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I. Abstract 64 
 65 
Chimeric antigen receptor (CAR)-reprogrammed immune cells hold significant 66 
therapeutic potential for oncology, autoimmune diseases, transplant medicine, and 67 
infections. All approved CAR-T therapies rely on personalized manufacturing using 68 
undirected viral gene transfer, which results in non-physiological regulation of CAR-69 
signaling and limits their accessibility due to logistical challenges, high costs and 70 
biosafety requirements. Here, we propose a novel approach utilizing CRISPR-Cas 71 
gene editing to redirect T cells and natural killer (NK) cells with CARs. By transferring 72 
shorter, truncated CAR-transgenes lacking a main activation domain into the human 73 
CD3ζ (CD247) gene, functional CAR fusion-genes are generated that exploit the 74 
endogenous CD3ζ gene as the CAR’s activation domain. Repurposing this T/NK-cell 75 
lineage gene facilitated physiological regulation of CAR-expression and 76 
reprogramming of various immune cell types, including conventional T cells, TCRγ/δ 77 
T cells, regulatory T cells, and NK cells. In T cells, CD3ζ in-frame fusion eliminated 78 
TCR surface expression, reducing the risk of graft-versus-host disease in allogeneic 79 
off-the-shelf settings. CD3ζ-CD19-CAR-T cells exhibited comparable leukemia 80 
control to T cell receptor alpha constant (TRAC)-replaced and lentivirus-transduced 81 
CAR-T cells in vivo. Tuning of CD3ζ-CAR-expression levels significantly improved 82 
the in vivo efficacy. Compared to TRAC-edited CAR-T cells, integration of a Her2-83 
CAR into CD3ζ conveyed similar in vitro tumor lysis but reduced susceptibility to 84 
activation-induced cell death and differentiation, presumably due to lower CAR-85 
expression levels. Notably, CD3ζ gene editing enabled reprogramming of NK cells 86 
without impairing their canonical functions. Thus, CD3ζ gene editing is a promising 87 
platform for the development of allogeneic off-the-shelf cell therapies using redirected 88 
killer lymphocytes.  89 
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II. Introduction 90 
 91 
The adoptive transfer of immune cells is a powerful tool to combat chronic diseases, 92 
such as cancer. Guiding lymphocytes to specifically bind and respond to antigens 93 
can be used to redirect the anti-tumor efficacy of cytotoxic T cells1 and natural killer 94 
(NK) cells2 as well as promote tissue-specific immunosuppression through regulatory 95 
T cells (Treg)3,4. To overcome the limitations associated with low frequencies of 96 
certain antigen-specific T cells in patients, gene transfer of chimeric antigen 97 
receptors (CAR) can be used to install the desired antigen-specificity to large 98 
numbers of cells needed for adoptive cell transfer and treatment success in severe 99 
disease. Autologous CAR-T cells are an approved treatment for B-cell malignancies, 100 
such as acute B-lymphoblastic leukemia1,5, B-cell lymphoma6,7 and multiple 101 
myeloma8.  102 
 103 
The TCR/CD3-complex is the endogenous antigen-receptor in T cells. It consists of a 104 
TCRα and a corresponding TCRβ chain which engage antigenic peptides presented 105 
by MHC molecules, as well as the accessory proteins CD3γ, CD3δ, CD3ε and CD3ζ 106 
which transduce the TCR signal downstream. While all CD3 proteins are required for 107 
TCR/CD3 assembly, biosynthesis of CD3ζ is the rate-limiting step in TCR/CD3 108 
complex formation9. Further, the intracellular domain of CD3ζ is sufficient to drive 109 
TCR-like activation in chimeric receptors10,11. Therefore, all clinically approved 110 
(second-generation) CARs use the intracellular domain of CD3ζ as their primary 111 
TCR-activation-like effector domain. CARs further comprise an extracellular antigen-112 
binding domain, a hinge domain, a transmembrane domain and an additional 113 
intracellular co-stimulatory domain, such as CD28 or 4-1BB. CARs without a main 114 
activation domain do not induce cytotoxicity, but have been proposed to boost T cell 115 
function by providing co-stimulation12.  116 
 117 
Most clinical CAR-T cell products are generated by transduction with viral vectors 118 
which randomly integrate their respective cargo into the genome and drive 119 
expression of the CAR through strong exogenous promoters, such as EF1α5 8,13 16. 120 
Positional effects and epigenetic silencing of exogenous expression cassettes have 121 
been linked to inconsistent CAR-expression levels17,18. While previous trials with 122 
virally transduced T cells have been safe overall19, gene transfer with (semi)-random 123 
integration poses the risk of insertional mutagenesis as highlighted by cases of clonal 124 
expansion after disruption of tumor suppressor genes TET220 or CBL21 by integrated 125 
CAR provirus and the recent report of the development of CAR+ T cell lymphoma 126 
after treatment with products generated via PiggyBac transposase technology22,23.  127 
 128 
