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Abstract 24 

In recent years, CAR-T cell therapy has proven to be a promising approach 25 

against cancer. Nonetheless, this approach still faces multiple challenges in 26 

eliminating solid tumors, one of which being the immunosuppressive tumor 27 

microenvironment (TME). Here we demonstrated that knocking out the endogenous 28 

TGFβ receptor II (TGFBR2) in CAR-T cells with CRISPR/Cas9 technology could 29 

reduce the induced regulatory T-cell (iTreg) conversion and prevent the exhaustion of 30 

CAR-T cells. Meanwhile, TGFBR2 edited CAR-T cells had better in vivo tumor 31 

elimination efficacy, both in cell line derived xenograft (CDX) and patient derived 32 

xenograft (PDX) solid tumor models, whether administered locally or systemically. In 33 

addition, the TGFBR2 edited CAR-T cells could eliminate contralaterally re-34 

inoculated xenografts in mice effectively with an increased proportion of central 35 

memory and effector memory subsets. In conclusion, we greatly improved the in vitro 36 

and in vivo function of CAR-T cells in TGFβ-rich tumor environments by knocking 37 

out endogenous TGFBR2, proposing a new method to improve the efficacy of CAR-T 38 

cell therapy for treating solid tumors. 39 

 40 

Key words: CAR-T cell therapy; Solid tumor; TGFBR2 editing via CRISPR 41 
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Introduction 43 

 In recent years, chimeric antigen receptor modified T (CAR-T) cells have 44 

emerged as a promising class of cancer therapeutics (1-3). Anti-CD19 CAR-T cells 45 

have achieved remarkable therapeutic efficacy in treating hematological malignancy, 46 

and two products were approved by FDA in 2017 (4, 5). However, despite many 47 

attempts, CAR-T cells targeting various tumor associated antigens (TAA) still fail to 48 

yield favorable clinical response in patients with solid tumors in a reproducible 49 

manner (2, 6-8). One of the major challenges that CAR-T cells face after infiltrating 50 

into the solid tumor is the suppressive tumor microenvironment (TME). The solid 51 

tumor TME contains numerous cell types in addition to cancer cells, as well as 52 

extracellular matrix components and inflammatory mediators. In this complex 53 

microenvironment, T cells encounter many inhibitory cells and molecules that can 54 

impair their survival, activation, proliferation and effector functions (9, 10).  55 

TGFβ, one of the most important regulators in TME, can be secreted by stromal 56 

cells, such as cancer-associated fibroblasts (CAFs), blood endothelial cells (BECs), 57 

mesenchymal stem cells (MSCs), lymphatic epithelial cells (LECs) and pericytes (9). 58 

There are three TGF-β ligands, TGF-β1, TGF-β2 and TGF-β3. TGF-β1 is the most 59 

commonly up-regulated in tumor cells and TME (11, 12). The TGF-β ligands signal 60 

through type I and type II TGF-β receptors (TGFβR I and TGFβR II, respectively). 61 

Upon binding to TGFβR II, TGFβR I is recruited, phosphorylated and activated to 62 

phosphorylate the downstream mediators, and it then modulates gene transcription 63 

(13, 14). TGF-β plays a very important role in tumor initiation and progression. 64 

Meanwhile, TGF-β has an adverse effect on anti-tumor immunity and significantly 65 

inhibits host tumor immune surveillance (12, 15). It has been reported that TGF-β 66 

markedly suppresses the cytotoxic function of CD8+ T cells, through transcriptional 67 

down-regulation of genes encoding key proteins, such as perforin, granzymes and 68 

cytotoxins (16, 17). TGF-β affects CD4+ T cell differentiation and function by 69 

inducing T regulatory cell (Treg) conversion (17, 18). In addition, inhibiting TGFβ 70 

signaling with a TGF-β1 antibody (19), TGFβR I inhibitor (20), or over-expressing 71 
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dominant negative TGFβR II have all been shown to enhance the tumor elimination 72 

ability of T cells (21, 22). 73 

In this study, we characterized the effects of TGF-β on CAR-T cells, and found 74 

that CAR-T cells could be induced into a Treg-like phenotype that was FOXP3-75 

dependent. In addition, we found that the presence of TGF-β1 accelerated the 76 

exhaustion of CAR-T cells by up-regulating PD1. We completely eliminated the 77 

negative effect of TGFβ by knocking out TGFBR2 in CAR-T cells using the 78 

CRISPR/Cas9 system, and observed dramatically improved function both in vitro and 79 

in cell-line-derived (CDX) and patient tumor-derived xenograft (PDX) models. 80 

Impressively, after PDX tumor being eradicated by TGFBR2 knockout CAR-T cells, 81 

the contralaterally re-inoculated patient-derived tumor was again fast cleared, 82 

demonstrating the potent and persistent in vivo anti-tumor efficacy. 83 

 84 

Results 85 

TGFβ1 negatively regulates CAR-T cell cytotoxic function via TGFβ receptor 86 

 To study CAR-T cells targeting solid tumors, we designed anti-mesothelin 87 

CAR. The scFV was derived from an anti-mesothelin monoclonal antibody P4 (23), 88 

and CD28 co-stimulatory domain and CD3z was used as intercellular signaling 89 

components. We generated CAR-T cells (M28z) via lentiviral transduction and used 90 

the mesothelin positive tumor cell lines CRL5826 and OVCAR-3 as target cells.  91 

We first confirmed the low expression level of endogenous TGFβ1 in CRL5826 92 

cells and generated clonal cell lines expressing TGFβ1 at different levels (CRL5826-93 

TGFβ1-low, intermedia, high). While these cell lines released different amounts of 94 

TGFβ1, there was no difference of cell lysis when they were co-cultured with M28z 95 

CAR-T cells (Figure S1), suggesting that the TGFβ1 released by these cell lines could 96 

not inhibit CAR-T function, likely being the latent form.  97 

Then we added different concentrations of human recombinant TGFβ1 to the 98 

M28z CAR-T and CRL5826 co-culture system, and observed its effect on the 99 



5 

 

5 

cytotoxic function of CAR-T cells. As shown in Figure 1A, the lysis of CRL5826 by 100 

M28z CAR-T cells at 1:1 effector to target (E: T) ratio was reduced to a similar level 101 

when 2.5, 5, or 10 ng/ml of TGFβ1 was added. Subsequently, we used 5ng/ml TGFβ1 102 

in our following in vitro experiments. The release of IL-2 and IFN-γ by CAR-T cells 103 

was also significantly reduced in the presence of TGFβ1 (Figure 1B).  104 

Considering the number of T cells is much lower than the tumor cells upon 105 

infiltration into the solid tumor microenvironment, we evaluated the effect of TGFβ1 106 

at lower E:T ratio. Impressively, as we lowered the E:T ratio, the inhibitory effect 107 

became more pronounced. At the E:T ratio of  0.25:1, the CAR-T-mediated tumor 108 

lysis in the presence of TGFβ1 was only about a quarter of that in the absence of 109 

