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ABSTRACT
Chimeric antigen receptor (CAR) T cell immunotherapy has demonstrated success in the treatment of 
hematological malignancies; however, its efficacy and applications in solid tumors remain limited. 
Immunosuppressive factors, particularly inhibitory checkpoint molecules, restrict CAR T cell activity inside 
solid tumors. The modulation of checkpoint pathways has emerged as a promising approach to promote 
anti-tumor responses in CAR T cells. Programmed cell death protein 1 (PD1) and T cell immunoreceptor 
with Ig and ITIM domains (TIGIT) are two critical immune-checkpoint molecules that suppress anti-tumor 
activity in T cells. Simultaneous targeting of these two inhibitory molecules could be an efficient 
checkpoint modulation strategy. Here, we developed a PD1-TIGIT chimeric immune-checkpoint switch 
receptor (CISR) that enhances the efficacy of CAR T cell immunotherapy by reversing the inhibitory 
checkpoint signals of PD1/PDL1 and/or TIGIT/CD155. In addition to neutralizing PDL1 and CD155, this 
chimeric receptor is engineered with the transmembrane region and intracellular domain of CD28, 
thereby effectively enhancing T cell survival and tumor-targeting functions. Notably, under simultaneous 
stimulation of PDL1 and CD155, CISR-CAR T cells demonstrate superior performance in terms of cell 
survival, proliferation, cytokine release, and cytotoxicity in vitro, compared with conventional CAR T cells. 
Experiments utilizing both cell line- and patient-derived xenotransplantation tumor models showed that 
CISR-CAR T cells exhibit robust infiltration and anti-tumor efficiency in vivo. Our results highlight the 
potential for the CISR strategy to enhance T cell anti-tumor efficacy and provide an alternative approach 
for T cell-based immunotherapies.
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Introduction

Chimeric antigen receptor (CAR) T cell immunotherapy has been 
successful in the management of hematologic malignancies,1 but 
its applications in solid tumors have been limited. Inhibitory 
immune checkpoints, particularly in the tumor microenviron-
ment, contribute to this problem.2 Checkpoint receptors such as 
programmed cell death protein 1 (PD1) and T cell immunore-
ceptor with Ig and ITIM domains (TIGIT) hinder T cell activity 
via ligand-based suppression of anti-tumor effects.3,4 PD1 upre-
gulation in activated T cells leads to exhaustion upon binding to 
its ligand PDL1, which is widely expressed by tumor cells in 
various cancers.5 Similarly, TIGIT interacts with CD155, which 
is overexpressed in tumors and tumor-infiltrating myeloid cells; 
this interaction inhibits T cell responses.6 The co-expression of 
PD1 and TIGIT on intratumoral T cells is associated with poor 
clinical outcomes and accelerated tumor progression.7,8 Immune- 
checkpoint targeting via checkpoint inhibitors or genetic modifi-
cations of CAR T cells with PD1- or TIGIT-based receptors has 

demonstrated potential in the promotion of anti-tumor respo 
nses.9–12 However, considering the complex and diverse mechan-
isms underlying the effects of inhibitory molecules, targeting 
efforts focused on a single checkpoint pathway may be insufficient 
to achieve optimal T cell anti-tumor responses. Dual immune 
checkpoint blockade enhances T cell activity and outcomes in 
solid tumor treatment.13–15

The complexity of immunosuppressive molecules represents 
a major challenge for engineered T cell-based immunotherapies. 
To address this problem, a chimeric immune-checkpoint switch 
receptor (CISR) strategy is proposed, which utilizes a chimeric 
ectodomain that can bind two different immune checkpoint 
ligands, in combination with an engineered intracellular domain 
(ICD) that interacts with T cell survival and activation pathways. 
The PD1-TIGIT CISR recognizes PDL1 and CD155, converting 
negative signals into positive signals, thereby enhancing T cell anti- 
tumor activity. Experimental evidence has demonstrated the 
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superior performance of CISR-engineered CAR T cells in the 
treatment of solid tumors, both in vitro and in xenograft models.

Methods

Cell lines and culture conditions

Daudi, HCT116, and A549 cell lines were acquired from the 
National Infrastructure of Cell Line Resource (Beijing, 
China); HEK-293T cells were obtained from the American 
Type Culture Collection (USA). Daudi cells were cultured in 
RPMI 1640 medium (Gibco) with 10% fetal bovine serum 
(GEMINI), whereas HCT116, A549, and HEK-293T cells 
were cultured in Dulbecco’s modified Eagle medium 
(Gibco) with 10% fetal bovine serum. All cells were cultured 
at 37°C with 5% CO2.

