 

WT tumor cells or CD58KO tumor cells (Figure 5A). Consistent with our in vitro 301 

observations, the CD19 CAR T cells in CD58KO Nalm6 cell-bearing mice 302 

showed low tumor clearance capacity (Figure 5B-C). Moreover, xenograft mice 303 

with CD58KO Nalm6 cell transplants exhibited a survival disadvantage 304 

compared to xenograft mice with WT Nalm6 cell transplants (Figure 5D). 305 

Consistently, the expansion of CAR T cells in peripheral blood in CD58KO tumor-306 

bearing mice was significantly lower than that in WT tumor-bearing mice (Figure 307 

5E). Besides, we found that loss of CD58 in tumor cells suppressed activation 308 

of CAR T cells, as measured by CD25 level (Figure 5F). CAR T cells in the 309 

CD58KO tumor group secreted less cytokines than those in the WT tumor group 310 

(Figure 5G). These results indicate that loss of CD58 in tumor cells results in 311 

reduced sensitivity to CD19 CAR T-cell therapy in vivo.  312 

 313 

Discussion 314 

Resistance to CAR T-cell therapy is a primary obstacle to its broader 315 

therapeutic use.39 Performing unbiased CRISPR/Cas9 screening with the 316 

Nalm6 cells, CD19+ human ALL cell line, we revealed several genetic 317 

perturbations potentially capable of mediating resistance to CAR T-cell therapy. 318 
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In addition to antigen loss and T-cell dysfunction, tumor-intrinsic resistance 319 

mechanisms, such as impaired death receptor signaling and NOXA, have been 320 

recently reported.18,22,40 In the present study, we identified a potential 321 

mechanism of tumor-intrinsic resistance to CAR T-cell therapy mediated by the 322 

loss of CD58 in tumor cells. 323 

 324 

CD58 is a member of the immunoglobulin superfamily and is a ligand for the 325 

costimulatory molecule CD2 expressed in T cells.41 Disruption of the CD58-CD2 326 

axis by blocking antibodies results in decreased T cell activation, reduced IFN-327 

γ secretion and reduced cytotoxicity.42,43 Several reports have shown that loss 328 

of CD58 in tumor cells is an unfavorable prognostic factor and a frequent 329 

genetic abnormality in patients with hematologic malignancies.44,45 On the basis 330 

of CRISPR/Cas9 screening, a recent study has revealed that CD58 loss can 331 

confer immune evasion in tumor-infiltrating lymphocyte-mediated killing and 332 

that CD58 expression is downregulated in tumors of melanoma patients with 333 

resistance to immune checkpoint inhibitors.46 Likewise, in another study which 334 

CRISPR/Cas9 screening was implemented showed that CD58 deletion caused 335 

Nalm6 cell escape from natural killer (NK) cell- mediated killing.47 These data 336 

suggest that abnormal CD58 expression in tumor cells may confer general 337 

resistance to various immunotherapies and that further investigation is needed 338 

in future studies. 339 

 340 

CD58 is essential for the formation of stable IS, maintenance of T-cell activation, 341 

T-cell survival and T cell–mediated killing.25,48 However, the effect of CD58 342 

expression in tumor cells on CAR T-cell therapy remains unknown. In this study, 343 

we observed that CD58 knockout in two B-lymphoid cell lines showed 344 

significantly less sensitive to a series of CAR T cells, including CD19 CAR T, 345 

CD20 CAR T, and tandem CD19/20 CAR T cells. In addition, we found that the 346 

loss of CD58 in tumor cells triggered impaired CAR T cells, which resulted in 347 

decreased CAR T-cell proliferation, degranulation, cytokine secretion, cytotoxic 348 
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effects and increased cell death. Even if the structure of IS formed by CAR T 349 

cells and target cells is saliently distinct from that of classical IS, but an 350 

increasing number of studies demonstrated that the IS formed by CAR T cells 351 

plays an important role in driving the cytotoxic function of CAR T cells.27-29,49,50 352 