TGFβ1 (Figure 1C). These data indicate that TGFβ1 negatively regulates the 110 

cytotoxic function of CAR-T cells, and the inhibition level corresponds to the E:T 111 

ratio.  112 

 To rescue the CAR-T cells from this immune suppression effect of TGFβ1, we 113 

sought to eliminate TGFβ receptor by knocking out the TGFBR2 gene in CAR-T 114 

cells. Upon optimization, we achieved KO efficiency of 50-80% (Figure S2). 115 

Knocking out TGFBR2 did not affect the proliferation, CAR expression and T cell 116 

subtype of M28z CAR-T cells (Figure S3). Using three different E:T ratios, we 117 

compared the specific lysis ability of control (M28z) and TGFBR2 knocked out CAR-118 

T cells (M28z-TKO), and found that TGFBR2 knockout could completely rescue the 119 

negative effect of TGFβ1 on tumor lysis (Figure 1D) and cytokine release (Figure 120 

1E). These results indicate that TGFβ1 inhibits CAR-T cell function solely through 121 

activating the TGFβ receptor. 122 

TGFβ1 affects the expression of key genes in CD4 and CD8 CAR-T cells 123 

To explore the molecular mechanisms mediating the inhibition of CAR-T cell 124 

function by TGFβ, after co-cultured with tumor cells in the presence or absence of 125 

TGFβ1, M28z and M28z-TKO CAR-T cells were sorted into CD4 and CD8 positive 126 

populations, and RNAseq was performed. As shown in Figure 2A, the expression of 127 
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cytokine related genes, such as IFNG and IL2, were markedly downregulated in CD4 128 

cells after TGFβ1 addition (4C+T vs. 4C). In the CD8 positive subset, the expression 129 

of granzyme related genes, GZMA, GZMB, GZMH and GZMK were all decreased 130 

significantly after TGFβ1 addition (Figure 2B, 8C+T vs. 8C). These results were 131 

consistent with our observation of the reduction of cytokine release and tumor lysis by 132 

CAR-T cells in the presence of TGFβ1 (Figures 1A and 1B). Furthermore, TGFβ1 133 

induced the up-regulation of Treg related genes, such as FOXP3, BACH2 and 134 

HELIOS, both in CD4 and CD8 positive subsets, suggesting a possible conversion of 135 

CAR-T cells into Treg-like status in the presence of antigen stimulation and TGFβ1. 136 

Consistent with previous study describing that TGFβ1 induced PD1 expression (24), 137 

we observed an evident up-regulation of PDCD1 in CAR-T cells with TGFβ1 138 

addition. In addition, a good number of exhaustion-related signature genes (25-31) 139 

were also up-regulated in CAR-T cells in the presence of TGFβ1 (Figure S4), 140 

suggesting TGFβ1 induces CAR-T cell exhaustion. With TGFBR2 removed, the 141 

TGFβ1 effects on the expression of above-mentioned genes were largely abolished 142 

(Figures 2A, 2B, and S4, 4T vs. 4T+T, 8T vs. 8T+T). We further confirmed the 143 

TGFβ1-induced expression changes of these genes by qPCR (Figures 2C and 2D). 144 

Therefore, we focused on the TGFβ1-induced iTreg phenotype and CAR-T cell 145 

exhaustion in the following experiments. 146 

TGFβ1 induces Treg-like phenotype of CAR-T cells  147 

 Consistent with the up-regulation of FOXP3 in RNA-seq and qPCR data 148 

(Figure 2), FACS analysis also showed elevated FOXP3 protein level after CAR-T 149 

cells were co-cultured with either CRL5826 or OVCAR-3 cells in the presence of 150 

TGFβ1 (Figures S5B and S5D). To evaluate whether these FOXP3 positive cells can 151 

inhibit T cells proliferation, we performed proliferation suppression assay (Figure 152 

S5A). The effector cells (CAR-T cells) were first co-cultured with tumor cells in the 153 

presence or absence of TGFβ1, and then they were harvested and incubated with 154 

responder T cells in normal T cells culture media. Effector cells, after being co-155 
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cultured with tumor cells in the presence of TGFβ1, suppressed the proliferation of 156 

responder cells to a greater extent, compared to the TGFβ1 minus control samples, 157 

while this effect is more prominent when using OVCAR-3 cells (Figures S5C and 158 

S5E). These suggested that a portion of CAR-T cells were converted into functional 159 

iTreg-like cells under the condition of antigen simulation and TGFβ1 presence.   160 

To confirm this effect was due to FOXP3 up-regulation, we performed a 161 

proliferation suppression assay using TGFBR2 and FOXP3 (Figure S6) knockout 162 

CAR-T cells. Compared to WT cells, the expression of FOXP3 maintained at a lower 163 

level in M28z-TKO and -FKO cells co-cultured with tumor cells in the presence of 164 

TGFβ1 (Figure 3A). Accordingly, the proliferation suppression abilities of effector 165 

cells from M28z-TKO + TGFβ1 and M28z-FKO + TGFβ1 groups were much lower 166 

than that in M28z + TGFβ1 group (Figure 3B). These indicated that FOXP3 played an 167 

essential role in the iTreg-like phenotype induced by TGFβ1. In addition, we 168 

observed an improvement in the tumor lysis capability of M28z-FKO in the presence 169 

of TGFβ1, however FOXP3 editing could only partially rescue the cytotoxic function 170 

reduction induced by TGFβ1 (Figure 3C).  171 

These results suggest that the inhibition of TGFβ1-FOXP3 signal improves 172 

CAR-T cell function by reducing iTreg-like cell conversion. However, this pathway is 173 

only partially responsible for the negative effects of TGFβ1 on CAR-T cell function. 174 

TGFβ1 accelerated CAR-T cell exhaustion  175 

 Persistent activation of  T cell signaling leads to exhaustion, and exhausted T 176 

cells have decreased proliferative capacity and effector function, as well as over-177 

expression of immune checkpoint genes, such as PDCD1 (32). After observing the 178 

significant increase of PDCD1 expression in M28z after TGFβ1 addition (Figure 2), 179 

we further explored whether TGFβ1 would accelerate CAR-T cell exhaustion using a 180 

multi-round antigen stimulation assay. We found TGFβ1 significantly affected the 181 

proliferation of CAR-T cells upon multiple challenges of tumor cells. At the fourth 182 

challenge, almost all CAR-T cells died in the presence of TGFβ1, while the control 183 
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cells survived well. Knocking out TGFBR2 rendered CAR-T cells unresponsive to the 184 