Targeted gene transfer using gene editing can improve the consistency of redirected 129 
T cell products by predictable antigen receptor expression17,24,25. To this end, a 130 
programmable nuclease, such as CRISPR-Cas, is introduced into the T cells 131 
alongside a DNA repair template to exploit homology-directed DNA repair (HDR) for 132 
site-specific integration of the CAR-transgene. Multiple locations have been proposed 133 
to redirect T cells with CARs, including protein-coding genes such as TCRα chain 134 
constant (TRAC)17,26–28,PDCD1 (encoding PD-1)27,29 or GAPDH30 as well as intra-135 
/extragenic genomic safe harbor (GSH) loci, such as the human AAV-integration site 136 
(hAAVS1)29 and eGSH618, respectively. TRAC has emerged as the gold-standard for 137 
gene-edited CAR-T cells. One reason is the improved cell functionality associated 138 
with the temporary downregulation of the CAR after target engagement17. This 139 
mirrors the natural regulation of the human TCR and protects from overt 140 
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differentiation and T cell exhaustion17. An additional advantage is that the integration 141 
of CAR-transgenes into TRAC disrupts the TCR/CD3-complex. This creates CAR+ 142 
TCR- T cells which lack TCR-mediated allo-reactivity, thereby demonstrating a route 143 
towards safe application of CAR-T cells in allogeneic settings31. 144 
 145 
In this study, we demonstrate virus-free CAR reprogramming via in-frame integration 146 
of truncated, CD3ζ-deficient CAR-transgenes (truncCARs) into an early exon of the 147 
CD3ζ gene. Our knock-in strategy produces fusion genes composed of the 148 
exogenous truncCAR-transgene (encoding an antigen binder, a hinge, a 149 
transmembrane as well as a co-stimulatory domain but no main activation domain) 150 
and the endogenous CD3ζ gene. This reduces the required transgene size and 151 
exploits the endogenous CD3ζ promoter for physiological CAR regulation. CD3ζ 152 
gene editing can also be used for CAR reprogramming of regulatory T cells, TCRγ/δ 153 
T cells and most notably primary human NK cells which cannot be reprogrammed by 154 
TRAC-targeting. 155 

III. Material and methods 156 
 157 
Culture of primary cells 158 
The study was performed in accordance with the declaration of Helsinki (Charité 159 
ethics committee approval EA4/091/19). Peripheral blood mononuclear cells (PBMC) 160 
were obtained from healthy donors via density gradient centrifugation from peripheral 161 
blood. T cells were enriched by magnetic cell separation (MACS) using CD3 162 
microbeads and cultured in T cell medium, a 1:1 mixture of RPMI (Gibco) and Click’s 163 
(Irving) media supplemented with 10% fetal calf serum (FCS), IL-7 (10 ng/ml, 164 
CellGenix) and IL-15 (5 ng/ml, CellGenix). NK cells were enriched from the CD3-165 
negative fraction using the NK isolation Kit (Miltenyi) and cultured in NK MACS 166 
Medium (Miltenyi) supplemented with 10% FCS, IL-2 (500 IU/ml) and IL-15 (5ng/ml).  167 
 168 
Genetic engineering 169 
Targeted virus-free CAR integration was performed as recently described32. In short, 170 
human T or NK cells were transfected with precomplexed CRISPR-Cas9 171 
ribonucleoproteins (RNP) and double-stranded DNA (dsDNA) to employ homology-172 
directed DNA repair (HDR) (DNA/sgRNA Sequences: Suppl. Table 1). The dsDNA 173 
served as template for HDR and consisted of the (CAR/truncCAR) transgene flanked 174 
by 400 bp homology arms. Cells were resuspended in 20µl P3 Electroporation Buffer 175 
(Lonza) and electroporated with 1 µg HDR-template and 1.38 µl RNP consisting of 176 
synthetic modified single guide RNA (sgRNA, 100 μM, IDT), 15-50 kDa poly(L-177 
glutamic acid)33 (100 μg/µl, Sigma) and recombinant SpCas9 protein (61 μM, IDT) in 178 
a 0.96:1:0.8 volume ratio using the 4D-Nucleofector (Lonza). Prior to electroporation, 179 
T cells were activated for 48 hours on αCD3/CD28-coated tissue culture plates and 180 
electroporated at a density of 5x104cells/μl buffer with the nucleofection program EH-181 
115. Primary human NK cells were expanded in NK medium for 6-7 days and 182 
electroporated using program DA-100. The NK-92 line was electroporated at 183 
2.5x104cells/μl with the program CA-137. Immediately after the electroporation, 100μl 184 
of the respective medium were added. 10min post-electroporation, T cells were 185 
transferred tnto medium supplemented with 0.5µM HDR-Enhancer v2 (IDT). For 186 
lentiviral (LV) controls, activated T cells were transduced 1 day post T cell isolation 187 
while being kept on αCD3/CD28 coated tissue culture well plates for another day. 188 
After editing, T cells were expanded in G-Rex 6-well plates (Wilson Wolf). 189 
 190 
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Off-target analysis with CAST-Seq 191 
The assay was performed using genomic DNA isolated from T cells 12 days after 192 
nucleofection as previously described34,35 (Supplementary Methods).  193 
 194 