In this study, we observed that CD58 loss in tumor cells prevented effective IS 353 

formation with CAR T cells, as measured by the intensity and enrichment of F-354 

actin, a key component in IS.16,51 Furthermore, we found that CAR T cells 355 

saliently attenuated CAR signaling and CAR T-cell activation stimulation by 356 

CD58-deficient tumor cells. These results may shed light on the reasons that 357 

loss of CD58 in tumor cells induces resistance to CAR T-cell therapy.  358 

 359 

Unfortunately, we were unable to provide clinical relevance of CD58 protein 360 

levels to CAR T cell therapy in hematologic malignancies. Factually, we 361 

detected CD58 protein levels in tumor specimens from 34 B-cell lymphoma 362 

patients before infusions of tandem CD19/20 CAR T cells by 363 

immunohistochemistry24,52. Unexpectedly, we found only two patients with low 364 

CD58 expression (data not shown), which is totally distinct from the 60% 365 

DLBCL patients of CD58 protein downregulation reported by others53,54 in 366 

western population. In addition, we noted a large difference of CD58 mutation 367 

frequency in DLBCL patients between Chinese population (around 5%-10% 368 

mutation rate)44,55 and western population (>20% mutation rate). 53,54 Although 369 

the two patients with CD58 low expression had poor response in our tandem 370 

CD19/20 CAR T-cell clinical trial, few sample number limited further 371 

comparative analysis. We preliminarily speculate that the expression of CD58 372 

may be affected by racial disparities, CD58 loss or downregulation was not a 373 

mainly contributing factor for resistance to CAR T-cell therapy, just a low-374 

probability event in Chinese DLBCL patients.  375 

 376 

Strategies to overcome tumor resistance to CAR T-cell therapy caused by 377 

CD58 loss remains to be further explored. A recent study illuminated that 378 
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bypassing CD58 loss in tumor cells using a novel CAR T-cell construct 379 

integrating CD2 costimulatory domains with CAR molecules may be a potential 380 

therapeutic strategy.56 CD58 is regulated by both genetic and non-genetic 381 

factors.57 A previous study suggested that an EZH2 inhibitors can restore 382 

epigenetically silenced CD58 expression on the surface of lymphoma cells, 383 

which in turn enhance IFN-γ secretion by T/NK cells.43 Reversing the functional 384 

downregulation of CD58 in tumor cells using drugs such as epigenetic 385 

modulators may contribute to novel combinatorial treatment strategies that can 386 

improve clinical responses to CAR T-cell therapy. 387 

 388 

Overall, our findings emphasize a potential molecular mechanism determining 389 

the resistance of B-cell malignancies to CAR T-cell therapy. Our observations 390 

suggest that CD58 may be a clinically predictive biomarker for evaluating 391 

response to CAR T-cell therapy in hematologic malignancies, and therefore, 392 

targeting CD58 may be a novel therapeutic avenue to enhance the sensitivity 393 

or overcome resistance to CAR T-cell therapy. 394 
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Figure legends 409 

Figure 1. Use of CRISPR/Cas9 screening to study intrinsic tumor 410 

resistance mechanisms to CAR T cells 411 

(A) Schematic showing the CRISPR/Cas9 screening process. (B) The 10 genes 412 

with most significant sgRNA enrichment. (C) Log 2 fold change (FC) of 413 

normalized counts of each sgRNA targeting CD58, CD81, ICAM1 or ITGA4 in 414 

the screening. (D) Efficacy of CD58, CD81, ICAM1 or ITGA4 KO in Nalm6 cells. 415 

(E-H) GFP-labeled indicated KO cells and mCherry-labeled WT cells were 416 

mixed at an approximately 1:1 ratio and co-cultured with control T or CAR T 417 

cells. The KO (GFP+)/WT (mCherry+) ratio was calculated over time. 418 

CD58KO/WT Nalm6 ratio (E), CD81KO/WT Nalm6 ratio (F), ICAM1KO/WT Nalm6 419 

raito (G) and ITGA4KO/WT Nalm6 ratio (H) in growth competition assay. KO cell 420 

lines referred to sgRNA-1 targeting the indicated genes in (E-H). A mixture of 421 

cells were cocultured with control T or CD19 CAR T cells at a 1:20 E:T ratio of 422 