TGFβ1 effect, leading to survival similar to the control group (Figure 4A and 4B). In 185 

the presence of TGFβ1, the tumor lysis activity of CAR-T cells was reduced to 186 

nothing after two rounds of challenges, while M28z-TKO cells remained active 187 

(Figure 4C). Accordingly, addition of TGFβ1 up-regulated the expression of major 188 

exhaustion markers, such as PD1, TIM3, LAG3 and CTLA4, in CAR-T cells after 189 

three rounds of tumor challenges, and knocking out TGFBR2 reduced this effect 190 

(Figure 4D).  Using qPCR analysis, we also observed the general up-regulation of 191 

well-established exhaustion related genes on CAR-T cells after antigen re-challenges 192 

in the presence of TGFβ1 (Figure S7). It is worth noting that among these markers, 193 

PD1 was one of the most upregulated and there were still a considerable number of 194 

cells expressing PD1 in M28z-TKO cells, indicating that although they were 195 

unresponsive to TGFβ1 signaling, they were still prone to PD1 suppression, as 196 

engaged by corresponding ligands in the TME.  197 

 To evaluate how PD1 up-regulation contributes to the inhibitory effect of 198 

TGFβ1, we generated PDCD1 KO (M28z-PKO) and PDCD1/TGFBR2 double KO 199 

(M28z-DKO) CAR-T cells, and we also over-expressed PDL1 to model a more 200 

suppressive TME. Compared to the up-regulation of PD1 in M28z induced by 201 

TGFβ1, the expression of PD1 was reduced to basal level in M28z-PKO and -DKO 202 

cells, indicating efficient gene editing (Figure 4E). Knocking out PDCD1 indeed 203 

improved CAR-T cell proliferation upon multiple tumor challenges, while it was still 204 

worse than TKO and DKO (Figure 4F). In the presence of TGFβ1 and PDL1 over-205 

expression, the tumor lysis capability of M28z was reduced at round 2 and completely 206 

lost at round 3. M28z-PKO was able to achieve over 90% tumor lysis at round 3, and 207 

lost efficacy at round 4. In contrast, M28z-TKO was able to maintain about 60% 208 

tumor lysis capability at round 4 (Figure 4G). All these data showed that PD1 up-209 

regulation partially contributed to the negative regulation effect of TGFβ. On the 210 

other hand, TGFβ signaling was only partially responsible for PD1 expression, as a 211 

portion of TKO cells can still express PD1, therefore subjected to PDL1 suppression. 212 
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The DKO CAR-T cells had the best performance, eliminating about 90% of tumor at 213 

round 4 (Figure 4G), suggesting that simultaneous blocking both TGFβ and PD1 214 

signaling can further improve the CAR-T’s resistance to suppressive TME.   215 

TGFBR2 editing enhanced tumor elimination efficacy of CAR-T cells in cell line-216 

derived xenograft (CDX) models 217 

After observing the superior in vitro function of M28z-TKO CAR-T cells, we 218 

evaluated the in vivo efficacy using a CDX model established by grafting CRL5826 219 

cells subcutaneously in NPG mice (VitalStar). The expression of mesothelin of this 220 

tumor model was confirmed by IHC (Figure 5A). Despite the low level TGFβ1 221 

secretion of in vitro cultured CRL5826 cells (Figure S1), the cell line derived 222 

xenograft was rich in TGFβ1 (Figure 5A). We suspected that these TGFβ1 in TME 223 

was partially released by the mouse stromal cells. To confirm the effect of mouse 224 

TGFβ1, we added it to human CAR-T cells, and observed an inhibitory effect similar 225 

to human TGFβ1 (Figure S8).  226 

After the tumor reached a defined size (200-300 mm3), we performed intra-227 

tumor (i.t.) injections of M28z and M28z-TKO CAR-T cells (Figure 5B). Compared 228 

to the continuous increase of tumor volume in PBS group, M28z CAR-T cells slowed 229 

down the tumor growth significantly. However, they failed to clear the tumor up to 49 230 

days after injection. In comparison, the tumors in all five mice were completely 231 

eliminated 35 days after M28z-TKO injection (Figures 5C and S9A). The body 232 

weight of M28z-TKO treated mice decreased gradually (Figure 5D). Meanwhile, 233 

severe fur loss and swollen feet were observed in 5/5 M28z-TKO mice, and one died 234 

49 days after injection. Body dissection showed that the number of inflammatory cells 235 

infiltrated into mice liver was increased in M28z-TKO group (Figure 5E). These 236 

phenomena indicated that graft versus host disease (GvHD) occurred in M28z-TKO 237 

treated mice. Consistent with observed GvHD, high proportion of human CD3 238 

(hCD3) positive cells were detected in mice peripheral blood. As shown in Figures 5F 239 

and S9B, nearly 60% cells were hCD3 positive in the blood of M28z-TKO treated 240 
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mice, while less than 10% blood cells of M28z treated mice were hCD3 positive, 241 

showing that CAR-T cells with TGFβR2 editing had a much better proliferation in 242 

vivo. Meanwhile, the gene editing efficiency increased significantly in M28z-TKO 243 

cells 50 days after injection (Figure 5G), which further confirmed the TGFβR2 edited 244 

cells had a proliferation advantage. In addition, the proportion of effector memory 245 

cells (CCR7-CD45RO+) and central memory cells (CCR7+CD45RO+) were notably 246 

increased in the peripheral blood of M28z-TKO treated mice (Figure 5H). 247 

 After confirming the robust efficacy of M28z-TKO via intra-tumor injection, 248 

we administered CAR-T cells to the same CDX model via intravenous (i.v.) route. 249 

Comparing to i.t. injection, i.v. injection of M28z showed less robust function in 250 

controlling tumor growth, as observed in previous studies (33). M28z-TKO delivered 251 

through i.v. injection performed significantly better than M28z, controlling tumor 252 

growth efficiently while not completely eradicating the tumor (Figures 6A and S9C). 253 

Symptoms of GvHD were not observed in any of these i.v. injected mice (Figure 6B), 254 

and the peripheral blood samples were analyzed 55 days after CAR-T injection. The 255 

average percentage of hCD3 positive cells in M28z-TKO group was higher than that 256 

of M28z treated mice, however the percentage was relatively low compared to i.t. 257 

injected mice (Figure 6C). At day 75 after treatment, we terminated the experiments 258 

and harvested the tumors for analysis. Using RNAscope technology, we found that 259 

the number of tumor-infiltrating M28z-TKO cells was much higher than M28z cells 260 

