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ABSTRACT
Background Therapeutic efficacy of carcinoembryonic 
antigen (CEA)- specific chimeric antigen receptor 
(CAR) T cells against colorectal cancer (CRC) remains 
limited due to the unique characteristics and distinct 
microenvironments of tumor tissues. We modified CEA- 
specific CAR- T cells, aiming to stimulate endogenous CD8+ 
T cell responses against neoantigens that were derived 
from CEA- positive tumors destroyed by the CAR T cells.
Methods In a conventional CEA CAR (reg- CAR), we 
modified it to express lymphotactin XCL1 and interleukin 
(IL)- 7 genes, constructing a modified 7XCL1- CAR. By 
generating the CEA- specific 7XCL1- CAR T cells, we 
assessed their antitumor efficacy against CRC cells with 
varying levels of CEA expression, both in cell- cultures and 
in two strains of tumor- bearing syngeneic mice.
Results Following retroviral transduction, 7XCL1- CAR 
T cells and reg- CAR T cells exhibited similar positive 
proportions of CEA- CAR and CD4:CD8 ratios. In co- culture 
system with CEA- negative CT26 cells, no differences in 
cytotoxicity were observed between 7XCL1- CAR and reg- 
CAR T cells. However, in co- culture with CT26.CEAhigh and 
CT26.CEAint cells, 7XCL1- CAR T cells displayed higher 
cytotoxicity than that reg- CAR T cells after 60 hours. On 
interaction with CT26.CEA- positive cells, 7XCL1- CAR T 
cells secreted higher levels of XCL1 and IL- 7, effectively 
recruited the most potent cross- presenting cDC1s (type- I 
conventional dendritic cells), and sustained the antitumor 
activity of CAR- T cells. In treating mice that carried tumors 
derived from universally CEA- positive cells, 7XCL1- CAR 
T cells exhibited no difference compared with reg- CAR T 
cells. However, in treating mice with tumors containing 
both CEA- positive and CEA- negative cells, 7XCL1- CAR T 
cells displayed greater inhibition than that of reg- CAR- T 
cells. After treatment of 7XCL1- CAR T cells, tumor- bearing 
mice exhibited enhanced infiltration of cDC1s, maintained 
CAR- T activity, and generation of endogenous neoantigen- 
specific T cells. Consequently, 7XCL1- CAR T cell- treated 
mice demonstrated resistance to challenge with CEA- 
negative CT26 cells.
Conclusion Treatment with CEA- specific, XCL1- secreting 
CAR- T cells for CEA- positive tumors promoted the 
generation of CD8+ T cells against tumor neoantigens, 
mediating a long- term antitumor immunity against 
heterogeneous CRCs.

BACKGROUND
The prognosis of metastatic colorectal cancer 
(CRC) remains poor, approximately 20% 
of newly diagnosed patients having meta-
static CRC and 40% of patients with previ-
ously treated localized CRC experiencing 
recurrence.1 Immunotherapy with immune 
checkpoint blockades (ICBs) has improved 
the survival of patients with microsatellite 
instability- high/mismatch repair- deficiency 
CRCs, most likely by driving the local 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Safety was indicated in patients from clinical trials 
with the chimeric antigen receptor (CAR) T cell ther-
apy targeting carcinoembryonic antigen (CEA). The 
antitumor efficacy remains limited due to unique 
characteristics and distinct microenvironments of 
the solid tumor tissues.

WHAT THIS STUDY ADDS
 ⇒ The modified CEA- specific, 7XCL1- CAR T cells se-
creted higher levels of lymphotactin XCL1 and IL- 7 
on interaction with CEA- positive tumor cells. Locally 
secreted XCL1 and IL- 7 sustained the antitumor ac-
tivity of CAR- T cells, effectively recruited the most 
potent cross- presenting cDC1s to tumor tissues, and 
supported generation of endogenous CD8+ T cells to 
the neoantigens released from the damaged tumor 
cells. Promoting the generation of endogenous CD8+ 
T cells by 7XCL1- CAR T cells improved the CEA- CAR 
T cell therapeutic efficacy against a heterogeneous 
tumor with different levels of CEA expression.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ XCL1- secreting CEA CAR- T cells can enhance en-
dogenous CD8+ T cell responses by mobilizing mi-
gratory cDC1s to the tumor tissues. The efficacy in 
treating patients with a heterogeneous tumor ex-
pressing CEA at varying levels might be improved 
with 7XCL1- CAR T cells.
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expansion of CD8+ T cells within tumor tissues, thereby 
mediating long- term antitumor responses.1 2 However, 
CRCs with a mismatch repair- proficient/microsatellite 
instability- low profile resist ICB immunotherapy even 
with inflammatory cell infiltration.1 Adoptive cell therapy 
employing genetically modified T cells expressing a 
chimeric antigen receptor (CAR)- targeting carcinoem-
bryonic antigen (CEA), termed CEA CAR- T cells, has 
emerged as a promising approach for combating meta-
static CRCs.3 4 However, CAR- T cell therapy against solid 
tumors is less effective than that against hematological 
malignancies, primarily due to the unique tumor prop-
erties and distinct microenvironments of solid tumors. 
Multiple strategies are currently being explored to 
improve the therapeutic efficacy against solid tumors.5–7

Experimental evidence has indicated that strate-
gies to enhance CAR- T cell infiltration, proliferation, 
and persistence within tumor tissues are important for 
treating the solid tumors.5–10 Notably, clinical studies have 
indicated that driving the local expansion or generation 
of neoantigen- specific CD8+ T cells, particularly cytotoxic 
T lymphocytes (CTLs), confers effective antitumor immu-
nity in patients with cancer.11–13 During CRC progression, 
distinct cancer neoantigens arising from somatic muta-
tions are expressed in different malignant clones.1 13 
Hypothetically, the therapeutic efficacy of CEA CAR T 
cells could be improved by promoting the generation of 
endogenous neoantigen- specific CD8+ T cells when CEA- 
positive cells are destroyed.