(n=3). Statistical comparisons were performed using a two-way ANOVA test 423 

with multiple comparisons. The values are shown as the means ± SD. ns, not 424 

significant (p>0.05); *p<0.05, **p < 0.01, *** p< 0.001. 425 

 426 

Figure 2. Role of CD58 in resistance to CAR T-cell-mediated killing 427 

(A-C) CD58KO/WT Nalm6 cell ratio in growth competition assays. CD58KO 428 

Nalm6 cells referred to sgCD58-2 Nalm6 cells. (A) A mixture of Nalm6 cells 429 

were cocultured with control T cells or CD20 CAR T cells at a 1:1 E:T ratio (n=3). 430 

(B) A mixture of Nalm6 cells were cocultured with control T cells or tandem 431 

CD19/20 CAR T cells at a 1:20 E:T ratio (n=3) .(C) A mixture of Nalm6 cells 432 

were cocultured wth control T cells or CD19.28z CAR T cells at a 1:20 E:T ratio 433 

(n=4). (D-G) CD58KO/WT Raji cell ratio in a growth competition assay. CD58KO 434 

Raji cells referred to sgCD58-2 Raji cells. (D) A mixture of Raji cells were 435 

cocultured with control T cells or CD19 CAR T cells at a 1:20 E:T ratio (n=3). 436 

(E) A mixture of Raji cells were cocultured with control T cells or CD20 CAR T 437 

cells at a 1:20 E: T ratio (n=3). (F) A mixture of Raji cells were cocultured with 438 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2022007891/1903954/bloodadvances.2022007891.pdf by guest on 10 N

ovem
ber 2022



control T cells or CD19/20 CAR T cells at a 1:20 E: T ratio (n=4). (G) A mixture 439 

of Raji cells were cocultured with control T cells or CD19.28z CAR T cells at a 440 

1:20 E: T ratio (n=4). (H) Cytotoxic analysis of WT and CD58KO Nalm6 cells 441 

cocultured with CD19 CAR T cells at indicated E:T ratios for 24 h (n=3). (I) 442 

Cytotoxic analysis of WT and CD58KO Nalm6 cells cocultured with CD19/20 443 

CAR T cells at indicated E:T ratios for 24 h (n=4). (J) Cytotoxic analysis of WT 444 

and CD58KO Nalm6 cells cocultured with CD19.28z CAR T cells at indicated 445 

E:T ratios for 24 h (n=4). (K) Cytotoxic analysis of WT and CD58KO Raji cells 446 

cocultured with CD19 CAR T cells at indicated E:T ratios for 24 h (n=4). (L) 447 

Cytotoxic analysis of WT and CD58KO Raji cells cocultured with CD19/20 CAR 448 

T cells at indicated E:T ratios for 24 h (n=4). (M) FACS histogram showing the 449 

CD58 level in Nalm6 or Raji cell lines pretreated with control or blocking anti-450 

CD58 monoclonal antibodies (mAbs) for 30 min. (N) Cytotoxic analysis of 451 

Nalm6 or Raji cells pretreated with control or anti-CD58 blocking mAbs and 452 

cocultured with CD19 CAR T cells for 24 h at a 1:20 E:T ratio (n=3). (O) 453 

Representative FACS histogram showing the CD2 level in CD19 CAR T cells 454 

pretreated with control or anti-CD2 blocking mAbs for 30 min. (P) Cytotoxicity 455 

analysis of Nalm6 or Raji cells cocultured with control or anti-CD2 mAb-blocked 456 

