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ABSTRACT

Colorectal cancer (CRC) remains amajor global health burden, being one of themost prevalent
cancers with high mortality rates. Despite advances in conventional treatment modalities,
patients with metastatic CRC often face limited options and poor outcomes. Chimeric antigen
receptor-T (CAR-T) cell therapy, initially successful in hematologic malignancies, presents a
promising avenue for treating solid tumors, including CRC. This review explores the potential
of CAR-T cell therapy in CRC by analyzing clinical trials and highlighting prominent CRC-
specific targets. We discuss the challenges such as immunosuppressive microenvironment,
tumor heterogeneity, and physical barriers that limit CAR-T efficacy. Emerging strategies,
such as logic-gated and dual-targeting CAR-T cells, offer practical solutions to overcome
these hurdles. Furthermore, we explore the combination of CAR-T cell therapy with immune
checkpoint inhibitors to enhance T-cell persistence and tumor infiltration. As the field
continues to evolve, CAR-T cell therapies hold significant potential for revolutionizing the
treatment landscape of CRC.

INTRODUCTION

Colorectal cancer (CRC) is a significant global health chal-
lenge, being the third most common cancer and the second
leading cause of cancer-related deaths worldwide.1,2 Tradi-
tional treatment modalities such as surgery, chemotherapy,
and radiation therapy, although effective in many cases,
often fall short for patients with advanced or metastatic
CRC.3 In recent years, immunotherapy has emerged as a
promising avenue, with chimeric antigen receptor-T (CAR-
T) cell therapy being one of these innovative treatments.4,5

CAR-T cell therapy genetically modifies a patient’s T cells to
target cancer cells by inserting a CAR.6,7 The process involves
collecting T cells, activating them, genetically modifying
them with a CAR to recognize tumor-specific antigens,
expanding the modified cells, and reintroducing them into
the patient after lymphodepleting preconditioning to en-
hance tumor targeting (Fig 1).8-13

Originally developed and approved for hematologic malig-
nancies, CAR-T cell therapy has shown remarkable success in
treating diseases such as ALL and diffuse large B-cell
lymphoma.14,15 This success has spurred significant interest in
adapting CAR-T cell therapy for solid tumors, including CRC.16

A CAR consists of an extracellular single-chain variable
fragment (scFv) domain that binds antigens, a hinge for
flexibility, a transmembrane domain to anchor it to the
T cell, and intracellular signaling domains for T-cell

activation.17,18 First-generation CARs use CD3z for signaling,
while second- and third-generation CARs include cos-
timulatory domains (ie, CD28 or 4-1BB) to enhance T-cell
activity and persistence, making them potent tools in cancer
immunotherapy.19,20

This review aims to present a comprehensive overview of
CAR-T cell therapy in CRC, focusing on emerging therapeutic
targets, key clinical trials, and challenges. It critically as-
sesses recent advancements and explores the potential of
CAR-T cell therapy to alter the therapeutic paradigm for CRC.

ADVANCEMENTS IN ANTIGEN SELECTION FOR CRC CAR-T
CELL THERAPIES

Introducing specific targets for CAR-T cell therapy in CRC is
essential for enhancing the efficacy and specificity of the
treatment. These targets are carefully selected based on their
expression on CRC cells and minimal presence on normal
tissues to reduce off-tumor toxicity.21 Here, we discuss
several key targets for CAR-T cell therapy in CRC (Table 1).