Plasmid construction and lentivirus production

The DNA sequences of anti-epidermal growth factor recep-
tor (EGFR) CARs (EGFRz-CAR and EGFRBBz-CAR) were 
synthesized by BGI Genomics (Beijing, China) and sub-
cloned into the pRRLSIN.cPPT lentiviral vector. The CISR 
was constructed in a similar manner. PD1 extracellular 
domain (ECD), TIGIT ECD, and CD28 transmembrane 
region and ICD were fused by polymerase chain reaction. 
Each CAR was linked to the CISR using a P2A sequence and 
cloned into the pRRLSIN.cPPT vector to generate Ez.CISR 
and EBBz.CISR. Lentiviral supernatants were prepared as 
previously described.16

T cell culture and lentivirus transduction

All Peripheral Blood Mononuclear Cells (PBMCs) used in our 
study were obtained from healthy donors who provided 
informed consent (Blood Center of Beijing Red Cross 
Society). CD3+ T cells were isolated from PBMCs using 
a Human T Cell Enrichment Kit (STEMCELL Technologies). 
T cells were cultured in X-VIVOTM 15 medium (Lonza) with 
10% fetal bovine serum and 100 U/mL interleukin (IL)-2 
(PeproTech). T cell stimulation was performed with CD3/ 
CD28 DynaBeads® (Thermo Fisher Scientific) at a bead-to- 
cell ratio of 1:1 for 48 hours; this step was followed by lentiviral 
transduction. IL-2-containing medium was refreshed every 2– 
3 days, and DynaBeads® were removed after 5 days.

Flow cytometry

Cells were stained with specific antibodies for flow cytometry 
analysis were used: anti-CD3 (BioLegend or BD Pharmingen), 
anti-CD4 (BD Pharmingen), anti-CD8 (BD Pharmingen), anti- 
EGFR (BioLegend), anti-PD1 (BioLegend), anti-TIGIT 
(BioLegend), anti-CD62L (BioLegend), anti-CD45RA (eBios 
cience), anti-CD155 (BioLegend), and anti-CD274 (PDL1; 
BioLegend). CAR expression was detected using an Alexa Fluor 
647 antibody (Jackson ImmunoResearch). Flow cytometry was 
performed using a Beckman Coulter Flow Cytometer (Beckman 
Coulter, USA), and data were analyzed with CytExpert software.

Cytotoxicity assay

Tumor cell lines transduced to express EGFR, PDL1, and 
CD155 were sorted via flow cytometry to create target cells. 
CAR expression levels in different gene-modified T cells were 
equalized before cytotoxicity experiments. Short-term cyto-
toxicity (24 hours) was assessed using green fluorescent pro-
tein-firefly luciferase-transduced target cells at various 
effector-to-target ratios (0.3:1, 1:1, 3:1, and 9:1), then evaluated 
using a standard bioluminescence assay.17 Long-term cytotoxi-
city (3 or 6 days) involved coculturing T cells and targets at 
effector-to-target (E:T) ratios of 1:15 or 1:25 on six-well plates, 
followed by fluorescence-activated cell sorting analysis to dis-
tinguish T cells and tumor cells according to CD3 expression.

Cytokine release assay

T cells and tumor cells were cocultured at E:T ratios of 1:1, 5:1, 
and 10:1 in 96-well plates. Human PDL1 (MedChemExpress) 
or human CD155 (MedChemExpress) at indicated concentra-
tions were added when testing the impact of soluble forms of 
PDL1/CD155 on CISR. After 24 hours, supernatant was col-
lected and cytokine release (IL-2, interferon [IFN]-γ, and 
tumor necrosis factor [TNF]-α) was measured using enzyme- 
linked immunosorbent assay kits (Dakewe Biotech), in accor-
dance with the manufacturer’s instructions.

In vitro coculture assay

A549-P tumor cells expressing EGFR, PDL1, and CD155 were 
seeded on 6-well plates (3 × 105 cells/well). Then, 1 × 106 

EGFRBBz-CAR or EBBz.CISR T cells (both approximately 
30% CAR-positive) were added to each well. T cells were 
collected and transferred every 2 days to a new plate with 
feeder cells; no additional cytokines were added during the 
experiment. The experiment durations were 8 days for T cell 
proliferation assays and 7 days for phenotype and cytotoxicity 
assays.