CD19 CAR T cells at a 1:20 E:T ratio for 24 h (n=3).(Q) Representative FACS 457 

plot showing the level of CD19 expression in WT and CD58KO cell lines. (R) 458 

Representative FACS plot showing the level of CD20 expression in WT and 459 

CD58KO cell lines. Significance was assessed using a two-way ANOVA test with 460 

multiple comparisons (A-L). Statistical comparisons were performed using a 461 

two-tailed unpaired t test (N and P). The values are shown as the means ± SD. 462 

ns, not significant (p>0.05); *p<0.05, **p < 0.01, *** p< 0.001. 463 

 464 

Figure 3. Loss of CD58 in tumor cells gives rise to CAR T-cell dysfunction 465 

(A) Expansion of CD19 CAR T cells after coculturing with WT or CD58KO Nalm6 466 

or Raji cells at a 1:1 E:T ratio (n=3). (B) FACS-based measurement of CD107a 467 

expression in CD19 CAR T cells stimulated by WT or CD58KO Nalm6 or Raji 468 
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cells (n=4). (C) FACS-based measurement of CD107a expression in CD19 469 

CAR T cells stimulated with Nalm6 or Raji cells pretreated with control or anti-470 

CD58-blocking monoclonal antibodies (mAbs) (n=4). (D) FACS-based 471 

measurement of CD107a expression in CD19 CAR T cells pretreated with 472 

control or anti-CD2 blocking mAbs after stimulation with Nalm6 cells or Raji 473 

cells (n=4). (E) FACS-based quantification of intracellular IL-2, IFN-γ and TNF-474 

α expression in CD19 CAR T cells stimulated with WT or CD58KO Nalm6 cells 475 

(n=4) or Raji cells (n=5) at a 1:1 E:T ratio for 8 h. (F) Schematic showing the 476 

functional assessment study. CD19 CAR T cells and WT or CD58KO Nalm6 cells 477 

were initially cocultured at an E: T ratio of 1:1 for 3 days (first coculture). CD19 478 

CAR T cells were sorted by the PE magnetic beads method based on CAR 479 

staining in first co-culture and then cocultured again with WT Nalm6 cells at an 480 

E:T ratio of 1:1 for 24 h and 48 h (secondary coculture). Expansion (G) and 481 

Ki67 expression (H) of CD19 CAR T cells after 24 h and 48 h in secondary 482 

coculture (n=3). (I) CD19 CAR T cells were sorted in first coculture and then 483 

cocultured again with WT Nalm6 cells at an E:T ratio of 1:1 to test the 484 

degranulation (CD107a expression) of CAR T cells for 0.5 h or 1 h (n=4). (J) 485 

Survival of WT Nalm6 cells after 24 h and 48 h in secondary coculture (n=3). 486 

(K) Representative FACS plots and quantification of Annexin V expression of 487 

CD19 CAR T cells after 24 h and 48 h in secondary coculture (n=3). (L) Pattern 488 

of repeated antigen stimulation in vitro. (“↓” represents the time point when WT 489 

or CD58KO Nalm6 or Raji cells were added). (M) CD19 CAR T cell-expansion 490 

after repeated stimulation with WT or CD58KO Nalm6 cells. CD25 (N) and CD69 491 

expression (O) in CD19 CAR T cells after repeated stimulation with WT or 492 

CD58KO Nalm6 cells (n=3). Statistical comparisons were performed using a two-493 

tailed unpaired t test (C, D). Statistical comparisons were performed using a 494 