(Figure 6D), and a significant portion of these M28z-TKO CAR-T cells were 261 

functional and proliferating as they were IFNG or KI67 positive (Figure 6E). These 262 

data indicate that blocking TGFβ pathway in CAR-T cells by gene editing can 263 

significantly improve their survival and proliferation within the tumor 264 

microenvironment. 265 

As the tumor microenvironment usually contains multiple inhibitory signals, we 266 

further challenged M28z-TKO CAR-T cells with a more suppressive TME. We over-267 

expressed PDL1 in CRL5826 cells, generated a CRL5826-PDL1 CDX model, and 268 
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performed i.t. injections of CAR-T cells (Figure S10). Compared to M28z treated 269 

group, M28z-TKO CAR-T cells showed better efficacy by controlling the tumor 270 

volume at a lower level, indicating that TGFβ signaling blockade could improve 271 

CAR-T function in a TME with high concentrations of TGFβ and PDL1. However, in 272 

contrast to the fast eradication of the CRL5826 tumor in all five mice with i.t. 273 

injection of M28z-TKO cells, the CRL5826-PDL1 tumor was cleared in only one of 274 

five mice by day 84. Next, we administered M28z-DKO cells, in which both TGFβ 275 

and PD1 signaling were abolished by gene editing, and observed the elimination of 276 

CRL5826-PDL1 tumor in four of five M28z-DKO treated mice (Figure 7). These 277 

results suggest that, for treating solid tumors, blocking multiple inhibitory pathways 278 

in a TME-specific manner might be necessary for CAR-T cells to function optimally. 279 

TGFBR2 editing enhanced tumor elimination efficacy of CAR-T cells in pancreatic 280 

carcinoma patient-derived xenograft (PDX) models 281 

To evaluate CAR-T cell efficacy in models more relevant to primary tumor, we 282 

established one pancreatic carcinoma PDX model that expressed mesothelin and 283 

TGFβ1 in a relatively uniform manner (Figure 8A). M28z and M28z-TKO CAR-T 284 

cells were delivered via either i.v. or i.t. injection (Figure 8B). Compared to the fast 285 

increase of tumor size in PBS group, both i.v. and i.t. injection of M28z slowed down 286 

the tumor growth, although the tumor still grew to about three times the initial volume 287 

at the time of first injection. In contrast, only 21 days after the first injection, M28z-288 

TKO i.t. and i.v. injection reduced the tumor to less than 10% of initial volume, and 289 

the tumors were completely eradicated at day 28 (Figure 8C). The average 290 

proportions of hCD3 positive cells were about 40% of the periphery blood of M28z-291 

TKO treated mice, either via i.t. or i.v. injection (Figure 8D). These results were 292 

consistent with the data of CDX model, further confirming the superior in vivo 293 

proliferation and function of M28z-TKO cells. 294 

Since the majority of these hCD3 positive cells were effector memory and 295 

central memory subsets (Figure S11A), we wondered whether M28z-TKO cells have 296 
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long-lasting anti-tumor efficacy. At day 43 after treatment, 15 days after the 297 

eradication of tumor, we removed the tumor from PBS control mice and re-inoculated 298 

contralaterally to these tumor-free TKO treated mice. Except for one mouse from the 299 

M28z-TKO i.v. treated group which died from the GvHD in the end of this 300 

experiment, the re-inoculated tumor xenograft tumors were eliminated completely in 301 

all mice by day 35 (Figures 8E and S11B). The proportion of hCD3 and GFP positive 302 

cells remained around 20%-40% in peripheral circulation of these mice (Figure 8F). T 303 

cell subset analysis showed that effector memory and central memory cells still 304 

accounted for the majority of hCD3 positive cells in M28z-TKO group (Figure 8G). 305 

The body weights of mice in M28z-TKO treated group were lighter (Figures S11C 306 

and S11D), suggesting GvHD caused by enhanced T cell proliferation during first and 307 

second xenograft challenges. 308 

Considering the antigens recognized by CAR-T cells are usually only expressed 309 

in partial primary tumor cells, we established another PDX model of pancreatic 310 

carcinoma, which has a weaker and more heterogenous expression of mesothelin and 311 

a more compact structure (Figure 9A). With only some of the tumor cells expressing 312 

the antigen recognized by CAR, we evaluated whether CAR-T cells could still 313 

completely eliminate the tumor. Impressively, while tumors in the mice injected with 314 

M28z continued to grow, tumors were completely eradicated from all mice treated 315 

with M28z-TKO by day 31 (Figure 9B). At day 40, we re-inoculated the same 316 

primary tumor sample to the five M28z-TKO treated tumor free mice and observed 317 

complete elimination of tumor in four of five mice by day 35 after tumor re-318 

inoculation (Figures 9C and 9D). In contrast to the first PDX model, in this 319 

experiment, no mice showed severe weight lost or any GvHD phenotype during the 320 

initial treatment or the re-inoculation of tumor (Figure S12A). We examined the 321 

peripheral blood of mice at day 34 after initial injection and day 22 after re-322 

inoculation of tumor, the percentage of hCD3 positive cells were around 5% (Figures 323 

S12C and S12D). These results suggest that the PDX tumor 2 does not induce CAR-T 324 

cell proliferation as efficiently as PDX tumor 1, likely due to its lower and 325 
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heterogenous mesothelin expression and more concrete structure. However, even with 326 

less circulating cells, M28z-TKO cells can still efficiently eradicate the tumor, even 327 

after a second inoculation, indicating a potent and lasting anti-tumor effect.  328 

Discussion 329 

TGFβ, one of the most important regulators in the TME, greatly affects immune 330 

cell function and tumor progression (9). In this study, we explored the mechanisms of 331 

TGFβ effects on CAR-T cells, and found that TGFβ1 induced FOXP3-dependent 332 

iTreg-like cell conversion and PD1-dependent CAR-T cell exhaustion in vitro. By 333 

knocking out endogenous TGFBR2, we completely rescued the negative effects of 334 

TGFβ1.  M28z-TKO cells showed superior proliferation and tumor lysis capability 335 

after multiple rounds of tumor challenges in vitro. Compared to the strategy of 336 

expressing dominant negative TGFβR II to compete with the endogenous receptor 337 

(34), gene editing blocks TGFβ signaling completely and improves CAR-T cell 338 

function despite the increased concentration of TGFβ1 (Figure S13).  339 

One of the main reasons for the poor clinical efficacy of CAR-T cells in treating 340 

solid tumor is the lack of robust in vivo proliferation (34-37). In this study, we 341 

demonstrated that, knocking out TGFBR2 enables CAR-T cells to survive and 342 

proliferate better in tumor xenograft mouse models, leading to significantly improved 343 

anti-tumor efficacy. While different administrative routes and tumor models induced 344 

different levels of CAR-T proliferation, cells with TGFBR2 knockout consistently 345 

showed superior proliferation. In some models, the M28z-TKO cells accounted for 346 

about 60% of peripheral blood cells 50 days after administration, indicating highly 347 

robust in vivo proliferation capability. Within tumor, M28z-TKO cells also existed at 348 

higher numbers, expressing both proliferation and functional markers (Figures 6D and 349 