Animal experiments

Female NPG (NOD.Cg-PrkdcscidIl2rgtm1Vst/Vst) mice (6–8  
weeks old) were purchased from Beijing Vitalstar 
Biotechnology. Colorectal carcinoma cell-derived xenograft 
models were established by subcutaneous injection of 
HCT116-P cells into NPG mice. CAR T cell treatment was 
administered intravenously when tumors reached specific 
volumes. Patient-derived xenograft (PDX) models were estab-
lished using fresh tumor tissues derived from patients with 
colorectal cancer as described in our previous studies,16 and 
T cells were administered intravenously when each tumor 
reached a specific volume. Tumor volume was measured 
every 3 days and calculated using the following formula: 
volume (mm3) = (length × width × width)/2. Peripheral blood 
was analyzed by flow cytometry and cytokine release assays. 
Mice with large tumor masses were euthanized early because of 
ethical considerations. These protocols were approved by the 
Ethical Committee of Peking University Health Science Center 
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and the Institutional Animal Care and Use Committee of 
Beijing Vitalstar Biotechnology.

Histological and immunohistochemical analysis

Tumor tissues were fixed with 4% (w/v) paraformaldehyde 
solution, dehydrated in ethanol, embedded in paraffin, and 
cut into 3-μm serial sections for histological staining. 
Hematoxylin and eosin (Leica) staining was performed in 
a conventional manner. For immunohistochemical staining, 
primary antibodies against EGFR (Abcam), PDL1 (Abcam), 
CD155 (Cell Signaling Technology), and CD3 (Abcam) were 
used; the secondary antibody was horseradish peroxidase- 
conjugated goat anti-rabbit IgG (H+L) (Servicebio). Whole- 
slide images were collected using Panoramic DESK (3D 
HISTECH) and analyzed with Caseviewer C.V 2.3.

Statistical analysis

Statistical analyses were performed using Prism software ver-
sion 8.0 (GraphPad). P-values were calculated using the tests 
specified in figure legends. Error bars represent standard devia-
tions (SDs) or standard errors of the mean (SEMs) (specified in 
legends). Significance levels are indicated as follows: *P < .05, 
**P < .01, ***P < .001, and ****P < .0001. P < .05 was considered 
statistically significant.

Results

Design and functional validation of PD1-TIGIT CISR

PD1 and TIGIT are both common and critical immune check-
point receptors that are upregulated on tumor-infiltrating T cells; 
their respective ligands, PDL1 and CD155, are overexpressed by 
tumor cells to suppress T cell activity.7,18,19 To simultaneously 
target both signals, we designed a PD1-TIGIT CISR that combines 
the ECDs of PD1 and TIGIT with the transmembrane region and 
ICD of CD28, an important T cell co-stimulatory molecule20,21 

(Figure 1a). We hypothesized that this chimeric receptor would 
activate the intracellular co-stimulatory CD28 signaling pathway 
upon binding to PDL1 or CD155, thereby reversing inhibitory 
PD1/TIGIT signals in anti-tumor T cells.

To validate CISR function, we used a P2A sequence to 
link the CISR with an anti-EGFR CAR, creating Ez.CISR 
(Figure 1b). Flow cytometry analysis of CD3+ T cells that 
had been transduced with EGFRz-CAR or Ez.CISR revealed 
the expression of PD1 and TIGIT in a portion of activated 
T cells and EGFRz-CAR T cells, with high co-expression of 
PD1/TIGIT and CAR molecules in Ez.CISR-transduced 
T cells; these results indicated successful transduction and 
expression of the CISR (Figure S1). Next, we investigated 
whether the CISR could interact with PDL1 or CD155 and 
activate the engineered intracellular CD28 signal. For sepa-
rate stimulation of the PD1 and TIGIT domains of the CISR, 
Daudi cells were genetically modified to express EGFR, 
PDL1, and CD155, generating EGFR-expressing Daudi cells 
(Daudi-E), PDL1-expressing Daudi-E cells (Daudi-E.P), and 
CD155-expressing Daudi-E cells (Daudi-E.155) (Figure S2). 
CISR activation was expected to enhance cytokine release by 

Ez.CISR T cells because of the functional characteristics of 
CD28. Stimulation with PDL1 or CD155 significantly 
increased cytokine release (IL-2, IFN-γ, and TNF-α) by Ez. 
CISR T cells, indicating activation of CD28 signaling. In 
contrast, the presence of PDL1 or CD155 did not enhance 
(and sometimes reduced) cytokine release from EGFRz-CAR 
T cells (Figures 1c,d and S3a-d).