Flow cytometry 195 
Assessment of CAR+ rate, cytotoxicity, intracellular cytokine production, exhaustion, 196 
phenotype and CAR-regulation was performed on a Cytoflex LX device (Beckman 197 
Coulter) using the panels stated in Suppl. Table 2 and as previously described32. 198 
Activation-induced cell death of Her2-CAR-T cells was assessed after stimulation 199 
with plate-bound anti-Fc antibody (10 μg/mL) (Jackson) by flow cytometry via staining 200 
for Annexin V Alexa Fluor® 647 stain (Biolegend) and 7AAD (Biolegend). NK cell 201 
degranulation was assessed after 4h of co-culture with target cells in the presence of 202 
Monensin A (1µM) and BV785-conjugated anti-CD107a antibody via flow cytometry. 203 
NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) was assessed 204 
after 16h of co-culture with CD20+ bGal- Jeko-1 cells in the presence of anti-CD20 205 
(Rituximab) or anti-bGal antibody (Invivogen). 206 
 207 
Live cell imaging 208 
In vitro tumor control of HER2-CAR-T cells was assessed via live cell imaging of 209 
GFP-expressing cancer cells on an Incucyte device (Sartorius) (Supplemental 210 
methods).  211 
 212 
Animal experiments 213 
The in vivo CAR-T cell potency studies were performed in accordance with the 214 
German animal welfare act and the EU-directive 2010/63. Animal studies 1 and 3 215 
were approved by local authorities (Landesamt für Gesundheit und Soziales, 216 
LaGeSo Berlin, Germany) under the permission A0010/19. Study 2 was approved by 217 
the Lower Saxony Office for Consumer Protection and Food Safety – LAVES (permit 218 
number 16/2222). Detailed study protocols are included in the supplementary 219 
methods section. In brief, immunodeficient mice were infused with 0.5x106 Nalm-6 220 
cells (expressing luciferase) via tail vein injection. Four days later, 0.5x106 or 1x106 221 
TCR-deficient CD19-CAR-T cells were infused intravenously. CAR-T cells were 222 
generated either via targeted integration of a CAR or a truncCAR into the TRAC or 223 
CD3ζ gene, respectively, or by LV gene transfer and consecutive TRAC-knock-out 224 
(KO). Tumor burden was assessed using bioluminescence imaging. The staff 225 
carrying out the mice experiments were blinded for the T-cell conditions. Mice were 226 
sacrificed according to study protocol either at ethical endpoints (models 1+3) or five 227 
weeks after tumor inoculation (model 2) according to the respective animal study 228 
protocols. 229 
 230 
Data analysis, statistics and presentation 231 
Flow cytometry data was analysed with FlowJo Software (BD). Prism 9 (GraphPad) 232 
was used to create graphs and perform statistics. Illustrations were created on 233 
BioRender.com. 234 

 235 
Data Sharing Statement 236 
HER2-CARs were previously published36. Other CAR/HDR-templates and sgRNA 237 
sequences are provided in Suppl. Table 1. Plasmids encoding CD3ζ-HDR-templates 238 
will be distributed through Addgene.  239 
 240 

  241 
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IV. Results  242 
 243 
Integration of truncated CD3ζ-deficient (trunc)CARs in CD3ζ enable reprogramming 244 
of T cells 245 
We performed targeted delivery of a 1419bp-sized CD19-specific truncCAR (CD19-246 
IgG1-CD28) into CD3ζ (exon 2, beginning of intracellular domain) and TRAC (exon 247 
1) using CRISPR-Cas (Fig. 1a). As additional control, we integrated a full-length 248 
2015bp-sized CAR (CD19-IgG1-CD28-CD3ζ) into TRAC as recently described32. 249 
Transgene expression in primary human T cells was confirmed by flow cytometry 250 
(Fig. 1b). Like TRAC-editing, CAR integration into the CD3ζ gene ablated TCR/CD3 251 
surface expression. In a VITAL-assay37, which monitors relative antigen-specific 252 
cytotoxicity, TRAC-edited truncCAR-T cells did not elicit any antigen-specific 253 
cytotoxicity as expected due to the lack of a main activation domain (Fig. 1c). In 254 
contrast, CD3ζ-edited truncCAR-T cells effectively lysed CD19+ cells similar to 255 
TRAC-edited T cells transfected with the full-length CAR (Fig. 1c), confirming the 256 
generation of functionally active truncCAR-CD3ζ fusion protein after insertion of CAR 257 
moieties into the endogenous CD3ζ-gene. 258 
 259 
CD3ζ-truncCAR and TRAC-CAR-T cells have comparable CAR-regulation and anti-260 
leukemia activity 261 
We next compared CD19-CAR-expression levels and anti-leukemia potential of 262 
CD3ζ-truncCAR-T cells, TRAC-CAR-T cells and lentivirus-transduced (LV) TRAC-KO 263 
CAR-T cells in vitro. CAR-expression levels in CD3ζ-truncCAR-T cells were lower 264 
than in TRAC-integrated and LV counterparts (Fig. 1d). Compared to TRAC-CAR-T 265 
cells, CD3ζ-truncCAR-T cells and LV CAR-T cells displayed slightly reduced dose-266 
dependent killing in a 6-hour VITAL assay (Fig. 1e). Upon CD19+ Nalm-6 target cell 267 
engagement, CD3ζ-truncCAR and TRAC-CAR-T cells downregulated the CAR for 268 
12-24 hours before returning to their relative baseline levels (Fig. 1f). In contrast, LV 269 
