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Abstract 68 

CD19-targeting chimeric antigen receptors (CARs) with CD28 and CD3ζ signaling domains 69 

have been approved by the US FDA for treating B cell malignancies. Mutation of immunoreceptor 70 

tyrosine-based activation motifs (ITAMs) in CD3ζ generated a single-ITAM containing 1XX CAR, 71 

which displayed superior anti-tumor activity in a leukemia mouse model. Here we investigated 72 

whether the 1XX design could enhance therapeutic potency against solid tumors. We constructed 73 

both CD19- and AXL-specific 1XX CARs and compared their in vitro and in vivo functions with 74 

their wild type (WT) counterparts. 1XX CARs showed better anti-tumor efficacy in both 75 

pancreatic and melanoma mouse models. Detailed analysis revealed that 1XX CAR-T cells 76 

persisted longer in vivo and had a higher percentage of central memory cells. With fluorescence 77 

resonance energy transfer (FRET)-based biosensors, we found that decreased ITAM numbers in 78 

1XX resulted in similar 70-kDa zeta-chain associated protein (ZAP70) activation, while 1XX 79 

induced higher Ca2+ elevation and faster extracellular signal-regulated kinase (Erk) activation than 80 

WT CAR. Thus, our results confirmed the superiority of 1XX against two targets in different solid 81 

tumor models and shed light on the underlying molecular mechanism of CAR signaling, paving 82 

the way for the clinical applications of 1XX CARs against solid tumors. 83 

  84 
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Introduction 85 

The adoptive transfer of chimeric antigen receptor (CAR)-T cells has achieved great 86 

success in treating hematological malignancies and the US FDA has approved four CD19-specific 87 

CAR-T products and two products targeting BCMA.1,2 On the other hand, it is generally 88 

recognized that the application of CAR-T in solid tumors has been impeded by many factors, 89 

including a lack of tumor-exclusive antigen, inefficient tumor trafficking and immunosuppressive 90 

tumor microenvironment.3 Various strategies have been developed in combination of CAR to 91 

overcome these hurdles, such as co-expression of cytokines,4,5 secretion of scFv against PD-1,6 92 

secretion of BiTEs to recruit bystander T cells7 and the use of IL-7/CCL-19 to increase trafficking.8 93 

However, the CAR design itself may still not be optimized to fully harness the power of T cells.  94 

In addition to the activation signals from a T cell receptor (TCR), T cells integrate signals 95 

from costimulatory/coinhibitory receptors and cytokine receptors through a complex signaling 96 

network to direct multiple functions, such as proliferation, cytotoxicity, cytokine secretion and 97 

differentiation.9 These functions need to be balanced to achieve optimal long-term anti-tumor 98 

effects. After antigen binding, CD28-based second-generation CARs transduce signals through the 99 

costimulatory domain from CD28 and the activation domain from CD3ζ, which comprises three 100 

immunoreceptor tyrosine-based activation motifs (ITAMs). Both pathways highly depend on the 101 

activity of Lck kinase. Each ITAM in CD3ζ after being phosphorylated by Lck recruits ZAP70 102 

kinase so that ZAP70 can be phosphorylated by Lck.10 ZAP70 activation further phosphorylates 103 

adaptor LAT at the membrane, which forms a signaling network with various proteins, such as 104 

Grb2/Sos and PLC. PLC catalyzes the formation of two important second messengers, DAG and 105 

IP3.11 IP3 binds to receptors at the ER to release large amount of Ca2+, while both DAG and 106 

Grb2/Sos could activate Erk through Ras.12,13 Meanwhile, after being phosphorylated by Lck, the 107 
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CD28 cytosolic domain can recruit and activate PI3K.14 PIP3 produced by PI3K binds to the PH 108 

domain of Itk, recruiting Itk to the membrane. Itk can directly interact with PLC and activate it.15 109 

Thus, both pathways can modulate downstream Ca2+ and Erk activities. 110 

A single ITAM-containing 1XX CAR design with calibrated activation potential has been 111 

shown to have superior anti-tumor activity in a leukemia mouse model by balancing activation and 112 

costimulatory signals.16 Here we investigated whether this design benefits CAR-T therapy against 113 

solid tumors. We also quantified the molecular activities in CAR-T cells with high temporal 114 

resolution by fluorescence resonance energy transfer (FRET) biosensors. Based on the importance 115 

of the signaling molecules and the availability of biosensors, we chose ZAP70, Ca2+ and Erk 116 

biosensors17-19 to reveal differences in signaling dynamics induced by 1XX compared to WT CAR.   117 

Results 118 

CD19-1XX CAR-T cells had lower cytotoxicity against Panc-1 cells in vitro 119 

In the NALM6 leukemia mouse model, CD19-1XX CAR-T cells had shown superior anti-120 

tumor activity than the CD19-WT cells.16 In this study, we first investigated whether the CD19-121 

1XX CAR-T cells controlled solid tumors better than the CD19-WT cells. With CRISPR/Cas9-122 

mediated gene targeting,20 we integrated CD19-WT or CD19-1XX CAR at the specific TRAC 123 

locus to generate CAR-T cells (Figure 1a, Figure S1a). The resulting CAR-T cells have similar 124 

knock-in efficiency (Figure 1b) and surface expression of CARs (Figure 1c). To have a direct 125 

comparison of the two CD19-specific CAR-T cells, we ectopically expressed the human CD19 126 

antigen in the pancreatic cell line Panc-1 for both the in vitro killing assay and the in vivo xenograft 127 

model (Figure S1b). With Panc-1CD19+ cells as targets, CD19-1XX CAR-T cells displayed 128 

significantly lower cytotoxicity than CD19-WT cells at different E:T ratios in an 18h killing assay 129 

(Figure 1d, e), which was confirmed by results from two additional donors (Figure S1c, d). Data 130 
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summarized from three donors showed that 24h after antigen stimulation, CD19-1XX and CD19-131 