6E). More importantly, not only the total number of CAR-T cells, but also the 350 

proportions of central and effector memory T cells were increased, leading to 351 

sustained anti-tumor efficacy upon repetitive tumor challenges (Figures 8 and 9). Our 352 

results suggest that completely blocking TGFβ signaling by gene editing is a 353 
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promising strategy to improve the proliferation of CAR-T cells when treating solid 354 

tumor patients. 355 

Considering the clinical therapeutic effect of CAR-T cells is likely affected by 356 

the histopathologic type, and the heterogeneity of TAA expression in solid tumor(37, 357 

38), we established two PDX models using different pancreatic carcinoma samples to 358 

evaluate the function of TGFBR2  KO CAR-T cells. We observed that these two 359 

xenografts, regardless of loose or compact structure, all or partial expression of target 360 

antigen, were both eradicated efficiently by TGFBR2 KO CAR-T cells, and the 361 

residual edited CAR-T cells could eliminate the re-inoculated xenografts effectively. 362 

These results suggest that TGFBR2 edited CAR-T cells function effectively in 363 

different primary tumor environments. However, we also want to point out that TGFβ 364 

signals through many cell types at TME to induce T cell suppression, and our CDX 365 

and PDX models were only recapitulating some aspects of the TME. It is possible that 366 

the lack of TGFβR II on T cells will allow for greater signaling through other cell 367 

subsets, which is an important issue to be addressed using more sophisticated tumor 368 

models. 369 

In the complex suppressive TME, different inhibitory cells and molecules inhibit 370 

T cell function via multiple pathways (9). In the CRL5826 CDX model, which weakly 371 

expressed PDL1 and was enriched for TGFβ1, CAR-T cells that had TGFβ signaling 372 

inhibited via gene editing eradicated the tumors much more efficiently. In 373 

comparison, in a TME highly expressing PDL1 (CRL5826-PDL1 CDX model), 374 

although TGFBR2 edited CAR-T cells had the tumor eradicating advantage compared 375 

to the unedited cells, they were not able to eradicate tumor in most mice, indicating 376 

blocking only one inhibitory pathway was not enough to render the CAR-T cells 377 

resistant to complex TME. When both PD1 and TGFβ pathways were blocked by 378 

PDCD1-TGFBR2 double knockout, CAR-T cells were able to clear the tumor from 379 

four out of five mice.  These observations highlight the fact that inhibiting pathways 380 

specific to particular TME could improve CAR-T cell function treating solid tumors, 381 
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and suggest a TME-specific strategy of editing CAR-T cell genome for its usage in 382 

clinic.  383 

 In conclusion, we improved the function of CAR-T cells in TGFβ-rich 384 

environment by editing endogenous TGFBR2, proposing a general strategy to 385 

improve the efficacy of CAR-T cell therapy treating solid tumor. Gene editing of 386 

multiple genes in CAR-T cells to avoid the combined inhibitory effects of multiple 387 

immune factors might provide a more targeted and effective therapy for different 388 

cancer patients. 389 

 390 

Materials and methods 391 

Cell lines. Human 293T and HepG2 cells were maintained in DMEM (GIBCO) 392 

supplemented with 10% (v/v) fetal bovine serum (FBS, GIBCO), 100 U/mL penicillin 393 

(GIBCO) and streptomycin (GIBCO). The CRL5826-luciferase cells and CRL5826-394 

luci-PDL1 cells were maintained in RPMI1640 medium (GIBCO) supplemented with 395 

10% (v/v) FBS, 100 U/mL penicillin and streptomycin. The OVCAR3 cells were 396 

maintained in RPMI1640 medium supplemented with 20% (v/v) FBS, 100 U/mL 397 

penicillin and streptomycin. All cell lines were purchased from American type culture 398 

collection (ATCC), and cultured at 37 °C in a 5% CO2 atmosphere. 399 

CD3+ T cells isolation, activation and expansion. Fresh umbilical cord blood (UCB) 400 

units were obtained from healthy volunteer donors with informed consent from 401 

Beijing Cord Blood Bank (Beijing, China), and mononuclear cells were separated 402 

with human mononuclear cells separation medium 1.007 (Beijing Dong Fang Hua 403 

Hui Biomedical technology co., Ltd). T cells were isolated using the EasySep human 404 

T cell enrichment kit (Stemcell Technologies), activated and expanded with anti-405 

CD3/anti-CD28 Dynabeads (Thermo Fisher Scientific) at the ratio of 1:1 according to 406 

the manufacturer's instruction. T cells were cultured in X-VIVO15 medium (Lonza) 407 
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supplemented with 5% (v/v) heat-inactivated FBS (GIBCO) and 300 IU/mL 408 

recombinant human IL-2 (Sino Biological Inc.). 409 

Generation of anti-mesothelin CAR-T cells. Anti-mesothelin CAR was constructed, 410 

and anti-mesothelin CAR-T cells (M28z) were generated and expanded as previously 411 

described (23, 39). Briefly, freshly purified primary CD3+ T cells were activated for 412 

24 hours, and then infected with lentivirus harboring anti-mesothelin CAR. Lentivirus 413 

was produced by co-transfecting with packaging plasmids pMD2.G, psPAX2 and 414 

M28z-GFP plasmid into 293T cells. The virus supernatants were harvested 48 and 72 415 

hours post transfection, and the virus was prepared after concentration (Millipore). 416 

Dominant negative TGFβ receptor II (DN) over-expressed M28z CAR-T cells were 417 

prepared after constructing EF1α-M28z-P2A-DN and EF1α-DN-P2A-M28z plasmids 418 

as previously described (40). 419 

Generation of TGFβ1 over-expressing CRL5826 cell line. EF1-TGFβ1-P2A-tomato 420 

plasmid was constructed. Lentivirus was produced by co-transfecting with packaging 421 

plasmids pMD2.G, psPAX2 and the expression plasmid into 293T cells.  The virus 422 

supernatants were harvested 48 and 72 hours post transfection, and the virus was 423 

prepared after concentration (Millipore). Then tomato positive CRL5826 cells were 424 

sorted and cultured after infection with the lentivirus. 425 

In vitro transcription (IVT). IVT sgRNAs were prepared as previously described (39, 426 