After confirming the feasibility of the CISR, we investigated 
its ability to enhance activity in second-generation CAR T cells, 
which have demonstrated increased efficacy in preclinical stu-
dies and clinical trials but are limited by the immunosuppres-
sive microenvironment in solid tumors. We examined the 
functionality of CISR in combination with an anti-EGFR 
CAR containing a 4-1BB co-stimulatory molecule (EGFRBBz- 
CAR), which constituted EBBz.CISR (Figure 1e). Successful 
expression of the CISR was observed in CAR-positive EBBz. 
CISR T cells (Figure S4). In ex vivo cultures, EBBz.CISR T cells 
exhibited a more rapid increase in the proportion of CD8+ 

cells, compared with EGFRBBz-CAR T cells (Figure S5). 
Although the presence of 4-1BB in EGFRBBz-CAR can 
improve effector cytokine release,22 further activation of 
EBBz.CISR T cells was achieved via stimulation with PDL1 or 
CD155 (Figures 1f,g and S6a-d). Besides, we cocultured EBBz. 
CISR T cells with Daudi-E cells at the presence of soluble forms 
of PDL1 (sPDL1) or CD155 (sCD155). However, no increase in 
cytokine release was detected by the presence of either sPDL1 
or sCD155 (Figure S7a, b), suggesting that CISR could not be 
activated by the soluble forms of PDL1 and CD155. In sum-
mary, these findings demonstrate the functional conversion of 
inhibitory immune checkpoint signals by the CISR through the 
activation of a co-stimulatory pathway upon recognition of 
PDL1 or CD155 expressed on tumor cells.

EBBz.CISR T cells maintained superior performance in ex 
vivo dual suppressive environments

The anti-tumor effects of EBBz.CISR T cells were assessed 
using tumor cells expressing both PDL1 and CD155. HCT116 
(human colorectal carcinoma cell line) and A549 (human non- 
small-cell lung carcinoma cell line) naturally express high 
levels of EGFR and CD155 (Figure S8a, b). Accordingly, we 
generated two new cell lines, HCT116-P and A549-P, which 
overexpressed PDL1; these cell lines mimicked a dual suppres-
sive tumor environment (Figure S8c). Cytokine release from 
T cells was evaluated after coculture with HCT116-P or A549-P 
cells; levels of IL-2 and IFN-γ released from EBBz.CISR T cells 
were higher than the levels released from EGFRBBz-CAR 
T cells (Figures 1h and S9a). Cytotoxicity assays using 
HCT116-P cells revealed a superior anti-tumor effect in the 
EBBz.CISR group, compared with the EGFRBBz-CAR group, 
such that fewer tumor cells remained after 3 days of coculture 
involving CAR T cells and tumor cells at an E:T ratio of 1:15 
(Figure S9b). When the E:T ratio was reduced to 1:25, the 
EBBz.CISR group also displayed significantly improved cyto-
lytic efficacy against tumor cells on days 3 and 6, compared 
with the EGFRBBz-CAR group (Figure S9c). Thus, EBBz.CISR 
demonstrated enhanced cytokine release and cytolytic efficacy 
against tumor cells in a dual suppressive environment.
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To assess the functional advantages of EBBz.CISR T cells in 
an immunosuppressive tumor microenvironment, we devel-
oped a coculture system using A549-P cells to model a tumor 
environment consisting of continuous stimulation via EGFR, 
PDL1, and CD155 (Figure 2a). Interactions of PD1 and TIGIT 
with their ligands transmit intracellular signals that inhibit 
T cell proliferation.6,23 During 1 week of exposure to this 

tumor environment, EGFRBBz-CAR T cell numbers initially 
increased, then gradually decreased (Figure 2b). In contrast, 
EBBz.CISR T cells exhibited improved proliferation activity, 
with a nearly 20-fold increase in cell number from day 0 to day 
8 (Figure 2b). CISR activation successfully reversed the inhibi-
tion of proliferation that was induced by inhibitory immune 
checkpoint signals.