CAR-T cells upregulated CAR-expression in response to stimulation and exceeded 270 
their baseline levels after 48 hours. Previous studies demonstrated that physiological 271 
control of CAR-expression in the TRAC locus enhances their anti-tumor performance 272 
in vivo17. Therefore, we evaluated the anti-tumor efficacy of the differently engineered 273 
T cells (LV, TRAC, CD3ζ-truncCAR) in two independent, blinded xenograft models of 274 
acute lymphoblastic leukemia using immunodeficient mice. In both experiments, 275 
0.5x106 luciferase-labeled CD19+ Nalm-6 tumor cells were administered systemically 276 
prior to the infusion of TCR-deficient CAR-T cells four days later. In mouse model 1 277 
(Fig. 1g), mice received 14-day expanded cryopreserved CAR-T cells at a dose of 278 
1x106 CAR+ cells. All three CAR-T treatments slowed tumor growth to a similar extent 279 
(control: L1CAM-CAR38). In vivo efficacy was also observed in mouse model 2 280 
(Suppl. Fig. 1). Here, fresh, 18-day expanded CAR-T cells were administered at a 281 
dose of 0.5x106 CAR+ cells.  282 
  283 
Increasing CAR-expression from CD3ζ improves IL-2 production and anti-tumor 284 
efficacy  285 
We hypothesized that the lower short-term cytotoxicity of CD3ζ-truncCAR-T cells is 286 
caused by the lower amounts of CAR molecules available for synapse formation. 287 
Optimization of the 2A-cleavage peptide by the addition of a GSG-linker has been 288 
shown to increase protein expression in multi-cistronic transgenes39,40. In the CD3ζ-289 
truncCAR condition, an optimized GSG-P2A (Fig. 2a) increased CAR-expression 290 
even above the TRAC-CAR condition (Fig. 2b). Indeed, this modification increased 291 
CAR-mediated cytotoxicity (Fig. 2c) and intracellular cytokine production to levels 292 
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similar to TRAC-CAR-T cells (Fig. 2d, Suppl. Fig. 2). We next evaluated the impact 293 
of the different CAR-expression levels during repeated leukemia challenges (Fig. 2e-294 
h) which were performed once per week at a CAR+ T cell to tumor cell ratio of 1:1. 295 
After serial co-culture, all three conditions retained their physiological CAR 296 
expression dynamics, but basal CAR-expression did not differ anymore between 297 
CD3ζ-truncCARGSG and TRAC, while the original CD3ζ-truncCAR cells still showed 298 
lower CAR-expression (Fig. 2e). Interestingly, all three conditions showed similar 299 
cytotoxicity (Fig. 2f) and proliferation (Fig. 2g). CD3ζ-edited conditions displayed 300 
slightly lower expression of inhibitory markers in the CD8 compartment after serial 301 
leukemia re-challenges (Fig. 2h; detailed analysis in Suppl. Fig. 3). Serial co-302 
culture resulted in a similar shift towards a more differentiated phenotype in all three 303 
conditions (Suppl. Fig. 4a) with a trend towards a CD8 polarization in the CD3ζ-304 
truncCARGSG condition (Suppl. Fig. 4b). Of note, the differences in cytokine 305 
production were preserved (Suppl. Fig. 4c). Finally, we assessed the in vivo anti-306 
tumor efficacy of the three conditions in a Nalm-6 mouse model (Fig. 2i). TRAC-307 
CAR-T cells and CD3ζ-truncCAR both result in a similarly prolonged, statistically 308 
significant survival compared to mock-electroporated T cells. Expression-tuned 309 
CD3ζ-truncCARGSG-T cells showed the highest survival benefit which was statistically 310 
significant to the other treatment groups. Ex vivo expansion of CAR-T cells was 311 
reduced to 6 days due to a preferable phenotype with a high proportion of central 312 
memory (TCM) and naïve-like (TN) cells as well as a physiological CD4/CD8 ratio at 313 
this time point (Suppl. Fig. 5).  314 
 315 
Tightly controlled HER2-CAR-expression from CD3ζ avoids antigen-independent 316 
differentiation and protects from activation-induced cell death 317 
CAR-T cell therapies have also been developed for solid tumor-associated antigens, 318 
such as HER241–43. To test our CD3ζ-editing platform in this setting, we generated 319 
HER2-specific CAR-T cells via integration of a truncCAR into CD3ζ. As controls, we 320 
integrated of a full-length CAR into TRAC, or into the safe-harbor locus hAAVS 321 
driven by an exogenous LTR/EF1α-promoter. CD3ζ-edited HER2-truncCAR-T cells 322 
demonstrated the lowest CAR-expression level (Suppl. Fig. 6a). TRAC-edited T cells 323 
displayed higher CAR-expression than the LTR/EF1a-driven CAR from the hAAVS1 324 
locus. Phenotype analysis demonstrated antigen-independent differentiation in an 325 
expression level dependent manner (Suppl. Fig. 6b). TRAC-HER2-CAR-T cells 326 
expressed the highest levels of inhibitory receptors PD-1, Lag-3 and Tim-3 after two 327 
weeks expansion (Suppl. Fig. 6c). In contrast, CD3ζ-HER2-truncCAR-T cells 328 
displayed differentiation status and exhaustion marker profiles mirroring the CAR– T 329 
cell fraction which indicates reduced or absent tonic signaling. Further, CD3ζ-edited 330 
HER2-truncCAR-T cells demonstrated lower expression of markers for early 331 