WT CAR-T cells secreted similar amount of IL-2, IFN and TNF (Figure 1f, Figure S1e). In 132 

addition, our CFSE-based assay showed that 72h after antigen stimulation, the proliferation 133 

capacity of CD19-1XX was not statistically different from that of CD19-WT, though it had a 134 

higher trend (Figure 1g, h, Figure S1f). In summary, CD19-1XX cells displayed lower cytotoxicity, 135 

similar cytokine secretion and antigen-dependent proliferation in vitro.  136 

 137 
CD19-1XX CAR-T cells showed better anti-tumor activity in a pancreatic tumor model 138 

We next compared the anti-tumor activity of two CD19 CAR-T cells in a xenograft 139 

pancreatic cancer model, where Panc-1CD19+ cells were subcutaneously injected in the right flank 140 

of NSG mice (Figure 2a). We used a low dose of CAR-T cells (1×106) with similar transduction 141 

efficiency (Figure 1b) to better compare T cell potency in the CAR stress test.21 Though both CAR-142 

T cells inhibited initial tumor growth, mice injected with CD19-WT CAR-T cells started to relapse 143 

around day 29 while mice treated with CD19-1XX CAR-T cells relapsed around day 46 (Figure 144 

2b). At day 53, the average tumor volume of mice with CD19-1XX CAR-T cells was significantly 145 

smaller than that of mice injected with CD19-WT cells (Figure 2b, c). As CAR targeting TRAC 146 

locus knocked out the CD3 expression, we used antibodies against human CD4 or CD8 molecule 147 

to stain for human CAR-T cells in the tumor tissue. Our results revealed the existence of CD4+ 148 

and CD8+ T cells in the tissue even at day 53, albeit at a very low percentage (Figure 2d-f). Even 149 

though the percentage of either CD4+ or CD8+ T cells was not statistically different between CD19-150 

1XX and CD19-WT groups, CD19-1XX groups had a trend of more CD4+ and CD8+ T cells 151 

(Figure 2e, f). In an independent in vivo experiment using CAR-T cells from a different donor 152 

(Figure S2a-c), we didn't observe differences in tumor growth, possibly because that donor was 153 

particularly potent, masking subtle differences. However, CD19-1XX group had more splenic total 154 
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CAR-T cells as well as more CD4+ CAR-T cells than the CD19-WT group in mice 53 days after 155 

CAR-T infusion (Figure S2d; Figure 2g, h). Though no statistical difference, the CD19-1XX group 156 

displayed a lower percentage of PD-1+LAG-3+ exhausted cells in both CD4+ and CD8+ populations 157 

(Figure S2e). Further phenotypic analysis of CAR-T cells demonstrated that the percentage and 158 

cell count of CD8+ TEFF (CD45RA+CD62L-) were higher in CD19-1XX than CD19-WT (Figure 159 

2i, Figure S2f). For the CD4+ population, CD19-1XX had a trend of more percentage of TCM 160 

(CD45RA-CD62L+), but less percentage of TEFF (Figure 2j, Figure S2g).   161 

1XX modification of AXL CAR enhanced its anti-tumor activity in a melanoma model 162 

After we confirmed that CD19-1XX cells were better than CD19-WT in both leukemia [16] 163 

and solid tumor models, we further investigated whether the 1XX design is also beneficial for 164 

CARs targeting antigens expressed naturally in solid tumors. AXL is a tyrosine kinase receptor, 165 

commonly overexpressed in both hematological malignancies and solid tumors.22 Human 166 

melanoma cell line A375 was shown to have a high expression of AXL antigen (Figure S3a). We 167 

constructed a CAR targeting AXL (AXL-WT) using the scFv from an DAXL-88 antibody we 168 

reported before (Figure S3b), and also generated a 1XX-modified AXL-specific CAR for 169 

comparison (Figure 3a). Expression of AXL-WT and AXL-1XX CAR was also similar (Figure 3b, 170 

c). AXL-1XX induced lower killing of A375 cells than AXL-WT CAR-T cells (Figure 3d, e; 171 

Figure S3c, d). Meanwhile, data summarized from three donors suggested that AXL-1XX and 172 

AXL-WT CAR-T cells had similar cytokine secretion (Figure 3f, Figure S3e). The CFSE-based 173 

assay showed that AXL-1XX has stronger proliferative capability than AXL-WT upon antigen-174 

stimulation (Figure 3g, h; Figure S3f).  175 

Then we compared their anti-tumor activity in a xenograft melanoma model, where A375 176 

cells were subcutaneously injected in the right flank of NSG mice (Figure 4a). Interestingly, AXL-177 
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WT CAR-T failed to control tumor growth when injected at a low 1×106 dose while AXL-1XX 178 

CAR-T cells significantly reduced tumor size at the same dose (Figure 4b-e). We confirmed this 179 

finding in an independent experiment with CAR-T cells produced from a different donor (Figure 180 

S4a-d). Our results revealed the existence of CD4+ and CD8+ T cells in the tissue at day 14 (Figure 181 

4e). The percentage of CD4+ T cells was not statistically different between the AXL-1XX and 182 

AXL-WT groups, while the AXL-1XX groups had more percentage of CD8+ T cells (Figure 4f, 183 

g). The analysis of CAR-T cells extracted from mice revealed that the total number of the AXL-184 

1XX CAR-T cells was about 110 fold more than that of the AXL-WT cells (Figure S4e). The 185 

dramatic increase of cell numbers from AXL-1XX CAR-T cells were seen in both CD4+ (116 fold) 186 

and CD8+ populations (121 fold) (Figure 4h, i). Further phenotypic analysis showed that AXL-187 

1XX CAR-T cells had a significantly higher percentage of central memory cells and lower 188 

percentage of effector cells in both CD4+ and CD8+ populations (Figure 4j, k). As the total CAR-189 

T cells were much higher in 1XX, the total numbers of central memory cells and effector cells 190 

were both higher in mice injected with AXL-1XX cells (Figure S4g, h). Meanwhile, 1XX led to 191 

the trend of fewer percentage of PD-1+LAG3+ exhausted cells than AXL-WT cells (Figure S4f). 192 

To summarize, the comparison of AXL-1XX and AXL-WT was mostly consistent with the CD19-193 