Figure 1. Design, signal activation, and functional validation of the PD1-TIGIT CISR. (a) schematic representation of the CISR. The extracellular domain (ECD) of the CISR consists 
of the TIGIT ECD and the PD1 ECD, connected by a linker. The newly designed extracellular recognition region is fused to the transmembrane (TM) region and intracellular 
domain (ICD) of CD28. The CISR binds to PDL1 and CD155 molecules on tumor cells, delivering a positive signal to activate intracellular CD28 signaling. (b) schematic 
representation of the anti-EGFR CAR (EGFRz-CAR) and the EGFRz-CAR linked to the CISR (Ez.CISR). (c, d) coculture of EGFRz-CAR T cells or Ez.CISR T cells with target cells (c, Daudi- 
E and Daudi-E.P cells; d, Daudi-E cells and Daudi-E.155 cells) at E:T ratios of 1:1, 5:1, and 10:1. After 24 hours, culture supernatants were collected, and levels of IL-2 were 
measured by enzyme-linked immunosorbent assays (means ± SDs, n = 3). Statistical significance in panels (c) and (d) was analyzed using two-way analysis of variance (ANOVA); 
*P < .1, **P < .01, ***P < .001, ****P < .0001. (e) schematic representation of the anti-EGFR CAR with the 4-1BB co-stimulatory molecule (EGFRBBz-CAR) and the EGFRBBz-CAR 
linked to the CISR (EBBz.CISR). (f, g) coculture of EGFRBBz-CAR T cells or EBBz.CISR T cells with target cells (f, Daudi-E and Daudi-E.P cells; g, Daudi-E cells and Daudi-E.155 cells) at 
E:T ratios of 1:1, 5:1, and 10:1. Culture supernatants were collected after 24 hours to measure levels of IL-2 (means ± SDs, n = 3). Data were analyzed using two-way ANOVA; 
*P < .1, **P < .01, ****P < .0001. (h) coculture of T cells with EGFR+PDL1+CD155+ HCT116-P cells at E:T ratios of 1:1 and 5:1. After 24 hours, culture supernatants were collected, 
and levels of IL-2 and IFN-γ were measured (means ± SDs, n = 3). Data were analyzed using two-way ANOVA; **P < .01, ***P < .001, ****P < .0001.
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Next, we examined CAR expression and memory phenotype in 
T cells that had been subjected to coculture experiments. EBBz. 
CISR T cells showed greater enrichment of CAR-positive cells, 
compared with EGFRBBz-CAR T cells (Figure 2c). Additionally, 
the proportion of central memory T cells (Tcm), which could 
display better persistence and anti-tumor immunity,24 was higher 
in EBBz.CISR T cells than in EGFRBBz-CAR T cells (Figure 2d). 
These findings indicate that EBBz.CISR T cells maintain favorable 
characteristics under suppressive conditions. We also tested cyto-
lytic activity of T cells generated in coculture experiments. EBBz. 
CISR T cells exhibited significantly higher tumor lysis activity, 
compared with EGFRBBz-CAR T cells, when targeting Daudi-E 

cells or HCT116-P cells (Figure 2e,f). Overall, under tumor- 
mimicking conditions, EBBz.CISR T cells demonstrated enhanced 
function in terms of cell proliferation, CAR-positive enrichment, 
memory phenotype, and cytotoxicity maintenance; all of these 
factors contribute to improvements in T cell anti-tumor activity.

CISR enhances T cell anti-tumor efficacy in vivo

Colorectal cancers are some of the most common and lethal 
cancers worldwide.25 PD1 and TIGIT, both upregulated in 
colorectal cancers, are associated with T cell dysfunction and 