In metastatic CRC, the liver is the most affected 
organ, where the tissue presents an immunotolerant 
environment, forming a unique immunosuppressive 
tumor microenvironment.14 15 It has been demonstrated 
that hepatically expressed interleukin- 7 (IL- 7) directly 
controls T- cell responses, including enhanced CD4+ 
and CD8+ T cell survival, and augmented CD8+ T cell 
cytotoxic activity.16 To generate antigen- specific CD8+ T 
cells (CTLs), dendritic cells (DCs) are essential for cross- 
presenting tumor antigens to resting T cells.17–19 However, 
DCs are functionally heterogeneous and display distinct 
capacities to elicit antitumor immunity. Certain DC types 
can even drive tolerance in the tumor microenviron-
ment.17 Type I conventional DCs (cDC1s) excel at cross- 
presenting cell- associated antigens to CD8+ T cells and 
are crucial for initiating CD8+ T cell- mediated antitumor 
immunity.17 18 In mice, cDC1s include lymphoid tissue- 
resident CD8α+ DCs and migratory CD103highCD11bneg 
DCs. Human cDC1s correspond to the CD141high 
(BDCA3+) CD11bneg/low DCs. Both mouse and human 
cDC1s specifically express the chemokine receptor XCR1 
that selectively responds to the chemokine lymphotactin 
XCL1. The newly arriving migratory cDC1s, chemoat-
tracted by XCL1, form sustained conjugates with antigen- 
specific CD8+ T cells more efficiently.19 In tumor tissues, 
the concurrence of PD1(+) T cells and XCR1(+) cDC1s 
predicts prognostically favorable human cancers.17 20 
In tumor- draining lymph nodes, a reservoir of tumor- 
antigen specific stem- like CD8+ T cells that preserve 

the ongoing antitumor immune response is efficiently 
maintained by cDC1s.21 22 Stem- like CTLs phenotypically 
express PD1 at an intermediate level and proliferate 
vigorously in response to specific antigen stimulation.23 24 
PD1 expression of CAR- T cells maintains the activities 
of cell proliferation and differentiation into effector T 
cells, and mediates their potent antitumor activities.25 
Terminally exhausted T cells with high expression levels 
of Tim3 and Lag3 are prone to apoptosis.23 24 Compared 
with terminally exhausted CTLs, stem- like CTLs express 
greater levels of Xcl1 that selectively mobilizes migratory 
cDC1s to promote T- cell immunity against tumors.18

Our previous study indicated that the conjugation 
of Xcl1 with the tumor antigen glypican- 3 enhanced its 
cross- presentation by cDC1s and boosted antitumor 
immunity by generating potent CTL responses and acti-
vating NK and NKT cells in mouse livers.26 Therefore, it 
is important to provide the chemokine XCL1 at the site 
where the tumor antigen is presented, to recruit cDC1s 
and promote the generation of CD8+ T cells against the 
tumor neoantigen. Consequently, we introduced lympho-
tactin XCL1 and IL- 7 genes into a CEA- specific CAR 
and constructed 7XCL1- CAR. We aimed to maintain the 
presence of CEA CAR- T cells within tumor tissues and 
mobilize migratory cDC1s to tumor tissues to promote 
the generation of endogenous CD8+ T cells. This study 
examined the antitumor effectivity of 7XCL1- CAR T cells 
on CRC cells expressing different CEA levels in culture. 
The antitumor effectiveness of 7XCL1- CAR T cells was 
evaluated in two strains of syngeneic mice that carried 
tumors composed of universal CEA- positive cells and in 
mice carried tumors composed of CEA- positive and CEA- 
negative cell mixtures.

METHODS
Cell lines
BALB/c mouse- derived CT26 and CT26.CL25 cells were 
purchased from the American Type Culture Collec-
tion (ATCC), C57BL/6 mouse- derived MC38 cells were 
obtained from the National Infrastructure of Cell Line 
Resources (NICLR, Beijing, China). By transducing MC38 
and CT26 cells with the gene encoding human CEACAM5 
(Gene ID: 1048), we generated MC38.CEA cells, and 
two CT26 subclones, CT26.CEAhigh and CT26.CEAint. 
MC38.OVA cells were generated by transducing the gene 
encoding ovalbumin (OVA, Gene ID: AUD54808.1). We 
transfected the CT26.CEAhigh cells with a pcDNA3.1(-) 
vector containing β-galactosidase C- terminal region, 
generating CT26.CEA/gal cells for transiently expressing 
the H- 2Ld- restricted epitope (TPHPARIGL).27 Human 
CRC LS180 cell line and human umbilical vein endo-
thelial cells (HUVECs) were purchased from ATCC and 
NICLR, respectively.

Plasmids and gene construction
Two forms of CEA- scFv genes were synthesized and 
inserted into the pFUSE- hIgG1- Fc2 vector at GenScript 
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(Nanjing, China). To produce mouse CAR- T cells, 
we designed a CAR based on the retroviral vector of 
the MSGV1. From N- terminus to C- terminus, regular 
CEA CAR (reg- CAR) contain the domains that include 
CEA- scFv, the human CD8α hinge and transmembrane 
(CD8H/TM) area (amino acid 183–206 of Gene 925), and 
intracellular motifs of 4- 1BB (214–255 of Gene 3604) and 
CD3ζ (52–164 of Gene 919). To construct 7XCL1- CAR, 
we added the cytokine domains IL- 7 (1–177 of Gene 
3574) and XCL1 (1–114 of Gene 6375) to the C- terminus 
of reg- CAR. The sequences encoding Thosea asigna virus 
2A peptide (T2A, Gene 41332124) were inserted into the 
CD3ζ C- terminus, and equine rhinitis A virus 2A peptide 
(E2A, Gene 37627023) was added to the IL- 7 C- terminus.

Generation of CEA CAR-T cells
To prepare the retroviruses for T- cell infection, 293 T cells 
were co- transfected with the plasmids MSGV1 and pCL- 
Eco using Lipofectamine 2000 reagent (ThermoFisher, 
USA). The viral supernatant was collected at 48 hours 
and at 72 hours, filtered using 0.45 µm Millipore filters, 
aliquoted, and stored in −80°C. CD3+ T cells were puri-
fied from splenocytes using Pan T- Cell Isolation Kit- II 
(Miltenyi Biotec, Germany). In 1×106/mL purified T 
cell suspension, 25 µL anti- mouse CD3/28 Dynabeads 
were added into the complete RPMI- 1640 medium that 
contains 10% fetal bovine serum, 1% sodium pyruvate, 
1% non- essential amino acids, 55 µM 2- mercaptoethanol, 
and 40 IU/mL hIL- 2. The Dynabeads were washed out 
after 48 hours stimulation, and the activated T cells 
were infected with retroviral supernatants in plates that 
were pre- coated with RetroNectin (Takara, Japan) by 
centrifugation at 2,000×g at 32℃ for 2 hour as previously 
reported.8 Activated T cells infected with empty viral 
vectors were termed as Un- T cells and used as a control. 
CEA scFv expression on the T- cell surface was exam-
ined using the CEA.CAM5- hIgG- Fc fusion protein (Sino 
biological, Beijing, China).