1XX and CD19-WT comparison. Although the 1XX design reduced CAR-T cytotoxicity in vitro, 194 

it enhanced the anti-tumor activity of CARs targeting two solid tumor models in vivo, which has 195 

more significance for CAR-T therapy. 196 

1XX CAR induced higher Ca2+ level and faster Erk activation than WT CAR 197 

Our previous work with the leukemia model indicated that CD19-1XX cells had a better 198 

anti-tumor activity because they were more persistent and comprised of increased numbers of 199 

memory cells.16 It is intriguing how a simple 1XX calibration can have a profound impact on 200 
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cellular phenotypes and functions. To complement the global RNAseq comparison between CD19-201 

1XX and CD19-WT,16 we next compared CAR-mediated signaling dynamics in CD19-1XX and 202 

CD19-WT cells with different FRET biosensors. FRET biosensors enable monitoring of the 203 

molecular activity at a single cell level with high spatiotemporal resolution. Here, all the FRET 204 

changes of the biosensor in every cell was normalized to its unstimulated baseline level so we 205 

could directly compare antigen-induced activation.  206 

As ZAP70 kinase directly binds phosphorylated ITAMs of TCR and CARs to get activated, 207 

the 1XX mutation might directly affect the activity of ZAP70. Using a recently developed ZAP70 208 

FRET biosensor with improved dynamic range, ZAP70 activation dynamics can be observed in 209 

CAR-T cells upon antigen stimulation.17 We expressed this biosensor together with either CD19-210 

1XX or CD19-WT CAR, and performed live cell FRET imaging (Figure S5a). ZAP70 activation 211 

can be observed by the FRET biosensor after CAR-antigen interaction. The activation dynamics 212 

induced by CD19-1XX and CD19-WT CAR were not statistically different (Figure 5a-e, Figure 213 

S5b, c). However, CD19-1XX exhibited a trend of lower ZAP70 activity within the first 5min but 214 

eventually caught up with CD19-WT at 30mins. We next investigated cytosolic Ca2+ elevation18 215 

and Erk activation, as they are key signaling events downstream of both TCR/CD3ζ-ZAP70 and 216 

CD28-PI3K pathways and have profound effects on T cell functions through transcriptional 217 

regulation. Our results showed that Ca2+ elevation at 1.5min in 1XX cells was significantly higher 218 

than that in WT cells (Figure 5f-j, Figure S5d, e). Moreover, analysis of CAR-T cells transduced 219 

with Erk biosensors 19 revealed that CD19-1XX directed faster Erk activation than CD19-WT did 220 

upon target cell binding (Figure 5k-o, Figure S5f, g). We further analyzed the Shp1 recruitment 221 

and Lck activation in CAR-T cells. Our co-IP results showed that even though there was no 222 

significant difference of recruited Shp1 after antigen stimulation between WT and 1XX CAR, the 223 
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baseline CAR-associated Shp1 (Time 0) was lower in 1XX CAR group (Figure S6). With a FRET-224 

based Lck biosensor to monitor Lck activity,23 we showed that WT and 1XX induced little Lck 225 

activation upon antigen recognition and there was no statistical difference between these two 226 

groups (Figure S7). Thus, even though 1XX-induced a trend of reduced ZAP70 activity, it 227 

increased antigen-dependent Ca2+ elevation and sped up Erk activation, which were correlated 228 

with higher therapeutic potency.   229 

Discussion 230 

1XX design has been shown to be advantageous in the CD19 CAR context against 231 

leukemia. The most relevant translational question is whether 1XX modification is also beneficial 232 

against solid tumors. Though a prior study reported the 1XX design of a mesothelin-targeting CAR 233 

was effective in a pleural mesothelioma mouse model,24 there was no direct comparison with its 234 

WT counterpart and the underlying molecular mechanisms were not investigated. Our study 235 

demonstrated that 1XX modification can enhance CAR-T cell efficacy against solid tumors in two 236 

different CAR settings and tumor models, suggesting this could be a general optimization strategy. 237 

The increased efficacy was attributed to the observations that CD19-1XX CAR-T cells extracted 238 

from leukemic mice were of higher number and had a higher percentage of CD62+CD45RA- TCM 239 

cells than CD19-WT cells.16 In our study, we tried to isolate CAR-T cells from subcutaneous 240 

tumors to analyze their phenotype but we could not detect enough CAR-T cells (data not shown). 241 

This was most likely because we injected a low CAR-T cell dose and collected the tumor tissue at 242 

the very last time point. We chose a low CAR-T cell dose as a “stress test” for better comparison 243 

of T cells with different CAR constructs.21 The low number of CAR-T cells in tumors was 244 

corroborated by in situ immunostaining of CAR-T cells. Quantitative analysis of immunostaining 245 

indicated a trend of more CD19-1XX cells than CD19-WT cells, which was consistent with the 246 
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results from the leukemic mouse model. Nevertheless, we could isolate enough CAR-T cells from 247 

the mouse spleen instead of tumors for detailed characterization. The 1XX mutation in AXL-CAR 248 

increased the number of total CAR-T cells by 110.5 fold, and these cells displayed an increased 249 

central memory phenotype and decreased exhaustion trend, which was consistent with the effect 250 

of 1XX modification on CD19 CAR. 251 

1XX CAR-T cells have significantly lower cytotoxicity than WT CAR-T cells when killing 252 

Panc-1CD19+ cells. Previous data showed that CD19-1XX and CD19-WT CAR-T cells display 253 

similar cytotoxicity against leukemic NALM6 cells in vitro.16 AXL-specific 1XX CAR-T cells 254 

also have decreased killing against A375 tumor cells. Thus it is possible that results of in vitro 255 

killing assays cannot predict in vivo anti-tumor activities of different CAR-T cells. Here, the 1XX 256 

design has already been combined with the TRAC-targeting of CAR to take advantage of two 257 

optimization methods.20 Whether 1XX can be combined with other known therapeutic 258 

enhancement strategies, such as IL-12, PD-1 blocking scFv or IL-7/CCL19, to further enhance 259 