Carcinoembryonic Antigen

Carcinoembryonic antigen (CEA) is a well-established tumor
marker frequently overexpressed in CRC and other gastro-
intestinal malignancies.36 In a phase I clinical trial, the
safety, tolerability, and preliminary efficacy of CAR-T cell
therapy targeting CEA were assessed in 10 patients with
metastatic CRC.22 This study used escalating doses of CEA-
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targeted CAR-T cells. The treatment was generally well
tolerated, with seven of 10 patients experiencing no severe
adverse effects. However, three patients developed cytokine
release syndrome (CRS), with two cases classified as mild to
moderate (grade 1-2) and one case as severe (grade 3).
Regarding clinical benefit, seven of the 10 patients who had
previously experienced progressive disease achieved stable
disease (SD) after CAR-T cell therapy. Notably, two patients
maintained SD for over 30 weeks, while two others showed
tumor reduction based on positron emission tomography-
computed tomography (PET-CT) and magnetic resonance
imaging analysis, respectively. Additionally, a decline in
serumCEA levels was observed inmost patients, even during
long-term follow-up.22 In a related preclinical study, the
intraperitoneal (IP) administration of CEA-targeted CAR-
T cells was investigated for treating peritoneal carcinoma-
tosis originating from CRC.37 The study involved 24 mice,
divided into three groups of 8: a control group, a group
receiving intravenous (IV) CAR-T cell administration, and a
group receiving IP CAR-T cell administration. Results in-
dicated that IP delivery of CAR-T cells was significantlymore
effective in targeting and eliminating cancer cells compared
with IV administration and the control group. Mice receiving
IP administration demonstrated better tumor reduction, and
high-dose IP CAR-T administration was associated with a
more powerful response. Bioluminescent imaging showed

no detectable tumor by day 13 in the high-dose IP group, and
this response persisted for 76 days after treatment, while
25% of the IV group relapsed by day 27.

Additionally, survival analysis revealed that 75% of mice
receiving high or low doses of IP CAR-T cells survived with
no tumor burden by day 34, which outperformed the IV
group, where some relapse was noted. In extraperitoneal
metastases, IP administration conferred durable antitumor
activity and eliminated peritoneal implants as well as cleared
abdominal solid tumors, making it a more effective route
than IV administration.37

Guanylyl Cyclase C

Guanylyl cyclase C (GUCY2C or GCC) is a receptor primarily
expressed in intestinal cells and is highly retained in me-
tastatic CRC cells, making it a highly specific target for
CAR-T cell therapy in CRC because of its limited expression
in other tissues.38 Preclinical studies have demonstrated the
efficacy of GUCY2C-targeted CAR-T cells in CRC models.
These CAR-T cells showed antigen-dependent activation,
effectively killing GUCY2C-expressing cancer cells in vitro
and providing long-term protection in mouse models
against lung metastases of CRC.39 Building on these
promising preclinical results, a novel GUCY2C-targeted
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FIG 1. Overview of the CAR-T cell therapy process, highlighting the sequential steps from leukapheresis to CAR-T cell infusion.
(1) T cells are isolated from the patient’s peripheral blood through leukapheresis. (2) These cells are activated using anti-CD3/
CD28 antibodies to stimulate their proliferation. (3) Genetic modification of the T cells is performed by inserting the CAR gene,
enabling them to recognize tumor-specific antigens. (4) CAR-T cells are expanded ex vivo to achieve sufficient quantities for
therapeutic use. (5) Before reinfusion, the patient undergoes lymphodepletion, typically via chemotherapy, to enhance CAR-T cell
engraftment. (6) CAR-T cells are infused back into the patient, where they target and eliminate cancer cells expressing the CAR-
specific antigen. CAR-T, chimeric antigen receptor-T.
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CAR-T cell therapy was tested in an open-label, single-arm
trial involving 13 patients with advanced metastatic CRC
whose previous treatments were unsuccessful. After lym-
phodepletion, the CAR-T cells were infused, yielding an
overall response rate (ORR) of 60% and a disease control rate
(DCR) of 80%. Adverse events were generally manageable,
with mild to moderate diarrhea and CRS being the most
common, all of which resolved without serious complica-
tions.23 Further advancing the clinical application of this
approach, a phase I trial of GUCY2C-targeted CAR-T cell
therapy (IM96) conducted by ImmunoChina evaluated its
safety and efficacy in 20 patients with metastatic CRC, in-
cluding thosewith livermetastasis, whose disease progressed
after at least three previous lines of therapy. Administered in a
dose-escalation format, the therapy was generally well tol-
erated, with no dose-limiting toxicity or maximum tolerated
dose reached. The most common side effects included mild to
moderate CRS, rash, diarrhea, and oral mucositis, with only
onepatient experiencing significant neurotoxicity. Among the
19 evaluated patients, the ORR was 26.3%, with a DCR of
73.7%. Notably, in the dose level 3 group, the ORR was 40%,
with a median progression-free survival (PFS) of 7 months
and amedian duration of response of 10months. Importantly,
no patients with an objective response showed disease pro-
gressionwithin thefirst 6months, indicating durable efficacy
and an acceptable safety profile for IM96.24