Animal models and antitumor treatment of CEA CAR-T cells
Mice were purchased from Beijing Huafukang Biosci-
ence Company. The Institutional Animal Care and Use 
Committee of the National Cancer Center/Cancer 
Hospital of the Chinese Academy of Medical Sciences 
approved the study protocol. Due to mice having no 
CEACAM5 homologue, CEA- overexpressing tumor cells 
can be immunologically rejected in the host with normal 
immunity, concealing the antitumor effects mediated by 
CEA- CAR T cells. A 5 Gy X- ray dose for BALB/c mice, 
0.5 Gy for C57BL/6 mice was administered 2 days before 
inoculation of tumor cells to facilitate the tumor growth. 
On day 0, 2×105 tumor cells per BALB/c mouse, and 4×105 
tumor cells per C57BL/6 mouse were injected subcutane-
ously. On day 7, when tumor volume in all mice reached 
≥100 mm3, the mice were randomly divided into 4 groups, 
5–7 mice per group. On day 7 and day 9, each group of 
mice was treated, respectively, with reg- CAR- T cells, or 
7XCL1- CAR T cells, or Un- T cells via tail vein injection. 

Each injection contained 2×106 T cells in a 100 µL volume. 
As a control, one group of tumor- bearing mice received 
PBS. Tumor growth was measured every 2–3 days, and 
tumor volume was calculated as width2×length×0.5.

Flow cytometry
To examine the expression of scFv on T cells, 0.5 µg CEA.
CAM5- hIgG- Fc was mixed with 2×105 cell suspension, 
followed by the addition of PE- conjugated anti- hIgG- Fc 
(eBioscience). Purified human IgG was used as an isotype 
control. A standard laboratory protocol was used to stain 
the cell markers using the fluorescence- conjugated anti-
bodies listed in online supplemental table 1. To determine 
the absolute numbers of specified cell populations, Preci-
sion Count Beads (Biolegend, USA) were used following 
the manufacturer’s instructions. Data were acquired in BD 
LSR- II and analyzed using Flowjo software (Tree Star, USA).

Online supplemental materials and methods provide 
the other methods used in this study.

Statistical analysis
GraphPad Prism (V.8.0) was used for the statistical anal-
ysis. Continuous variables were compared using unpaired 
Student’s t- test between two groups and one- way analysis 
of variance for more than two groups. A p<0.05 was statis-
tically significant.

RESULTS
Constructs of two types of CEA CARs
To obtain the scFv for better affinity with CEA, we gener-
ated CEA- (VL–VH) and CEA- (VH–VL) using a linker 
(G3S)×3 to conjugate the anti- CEA variable regions of the 
light chain (VL) and heavy chain (VH) of our previously 
identified antibody sequences.28 We generated and puri-
fied two forms of hIgG1- Fc- fused CEA- scFv by using the 
pFUSE- hIgG1- Fc2 vector (figure 1A, online supplemental 
figure S1). Examination of 200 ng of purified CEA coated 
on the surface of the immunoassay plate revealed a higher 
binding capacity of CEA- (VL–VH) than that of CEA- (VH–
VL). The relatively high binding capacity of CEA- (VL–VH) 
was confirmed in CEA- expressing LS180 cells, a human 
CRC cell line (figure 1B). However, CEA(VL–VH) did not 
bind to CEA- negative vascular endothelial cells (HUVECs) 
(online supplemental figure S1). Therefore, we used CEA- 
(VL–VH) as CEA- scFv to construct two types of CEA- specific 
CAR. In reg- CAR, the CEA- scFv was linked to the CD8H/
TM area of CD8α, cytoplasm domains of 4- 1BB and CD3ζ 
chain. In 7XCL1- CAR, IL- 7 and XCL1 were added to the 
C- terminus of reg- CAR (figure 1C). CEA- CAR expres-
sion was confirmed on the T- cell surface after the cells 
were transduced with retroviral vectors containing the 
7XCL1- CAR or reg- CAR genes (figure 1D). T cells trans-
duced with an empty viral vector were labeled Un- T cells.

Cytotoxicity of two types of CAR-T cells on CRC cells 
expressing CEA at different levels
CEA- CAR density, reflected by CAR expression levels, 
was lower in 7XCL1- CAR T cells than in reg- CAR T cells 

https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
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https://dx.doi.org/10.1136/jitc-2024-010581
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(figure 2A). However, no significant difference in the CEA- 
CAR- positive proportion and CD4:CD8 ratio was observed 
between 7XCL1- CAR T cells and reg- CAR- T cells (figure 2B).

To determine the tumor lysis effects of the two types of 
CAR- T cells, we generated CT26.CEAhigh and CT26.CEAint 
subclones that expressed CEA on the CT26 cell surface at 
high and intermediate levels, respectively (online supple-
mental figure S2A). For several CEA- negative tumor cell 
(Tu) targets, both 7XCL1- CAR T cells and reg- CAR T cells 

that serve as effectors (Effs) exhibited negligible cytotox-
icity. Notably, after 4 hour of co- culture, 7XCL1- CAR T cells 
exhibited a relatively lower level of cytotoxicity than that of 
reg- CAR- T cells on both CT26.CEAhigh and CT26.CEAint cells 
at the same Eff:Tu ratios (figure 2C). We prolonged the dura-
tion of co- culture of tumor cells with the two types of CAR- T 
cells. When examined with an optical microscope, the growth 
of CT26.CEAhigh cells co- cultured with 7XCL1 CAR- T cells 
exhibited no obvious difference from that of reg- CAR- T cells 
after 30 hours co- culture. However, at 60 hours, growth inhibi-
tion of CT26.CEAhigh cells was primarily observed in the wells 
co- cultured with 7XCL1- CAR T cells. The 7XCL1- CAR T cells 
mediated greater 60 hours cytotoxicity than that of reg- CAR 
T cells on CT26.CEAhigh cells. 7XCL1- CAR T cells also caused 
greater cytotoxicity than that of reg- CAR T cells on CT26.
CEAint cells (figure 2D). CAR- T cells were harvested after 
being co- cultured with CT26.CEAhigh cells for 60 hours. Flow 
cytometry (FCM) analysis indicated that a smaller percentage 
of 7XCL1- CAR T cells underwent apoptosis than that of reg- 
CAR- T cells. Meanwhile, 7XCL1- CAR T cells maintained the 
surface expression of PD1 but did not elevate the expression 
of Tim3 and Lag3 (figure 2E).