CAR-T performance against solid tumors, warrants further investigation.  260 

RNAseq analysis of CD19-1XX and CD19-WT cells revealed their global transcriptional 261 

difference 24h after target recognition,16 but how 1XX mutation leads to differential gene 262 

expression was still elusive. Here we employed different FRET biosensors to probe the signaling 263 

dynamics of three key molecules downstream CAR activation (Figure 6). Each ITAM from CD3ζ 264 

has two tyrosines, both of which need to be phosphorylated to recruit ZAP70 so that ZAP70 can 265 

be phosphorylated by Lck.10 But singly-phosphorylated ITAMs was shown to instead recruit Shp1 266 

phosphatase, which in turn inhibits Lck activity through negative feedback25 (Figure 6). Indeed, 267 

before antigen stimulation CAR-associated Shp1 level was lower in 1XX CAR-T cells than that 268 

in WT cells (Figure S6a, b). Additional results assayed with FRET-based Lck biosensor showed 269 
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no statistical difference of induced Lck activation by 1XX and WT CARs (Figure S7a, b), which 270 

didn’t exclude the possibility of enhanced Lck activity by 1XX CAR as the limited dynamic range 271 

of the Lck biosensor may mask the subtle difference in signaling dynamics.23 Thus, 1XX with 272 

reduced ITAMs could possibly enhance Lck activity by decreasing the amount of singly-273 

phosphorylated ITAMs and associated Shp1. The total ZAP70 activity of 1XX would be the net 274 

result of these two opposing effects, as reduced ITAM numbers decreased the amount of bound 275 

ZAP70, but increased the activation of bound ZAP70 by enhanced Lck activity. Our FRET data 276 

showed that even though ZAP70 activity in 1XX was not statistically different from that in WT, 277 

the trend was lower (Figure 5e).  278 

If only the CD3ζ-ZAP70 pathway was considered, the 1XX mutation should not alter the 279 

Ca2+ and Erk activation through LAT. But in the context of CD28-based second generation CAR, 280 

CD28 cytosolic domain after being phosphorylated by Lck can also augment Ca2+ and Erk 281 

signaling through PI3K activation12,13 (Figure 6). As 1XX can enhance Lck activity through 282 

reduced singly-phosphorylated ITAMs and associated Shp1,26,27 CD28 phosphorylation by Lck in 283 

1XX CAR may be strengthened, which promotes higher or faster PI3K activation12,13 (Figure 6). 284 

Our FRET-based imaging revealed that 1XX resulted in significantly higher Ca2+ elevation and 285 

more rapid Erk activation than WT upon antigen binding (Figure 5), which was consistent with 286 

the prediction from a mathematical model.25 Increased Ca2+ would bind to calcineurin and activate 287 

transcription factors of the NFAT family to regulate cytokine gene expression and other genes 288 

critical for the T cell functions.28,29 Erk could further activate transcription factors, such as Elk-1 289 

and AP-1.30,31 Particularly, the Erk pathway was shown to be pivotal for both human memory Th17 290 

cells and CD8 T cell differentiation,32-34 suggesting that faster Erk activation kinetics of 1XX may 291 

be linked to CAR-T cell differentiation. Feucht et al.16 compared the function of three CARs with 292 
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decreasing activation strength, WT, 1XX and XX3. 1XX resulted in the highest number of memory 293 

cells and XX3 CAR-T group had the least number of exhausted cells. Liu et al. showed that XX3 294 

had much weaker ZAP70 activity than WT CAR upon antigen stimulation while they had similar 295 

Erk activity.17 However, our data demonstrated that 1XX CAR had higher Erk activity than WT 296 

CAR while they had similar ZAP70 activity. Taken together, we speculate that the ZAP70 297 

activation seems to be related to the exhaustion phenotype while the Erk activation seems to be 298 

related to the memory phenotype. Further investigation are needed to depict the relationship 299 

between signal strength and T-cell phenotypes.  300 

Our study established the superior anti-tumor effect of 1XX CAR in two preclinical solid 301 

tumor models and revealed the delicate changes of signaling dynamics caused by 1XX CAR, 302 

paving the way for the clinical translation of 1XX CAR in treating solid tumors. 303 

Materials and methods 304 

Cells lines and culture conditions 305 

Panc-1 cells were transduced to express human CD19 as described previously,21,35 Panc-1CD19+ 306 

cells were sorted by Flow Cytometry. Panc-1CD19+, A375 cells were transduced to express firefly 307 

luciferase, and (FFLuc)-2A-green fluorescent protein (GFP), and GFP+ cells were sorted by Flow 308 

Cytometry. Panc-1, A375, 293T and NIH/3T3 were cultured in Dulbecco’s modified Eagle 309 

medium (DMEM, Gibco), with 10% FBS (Vistech) and 1% penicillin/streptomycin (Gibco). 310 

Jurkat cells were cultured in a RPMI-1640 medium (Gibco) with 10% FBS and 1% 311 

penicillin/streptomycin. 312 

RNP production 313 

RNPs were produced by complexing gRNA and Cas9 protein. Modified guide RNAs (gRNAs) 314 

was synthesized by GeneScript. Guide RNAs were reconstituted at 1μg/μL in RNase free water, 315 
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Cas9 proteins were produced by our lab as described in our previous work,36 In brief, they were 316 

complexed in 2:1 gRNA to Cas9 molar ratio at room temperature for 20 min then electroporated 317 

into T cells immediately after complexing.36 318 

Plasmid construction 319 

Based on pAAV-TRAC-1928z plasmid (as described in our previous work,36 named as CD19-320 

WT), we designed and cloned the pAAV-TRAC-1928z-1XX (named as CD19-1XX). Briefly, the 321 

CD19 CAR comprises a single chain variable fragment20 scFv specific for the human CD19 (AXL 322 