apoptosis than TRAC- or AAVS1-edited CAR-T cells after CAR stimulation using 332 
plate-bound antibody, highlighting their reduced propensity for activation-induced cell 333 
death (Suppl. Fig. 6d). Finally, CD3ζ-truncCAR-T cells showed identical cytotoxicity 334 
toward three different HER2+ tumor cell lines when compared to TRAC-HER2-CAR-T 335 
cells (Suppl. Fig. 6e). Therefore, CD3ζ gene editing may also serve as a platform to 336 
redirect T cells towards solid cancers.  337 
Importantly, off-target assessment with CAST-Seq34 indicated high precision of the 338 
CRISPR-Cas9-mediated CD3ζ-targeting. The analysis did not reveal any 339 
chromosomal translocations, only the expected on-target aberrations including a very 340 
rare 15 Mb deletion between CD3ζ and a potential off-target site located on the same 341 
chromosome (Suppl. Fig. 7). 342 
 343 
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CD3ζ-targeting allows redirection of more immune cell types than TRAC-editing 344 
Non-conventional T cells and natural killer (NK) cells have emerged as important 345 
CAR carriers for adoptive cell transfer2,3,44–46. To test the suitability of CD3ζ-editing 346 
for different cell therapy applications, we compared CD3ζ-truncCAR and TRAC-CAR 347 
integration in TCRγ/δ T cells, regulatory T (Treg) cells and primary NK cells (Fig. 3). 348 
Like TRAC, CD3ζ is expressed in all TCRα/β T cells and gene editing of the 349 
respective loci led to similar frequencies of HLA-A2-specific CARs in Treg cells (Fig. 350 
3a, Suppl. Fig. 8a). Furthermore, CD3ζ is expressed in other immune cells which do 351 
not express TRAC and should therefore not be targetable by in-frame TRAC 352 
integration, notably TCRγ/δ T cells and natural killer (NK) cells. Of note, TRAC-editing 353 
in TCRγ/δ T cells resulted in substantial CAR+ fractions, suggesting mRNA 354 
transcription of the TRAC gene in TCRγ/δ T cells at a steady state (Fig. 3b, Suppl. 355 
Fig. 8b). As expected for NK cells, truncCAR integration into CD3ζ, but not TRAC, 356 
led to detectable CAR-expression. Therefore, CD3ζ gene editing may serve as a 357 
universal approach to redirect different conventional and non-conventional T cells as 358 
well as NK cells with CARs (Fig. 3c). 359 
 360 
CD3ζ-KO does not impede canonical functions of primary NK cells  361 
In NK cells, CD3ζ is an adapter protein which assembles with activating killer-cell 362 
immunoglobulin-like receptors (KIR) and Fc-receptors, such as CD1646. NK cells 363 
continuously integrate inhibitory and activating signals shifting toward target cell 364 
killing when sensing enhanced KIR-activation (e.g. by increases in stress- and 365 
cancer-associated markers like Mic-a/b) or if CD16 triggers ADCC.Our knock-in 366 
approach impedes the expression of free CD3ζ-protein, which could potentially 367 
impair NK cell activation and disturb canonical NK functions. To investigate these 368 
potential downsides, we disrupted CD3ζ in primary human NK cells, either via 369 
CRISPR-Cas9-mediated KO or via CD3ζ-GFP-reporter knock-in that disrupts CD3ζ 370 
(Suppl. Fig. 9a). Measuring cytotoxicity (Suppl. Fig. 9b) and degranulation (Suppl. 371 
Fig. 9c) in simple co-cultures, we did not observe major differences regarding 372 
missing-self activation, cancer-directed activation, and allo-reactivity. Importantly, 373 
gene editing of CD3ζ did not alter CD16 expression. (Suppl. Fig. 10a). We also did 374 
not detect differences in anti-CD20-antibody-induced CD16-mediated ADCC towards 375 
the CD20+ cell line Jeko-1 (Suppl. Fig. 9d) which is partially resistant to NK cell 376 
cytotoxicity (Suppl. Fig. 10b).  377 
 378 
CD3ζ-truncCAR knock-in conveys cytotoxicity in primary NK cells and NK-92 cells 379 
Using PBMC-derived NK cells, we next sought to characterize and compare CD3ζ-380 
truncCAR-NK cells with LV-transduced NK cells (Fig. 4). CD3ζ-truncCAR knock-in 381 
rates remained below 10% and were thus considerably lower than in T cells (Fig. 382 
4a). However, using the same LV as for the T cells, CAR transduction rates were in 383 
the same range despite a high multiplicity of infection (MOI=5). CAR MFI did not 384 
significantly differ between the conditions (Fig. 4b). Both conditions, but not a TRAC-385 
CAR knock-in control, showed dose-dependent CAR-mediated killing with a trend 386 
towards superiority of the CD3ζ-truncCAR-NK cells in a VITAL assay, an internally 387 
controlled co-culture assay which is less biased by the NK cells’ CAR-independent 388 
(background-) killing (Fig. 4c). Analysis of the degranulation marker CD107a further 389 
confirmed CAR-mediated activation of CAR+ NK cells when co-cultured with CD19-390 
expressing allogeneic B cells. However, this effect was only statistically significant for 391 
the CD3ζ-truncCAR condition (Fig. 4d). As for CD3ζ-KO cells (Suppl. Fig. 9), ADCC 392 
towards the CD20+ cell line Jeko-1 was not altered for TRAC, LV or CD3ζ-truncCAR-393 