7XCL1-CAR T cells secreted XCL1 and IL-7 in recognition of 
CEA-positive cells
The results of cell counting indicated that T cell numbers 
increased persistently within 72 hours postinfection with 
the 7XCL1- CAR gene but stopped increasing at this time 
point with the reg- CAR gene (figure 3A). The 7XCL1- CAR 
T cells displayed higher proliferative capacity than that of 
reg- CAR- T cells, incorporating more BrdU (figure 3B). 
Granzyme B production by 7XCL1- CAR T cells did not 
differ from that of reg- CAR T cells. However, 7XCL1- CAR 
T cells expressed higher levels of TNF-α and IFN-γ and 
maintained a greater proportion of TNF-α+IFN-γ+ cells 
than that of reg- CAR T cells (figure 3C). When exam-
ined within the duration of 72 hours post viral infec-
tion, 7XCL1- CAR T cells began secreting XCL1 and IL- 7 
proteins, and this increased gradually. However, neither 
IL- 7 nor XCL1 were detectable in the supernatants of reg- 
CAR T or Un- T cells at the same time points (figure 3D). 
After co- culture with CT26.CEAhigh cells, 7XCL1- CAR T 
cells exhibited increased generation of XCL1 and IL- 7, 
regardless of the Eff:Tu ratio. Reg- CAR- T cells generated 
trace amounts of XCL1 and non- detectable levels of IL- 7 
after being co- cultured with CT26.CEAhigh cells, even in 
the ratio of 20 CAR- T cells and one CEA- positive tumor 
cell. When CEA- negative CT26 cells were used as targets, 
7XCL1- CAR T cells generated limited amounts of XCL1 
and IL- 7 (figure 3E, online supplemental figure S3).

7XCL1-CAR T cells efficiently recruited cDC1s to promote 
antigen-specific T cell activation after destroying CEA-positive 
tumor cells in culture
After eradication of targeted CEA- positive tumor cells, 
promotion of endogenous tumor- antigen- specific CD8+ 
T cells by potent antigen- presenting dendritic cells 
(DCs) could control tumors that expressed no target 

Figure 1 Constructs of two types of carcinoembryonic 
antigen (CEA)- specific chimeric antigen receptor (CAR) T 
cells. (A) Schematics of two forms of CEA- scFv, VL–VH and 
VH–VL. Two forms of hIgG1- CEA- scFv fusion proteins were 
purified as presented. (B) Graph presents the binding of 
VL–VH or VH–VL with 200 ng recombinant CEA coated on 
Costar Stripwell microplates at the specified concentration. 
***p<0.001 compared with T- test. Flow cytometry profile 
presents the binding of 15 µg/mL of VL–VH or VH–VL with 2×105 
LS180 cells. One of three independent experiments is shown. 
(C) Map of retroviral vectors used for generating murine CEA- 
specific 7XCL1- CAR T and reg- CAR T cells. (D) CEA- specific 
CAR expression on T cell surface determined with CEA- hIgG- 
Fc fusion protein.

https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
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antigen. We collected the supernatant of 7XCL1- CAR 
T cells or reg- CAR- T cells after co- culturing with CT26.
CEAhigh cells. Human lymph node cells were added into 
the upper chambers of 5 µm pore size Transwell inserts 
(depicted in figure 4A). When all cells that migrated into 
the lower chambers were collected, FCM analysis indi-
cated that the co- culture supernatant from 7XCL1- CAR 
T cells recruited more CD11c+HLA- DR+ DCs than that of 
the supernatant from reg- CAR T cells. Notably, the total 
number and proportion of migratory cDC1s that were 

defined as CD141+HLA- DRhigh cells, increased greater 
by the 7XCL1- CAR T cell supernatant (figure 4B). We 
then harvested the migrated cells in the lower chambers 
and pulsed them with a model antigen (influenza A virus 
M1 protein) to test their activity on autologous PBMCs 
(depicted in figure 4A). In same numbers of PBMCs, the 
DCs chemoattracted by 7XCL1- CAR T cell supernatant 
stimulated more cells to secrete IFN-γ than that by reg- 
CAR T cell supernatant in the presence of M1 protein 
(figure 4C). LEGENDplex analysis indicated that the DCs 

Figure 2 Tumor cytotoxicity of two types of chimeric antigen receptor (CAR) T cells. (A) Expression levels of CEA- CAR in 
two types of CAR- T cells examined at 72 hours (left) and 120 hours (right) post- transduction with the CAR gene, repeated at 
least three times. (B) Proportion of CD4+ and CD8+ T cells of infected T cells, repeated at least three times. (C) The 4 hours 
cytotoxicity of different effector T cells (Eff) on indicated tumor cells (Tu). At the specified Eff:Tu ratios, 7XCL1- CAR T cells (red 
lines), reg- CAR T cells (blue lines), or Un- T cells (black lines) were co- cultured respectively with 1×104 CFSE- labeled tumor 
cells in each tube for 4 hours. The 4 hours cytotoxicity of CAR- T cells was calculated as [(Eff:Tu−Tu spontaneous)/(100−Tu 
spontaneous)]×100%. Graphs present one of three independent experiments. (D) The 60 hours cytotoxicity of two types of 
CAR- T cells on indicated tumor cells. In an independent tube, 3×104 CT26.CEAhigh or CT26.CEAint cells were mixed with 7XCL1- 
CAR T cells or with reg- CAR T cells at various Eff:Tu ratios for 20 min. The mixed cells were then added into each well of a 
48- well plate. By 60 hours, dead tumor cells and T cells were gently washed out using warmed PBS. Tumor cell viability was 
determined using a Cell Counting Kit- 8, expressed as OD450 value. The 60 hours cytotoxicity (%) of CAR- T cells was calculated 
as [(Un- T:Tu−Eff:Tu)/Un- T:Tu]×100%. Graphs one of three independent experiments. Representative optical microscope images 
indicate the growth of CT26.CEAhigh cells that were co- cultured with 7XCL1 CAR- T or with reg- CAR T cells at the Eff:Tu=1:2 for 
30 hours and 60 hours, respectively. Scale bars, 100 µm. (E) At Eff:Tu=1:2, two types of CAR- T cells were co- cultured with CT26.
CEAhigh cells for 60 hours and analyzed by FCM. The profiles present one of three independent experiments. Bar graph indicates 
the average frequency of Annexin- V+PI+ cells in each group. Data in graphs represent mean+SD of triplicate and analyzed with 
one- way ANOVA (C) or t- test (D, E). *p<0.05; **p<0.01; ***p<0.001; ns, no statistically significant. ANOVA, analysis of variance; 
CEA, carcinoembryonic antigen; FCM, flow cytometry.
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chemoattracted by the 7XCL1- CAR T cell supernatant 
stimulated their autologous PBMCs to generate smaller 
amounts of IL- 10 than that of the DCs recruited by the 
reg- CAR- T cell supernatant (figure 4D).