CAR comprises a single chain variable fragment of anti-AXL37 specific binding to human AXL), 323 

preceded by a CD8a leader peptide and followed by CD28 hinge, transmembrane and intracellular 324 

regions and CD3ζ intracellular domain. The CAR cDNA is followed by the bovine growth 325 

hormone polyA signal (bGHpA). In brief, pAAV-TRAC-AXL28z/1XX plasmids were 326 

constructed with the following primers. AAV-AXL-forward primer: 327 

GTGGAGGAGAATCCCGGCCCCatggctctcccagtgactgccctactg; AAV-AXL-reverse primer: 328 

GCAACTAGAAGGCACAGTCGcctagggatttagcgagggggcagggcctg, the anti-AXL scFv fragment 329 

was obtained by PCR and inserted into pAAV-TRAC-1928z-WT or pAAV-TRAC-1928z-1XX 330 

plasmid which was digested out as 1928z-WT or 1928z-1XX fragments by NcoI/AvrII, 331 

respectively. The pAAV-TRAC-AXL28z/1XX plasmids were prepared using standard molecular 332 

biology techniques as described previously.16 The Lenti-ZAP70-BS-CD19 CAR, Lenti-Ca2+-BS-333 

CD19 CAR and Lenti-Erk-BS-CD19 CAR plasmids were constructed as in our previous work17 334 

for FRET analysis. Lenti-Lck-BS-CD19 CAR plasmids were constructed as in previous work.23 335 

Isolation and expansion of human T cells 336 

Human PBMCs were isolated from the peripheral blood of healthy volunteers. Ethical permission 337 

was granted by the School of Medicine, Zhejiang University. All blood samples were handled 338 
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following the required ethical and safety procedures. Peripheral blood mononuclear cells were 339 

isolated by ficoll density gradient centrifugation (Dakewe) and T cells were purified using the Pan 340 

T Cell Isolation Kit (Miltenyi Biotec), and stimulated with CD3/CD28 T cell Activator Dynabeads 341 

(Thermofisher) as described previously,20 then cultured in X-VIVO 15 Serum-free Hematopoietic 342 

Cell Medium (Lonza), which was supplemented with 10% fetal bovine serum (Vistech), 5ng/mL 343 

IL7 (interleukin-7) and 5ng/ml IL15 (interleukin-15) (Novoprotein) for the experiments. The 344 

medium was changed every 2 days, and cells were plated at 106 cells/mL. After stimulated for 48 345 

h, human T cells were debeaded for gene targeting experiments. 346 

CAR-T cell production 347 

RNPs were electroporated into T cells 2 days after CD3/CD28 bead stimulation. Before 348 

electroporation, debeaded T cells were resuspended in X-VIVO 15 medium. For each reaction, 349 

3×106 cells were mixed with 3.6 μL (80 pmol) RNPs in a total volume of 120 μL and transferred 350 

to a 120ul cuvette and electroporated with an Cell Electroporator (CELETRIX). Thirty minutes 351 

later, the AAV virus (MOI=1×105) (Vigene Biosciences, China) was added. Following 352 

electroporation, cells were immediately transferred into the culture medium (X-VIVO 15 with 10% 353 

FBS and 1% penicillin/streptomycin). Two hours later, IL-7 (5 ng/mL) and IL-15 (5 ng/mL) were 354 

added. Then the medium was changed every 48 h. Seven days after electroporation, cells were 355 

harvested for fluorescence-activated cell sorting (FACS) analysis to determine the knock-in 356 

efficiency in each condition. 357 

Flow cytometry 358 

The following fluorophore-conjugated antibodies were used. For CD19 CAR staining, an Alexa 359 

Fluor 647 AffiniPure F(ab')2 Fragment Goat Anti-Mouse IgG was used (Jackson 360 

ImmunoResearch); for AXL CAR staining, an Alexa Fluor 647 AffiniPure anti-HA tag Goat Anti-361 
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Mouse IgG was used (BD Bioscience). A375 stained with anti-AXL PE-conjugated antibodies 362 

(FAB154P, R&D); and the DAXL-88 (anti-AXL) binding assay used Alexa Fluor 647 AffiniPure 363 

anti-Fc tag Goat Anti-Human IgG (410711, BioLegend). Anti-Human CD4 antibody (BD, Horizon, 364 

BUV395), anti-Human CD8 antibody (BD, Pharmin, APC-CYTM7), anti-Human CD279(PD-1) 365 

antibody (Invitrogen, eBioscience, PE-Cyanine7), anti-Human CD223(LAG-3) antibody 366 

(Invitrogen, eBioscience, Percp-efluorTM710), anti-Human CD45RA antibody (Invitrogen, 367 

eBioscience, FITC), anti-Human CD62L antibody (Invitrogen, eBioscience, efluor450). For cell 368 

counting, CountBright Absolute Counting Beads were added (Invitrogen) according to the 369 

manufacturer’s instructions. For in vivo experiments, Fc receptors were blocked using FcR 370 

Blocking Reagent, mouse (Miltenyi Biotec). CytoFLEX (Beckman) was used with FlowJo 7.6 371 

software for analysis. All FACS plots presenting CAR-T cell phenotype data were conducted on 372 

gated APC positive CAR-T cells. For Co-immunoprecipitation assay, anti-HA magnetic beads 373 

(MCE, HY-K020) were used according to the manufacturer’s instructions. For western blot assay, 374 

anti-HA (Cell Signaling Technology, 3724S), anti-Shp1 (Cell Signaling Technology, 3759S) and 375 

anti-GAPDH (Cell Signaling Technology, 5174S) were 1:1000 dilution, horseradish peroxidase 376 

conjugated secondary Abs (Goat-anti-Rabbit from Thermo Scientific) was 1:5000 dilution. 377 

Antigen stimulation and cytokines analysis assay 378 

Nine days after gene targeting, the CAR-T cells and irradiated target cells NIH/3T3CD19+ or A375 379 

were cocultured at an E:T ratio of 4:1 without the addition of exogenous cytokines for 24 h, then 380 

cell culture supernatants were harvested and analyzed using a BD Cytometric Bead Array (CBA) 381 