41). Briefly, plasmid PX330 (#42230) containing sgRNA backbone was used as PCR 427 

template. The acquired PCR amplicon containing T7 promoter, 20bp target sequence 428 

and sgRNA backbone was used as IVT template. The IVT was performed using 429 

MEGAshortscript T7 kit (Thermo Fisher Scientific). For the calf intestine 430 

phosphatase (CIP, NEB) treatment, 2U enzyme was added to each μg of in vitro 431 

transcribed sgRNA, and further incubated at 37 °C for one hour. SgRNA wasthen 432 

purified with MEGAclear columns (Thermo Fisher Scientific) and eluted with elution 433 

buffer. 434 



17 

 

17 

Electroporation of HepG2 cell lines and CAR-T cells. Cas9 and sgRNA 435 

ribonucleoprotein (RNP) was prepared immediately before electroporation. 6 μg Cas9 436 

protein (provided by Shenzhen Fapon Biological Therapy Co., Ltd) with 6 μg sgRNA 437 

were incubated at room temperature for 20 min. 5×105 HepG2 or CAR-T cells were 438 

centrifuged at 200 g for 5 minutes,  resuspended in 20 µl transfection buffer 439 

containing indicated RNP, and then transferred into the electroporation cuvette. 4D-440 

Nucleofector System N (Lonza), SE cell line 4D-nucleofector kit (V4XC-1032, 441 

Lonza), and program EH-100 were used for HepG2 cell lines electroporation. 4D-442 

Nucleofector System N (Lonza), P3 Primary Cell 4D-Nucleofector X Kit (V4XP-443 

3024, Lonza), and program EO-115 were used for CAR-T cell electroporation. After 444 

electroporation, cells were resuspended in pre-warmed medium, transferred into 445 

culture plate, and incubated at 37 °C in an atmosphere of 5% CO2 respectively. 446 

Analysis of gene editing efficiency. The genomic disruption level of TGFBR2 in 447 

HepG2 cell lines, TGFBR2 and FOXP3 in CAR-T cells were determined by surveyor 448 

nuclease assay using surveyor mutation detection kit (Integrated DNA Technologies, 449 

Inc). The percentage of target disruption was quantified by densitometry and 450 

calculated as described(42). The indel frequencies of TGFBR2 and FOXP3 were also 451 

measured by TIDE (Tracking Indels by Decomposition) analysis(43). The PCR 452 

primers used for the amplification of target loci were listed in Supplementary Table 1. 453 

Luciferase-based cytolysis assay. CRL582-luciferase cell based cytotoxicity was 454 

performed as previously described(39, 41). Briefly, CRL5826-luciferase cells or 455 

CRL5826-luciferase-PDL1 cells and effector cells were suspended at a density of 456 

1×105 cells/ml in RPMI1640 medium, then seeded in white opaque plate at the 457 

indicated ratio and incubated at 37°C in 5% CO2 for 48 hours. 10 µl of Steady-Glo 458 

luciferase substrate (Promega) was added, 5 min later, luminescence was recorded by 459 

PerkinElmer VICTOR X3. The results were reported as percentage of killing based on 460 

the luciferase activity in the wells compared with tumor cells alone (% killing = 100 – 461 
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((RLU from well with effector and target cell coculture) / (RLU from well with target 462 

cells) × 100)). 463 

Real-time PCR. GFP+ effector cells were isolated by fluorescent cell sorting 3 days 464 

after co-incubation with CRL5826 tumor cells in the absence or presence of 5ng/ml 465 

TGFβ1. Total RNA was extracted using the RNAmini Kit (Qiagen) according to the 466 

manufacture’s instruction. cDNA was synthesized by reverse transcription using the 467 

TransScript-Uni One-Step gDNA Removal and cDNA Synthesis Supermix Kit 468 

(TransGen Biotech). mRNA quantification of IL2, IFNG, GZMA, GZMB, FOXP3 and 469 

PDCD1was performed by CFX96 real-time detection system (Bio-Rad). 470 

Housekeeping gene GAPDH was used as an internal control. The qPCR primers used 471 

in this study were listed in Supplementary Table 1. 472 

RNA-seq. M28z CAR-T cells were incubated with CRL5826 tumor cells in the 473 

absence or presence of 5ng/ml TGFβ1. CD4+GFP+ and CD8+GFP+ effector cells were 474 

isolated by fluorescent cell sorting after 3-day co-incubation. Samples were sent to 475 

BIOMARK Technologies (Beijing, China). RNA extraction, library building and 476 

sequencing, data analysis were all performed by this company. The accession number 477 

for the sequencing raw data in this paper is SRA: PRJNA598415. 478 

Flow cytometry. CytoFLEX (Beckman Coulter Inc) was used to perform fluorescence 479 

expression analysis. Cells were harvested and prepared according to the 480 

manufacture’s protocol. The antibodies used are as follows: TGFβR II -PE (R&D 481 

systems, FAB2411P), LAG3-PE (BD Bioscience, 565616); CD25-Percp (302625), 482 

FOXP3-APC (17-4776-42), CD3-Pacific blue (300329), CD4-PE (317410), CD8a-483 

APC (301014), PD1-PE (329906), CTLA-APC (349908), TIM3-APC (345012), 484 

CD45RO-PE (304206) and CCR7-Percp (353242) were all from Biolegend. 485 

Cytokine enzyme-linked immunosorbent assay (ELISA). Supernatants of effector cells 486 

were harvested 16 hours after co-incubation with target tumor cells (CRL5826-luci) at 487 

a 1:1 ratio (2×104 cells each). Cytokines (IFN-γ and IL-2) produced by effector cells 488 

(M28z and M28z-TKO) were evaluated by ELISA Kits (Biolegend) according to the 489 
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manufacturer’s protocols. To quantify the concentration of TGFβ1 in CRL5826  and 490 

CRL5826- TGFβ1 OE cell lines culture medium, FBS-free basic medium was 491 

changed when the cell confluence was >80%. 24 hours later, the culture medium was 492 

collected and TGFβ1 released by these cells were evaluated by ELISA Kit (R&D 493 

systems) according to the manufacturer’ s protocols. 494 

Multiple-round antigen stimulation assay. 2×105 CAR-T cells were co-incubated with 495 

CRL5826 or CRL5826-PDL1 tumor cells at a effector to target ratio (E: T) =2:1, in 496 

the absence or presence of 5ng/ml TGFβ1. 2 days later, the tumor cells were all lysed, 497 

and new tumor cells were added to the incubation system after CAR-T cell counting. 498 

By the analogy, new tumor cells were added every 2 days, at a E:T=2:1, until the 499 

CAR-T cells could not lyse anymore. The concentration of TGFβ1 was maintained at 500 

5ng/ml in the addition group. The CAR-T cells were collected in the last round, and 501 

expression levels of related checkpoints were detected. 502 

Proliferation suppression assay. 2×106 CAR-T cells were co-incubated with 503 

OVCAR3 tumor cells at a E:T=1:1, in the absence or presence of 5ng/ml TGFβ1. 3 504 

days later, GFP+ CAR-T cells, as effector cells, were sorted by flow cytometry. 505 