Transfer of 7XCL1-CAR T cells and reg-CAR T cells equally 
controlled the tumors of universal CEA-positive cells
The antitumor effect of 7XCL1- CAR T cells was exam-
ined in syngeneic BALB/c mice subcutaneously injected 
with CT26.CEAhigh cells. When tumor volume in each of 

them reached ≥100 mm3, the mice were randomly divided 
into four groups and administrated with same numbers 
of Un- T, or reg- CAR T, or 7XCL1- CAR T cells via tail 
vein injection twice for a total of 2×106 T cells per mice. 
Sham- treated mice were injected with the same volume 
of PBS (figure 5A). Tumor growth was significantly inhib-
ited in mice that received either 7XCL1- CAR T or reg- 
CAR- T cells, with no significant difference between the 
two types of CAR- T cells (figure 5B). No inflammation 

Figure 3 CEA- specific CAR T cell proliferation and generation of IL- 7 and XCL1 after tumor cell stimulation (A.) T cell numbers 
were counted daily post- transduction with the indicated CAR gene. Bar graph indicates (mean+SEM) cell numbers at the 
specified time points relative to the initial cell numbers. Three independent experiments were conducted in triplicate. (B.) T 
cells were collected at 96 hours postinfection, and 20 µM BrdU was supplemented into the culture medium for 2 hours. Dot 
plots present one of three independent experiments. The average frequency of BrdU- positive cells for each group is presented 
in the bar graph. (C.) Flow cytometry profiles indicate intracellular staining of TNF-α, IFN-γ, and granzyme B (GzmB) in the 
indicated T cells that were examined at 120 hours postinfection. Bar graph indicates the average frequency of TNF-α+IFN-γ+ 
cells of each group. One of three independent experiments is presented. (D.) Accumulated amounts of XCL1 and IL- 7 generated 
by two types of CAR- T cells at the indicated time points post- transduction with indicated CAR gene. Each dot represents 
one experiment. (E.) Accumulated amounts of XCL1 and IL- 7 produced by two types of CAR- T cells after stimulation with the 
indicated tumor cells (Tu). At the Eff:Tu ratio of 10:1 (left panels) or 1:4 (right panels), specified T cells (Eff) were co- cultured 
with CEA- negative CT26 cells or CT26.CEA cells for indicated duration. The supernatant of co- cultured cells was collected, 
and the levels of XCL1 and IL- 7 were determined using commercialized ELISA kits. Each dot represents one repeat. Data in the 
bar graphs represent mean+SD of triplicate wells, and analyzed with one- way ANOVA. *p<0.05; **p<0.01; ***p<0.001. ANOVA, 
analysis of variance; CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen.
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Figure 4 Effects of the supernatant derived from two types of CAR- T cells after their co- culture with CT26.CEAhigh tumor 
cells. (A) Schematic of the experiments. (B) Representative flow cytometry plots indicate the total antigen presenting cells (total 
APC, HLA- DR+) and the type I conventional dendritic cells (cDC1s, HLA- DR+CD141+) that were recruited by the supernatants 
from 7XCL1- CAR T or reg- CAR T cells after their co- culture with CT26.CEAhigh tumor cells for 72 hours. Bar graphs present 
the frequency of indicated cells in the lower chamber, and each dot represents one independent experiment. (C) and 
D) Autologous 1×105 peripheral blood mononuclear cell (PBMCs) were stimulated with the same amounts of recruited cells 
using the supernatants of 7XCL1- CAR T cells or reg- CAR T cells after stimulation with CT26.CEAhigh tumor cells for 72 hours 
at an APC:PBMC ratio of 1:2 or 1:5. (C). Image presenting M1- specific IFN-γ-producing cells in 1×105 PBMCs from one of 
three independent experiments. Average spot numbers are presented in the bar graph, each dot represents one independent 
experiment. (D) The level of IL- 10 in the co- cultured cells at the APC:PBMC ratio of 1:2 was determined using the LEGENDplex 
Human B Cell Panel. Data in the bar graphs represent mean+SD of triplicate wells and analyzed with unpaired t- test. *p<0.05. 
**p<0.01; ***p<0.001, ns, no statistically significant. APC, antigen presenting cell; CAR, chimeric antigen receptor.
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Figure 5 Treatment of two types of CEA- specific CAR- T cells in mice carrying tumors of CEA- positive cells and a mixture of 
CEA- positive and CEA- negative cells. (A) Experimental scheme in BALB/c mice carried tumors of universal CT26.CEAhigh cells, 
with at least five mice per group. (B) Tumor growth with universal CT26.CEAhigh cells as indicated. (C) Experimental scheme in 
BALB/c mice carrying tumors composed of a mixture of CT26.CEAhigh cells (75%) and CT26 cells (25%). Graphs indicate the 
tumor growth of a group (left) and that of individuals (right). N=5–8 in each group. (D) Image presenting tumors derived from a 
mixture of CT26.CEAhigh and CT26 cells removed on D26. The bar graph (mean+SD) indicates the tumor weight of each group, 
and each dot represents one mouse. (E) Experimental scheme in C57BL/6 mice carrying tumors with a mixture of MC38.CEA 
cells (75%) and MC38 cells (25%). Graph presents the tumor growth as indicated (mean+SD). N=5–8 in each group. (F) Images 
present tumors derived from a mixture of MC38.CEA and MC38 cells removed on D24 and D26. The bar graph (mean+SD) 
presents the tumor weight of each group, and each dot represents one mouse. Differences were compared with one- way 
ANOVA. *p<0.05; **p<0.01; ***p<0.001. CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen.
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in esophagus, stomach, small intestine and colon was 
observed in differently treated mice after histology exam-
ination (online supplemental figure S4).

Transfer of 7XCL1-CAR T cells better controlled the tumors 
with the mixture of CEA-positive and CEA-negative cells
Due to the heterogeneity of human cancers that express 
distinct tumor antigens, we mixed CT26.CEAhigh and 
CEA- negative CT26 cells to develop a tumor comprising 
approximately 75% CEA- positive cells and 25% CEA- 
negative cells. Tumor- bearing mice with a mixture of 
tumor cells were treated as described in figure 5A. The 
mice that received 7XCL1- CAR T cells displayed greater 
inhibition of tumor growth than those that received 
reg- CAR- T cells. This difference became significant 
10–12 days postinjection of the first dose of CAR- T cells 
(figure 5C). Tumors were smaller in the mice treated with 
7XCL1- CAR T cells than in those treated with reg- CAR- T 
cells (figure 5D).