Human Soluble Protein Master Buffer Kit (BD Biosciences) according to the manufacturer’s 382 

instructions. The detection reagent is a mixture of phycoerythrin (PE)-conjugated antibodies, 383 

which provides a fluorescent signal in proportion to the amount of bound analyte. Soluble cytokine 384 
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can be measured using flow cytometry to identify particles with fluorescence characteristics of 385 

both the bead and the detector. 386 

Proliferation assay 387 

For the proliferation assay, CAR-T cells were labeled with Carboxyfluorescein diacetate 388 

succinimidyl ester (CFSE) using a kit from Beyotime. Briefly, cells were resuspended in RPMI 389 

1640 with 10% FBS at a final concentration of 5×106 cells/mL, and CFSE solution was added at 390 

the suggested working concentration. The CAR-T cells were incubated at 37 °C for 10 min, and 391 

then washed three times with RPMI 1640 with 10% FBS. CFSE-labeled cells were further plated 392 

in 24-well plates, co-cultured with irradiated 3T3CD19+ or A375 cells (E:T=4:1) for 72 h. 393 

Unstimulated but CFSE-labeled CAR-T cells served as the control. 72h later CAR-T cells stained 394 

with CFSE were analyzed by CytoFLEX (Beckman) with FlowJo 7.6 software. 395 

Cytotoxicity assay 396 

Nine days after gene targeting, CAR-T cells were collected for luciferase-based cytotoxicity assay 397 

using FFluc-GFP Panc-1CD19+ or A375 as target cells. The target (T) and effector (E) cells were 398 

co-cultured in triplicates at indicated E/T ratios using black 96-well flat plates with 2.5×104 target 399 

cells in a total volume of 100 μL per well in X-vivo 15 medium. Target cells alone were plated at 400 

the same cell density to determine the maximal luciferase expression (relative light units (RLU)); 401 

18 h later, 100 μL luciferase substrate (Goldbio) was directly added to each well. Emitted light 402 

was detected in a luminescence plate reader. Lysis percentage was determined as 403 

(1−(RLUsample)/(RLUmax)) × 100. 404 

Immunofluorescence of tumor tissues 405 

The mice were euthanized by carbon dioxide (CO2) inhalation, and the tumors were harvested and 406 

fixed in 4% paraformaldehyde. Tumor tissue were sectioned for anti-CD4 (GB13064-1, Servicebio) 407 
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and anti-CD8 (GB13068, Servicebio) staining. All procedures followed the manufacturer’s 408 

protocol. In brief, tumor tissue slides were incubated at 65℃ for 1h, blocked with PBS containing 409 

3% BSA for 30 min at room temperature, and then incubated with the primary antibody at 4℃ 410 

overnight. The secondary antibody was incubated at room temperature for 50 min in dark 411 

conditions. Then slides were incubated with DAPI solution at room temperature for 10 min in dark 412 

conditions. Images were acquired by fluorescent microscopy. The nucleus is blue by labeling with 413 

DAPI. Positive cells are green or red according to the fluorescent labels used. 414 

Co-immunoprecipitation assay 415 

Briefly, 2×106 CD19-WT or CD19-1XX CAR-expressing Jurkat cells were mixed with 1×106 416 

3T3CD19+ cells at room temperature. After the co-culture, the cells were resuspended in lysis 417 

buffer38 on ice for 30 min, and centrifuged at 14000 g for 30 min to remove insoluble materials. 418 

The soluble cell lysate was mixed with anti-HA-beads and incubated for 3 h at 4℃ to 419 

immunoprecipitate HA-tagged CARs. After rinsed with wash buffer,38 the immunoprecipitated 420 

proteins were eluted with SDS sample buffer, subjected to SDS-PAGE, and immunoblotted with 421 

the indicated antibodies. 422 

Western Blot assay 423 

The protein lysate was normalized according to the amount of CAR expression and resolved on 4% 424 

- 15% SDS polyacrylamide gel electrophoresis gels (SDS-PAGE, Bio-Rad). After protein transfer 425 

onto Polyvinylidene fluoride membranes (Bio-Rad), membranes were blocked in 5% bovine 426 

albumin in TBS-T and incubated with primary and secondary Abs in TBS-T with 2% bovine 427 

albumin. The following Abs were used: α-SHP1, α-HA tag and α-GAPDH (all from Cell Signaling 428 

Technology), horseradish peroxidase conjugated secondary Abs (Goat-anti-Rabbit from Thermo 429 

Scientific). Then the membrane was incubated with the primary antibody at 4°C overnight, 430 
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followed by incubation with the secondary antibody at room temperature for 1 hour. Lastly, the 431 

membrane was visualized with standard chemiluminescence. 432 

Live cell imaging with FRET-based biosensors 433 

The CD19 CAR-T cells expressing biosensors were generated by the lentivirus transduction of the 434 

Jurkat T cells.17 For imaging of CAR signaling upon antigen stimulation, CAR-T cells were 435 

dropped on the glass-bottom dishes that have been coated with the NIH-3T3 cells expressing CD19 436 

antigens. The time-lapse fluorescence images were taken with a Nikon Eclipse Ti inverted 437 

microscope at an interval of 30 s. The W-VIEW GEMINI imaging splitting optics (Hamamatsu, 438 

Japan) with an iXon Ultra 897 camera was used to capture the ECFP (a 474/40 nm emission filter) 439 

and FRET (a 535/25 nm emission filter) fluorescent signals simultaneously. During imaging, the 440 

cells were maintained with 5% CO2 at 37 °C using the Tokai Hit ST Series Stage Top Incubator 441 