NK cells compared to mock-electroporated (wildtype) NK cells (Fig. 4e). Thus, CD3ζ 394 
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gene editing may be used to redirect primary NK cells with CARs while retaining their 395 
canonical functions. The NK-cell-derived cancer cell line NK-92 has been used as the 396 
cell source for CAR-NK therapy in clinical trials47. The use of immortal cell lines does 397 
not require high CAR integration rates because the edited cells can be enriched prior 398 
to a potentially unlimited expansion. To test the feasibility of our approach in NK-92 399 
cell, we generated CD19-specific CD3ζ-truncCAR-NK cells and hAAVS1-CAR-NK-92 400 
cells as controls (Fig. 4f). CAR+ NK-92 cells were enriched via MACS. Compared to 401 
hAAVS1, CD3ζ-truncCAR-NK-92 cells displayed higher CAR-mediated cytotoxicity 402 
(Fig. 4g) and superior (CAR-independent) missing-self activation towards the MHC-I-403 
deficient cell line K562 (Fig. 4h). As NK-92 cells do not express CD16, ADCC was 404 
not studied. 405 
 406 

V. Discussion 407 
 408 
Here, we propose a novel strategy for site-specific CAR gene transfer to T and NK 409 
cells. Truncated CAR-transgenes lacking a TCR-like effector domain were precisely 410 
inserted into the CD3ζ gene. Via in-frame integration, a complete CAR fusion gene 411 
(comprising an exogenous truncated CAR-transgene and the endogenous CD3ζ 412 
gene) is formed resulting in surface expression of functional CAR proteins. In T cells, 413 
this prevents TCR/CD3 complex assembly and brings the CAR under the 414 
transcriptional regulation of the CD3ζ gene. Despite its function as a signal 415 
transducer of activating NK cell receptors, CD3ζ can be edited to generate functional 416 
CAR-NK cells without affecting their canonical functions.  417 
 418 
First clinical trials demonstrated that TCR-deleted allogeneic CAR-T cells can induce 419 
remissions in heavily pre-treated B-ALL and B-lymphoma patients, but additional 420 
gene editing was needed to circumvent immunological barriers of HLA-mismatches 421 
between CAR-T cell donor and patient50–52. Therefore, CD3ζ-editing would benefit 422 
from other modifications to improve the efficacy of allogeneic CAR-T cells52,53. Future 423 
studies may investigate the combination of CD3ζ-editing with additional KOs to 424 
improve functionality54,55, safety56 as well as persistence57,50,58 of allogeneic T and 425 
NK cells. Although CD3ζ-editing can be used for both T and NK cells, the respective 426 
edits required to improve the functionality of NK cells59,60 may differ to the ones 427 
proposed for T cells55,61. Finally, complex editing may require the combination of 428 
nuclease-assisted gene transfer with other gene silencing modalities such as base 429 
editing62,63 to reduce the risk for genomic rearrangements with unknown biological 430 
impact52,61,64.  431 
 432 
This study is the first to demonstrate non-viral CRISPR-Cas-mediated knock-in for 433 
functional reprogramming of primary human NK cells with CARs. In comparison to 434 
CAR-T cells, CAR-NK cells have a favorable safety profile as they lack alloreactivity, 435 
do not persist long-term and show a reduced incidence of severe cytokine release 436 
syndrome and neurotoxicity2. CAR-NK cells can be combined with monoclonal 437 
antibodies for synergistic activity when targeting heterogenous tumors. For example, 438 
the CD19-specific CAR-NK cells generated by CD3ζ-editing (Fig. 3-4) may be 439 
combined with rituximab to overcome antigen-escape and relapse by CD19-negative 440 
cancer cells. Prior to testing in suitable in vivo models and future clinical translation, 441 
the efficacy of non-viral reprogramming of primary NK cells should be further 442 
increased, for example by using pharmacological enhancers32 and/or end-modified 443 
ssDNA donor templates65. 444 
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 445 
The CD3ζ locus is a novel CAR-integration site which shares features and 446 
advantages with the TRAC knock-in17,26. Like TRAC-, CD3ζ-editing causes TCR-447 
ablation. Furthermore, the CAR’s CD3ζ-domain cannot rescue TCR/CD3-expression 448 
in CD3ζ-KO T cells66. Together, this avoids the risk of alloreactivity in TCRα/β+ T 449 
cells. Despite efficient CD3ζ-editing, residual TCR+ T cells must be depleted prior to 450 
allogeneic application to further minimize the risk for GvHD52,67. Further, the 451 
physiological TCR-like CAR-downregulation after antigen-engagement (achieved via 452 
TRAC- or CD3ζ-integration) may enable transient resting, preventing terminal 453 
differentiation and exhaustion17,68. When considering autologous manufacturing, 454 
transgene expression from TCR/NK-cell lineage genes, such as TRAC or CD3ζ, 455 
provides a safety advantage because it should prevent the inadvertent CAR-456 
expression in B-cell leukemic blasts which can lead to CD19-antigen masking and B-457 
ALL relapse69.  458 