Figure 2. Performance of EBBz.CISR after prolonged exposure to a suppressive tumor environment. (a) schematic representation of the coculture system. 
EGFR+PDL1+CD155+ A549-P tumor cells were seeded overnight in 6-well plates (3 × 105 cells/well) to generate feeder cells. On Day 0, 1 × 106 EGFRBBz-CAR T cells 
or EBBz.CISR T cells (both approximately 30% CAR-positive) were added. Every 2 days, the cocultured T cells were separated, counted, and transferred into a new plate 
with fresh feeder cells. T cells were cocultured for 8 days or collected on day 7 for phenotype and cytotoxicity analyses. (b) cell counts of T cells cocultured with A549-P 
cells (means ± SDs, n = 3). Data were analyzed using two-way ANOVA; *P < .0001. (c) CAR expression in cocultured T cells was detected by flow cytometry. 
Representative donor is shown (left panel), along with summary data (right panel; means ± SDs, n = 9) of nine independent experiments with T cells from three 
different donors. Data were analyzed using two-tailed Student’s t-test; **P < .0001. (d) memory phenotypes of cocultured T cells were detected by flow cytometry using 
anti-CD62L and anti-CD45RA antibodies. Central memory T cell (Tcm, CD62L+CD45RA−), effector memory T cell (tem, CD62L−CD45RA−), effector T cell (teff, 
CD62L−CD45RA+), and naïve T cell (CD62L+CD45RA+) phenotypes were present. Representative donor is shown (left panel), along with summary data (right panel; 
means ± SDs, n = 6) of six independent experiments with T cells from two different donors. Data were analyzed using two-tailed Student’s t-test; ***P < .0001. (e, f) 
cytotoxicity of cocultured T cells was measured through a second coculture experiment using EGFR+PDL1−CD155− Daudi-E cells or EGFR+PDL1+CD155+ HCT116-P cells 
at indicated E:T ratios for 24 hours (means ± SDs, n = 3). Data were analyzed using two-way ANOVA; ****P < .01, *P < .0001.
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Figure 3. In vivo anti-tumor activity of EBBz.CISR in colorectal carcinoma cell-derived xenograft models and PDX models. (a-c) NPG mice bearing subcutaneous 
EGFR+PDL1+CD155+ HCT116-P cell-derived tumors were intravenously treated three times with 3 × 106 EGFRBBz-CAR T cells or EBBz.CISR T cells when tumor volumes 
reached 50–100 mm3. (a) schematic representation of the in vivo experiment. (b) tumor volume analysis at indicated time points (means ± SEMs, n = 5). Data were 
analyzed using two-way ANOVA; *P < .0001. (c) Kaplan-Meier survival curve. (d-g) NPG mice bearing subcutaneous HCT116-P cell-derived tumors were intravenously 
treated three times with 3 × 106 control T cells (untransduced, UTD) or CAR T cells when tumor volumes reached 100–200 mm3. (d) schematic representation of the 
in vivo experiment. (e) tumor volume analysis (means ± SEMs, n = 5). Data were analyzed using two-way ANOVA; **P < .0001. (f, g) Peripheral blood samples were 
collected from mice 2 weeks after treatment, and the levels of IFN-γ (f) and proportions of CAR-positive cells (g) were measured (means ± SEMs, n = 5). Statistical 
significance was analyzed using one-way ANOVA (f) and two-tailed Student’s t-test (g); ***P < .001, ****P < .0001. (h-j) PDX tumor tissues were subcutaneously 
implanted into NPG mice. Approximately 20 days after implantation, when tumor volumes reached 100–200 mm3, mice received twice intravenous treatment with 3 ×  
106 EGFRBBz-CAR T cells or EBBz.CISR T cells. (h) schematic representation of PDX model development and CAR T cell treatment experiment. (i) expression patterns of 
EGFR, PDL1, and CD155 in tumor tissues used for PDX model establishment were analyzed by immunohistochemical staining. (j) analysis of mean tumor volume at 
indicated time points (left) (means ± SEMs, n = 6), along with tumor volume in each mouse (right). Data were analyzed using two-way ANOVA; *P < .0001.
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poor prognosis.26 Xenograft mouse models were used to eval-
uate the efficacy of EBBz.CISR T cells in the treatment of 
colorectal cancer. A dual suppressive tumor model was estab-
lished with EGFR+PDL1+CD155+ HCT116-P cells. When the 
tumor volume reached 50–100 mm3, mice were treated with 
EGFRBBz-CAR or EBBz.CISR T cells (Figure 3a). Whereas 
EGFRBBz-CAR T cells did not control tumor growth, EBBz. 
CISR T cells significantly reduced tumor progression and 
volume (Figure 3b). Moreover, EBBz.CISR T cell treatment 
improved overall survival without causing significant weight 
loss (Figures 3c and S10). Similar results were observed with 
Ez.CISR T cells in this model (Figure S11a-c). We also per-
formed a rechallenge experiment using the same tumor cells. 
All mice treated with EBBz.CISR T cells rejected rechallenged 
tumors, while the growth of rechallenged tumors could be 
observed in mice treated with EGFRBBz-CAR T cells after 2  
weeks (Figure S12a-c).