(Tokai Hit, Japan). 442 

Mouse systemic tumor model 443 

Six to eight week old NOD/SCID/IL-2Rγ null (NSG) mice (Shanghai Jihui, China) were used. All 444 

mice were housed at the Westlake University under pathogen-free conditions, and all procedures 445 

were approved by the ethical committee of Westlake University. Mice were subcutaneously (s.c.) 446 

injected a total of 1×106 target tumor cells (Panc-1CD19+ or A375) into the right flanks. Seven days 447 

later 1×106 CD19-specific or 2.5×106 AXL-specific CAR-T cells were injected. Tumor size was 448 

recorded every 3-4 days using a vernier caliper. Tumor volume was calculated as follows: tumor 449 

volume = long diameter × (short diameter2)/2. NSG mice were euthanized when the tumor size 450 

exceeded 14mm (Panc-1CD19+ model) or 19mm (A375 model), so Panc-1CD19+ model mice were 451 

euthanized and the tissue was harvested 53 days after CAR-T cell injection. A375 model mice 452 

were euthanized and the tissue was harvested 26 days after CAR-T cell injection. For each group, 453 
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3-5 individual mice were included. Stratified randomization based on the initial tumor size was 454 

used. No animal data were excluded in this study. No strategy was used to minimize potential 455 

confounders. D.Y and J.C. were aware of the group allocation at the different stages of the 456 

experiment. 457 

Statistical analysis 458 

Unpaired Student t tests or one-way ANOVA (with the appropriate multiple comparisons test) was 459 

carried out using the GraphPad Prism version 7.0 (GraphPad Software Inc). ns, P > 0.05; *, P < 460 

0.05; **, P < 0.01; ***, P < 0.001 and ****, P < 0.0001.  461 
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Figure legends 600 

Figure 1. CD19-1XX CAR-T cells show reduced cytotoxicity but enhanced proliferation in vitro. 601 

(a) Targeting of CD19-WT or CD19-1XX CAR into the TRAC locus by CRISPR/Cas9. (b)FACS 602 

analysis showing the expression levels of two CD19 CARs. Data are representative of at least three 603 

independent experiments with similar results. Untransduced T cells were used as the control. (c) 604 

Normalized CD19-WT and CD19-1XX CAR expression (n=3, for each donor, MFI value of 1XX 605 

CAR was normalized to MFI of WT CAR). (d) Cytotoxic activity of CD19-WT and CD19-1XX 606 

CAR-T cells using an 18 h bioluminescence assay with FFL-expressing Panc-1CD19+ cells as targets. 607 

(n=3, 1 experiment performed in triplicates from 1 donor). (e) Normalized lysis of target cells by 608 

CD19-WT or CD19-1XX CAR-T cells at E:T=1:1 (n=9, 3 independent experiments performed in 609 

triplicates from 3 donors). (f) Normalized cytokine secretion of CD19-WT and CD19-1XX cells 610 

were detected after stimulation by target cells. (E:T=4:1, n=9, 3 independent experiments 611 

performed in triplicates from 3 donors). For each donor, cytokine secretion by 1XX CAR was 612 

normalized to that secreted by WT CAR. (g) The proliferation of CD19-WT and CD19-1XX CAR-613 

T cells analyzed by CSFE assay. Unstim represents CAR-T cells without 3T3CD19+ cell coculture 614 

and stim represents CAR-T cells stimulated with 3T3CD19+ cells for 72h. (E:T=4:1, n=3, 1 615 

experiment performed in triplicates from 1 donor). (h) CAR-T cell antigen-dependent proliferation 616 

fold calculated by stim/unstim ratio (E:T=4:1, n=9, 3 experiment performed in triplicates from 3 617 

donors). All data are mean ± SD. 618 

 619 

Figure 2. CD19-1XX CAR-T cells show better anti-tumor activity in a pancreatic tumor model in 620 

vivo. 621 

(a) Timeline of CD19 CAR-T treatment in the mouse model. (b) Panc-1CD19+ -bearing mice were 622 

treated with 1106 CD19 CAR-T cells as indicated, and the tumor burden (tumor volume) of mice 623 
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was measured at indicated days (n=4 mice each group). For mouse experiments, Control used PBS. 624 

(c) Tumor tissue from mice treated with indicated CAR-T cells. (d) Tumor tissue from mice treated 625 

with indicated CAR-T cells was sliced and stained with antibodies against human CD4 and CD8 626 

(n=4). The percentage of CD4+ (e) and CD8+ (f) T cells in tumor tissue from different groups of 627 

mice (n=4). Number of CD4+ CAR-T cells (g), CD8+ CAR-T cells (h) in the spleen of mice 53 628 

days post CAR-T infusion (n=5). (i, j) Phenotype of CAR-T cells in the spleen of mice 53 days 629 

after CAR-T infusion as demonstrated by the percentage of TCM (CD45RA-CD62L+) and TEFF 630 

(CD45RA+CD62L-) cells (n=5). All data are mean ± SD. 631 

 632 

Figure 3. 1XX modification of AXL CAR reduced cytotoxicity but enhanced proliferation in vitro. 633 

(a) Targeting of AXL-WT or AXL-1XX into the TRAC locus by CRISPR/Cas9. (b) FACS analysis 634 

showing the expression levels of two AXL CARs. Data are representative of at least three 635 

independent experiments with similar results. Untransduced T cells were used as the control. (c) 636 

Normalized CD19 WT and 1XX CAR expression (n=3, for each donor, MFI value of 1XX CAR 637 

was normalized to MFI of WT CAR). (d) Cytotoxic activity of AXL-WT and AXL- 1XX using an 638 

18 h bioluminescence assay with FFL-expressing A375 cells as targets. (n=3, 1 experiment 639 

performed in triplicates from 1 donor). (e) Normalized lysis of target cells by AXL-WT or AXL-640 

1XX CAR-T cells at E:T=1:1 (n=9, 3 independent experiments performed in triplicates from 3 641 

donors). (f) Normalized cytokine secretion of AXL-WT and AXL-1XX were detected 24h after 642 

stimulation by target cells (E:T=4:1, n=9, 3 independent experiments performed in triplicates from 643 

3 donors). For each donor, cytokine secretion by 1XX CAR was normalized to that secreted by 644 

WT CAR. (g) The proliferation of AXL-WT and AXL-1XX CAR-T cells analyzed by CSFE assay. 645 

Unstim represents CAR-T cells without target cell coculture and Stim represents CAR-T cells 646 

stimulated with target cells for 72h. (E:T=4:1, n=3, 1 experiment performed in triplicates from 1 647 
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donor). (h) CAR-T cell antigen-dependent proliferation fold calculated by Stim/Unstim ratio 648 