CD4+CD25- T cells, as responder cells, were isolated according to the manuscript’s 506 

instruction (STEMCELL Technology). Responder cells, stained with violet (life 507 

technology), were incubated with effector cells at ratio 1:2 or 1:4 in the medium 508 

containing CD3/28 beads (life technology) and 100 IU/ml IL-2. 5 days later, the 509 

proliferation of responder cells were analyzed by flow cytometry. 510 

Animal model and in vivo CAR-T cell function detection. 6-week-old female NOD-511 

Prkdcscid Il2rgnull (NPG) mice (Vitalstar) were inoculated subcutaneously with 512 

2×106 CRL5826-luci tumor cells. Mice were randomly divided into 3 groups: PBS, 513 

M28z and M28z-TKO (n=5) when the tumor volumes were between 200-300 mm3. 514 

5×106 CAR-T cells (CAR+ was 50%) were administrated intratumoraly or 515 

intravenously twice with a one-week-interval. Body weight, tumor size and the onset 516 

of GvHD were monitored weekly. Mice peripheral bloods were collected, and the 517 
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proportion and subsets of human cells were analyzed. Mice liver and tumor tissues 518 

were fixed and embedded in paraffin. Liver sections were stained by hematoxylin-519 

eosin (sigma) to detect the infiltration of inflammatory cells. Immunohistochemical 520 

staining was used to detect the expression of Mesothelin (Abcam) and 521 

TGFβ1(Abcam) in tumor sections. Tumor sections were stained by RNAscope Red 522 

Detection Kit with an anti-mesothelin antibody scFv probe (ACD Technologies) to 523 

detect the infiltration of CAR-T cells. Tumor sections were stained by RNAscope 524 

Multi-fluorescent  Detection Kit with an anti-mesothelin antibody scFv, anti-MKI67 525 

and anti-IFNG probes (ACD Technologies) to detect the function of infiltrated CAR-526 

T cells. 527 

NPG mice engrafted with pancreatic carcinoma patient-derived xenograft (PDX, 528 

Vitalstar) were also randomly divided into above referred 3 groups when the tumor 529 

sizes were between 200-300 mm3. 5×106 CAR-T cells (CAR+ was 50%) were 530 

administrated intratumoraly or intravenously twice with a one-week-interval. Body 531 

weight, tumor size and the onset of GvHD were monitored weekly. Mice peripheral 532 

bloods were collected, and the proportion and subsets of human cells was analyzed. 533 

Contralateral re-inoculation of same PDX was done when the primary PDX was 534 

removed completely. Body weight, tumor size and the onset of GvHD were also 535 

monitored weekly. Mice peripheral bloods were also collected, and the proportion and 536 

subsets of human cells was analyzed. 537 

Study approval. All experiments involving animals were approved by Animal Ethic 538 

Committee of Institute of Zoology, Chinese Academy of Sciences. 539 

Statistical analysis. The statistical analysis represented mean ± s.d.. All statistical 540 

comparisons were evaluated by ordinary one-way or two-way ANOVA or unpaired t 541 

test. The exact P values were labeled in corresponding Figures. 542 
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 657 
Figure 1. TGFβ1 suppresses cytolysis and cytokine release ability of CAR-T cells 658 

via TGFβ receptor. (A) Specific lysis of CRL5826 tumor cells after coculture with 659 

M28z CAR-T cells at a 1:1 effector : target (E:T) ratio, in the presence of 0, 2.5, 5 and 660 

10 ng/ml TGFβ1. (B) IL-2 and IFN-γ secretion after coculture with M28Z CAR-T 661 

cells at 1:1 E:T ratio, in the presence of 5 ng/ml TGFβ1. (C) M28Z CAR-T mediated 662 

tumor lysis in the presence of  5ng/ml TGFβ1 at 0.25:1, 0.5:1 and 1:1 E:T  ratios. (D-663 

E) TGFBR2 KO completely rescues the negative effects of TGFβ1 on CAR-T cell-664 

mediated tumor lysis (D), and (E) IL-2 and IFN-γ secretion. M28z-TKO, TGFBR2 665 

KO M28z. The statistical analysis represented mean ± s.d. of three technical 666 

replications per assay. Ordinary one-way ANOVA and Dunnett’s multiple 667 

comparisons test was used in A; Two-way ANOVA and Sidak’s multiple 668 

comparisons test was used in C; Two-way ANOVA and Tukey’s multiple 669 

comparisons test was used in D. The assays in A, C, D were repeated more than three 670 

times, and in B, E were repeated two times.  671 
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Figure 2: TGFβ1 affects the expression of key genes in CD4 and CD8 CAR-T 673 

cells. (A-B) Expression changes of key functional genes in CD4 (A) and CD8 (B) 674 

cells. (C-D) Expression changes of target genes in CD4 (C) and CD8 (D) cells 675 

confirmed by Q-PCR. 4C, CD4-ctrl; 4C+T, CD4-ctrl+ TGFβ1; 8C, CD8-ctrl; 8C+T, 676 

CD8-ctrl+ TGFβ1; 4T, CD4-TKO; 4T+T, CD4-TKO+ TGFβ1; 8T, CD8-TKO; 8T+T, 677 

CD8-TKO+ TGFβ1. The statistical analysis represented mean ± s.d. of three technical 678 

repetitions in one assay. Ordinary one-way ANOVA and Tukey’s multiple 679 

comparisons test was used. The assays in C, D were repeated two times.  680 
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 681 

 Figure 3: TGFβ1 induced FOXP3-depedent iTreg-like cell conversion of CAR-T 682 

cells. (A) FOXP3 expression in control and M28z-TKO CAR-T cells after incubation 683 

with OVCAR3 cells in the presence or absence of 5ng/ml TGFβ1. (B) Proliferation 684 

suppression ability of iTreg-like cells converted from control, M28z-TKO and M28z-685 

FKO CAR-T cells after incubation with OVCAR3 in the presence of 5ng/ml TGFβ1. 686 

(C) FOXP3 KO partially rescues the negative effects of TGFβ1 on CAR-T cell 687 

mediated tumor lysis. M28z –TKO, TGFBR2 KO M28z; M28z –FKO, FOXP3 KO 688 

M28z. The statistical analysis represented mean ± s.d. of three technical repetitions in 689 

one assay. Two-way ANOVA and Tukey’s multiple comparisons test was used. The 690 

assays in A, C were repeated more than three times, and in B were repeated two 691 

times.   692 
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 693 

Figure 4: TGFBR2 KO rescues CAR-T cell exhaustion induced by TGFβ1. (A) 694 

Growth curve and (B) Representative pictures of M28z and M28z-TKO CAR-T cells 695 

after multi-rounds of CRL5826 stimulation in the presence of 5ng/ml TGFβ1. (C) 696 