Deleterious mutations of CD3ζ have been found to be a cause for severe combined 459 
immunodeficiency , and NK cells obtained from these patients were found to be 460 
hypo-responsive in tumor co-cultures and after CD16 stimulation70,71. However, in 461 
this study, CD3ζ disruption did not result in any changes in ADCC, cytotoxicity or 462 
degranulation in primary human NK cells (Fig. 4). This is in line with previous findings 463 
that the signal transducer FcRγ compensates CD3ζ-loss after KO to enable ADCC72.  464 
 465 
The serendipitous finding that TRAC knock-in led to CAR-expression in TCRγ/δ+ T 466 
cells (Fig. 3) warrants future investigations. The gene locus for TCRα and TCRδ is 467 
interconnected with TRAC being located downstream of the TCRδ constant (TRDC) 468 
gene73. Our results indicate that some TCRγ/δ+ T cells express the TCRα-chain at 469 
least from one allele. 470 
 471 
CAR-expression level influences CAR-T cell performance, differentiation and 472 
exhaustion in pre-clinical and clinical settings17,74,75. For viral gene transfer, CAR 473 
density may be modulated by variation of viral titers, aiming for different transgene 474 
copy numbers, as well as different promoters76 or transgene designs74. Exogenous 475 
promoters required for CAR-expression after random integration can cause 476 
unphysiological CAR up-regulation after antigen-encounter (Fig. 2c) which can lead 477 
to cellular exhaustion17. The rules of transgene expression from genome-encoded 478 
genes, such as CD3ζ, via their endogenous promoters is poorly understood thus far. 479 
Transgene expression can be affected by the promoter as well as the 5’- or 3’-UTR 480 
and this could contribute to differences detected between CD3ζ and TRAC. However, 481 
we have also observed transgene-dependent differences (CD19-CAR vs HER2-CAR, 482 
see Suppl. Fig. 7), that were locus-dependent and warrant further investigation. We 483 
show that basal CD19-CAR-expression can be increased by insertion of a GSG-484 
linker before the 2A-self-cleavage peptide (Fig. 2). Modulation of both, steady-state 485 
and dynamic CAR regulation, may impact the activation threshold of the CAR-T cells. 486 
Increasing the CAR activation threshold may reduce on-target off-tumor toxicity when 487 
targeting tumor-associated antigens upregulated in the tumor but not completely 488 
absent in normal tissue77. While low CAR-expression in CD3ζ-truncCAR-T cells was 489 
sufficient to trigger cytotoxicity, it was associated with lower cytokine production after 490 
antigen-engagement and lower anti-leukemia activity in vivo (Fig. 2). Of note, all 491 
CARs used in this study employed the CD28 co-stimulatory domain. Future studies 492 
should revisit the contribution of other co-stimulatory domains in CAR-T/NK cells 493 
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created by CD3ζ-gene editing to select the most efficacious CAR-version for the 494 
targeted disease.  495 
 496 
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X. Figure Legends 775 
 776 
Fig. 1: Integration of a truncated CD19-specific CAR into CD3ζ, but not TRAC, 777 
conveys cytotoxicity in conventional T cells toward CD19+ leukemia cells. (a) 778 
full-length second-generation CAR protein (left) and virus-free knock-in strategies to 779 
integrate a full-length CAR into TRAC or a truncated CAR (truncCAR) into TRAC or 780 
CD3ζ. (b) Flow cytometry dot plots after knock-in. Transgene integration into TRAC 781 
or CD3ζ disrupts expression of the TCR/CD3 complex. (c) Relative cytotoxicity in co-782 
culture with (CD19+) Nalm-6 target cells and CD19 knock-out Nalm-6 control cells 783 
(VITAL assay). Calculation of relative cytotoxicity according to formula stated in 784 
methods section. (n=2 biol. repl. each in 2 techn. repl.; ordinary one-way ANOVA 785 
followed by Holm-Šídák’s multiple comparison test with a single pooled variance). (d-786 
g) Functional testing of CD3ζ truncCAR, T cells in comparison to TRAC CAR and LV 787 
CAR-T cells. (d) Mean fluorescence intensity (MFI) determined by flow cytometry as 788 
a measure of cellular CAR-expression and normalized to each donor’s mean CAR 789 
MFI in the TRAC condition. (n = 7 biol. repl. each in 2-5 techn. repl.; mixed-effects 790 
analysis with Geisser-Greenhouse correction + Holm-Šídák’s multiple comparison 791 
test with individual variances computed for each comparison). (e) Relative 792 
cytotoxicity towards CD19+ cells assessed in a 6-hour VITAL assay. (mock-E’: mock-793 
electroporated controls without RNP/HDR templates) (n=4 biol. repl. each in 1-3 794 
techn. repl.; two-way ANOVA followed by Holm-Šídák’s multiple comparison test with 795 
a single pooled variance (f) Changes in CAR-expression levels (MFI normalized to 796 
start) after target cell encounter. (TRAC and LV in 4 biol. repl.; CD3ζ in 2 biol. repl.). 797 
(g) Acute lymphoblastic leukemia xenograft mouse model using luciferase-labeled 798 
Nalm-6 (CD19+) tumor cells. 4 days post Nalm-6 administration, 1x106 799 