GCC19CART targets GUCY2C and is designed to enhance the
proliferation and activation of CAR-T cells by pairing solid
tumor-targeting CAR-T cells with CD19-targeting CAR-
T cells. A phase I trial is being conducted at the Jilin Uni-
versity, China (ChiCTR2000040645), to assess the safety
and preliminary efficacy of GCC19CART in patients with
relapsed or refractory metastatic CRC whose two previous
lines of systemic therapy were ineffective. Twenty-one
patients were enrolled across two dose levels (1 3 106 or
2 3 106 CAR-T cells/kg). The most common adverse events
were CRS, diarrhea, and immune effector cell–associated
neurotoxicity syndrome (ICANS). These side effects were
generally well managed with standard care. ORR of 15.4%
and 50%were observed for dose level 1 (DL1) and dose level
2 (DL2), respectively. Preliminary data from this ongoing
trial suggest that GCC19CART has dose-dependent clinical
activity and an acceptable safety profile in treating relapsed
or refractory metastatic CRC.25 Recent published data from
eight patients treated with a low dose of GCC19CART and
seven patients treated with a high dose indicate an ORR of
40%, with six patients showing partial responses (PRs) and
an additional five achieving SD. Higher doses were asso-
ciated with improved PFS, with a median of 6.0 months in
the high-dose group compared with 1.9 months in the low-
dose group. The median overall survival at the data cutoff
was 22.8 months.26

TABLE 1. CRC Key Targets for CAR-T Cell Therapy and Their Associated Clinical Trials

Target Drug Name Country Trial Description
Reference No.

(ClinicalTrials.gov identifier)

CEA NA China Phase I escalating-dose trial in metastatic CRC Zhang et al22 (NCT02349724)

GUCY2C NA China Phase I escalating-dose trial of GUCY2C-targeted CAR-T therapy in
metastatic CRC

Zhang et al23 (ChiCTR2100044831)

GUCY2C IM96 China GUCY2C-targeted CAR-T tested in advanced CRC Qi et al24 (NCT05287165)

GUCY2C GCC19CART China Phase I escalating-dose trial targeting GUCY2C in relapsed or re-
fractory metastatic CRC

Xiao et al,25 Chen et al26

(ChiCTR2000040645)

GUCY2C GCC19CART The United
States

Phase I dose escalation study, targeting GUCY2C in refractory
metastatic CRC

Keenan et al,27 Schlechter et al28

(NCT05319314)

LGR5 CNA3103 Australia Phase I/IIa, first-in-human study targeting LGR5 in metastatic CRC Desai et al29 (NCT05759728)

NKG2D CYAD-101 Belgium Non-gene edited allogeneic CAR-T in metastatic CRC
(alloSHRINK trial)

Prenen et al30 (NCT03692429)

EpCAM IMC001 China EpCAM CAR-T therapy in advanced GI cancers Luo et al31 (NCT05028933)

CDH17 CHM-2101 The United
States

Phase I/II CAR-T therapy targeting CDH17 in advanced colorectal,
gastric, and neuroendocrine cancers