To confirm the better antitumor effect of 7XCL1- CAR 
T cells for treating heterogeneous tumors in BALB/c 
mice, we generated an MC38.CEA subclone expressing 
CEA on the MC38 cell surface (online supplemental 
figure S2B). We mixed MC38.CEA with CEA- negative 
MC38 cells and injected subcutaneously into C57BL/6 
mice to develop a tumor comprising approximately 75% 
CEA- positive cells and 25% CEA- negative cells. As treated 
in BALB/c mice, the tumor- bearing C57BL/6 mice were 
treated with 7XCL1- CAR T or reg- CAR T cells, and those 
treated with 7XCL1- CAR T cells also displayed greater 
tumor inhibition than those treated with reg- CAR- T cells. 
In one of the five mice, the established tumor was dimin-
ished after treatment of 7XCL1- CAR T cells (figure 5E). 
When a tumor was developed from 50% MC38.CEA cells 
and 50% MC38 cells, the tumor- bearing C57BL/6 mice 
remained to exhibit better tumor control after treatment 
with 7XCL1- CAR T cells than those with reg- CAR T cells 
(online supplemental figure S5).

The 7XCL1-CAR T cell-treated mice exhibited greater 
infiltration of cDC1s and T cells in tumor tissues
Neither IL- 7 nor XCL1 were detected in the blood of 
treated mice. Intercellular fluid was prepared from 
tumors composed of CT26.CEAhigh and CT26 cells. 
Higher amounts of IL- 7 and XCL1, as well as IFN-γ and 
IL- 2 were detected in the intercellular fluid of mice 
treated with 7XCL1- CAR T cells than that of mice treated 
with reg- CAR- T cells (figure 6A). FCM analysis of tumor- 
infiltrating lymphocytes revealed a higher number and 
proportion of MHC- II- positive cells. Migratory cDC1s, 
MHC- IIhigh CD11chigh CD103high, were more profound 
in mice treated with 7XCL1- CAR T cells than in those 
treated with reg- CAR- T cells (figure 6B). Paraffin- 
embedded tumor tissues were examined using multiplex 
immunohistochemistry (mIHC) staining. Significantly 
greater infiltration of CD3+ and CD8+ T cells, partic-
ularly CD8+ T cells, was detected in the tumor tissues 
of 7XCL1- CAR T- treated mice compared with that in 

reg- CAR- T cell- treated mice. Notably, the tumors of 
7XCL1- CAR T- treated mice exhibited a higher density of 
proliferative Ki67+CD3+ and Ki67+CD8+ T cells than those 
of the reg- CAR- T cell- treated mice (figure 6C).

To examine the origin of the increased infiltration of 
CD3+ and CD8+ T cells in tumor tissues, we prepared 
7XCL1- CAR T cells or reg- CAR- T cells from congenic 
CD45.1 mice and transferred them into CD45.2 mice 
carrying tumors composed of MC38.CEA cells and CEA- 
negative MC38.OVA cells (figure 6D). On day 11 (3 days 
post- cell transfer), the numbers of CAR- T cells in the 
peripheral blood and tumor tissues of mice that received 
7XCL1- CAR T cells exhibited no significant difference 
from those of mice that received reg- CAR- T cells. On day 25 
(17 days post- cell transfer), few CAR T cells were detected 
in the blood and tumor tissues of mice that received reg- 
CAR T cells. However, CAR- T cells remained abundant in 
both the peripheral blood and tumor tissues of mice that 
received the 7XCL1- CAR T cells (figure 6D,E). Addition-
ally, the number of host- derived endogenous cells (CD4+ 
and CD8+ T cells) was also elevated in tumor tissues of 
mice treated with 7XCL1- CAR T cells compared with that 
in mice treated with reg- CAR- T cells (figure 6E).

7XCL1-CAR T-treated mice promoted tumor neoantigen-
specific CD8+ T cell generation to resist CEA-negative tumor 
growth
In addition to CEA expression, CRC cells can generate 
cancer neoantigens due to various somatic mutations.1 13 
Treatment outcomes in tumor- bearing mice indicated 
the generation of endogenous T cells against non- 
targeted neoantigens following the transfer of CEA- 
targeted 7XCL1- CAR T cells. To validate the results, we 
generated CT26.CEA/gal cells that transiently expressed 
H- 2Ld- restricted β-gal epitope (TPHPARIGL) in the 
CT26.CEAhigh subclone and developed the subcutaneous 
primary tumors composed of CT26.CEAhigh cells (~80%) 
and CT26.CEA/gal cells (~20%). After being treated as 
in figure 5A, the BALB/c mice were challenged with the 
β-galactosidase- positive but CEA- negative CT26.CL25 
cells, 10 days post- transfer of CAR T cells for developing 
the secondary tumors (figure 7A). Primary tumor growth 
was mostly inhibited in mice treated with 7XCL1- CAR 
T cells as observed in previous experiments. Addition-
ally, the growth of secondary tumors was significantly 
suppressed in 7XCL1- CAR T- treated mice, where 1/5 
mice acquired long- term protection against challenge by 
CEA- negative CRC cells (figure 7B). Infiltrating lympho-
cytes in challenged tumor tissues were analyzed using 
FCM. Higher numbers of β-gal- specific CD8+ T cells were 
detected in the mice treated with 7XCL1- CAR T cells 
than in those treated reg- CAR T- treated mice (figure 7C).

To confirm the 7XCL1- CAR T cell- mediated effects in 
promoting the generation of endogenous CD8+ T cells 
against non- targeted tumor cells, we prepared CAR- T 
cells from congenic CD45.1 mice and transferred them 
into CD45.2 mice that carried tumors composed of a 
mixture of MC38.CEA cells and CEA- negative MC38.