cryopreserved, 14-day expanded TCR-deleted CAR+ T cells were injected 800 
systemically. Tumor burden was assessed via bioluminescence imaging (BLI). (n=5-801 
6; 2-way ANOVA with Geisser-Greenhouse correction of log-transformed BLI data 802 
followed by Holm-Šídák’s multiple comparison test, with individual variances 803 
computed for each comparison). Asterisks in this and all further figures represent 804 
different p-values calculated in the respective statistical tests (ns : p > 0.05; * : p < 805 
0.05; ** : p < 0.01; *** : p < 0.001). 806 
 807 
Fig. 2: Evaluation of an optimized CD3ζ truncCAR transgene and its impact on 808 
CAR-T cell function in vitro. (a) dsDNA templates for targeted delivery of a CAR or 809 
truncCAR respectively into TRAC (left) or CD3ζ (middle), as in Fig. 1a, and for 810 
targeted delivery of a GSG-P2A-linker-modified truncCAR into CD3ζ (right). (b) Top: 811 
Mean fluorescence intensity (MFI) determined by flow cytometry at steady (n=4 biol. 812 
repl. in 4-6 techn. repl. in two independent experiments, data normalized to mean of 813 
TRAC for each donor; mixed-effects analysis with Geisser-Greenhouse correction 814 
followed by Holm-Šídák’s multiple comparison test, with individual variances 815 
computed for each comparison). Bottom: dynamics of CAR MFI after CAR-816 
stimulation using CD19+ Nalm-6 tumor cells. (n = 3-4 biol. Replicates in 1-2 techn. 817 
replicates). (c) Relative cytotoxicity assessed in a 6-hour VITAL assay (similar to Fig. 818 
1c, n=4 biol. repl. in 3 techn. repl.; two-way ANOVA followed by Holm-Šídák’s 819 
multiple comparison test with a single pooled variance.). (d) Cytokine expression in 820 
CAR+ cells in response to control (CD19-) cell or target (CD19+) cell encounter (n=3 821 
biol. repl.). (e-h) CAR-T cell re-challenge in serial co-cultures with Nalm-6 target 822 
cells. (e) Top: CAR MFI normalized to TRAC condition at steady state (n=2 biol. repl. 823 
in 4 techn. repl.; statistics as in b). Bottom: dynamics of CAR MFI after target cell 824 
engagement (n = 2-4 biol. repl. in 1-2 techn. repl.). (f) 6-hour VITAL assay. (n=3 biol. 825 
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repl. in 3-4 techn. repl.; two-way ANOVA followed by Holm-Šídák’s multiple 826 
comparison test with a single pooled variance.). (g) Top: relative expansion of CAR+ 827 
T cells (top); Bottom: CAR+ frequency within T cell products. (n= 4 biol. repl.). (h) Cell 828 
surface expression of inhibitory receptors (LAG-3, PD-1, TIM-3; means of n=4 bio. 829 
repl.). (i) In vivo CAR-T cell efficacy tested in Nalm-6 acute lymphoblastic leukemia 830 
xenograft mouse model (n=5-6 mice/group; multiple log-rank tests). 831 
 832 
Fig. 3: CD3ζ truncCAR integration facilitates CAR-expression in different non-833 
conventional T cell subtypes and NK cells. (a) HLA-A2 CAR integration in 834 
regulatory T cells. (b) CD19-CAR integration in TCRγ/δ T cells. TRAC integration 835 
generates CAR+/ TCRγ/δ

+ double positive T cells. (c) Integration of a CD19-CAR in 836 
primary human NK cells.  837 
 838 
Fig. 4: CD3ζ-editing enables redirection of NK cells with CARs and does not 839 
impede canonical NK cell functions in vitro. CAR editing in primary NK cells via 840 
LV CAR transfer, TRAC-CAR or CD3ζ-truncCAR integration: (a) CAR+ frequencies 841 
after editing (n=3 biol. replicates); (b) mean CAR-expression in CAR+ cells (n=3 biol. 842 
replicates; Student’s t test.); (c) CAR-dependent cytotoxicity detected in a VITAL 843 
assay (data normalized to mock-electroporated (wildtype) NK cells; n=3 biol. repl. 844 
each in 3-4 techn. repl.; 2-way ANOVA followed by Tukey’s multiple comparison test 845 
with a single pooled variance); (d) Degranulation as indicator of NK effector function 846 
via flow cytometric detection of CD107a (n=3 biol. repl.; two-way ANOVA followed by 847 
Holm-Sidak’s multiple comparison test with a single pooled variance); (e) antibody-848 
dependent cellular cytotoxicity (ADCC) of primary (CAR) NK cells against CD20+ 849 
bGal- Jeko-1 cells. Bars represent killing for each condition in the presence of the 850 
CD20-targeting monoclonal antibody Rituximab (0.5µg/ml) normalized to the 851 
respective condition without supplemented Rituximab (n=2 biol. repl.); (f-h) CD19-852 
CAR (2) transfer to NK-92 cells via AAVS1 integration of a CMV promotor-controlled, 853 
full-length CAR or CD3ζ integration of a truncCAR. CAR+ fractions were enriched 854 
using MACS. (f) CAR-expression in flow cytometry histograms. (g) CAR-dependent 855 
cytotoxicity in a 4-hour VITAL-assay (n=6 techn. repl.; two-way ANOVA with Tukey’s 856 
multiple comparison test with a single pooled variance. (h) CAR-independent 857 
cytotoxicity towards the MHC I deficient, CD19- K562 (control) cell line (n=15 techn. 858 
repl.; two-way ANOVA followed by Holm-Šídák’s multiple comparison test with a 859 
single pooled variance). 860 
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