Specific tumor lysis by M28z and M28z-TKO after 3 rounds of CRL5826 stimulation 697 
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in the presence of 5ng/ml TGFβ1. (D) Immune checkpoint gene expression of M28z 698 

and M28z-TKO after 3 rounds CRL5826 stimulation in the presence of 5ng/ml 699 

TGFβ1. (E) Proportion of PD1 positive cells in M28z, M28z-TKO, M28z-PKO and 700 

M28z-DKO after 3 rounds incubation with CRL5826-PDL1 in the presence of 5ng/ml 701 

TGFβ1. (F) Proliferation and (G) tumor lysis capability of M28z, M28z-TKO, M28z-702 

PKO and M28z-DKO during 3 rounds of incubation with CRL5826-PDL1 cells in the 703 

presence of TGFβ1. M28z –TKO, TGFBR2 KO M28z; M28z –PKO, PD1  KO M28z; 704 

M28z-DKO, TGFBR2 and PD1 double KO M28z. The statistical analysis represented 705 

mean ± s.d. of three technical repetitions in one assay. Ordinary one-way ANOVA 706 

and Tukey’s multiple comparisons test was used in C. The assays in A-C were 707 

repeated more than three times, and in D-G were repeated two times.  708 
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Figure 5: TGFBR2 KO improved in vivo tumor elimination efficacy of CAR-T 710 

cells in CDX models after local administration. (A) Mesothelin and TGFβ1 711 

expression in the CDX model. (B) Schematic of the in vivo experimental design using 712 

CDX models. (C) Fold changes of tumor volume and (D) mice body weight after 713 

intra-tumor (i.t.) administration of CAR-T cells. (E) Inflammatory cell infiltration of 714 

CAR-T cells into liver detected by H-E staining in CDX model. (F) Peripheral blood 715 

analysis of the proportion of hCD3 positive cells after CAR-T cell i.t. administration. 716 

(G) Indel frequencies of M28z-TKO cells, before and after administration, determined 717 

by TIDE analysis. (H) Analysis of T cell subsets in peripheral blood after CAR-T cell 718 

i.t. administration. M28z-TKO, TGFBR2 KO M28z; PB, peripheral blood; CM, 719 

central memory; EM, effector memory. The statistical analysis represented mean ± 720 

s.d., n=5. Two-way ANOVA and Tukey’s multiple comparisons test was used in C 721 

and D. Ordinary one-way ANOVA and Tukey’s multiple comparisons test was used 722 

in F. Two-way ANOVA and Sidak’s multiple comparisons test was used in H.  723 
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 724 

Figure 6: TGFBR2 KO improved in vivo tumor elimination efficacy of CAR-T 725 

cells in CDX models after systematic administration. (A) Fold changes of tumor 726 

volume and (B) mice body weight after CAR-T cell intravenous (i.v.) administration. 727 

(C) Peripheral blood analysis of the proportion of hCD3 positive cells after CAR-T 728 
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cell i.v. administration. (D) Detection of tumor infiltrating CAR-T cells by 729 

RNAscope. (E) Characterization of the expression of KI67 and IFNG in tumor 730 

infiltrating CAR-T cells by RNAscope. M28z-TKO, TGFBR2 KO M28z; PB, 731 

peripheral blood. The statistical analysis represented mean ± s.d., n=5 in A-C, n=2 732 

and 10 pictures were taken randomly per tumor section in E. Two-way ANOVA and 733 

Tukey’s multiple comparisons test was used in A and B. Ordinary one-way ANOVA 734 

and Tukey’s multiple comparisons test was used in C.   735 
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 736 

Figure 7: TGFBR2 and PD1 double KO improved in vivo tumor elimination 737 

efficacy of CAR-T cells in PDL1 over-expression CDX models. (A) Fold changes 738 

of tumor volume after intra-tumor administration of CAR-T cells in CRL5826-PDL1 739 

CDX model. (B) Tumor sizes and (C) weights in the end of this experiment. M28z-740 

TKO, TGFBR2 KO M28z; M28z-DKO, TGFBR2 and PD1 double KO M28z; CLP-741 

CDX, CRL5826-PDL1 CDX model; re, re-inoculation; un, undetectable. The 742 

statistical analysis represented mean ± s.d., n=5 except n=4 in PBS group in C. Two-743 

way ANOVA and Tukey’s multiple comparisons test was used in A. Ordinary one-744 

way ANOVA and Tukey’s multiple comparisons test was used in C.  745 
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 Figure 8: TGFBR2 KO CAR-T cells have potent and persistent tumor 747 

elimination efficacy in PDX tumor 1 models. (A) Expression of mesothelin and 748 

TGFβ1 on PDX tumor 1. (B) Schematic of the in vivo experimental design using PDX 749 

models. (C) Fold changes of tumor volume after i.t. or i.v. CAR-T cell administration 750 

in PDX model 1. (D) The proportion of hCD3 positive cells in the peripheral blood of 751 

PDX tumor 1 model on day 42 after i.t. or i.v. administration of CAR-T cells. (E) 752 

Fold changes of tumor volume after PDX tumor 1 re-inoculation. (F) The proportion 753 

of hCD3 and GFP positive cells and (G) T cell subsets in the peripheral blood of PDX 754 

model 1 on day 40 after tumor re-inoculation. M28z-TKO, TGFBR2 KO M28z; i.t., 755 

intra-tumor; i.v., intravenous; PB, peripheral blood. The statistical analysis 756 

represented mean ± s.d., n=5. Two-way ANOVA and Tukey’s multiple comparisons 757 

test was used in C, E and F. Ordinary one-way ANOVA and Tukey’s multiple 758 

comparisons test was used in D. Two-way ANOVA and Sidak’s multiple 759 

comparisons test was used in G.  760 
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 761 

Figure 9: TGFBR2 KO CAR-T cells have potent and persistent tumor 762 

elimination efficacy in PDX tumor 2 model. (A) Expression of mesothelin and 763 

TGFβ1 on PDX tumor 2. (B) Fold changes of tumor volume after i.t. CAR-T cell 764 

administration in PDX model 2. (C) Fold change of tumor volume after PDX tumor 2 765 

re-inoculation. (D) Tumor sizes and weights were detected in the end of PDX tumor 2 766 

re-inoculation experiment. M28z-TKO, TGFBR2 KO M28z; i.t., intra-tumor; PB, 767 

peripheral blood; un, undetectable. The statistical analysis represented mean ± s.d., 768 

n=5 except in D. Two-way ANOVA and Tukey’s multiple comparisons test was used 769 

in B and C. Unpaired t test was used in D. 770 


	Graphical abstract