https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
https://dx.doi.org/10.1136/jitc-2024-010581
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Figure 6 Detection of cDC1s and T cells in tumor tissues of differently treated mice. (A) Indicated cytokines (mean+SD) in 
the intercellular fluid of tumors consisted of the mixture of CT26.CEAhigh and CT26 cells from differently treated mice. In each 
group, three mice were sampled. (B) Flow cytometry (FCM) profiles indicate the total MHC- II+ cells and the CD11c+CD103+ 
cDC1s in the tumors composed of CT26.CEAhigh and CT26 cells from differently treated mice. Bar graphs (mean+SD) present 
the cell numbers per gram of tumor tissue of treated- mice as indicated. Each dots represents one mouse. (C) Representative 
images of tumors composed of CT26.CEAhigh and CT26 cells from differently treated mice. Top, HE staining; middle, CD3 
(green) and Ki67 (red) double staining; bottom, CD8 (white) and Ki67 (red) double staining. Nuclei were stained with DAPI (blue). 
Scale bars, 50 µm. In each group, three mice were sampled. In each tumor section, five fields were counted, and the bar graphs 
(mean+SEM) indicate the cell density (numbers per field) of each group of mice. (D) Experimental scheme in C57BL/6 mice 
(CD45.2) carried tumors composed of MC38.CEA (75%) and MC38.OVA (25%). Two types of CAR- T cells were prepared from 
congenic CD45.1 mice. The transferred CAR- T cells were determined on D11 and D25, respectively, corresponding to 3 days 
and 17 days post- transfer of the first dose of CAR- T cells. Representative dot plots of FCM analysis indicate the frequency of 
transferred CAR- T cells examined in the tumor tissues based on gate of total CD8+ T cells. The frequency of transferred CAR- T 
cells determined in their peripheral blood and tumor tissues of the indicated group are presented in the bar graphs, and each 
dot represents one mouse. (E) After staining with florescence- conjugated antibodies, a 20 µL of precision count beads (1030 
Beads/µL) was added into 300 µL of stained cell suspension for FCM analysis. Absolute cell number (cells/μL) was calculated as 
(cell count×20 µL)/(bead count×300 µL)×1030. The absolute numbers (mean±SD) presented in the bar graphs were calculated as 
(cells/μL)×300 µL/tumor weight, and each dot represents one mouse. Differences were compared with one- way ANOVA (A, C), 
or unpaired Student’s t- test (D, E). *p<0.05; **p<0.01; ***p<0.001; ns, no statistically significant. ANOVA, analysis of variance.
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OVA cells. Naïve OVA- specific CD8+T cells were injected 
into mice that were, respectively, treated with two types 
of CAR- T cells. Notably, the proliferation of OVA- specific 
CD8+T cells was primarily detected in mice treated with 
7XCL1- CAR T cells (figure 7D).

DISCUSSION
We modified conventional/regular CEA- specific CAR T 
cells (reg- CAR T) by inserting the genes encoding IL- 7 
and XCL1, generating CEA- specific 7XCL1- CAR T cells. 
In the cell co- culture system, the 7XCL1- CAR T cells exhib-
ited cytotoxicity, secreted both IL- 7 and XCL1 on inter-
action with CEA- positive CRC cells. The XCL1 secreted 
from 7XCL1- CAR T cells was confirmed to recruit the 
migratory cDC1s, which promoted the generation of 
antigen- specific CD8+ T cells, and IL- 7 was confirmed 
to maintain the activity of CAR- T cells and support the 
generation of neoantigen- specific T cells. When treating 
mice that carried tumors developed from universal 
CEA- positive cells, the 7XCL1- CAR T cells exhibited 
no difference from the reg- CAR- T cells. However, when 
treating mice that carried tumors composed of a mixture 
of CEA- positive and CEA- negative cells, 7XCL1- CAR 
T cells conferred better inhibition of tumor growth 
compared with that of reg- CAR- T cells. After treatment 

with 7XCL1- CAR T cells, the mice were counterattacked 
by CEA- negative tumor cells. The improved antitumor 
efficacy mediated by 7XCL1- CAR T cells was associated 
with their sustained antitumor effectivity to CEA- positive 
cells, and their capability to enhance tumor infiltration 
of cDC1s for promoting the generation of CD8+ T cells 
against cancer neoantigens released from CEA- positive 
cells. Our current results from cell- culture experiments 
and tumor- bearing mice indicated that XCL1- secreting 
7XCL1- CAR T cells could mediate better therapeutic effi-
cacy and confer long- term antitumor immunity against 
heterogeneous CRCs.

In the conventional CEA- targeting CAR- T (reg- CAR 
T) cells, the scFv sequence of CEA- specific antibody is 
linked to the 4- 1BB- CD3ζ signaling domain. Clinical 
trials by transfusion of the conventional CEA- CAR T cells 
have demonstrated the evidence suggesting effective-
ness in controlling progression in a subset of metastatic 
CRCs.3 4 10 However, the anticipated therapeutic efficacy 
has not been achieved due to the unique characteristics 
and distinct microenvironments of solid tumors.5–7 Meta-
static CRCs primarily affect the liver that presents a partic-
ularly immunosuppressive tumor microenvironment.14 To 
address this challenge, we inserted IL- 7 at the C- terminus 
of CD3ζ, and XCL1 at the C- terminus of IL- 7, separating 

Figure 7 Generation of endogenous tumor neoantigen- specific CD8+ T cells in mice after CAR- T cell treatment. 
(A) Experimental scheme in BALB/c mice, with five mice per group. Primary tumors were developed by subcutaneous injection 
of a mixture of CT26.CEA cells (approximately 80%) and CT26.CEA/gal cells (approximately 20%). The mice were treated 
with different T cells and challenged with CT26.CL25 cells to form the secondary tumors. (B) Images present the secondary 
tumors from differently treated mice removed on D26. Tumor weights of each group are presented in the bar graph, and each 
dot represents one mouse. (C) Representative flow cytometry profiles indicate the β-gal- specific CD8+ T cells in the secondary 
tumor tissues of differently treated mice. One of three experiments is presented. Bar graph indicates the percentage of β-gal- 
specific CD8+ T cells, and each dot represents one mouse. (D) OVA- specific CD8+ T cells were labeled with 5 µM CFSE, and 
2×106 cells per mouse were injected via tail vein into differently treated C57BL/6 mice that carried tumors developed from the 
cell mixture of MC38.CEA (75%) and MC38.OVA (25%). The proliferation of OVA- specific T cells was determined 6 days later, 
and all CFSE- positive CD8+ T cells in peripheral blood were gated for analysis. Representative histograms present one of three 
independent experiments. The proliferated cell percentage of each group is presented in the bar graph, and each dot represents 
one mouse. Differences were compared with unpaired Student’s t- test. *p<0.05; **p<0.01. CAR, chimeric antigen receptor.
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them with T2A and E2A, respectively. Following retro-
viral transduction, the 7XCL1- CAR T cells exhibited 
relative lower levels of CEA- CAR, likely due to the addi-
tional genetic burden imposed by the inserted IL- 7 and 
XCL1 genes at the C- terminus of reg- CAR, along with the 
limited cleavage efficiency of the viral 2A peptides during 
protein synthesis in the infected T cells.29 A previous 
study, that investigated the utility of CAR- T cells targeting 
anaplastic lymphoma kinase (ALK), demonstrated that 
the activity of ALK CAR- T cells within 24 hours was posi-
tively regulated by CAR density on interaction with same 
levels of target antigen.30 In our cell culture system with 
CEA- positive cells, 7XCL1- CAR T cells displayed relatively 
low cytotoxicity within 4 hours co- culture due to the rela-
tively reduced CEA- CAR density. However, on interaction 
with CEA- positive cancer cells, the 7XCL1- CAR T cells 
were activated and secreted both IL- 7 and XCL1. In the 
presence of IL- 7, the viability of transferred CAR- T cells 
was maintained,16 forming a positive feedback loop after 
exposure to CEA- positive tumor cells. The 7XCL1- CAR T 
cells thus exhibited sustained cytotoxicity on both CT26.
CEAhigh and CT26.CEAint cells in a prolonged duration 
(60 hours co- culture). The secreted XCL1 directly mobi-
lized the migratory cDC1s which potently cross- present 
the tumor- associated antigens.17–19 Certainly, in tumor- 
bearing mice that carried a mixture of tumor cells, 
7XCL1- CAR T cells displayed greater inhibition of tumor 
growth than those treated with reg- CAR- T cells. In the 
tumor bed, the 7XCL1- CAR T cells maintained the tumor- 
lytic capability of CAR- T cells and persistently recruited 
migratory cDC1s to the site, where the tumor antigen was 
released, for efficiently promoting generation of endog-
enous neoantigen- specific T cells to mediate protection 
against CEA- negative tumors. Therefore, 7XCL1- CAR T 
cells are promising for treating heterogeneous CRCs in 
which the CEA antigen is only expressed in some of the 
malignant clones, particularly in cases with liver metas-
tasis where the tissue presents an immunotolerant envi-
ronment.14 16