The efficacy of EBBz.CISR T cells was explored in larger 
tumors (100–200 mm3) (Figure 3d). Compared with controls, 
EBBz.CISR T cell treatment was more effective in reducing 
tumor size (Figure 3e). Greater IFN-γ release and a higher 
proportion of human CAR T cells were detected in the periph-
eral blood of mice treated with EBBz.CISR T cells (Figure 3f,g). 
Immunostaining revealed prominent human CD3+ T cell infil-
tration in tumor tissues from EBBz.CISR T cell-treated mice; 
fewer T cells were observed in the control and EGFRBBz-CAR 
T cell groups (Figure S13a, b). Hematoxylin and eosin staining 
revealed increased necrosis within tumor tissues in the EBBz. 
CISR T cell group, such that few viable tumor cells remained 
(Figure S13c). Overall, EBBz.CISR T cells demonstrated 
improved persistence, infiltration, cytokine release, and 
enhanced anti-tumor activity in vivo, highlighting their poten-
tial in the treatment of colorectal carcinoma.

We also evaluated the effectiveness of EBBz.CISR T cells 
using PDX mouse models generated by transplanting color-
ectal cancer patient-derived tumor fragments expressing 
EGFR, PDL1, and CD155 into immunodeficient mice. When 
the tumor volume reached 100–200 mm3, the mice were 
divided into two groups: EGFRBBz-CAR T cell and EBBz. 
CISR T cell (Figure 3h,i). Anti-tumor efficacy was assessed by 
monitoring changes in tumor volume. Tumors in the 
EGFRBBz-CAR T cell group displayed a continuous increase 
in volume; tumors in the EBBz.CISR T cell group gradually 
shrank, beginning 1 week after treatment (Figure 3j). At the 
end of the experiment, mice in the EBBz.CISR T cell group 
exhibited only small tumor tissues, whereas mice in the 
EGFRBBz-CAR T cell group displayed significantly larger 
tumors (Figure S14a). Hematoxylin and eosin staining con-
firmed that the remaining tissues in the EBBz.CISR T cell 
group primarily consisted of stromal cells, rather than tumor 
cells (Figure S14b). Furthermore, prominent human CD3+ 

T cell infiltration was observed in EBBz.CISR T cell-treated 
tumors, surpassing the level of infiltration observed in the 
EGFRBBz-CAR T cell group (Figure S14c, d). Taken together, 
these results demonstrated that EBBz.CISR T cells were more 
effective in the treatment of colorectal cancer within an immu-
nosuppressive environment, highlighting the potential for 
CISR use in cancer immunotherapy.

Discussion

Immune checkpoints, which play a key role in the suppression 
of engineered cellular immunotherapies, represent a major 
challenge. This study serves as a proof-of-concept for a CISR 
that simultaneously modulates two key immune checkpoints 
(PD1 and TIGIT). In T cells genetically modified to express the 
CISR, ligand binding of PD1, TIGIT, or both successfully 
triggered CD28 signaling, leading to enhanced T cell prolifera-
tion, cytokine release, cytotoxicity efficiency, and long-term 
anti-tumor activity. Through the reversal of inhibitory signal-
ing and enhancement of anti-tumor activity in CAR T cells, the 
PD1-TIGIT CISR demonstrates considerable potential for can-
cer immunotherapy within an immunosuppressive tumor 
microenvironment.

Previous studies have utilized the combined co- 
stimulatory molecules CD28 and 4-1BB directly in third- 
generation CAR constructs to enhance immunotherapeutic 
efficacy.27 In contrast, our CISR approach introduces an 
additional co-stimulatory signal specifically within the 
tumor microenvironment where PDL1 and CD155 are over-
expressed. This design may restrict augmented T cell 
immune responses to the tumor site, minimizing off-tumor 
cytotoxicity and enhancing the safety profile of CISR-CAR 
T cells. And the CISR approach can be extended to combine 
with other low-affinity CARs or tumor specific TCRs to 
further enhance safety.28 Moreover, the CISR has flexibility 
in terms of altering the ICD to various co-stimulation signals 
or positive cytokine signals, enabling further optimization of 
T cell activity.29,30 The ECDs of the CISR could also be 
modified to target other immunosuppressive factors, includ-
ing a variety of inhibitory receptor signals.31 Consequently, 
diverse targeting designs can be developed to maximize the 
utility of the CISR strategy across malignancies. In summary, 
CISR has considerable potential as a strategy to improve 
immune cell function and overcome the challenges presented 
by immunosuppressive tumor microenvironments.
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