one-way ANOVA test (B, E). Significance was assessed using a two-way 495 

ANOVA test with multiple comparisons (A, G-K and M-O). The values are shown 496 

as the means ± SD. ns, not significant (p>0.05); *p<0.05, **p < 0.01, *** p< 497 

0.001.  498 
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 499 

Figure 4. Knockout of CD58 in tumor cells forms ineffective 500 

immunological synapse (IS) with CAR T cells and attenuates CAR 501 

signaling. 502 

(A) CD19 CAR T cells were stained with CellTrace Violet dye and incubated 503 

with WT Nalm6(mCherry+) and CD58KO (GFP+) Nalm6 cells for 10 min or 30 504 

min. Representative FACS and bar plots(gating from Violet+ cells) representing 505 

the quantification of conjugates formed by WT or CD58KO with CAR T cells 506 

(n=3). (B) CD19 CAR T cells prestained with CellTrace Violet dye were 507 

cocultured with WT (mCherry+) or CD58KO (GFP+) Nalm6 cells for 10 min or 508 

30 min. After incubation, the cells were analysed for the expression of CellTrace 509 

Violet, GFP, mCherry and phalloidin (AF647) using ImageStream. Phalloidin 510 

was used to stain F-actin. The gating strategy used for the identification of IS 511 

and a representative image of an IS are shown. The white arrow points to an 512 

IS. (C) Median fluorescence intensity (MFI) of phalloidin at IS (n=3). (D) F-actin 513 

enrichment at IS with WT or CD58KO is reported as percent protein (n=3). (E) 514 

Proximal signaling events of CAR-expressing Jurkat cells upon stimulation with 515 

WT or CD58KO Nalm6 cells. Similar results were obtained from three 516 

independent biological experiments. (F) Selected pathways of Gene Ontology 517 

(GO) enrichment analysis in the biological process category of differentially 518 

expressed genes in CD19 CAR T cells sorted by flow cytometry 3 days after 519 

stimulation with WT or CD58KO Nalm6 cells (n = 2 different peripheral blood 520 

mononuclear cell [PBMC] donors). (G) Heatmap showing select differentially 521 

expressed genes related to T-cell activation, T-cell differentiation and cytokines 522 

in CD19 CAR T cells after 3 days stimulation with WT or CD58KO Nalm6 cells 523 

(n = 2 different PBMC donors). Statistical comparisons were performed using a 524 

two-way ANOVA test with multiple comparisons. The values are shown as the 525 

means ± SD. ns, not significant (p>0.05); *p<0.05, **p < 0.01, *** p< 0.001. 526 

 527 

Figure 5. CD58-deficient tumors show decreased sensitivity to CAR T-cell 528 
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therapy in mouse xenograft model 529 

(A) Schematic showing the generation of xenograft mouse models. NPG mice 530 

(n=6/group) were injected intravenously (IV) with 1×105 WT or CD58KO Nalm6-531 

luk cells 7 days after a single IV injection of 1×106 control T cells or CD19 CAR 532 

T cells. Tumor burden was monitored every 7 days with bioluminescence in vivo 533 

imaging (BLI) with an IVIS imaging system. (B) IVIS-obtained images showing 534 

tumor burden; BLI was performed at the indicated time points. (C) Average 535 

radiance measurement at the indicated time points (n=6). (D) Mouse survival 536 

was monitored and recorded (n=6/group). (E) T-cell persistence in peripheral 537 

blood on days 7 and 14 (n=6). (F) FACS-based measurement of CD25 538 

expression in CD19 CAR T cells in peripheral blood on days 7 (n=6). (G) 539 

Cytokines in peripheral blood at 7 days after CAR T cell infusion were measured 540 

by ELISAs (n=6). Significance was assessed using two-way ANOVA with 541 

multiple comparisons (C and E). Log-rank tests were performed to assess the 542 

significance of difference (D). Statistical comparisons were performed using a 543 

two-tailed unpaired t test (F). Statistical comparisons were performed using a 544 

one-way ANOVA test (G). The values are shown as the means ± SD of 6 mice 545 

per group. For B-G, the results were from one of three independent experiments. 546 

ns, not significant (p>0.05); *p<0.05, **p < 0.01, *** p< 0.001.  547 
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