The heterogeneity of human cancers that express 
distinct tumor antigens constrains the therapeutic effi-
cacy of conventional CAR- T cells. Inducing the genera-
tion of endogenous CD8+ T cells is a promising strategy 
to improve the therapeutic efficacy of CAR- T cell therapy. 
In experimental models, engineering CAR- T cells to 
generate chemokines for the recruitment of DCs via 
CCR7 to stimulate endogenous T cells can improve the 
therapeutic efficacy of CAR- T cells, including 7×19 CAR- T 
cells secreting IL- 7 and CCL198 31 and 7×21 CAR- T cells 
secreting IL- 7 and CC21.32 Due to the functional hetero-
geneity of different types of DCs in antitumor immunity, 
migratory cDC1s (XCR1+CD141+ DCs in humans and 
XCR1+CD103high in mice) have been recognized as the 
most important professional inducers of antigen- specific 
CD8+ T cells.17 One previous study demonstrated that engi-
neered T cells secreting Fms- like tyrosine kinase 3 ligand 
(Flt3L), which is a growth factor of cDC1s, expanded 
intratumoral cDC1s, and the combination of poly(I:C) 

and anti- 4.1BB induces epitope spreading toward anti-
gens beyond those recognized by the transferred CAR- T 
cells.33 However, in human subjects, Flt3L was observed 
to expand CD4+FoxP3+ regulatory T (Treg) cells that 
exert suppressive activity on tumor- specific effector cells 
in the microenvironment.34 In animal cancer models, 
Flt3L therapy increases all conventional DC subsets but 
results in no reduction in tumor growth associated with 
the induction of CD81+migcDC1.35 Having the tumor- 
antigen- specific CD8+ T cells to transiently secrete IL- 12 
and injecting them into tumors but not blood, the tumor- 
bearing mice completely reject the distant concomitant 
tumors. Treatment effectivity depends on endogenous T 
cells and cDC1s.36 IL- 12 is generally secreted by activated 
DCs and phagocytes in response to infection through toll- 
like receptors.37 A combination of dual- specific TCR- T 
cells, that are tumor reactive CD8+ T cells with an addi-
tional TCR recognized a bacterial antigen, robustly erad-
icate tumors following intratumoral injection of bacterial 
antigen. Antitumor effects also depend on endogenous T 
cells and cDC1s.38 XCR1 is selectively expressed in cDC1 
subtypes and responds to XCL1 chemokine.17 Given that 
the population of cDC1s is rare in the tumor tissue beds, 
we developed an approach in the current study to mobi-
lize the specific type of cDC1s directly from the periph-
eral blood. Our current study, conducted in two strains 
of syngeneic mice, indicated that 7XCL1- CAR T cells with 
lymphotactin XCL1 and IL- 7 genes proved effective for 
recruiting cDC1s to promote the de novo generation of 
CD8+ T cells against cancer neoantigens, enhancing the 
endogenous antitumor immunity.

The tumor lysis functionality of CAR- T cells is signifi-
cantly regulated by target antigen.30 Staining with 
anti- CEA antibody in 52 colon cancer tissues, more than 
28 tissue sections exhibited a high level of CEA expres-
sion, exceeding 75% CEA positive cells of total tumor 
cells.39 Generation of endogenous CD8+ T cells has 
proven to improve the antitumor efficacy of CAR- T cell 
therapy.36 38 Our current results in the tumor- bearing 
mice suggested that the 7XCL1- CAR T cells could confer 
better antitumor efficacy for the patients with a tumor 
heterogeneously composed of CEA- positive cells less than 
75%.

CEACAM5 (CEA) is considered as the major player 
in tumor progression and metastasis. However, certain 
amount of CEA is expressed in normal columnar epithe-
lial and goblet cells of the colon.40 In our mice models, 
we did not observe the tissue damage of examined esoph-
agus, stomach, small intestine and colon after treatment 
of CEA- specific 7XCL1- CAR T cells. Due to mice having 
no CEACAM5 homologue, the observation of non- 
toxicity of the CEA CAR- T cell therapy on normal tissues 
in the mice models is limited. However, a previous study 
conducted in immune- competent mice that expressed 
the CEA transgene (CEAtg) in the intestinal and pulmo-
nary tracts indicates that conventional CEA CAR- T cells 
via single intravenous injections efficiently eradicate 
CEA- positive carcinoma cells. The CEAtg mice developed 
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some noninflammatory infiltrations of CAR- T cells in 
intestine and lung, but there was no evidence of destruc-
tion of CEA+healthy tissues.41 Several clinical trials have 
also demonstrated that the CEA CAR- T cell therapy in 
patients with liver metastatic CRCs either intravenous 
infusion or hepatic artery infusion was well tolerated, not 
associated with any serious adverse events above grade 3 
even in high doses.3 4

Given that metastatic CRCs primarily affect the liver—an 
immunologically tolerant organ where adaptive immune 
cells readily become tolerogenic14 15—further studies are 
required to validate the antitumor effects of 7XCL1- CAR 
T cells in orthotopic tumor models and in patient- derived 
organoids. The therapeutic efficacy of 7XCL1- CAR T cells 
for patients with metastatic CRCs requires clinical evalua-
tion to confirm the effects observed in this study without 
impairing the healthy tissues.
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