(E:T=4:1, n=9, 3 experiment performed in triplicates from 3 donors). All data are mean ± SD. 649 

 650 

Figure 4. 1XX modification of the AXL CAR enhance its anti-tumor activity in a melanoma tumor 651 

model. 652 

(a) Timeline of of the AXL CAR-T treatment in the mouse model. (b) A375-bearing mice were 653 

treated with 2.5106 AXL CAR-T cells and the tumor burden (tumor volume) of mice were 654 

measured at the indicated days (n=4, 5, 5 mice in respective groups). Control, PBS. (c) Tumor 655 

tissue of the mice treated with indicated CAR-T cells (n=4, 5, 5). (d) The weight of the tumors 656 

from different groups of mice (n=4, 5, 5). (e) Tumor tissue from the mice treated with indicated 657 

CAR-T cells was sliced and stained with antibodies against human CD4 and CD8 (n=5). The 658 

percentage of CD4+ (f) and CD8+ (g) T cells in tumor tissue from the different groups of mice 659 

(n=5). The number of CD4+ CAR-T cells (h) and CD8+ CAR-T cells (i) in the spleen of mice 26 660 

days post CAR-T infusion (n=5, 3). (j, k). The phenotype of CAR-T cells in the spleen of mice 26 661 

days after CAR-T infusion as demonstrated by the percentage of TCM (CD45RA-CD62L+) and TEFF 662 

(CD45RA+CD62L-) cells (n=5, 3). All data are mean ± SD. 663 

 664 

Figure 5. CAR-mediated signaling dynamics in 1XX and WT CAR-T cells revealed by FRET 665 

biosensors. 666 

(a) Schematic drawings of the constructs. The ZAP70-FRET biosensor was co-expressed with WT 667 

or 1XX CAR in Jurkat T cells. The CAR-T cells were then dropped onto the 3T3CD19+ cells to 668 

monitor the dynamic ZAP70 kinase activations. (b) Representative images of the ZAP70 biosensor 669 

in the T cells after attaching to the 3T3CD19+ cell monolayer. Scale bar,10 μm. (c) Time courses of 670 
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the ECPF/FRET ratio of the ZAP70 FRET biosensor in WT or 1XX CAR-T cells (n=13, 13). (d) 671 

Time courses of normalized ECFP/FRET ratio of the ZAP70 FRET biosensor in WT or 1XX CAR-672 

T cells from 0-5 min (n=13, 13). (e) Normalized ECPF/FRET ratio of the ZAP70-FRET biosensor 673 

in WT or 1XX CAR-T cells at 2 min (n=13, 13, unpaired two-tailed Student’s t-test, ns, P > 0.05). 674 

(f) Schematic drawings of constructs. The Ca2+-FRET biosensor was co-expressed with WT or 675 

1XX CAR in Jurkat T cells. The CAR-T cells were then dropped onto the 3T3CD19+ cells to 676 

monitor the dynamic Ca2+ kinase activations. (g) Representative images of the Ca2+ biosensor in 677 

T cells after attaching to the 3T3CD19+ cell monolayer. Scale bar,10 μm. (h) Time courses of 678 

FRET/ECFP ratio of Ca2+-FRET biosensor in WT or 1XX CAR-T cells (n=27, 22). (i) Time 679 

courses of FRET/ECPF ratio of Ca2+-FRET biosensor in WT or 1XX CAR-T cells from 0-3 min 680 

(n=27, 22). (j) FRET/ECFP ratio of Ca2+-FRET biosensor in WT or 1XX CAR-T cells at 1.5 min 681 

(n=27, 22, unpaired two-tailed Student’s t-test, **, P < 0.01). (k) Schematic drawings of constructs. 682 

The Erk-FRET biosensor was co-expressed with WT or 1XX CAR in Jurkat T cells. The CAR-T 683 

cells were then dropped onto the 3T3CD19+ cells to monitor the dynamic Erk kinase activations. (l) 684 

Representative images of the Erk biosensor in T cells after attaching to the 3T3CD19+ cell monolayer. 685 

Scale bar,10 μm. (m) Time courses of the normalized FRET/ECPF ratio of the Erk-FRET 686 

biosensor in WT or 1XX CAR-T cells (n=29, 29). (n) Time courses of the normalized FRET/ECPF 687 

ratio of the Erk-FRET biosensor in WT or 1XX CAR-T cells from 0-5 min (n=29, 29). (o) 688 

Normalized FRET/ECPF ratio of the Erk-FRET biosensor in WT or 1XX CAR-T cells at 1.5 min 689 

(n=29, 29, **, P < 0.01). All data are mean ± SEM. 690 

 691 

Figure 6. Signaling dynamics of the three key molecules downstream WT (left) and 1XX (right) 692 

CAR activation. Upon CAR binding to antigen, Lck phosphorylates CD28 and CD3ζ signaling 693 
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domains. Doubly-phosphorylated ITAMs recruit ZAP70 and ZAP70 gets activated by Lck. Singly-694 

phosphorylated ITAMs recruit Shp1 to inhibit Lck by negative feedback. Activated ZAP70 695 

phosphorylates LAT subsequently activates both Ca2+ and Erk. Phosphorylated CD28 also 696 

activates Ca2+ and Erk through the PI3K pathway. In 1XX, reduced ITAMs lead to decreased Shp1 697 

inhibition and possibly enhanced Lck activity. Thus, the PI3K-dependent Ca2+ and Erk pathway 698 

gets strengthened. Net ZAP70 activity remains unaltered from two opposing effects: decreased 699 

ZAP70 binding from reduced ITAMs, and increased ZAP70 phosphorylation by Lck. 700 
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A single-ITAM containing 1XX CAR displayed superior anti-tumor activity in two 

solid tumor models than WT CAR, paving the way for its clinical applications against 

solid tumors. Imaging with FRET-based biosensors revealed that 1XX induced higher 

Ca2+ elevation and faster Erk activation possibly through reduced Shp1 association and 

enhanced Lck activation. 
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