NCT06055439

MUC1-C P-MUC1C-ALLO1 The United
States

Phase I allogeneic CAR-T targeting MUC1-C epitope in epithelial
cancers

Henry et al32 (NCT05239143)

CEA A2B530 The United
States

Logic-gated CAR-T targeting CEA in CRC (EVEREST-1 trial) Molina et al33 (NCT05736731)

MSLN A2B694 The United
States

Logic-gated CAR-T targeting MSLN in solid tumors (EVEREST-2 trial) Punekar et al34 (NCT06051695)

NKG2D CYAD-101 1
pembrolizumab

The United
States

Allogeneic CAR T-cells CYAD-101 and pembrolizumab in metastatic
CRC (KEYNOTE-B79 trial)

Kim et al35 (NCT04991948)

Abbreviations: CAR-T, chimeric antigen receptor-T; CDH17, cadherin 17; CEA, carcinoembryonic antigen; CRC, colorectal cancer; EpCAM, epithelial
cell adhesionmolecule; GUCY2C, guanylyl cyclase C; LGR5, leucine-rich repeat-containing G protein–coupled receptor 5;MSLN,mesothelin; NA, not
available; NKG2D, natural killer group 2 member D.
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Complementing this trial, preliminary data from a US-
based study (ClinicalTrials.gov identifier: NCT05319314)
on GCC19CART have been published, involving five patients:
four treated at DL1 and one at DL2. The study showed a 50%
ORR (2/4) at DL1 on the basis of an independent review.
Adverse events, including CRS (grade 1 and 2) and ICANS
(grade 2), were consistent with earlier findings and resolved
with appropriate management. Importantly, two subjects
achieved PRs, with an additional patient demonstrating
partial metabolic response on PET-CT with SD. The ORR was
25%, with one confirmed PR and three instances of SD as the
best observed outcomes. The median PFS in the DL1 group
was 3.8 months. These findings highlight the acceptable
safety profile of GCC19CART in treating refractorymetastatic
CRC and underscore the potential for further exploration at
higher doses as the trial continues.27,28

Leucine-Rich Repeat-Containing G Protein–Coupled
Receptor 5

Leucine-rich repeat-containing G protein–coupled re-
ceptor 5 (LGR5) is frequently overexpressed in CRC and
serves as amarker for cancer stem cells, which are believed
to drive tumor initiation, progression, metastasis, and
recurrence.40,41 LGR5 is associated with poor survival and
response to therapy in metastatic CRC, making it an at-
tractive target for CAR-T cell therapy.42 CNA3103 is a first-
in-class cell product where autologous T cells are engineered
to express a CAR that targets LGR5. The CAR in CNA3103
developed by Carina Biotech includes the antigen-binding
domain from BNC101, a humanized monoclonal antibody
against LGR5, previously shown to be safe and well tolerated
in phase I trials without off-target binding. Up to 44 par-
ticipants are going to be enrolled across two phases: 24 in
phase I and 20 in phase IIa. The trial involves four different
dose levels of CNA3103. The study is structured as a first-in-
human,multicenter, open-label, phase I/IIa dose-escalation
and expansion trial, aiming to assess the safety and overall
response to CNA3103 in patients with metastatic CRC.29

Natural Killer Group 2 Member D Ligands

Natural killer group 2 member D ligands are stress-induced
molecules expressed on the surface of tumor cells, including
CRC.43 Targeting them with CAR-T cells can enhance the
immune response against CRC. CYAD-101, developed by
Celyad Oncology, is an allogeneic CAR-T cell therapy derived
from healthy donors, offering a scalable off-the-shelf op-
tion. This approach allows for faster production compared
with autologous CAR-T cells, which are derived from the
patient’s own cells.30

Mesothelin

Mesothelin (MSLN) is a cell surface protein overexpressed
in several cancers, including CRC, and is associated with
tumor aggressiveness and poor prognosis.44-46 Histo-
pathologic staining reveals MSLN expression in 48%-61%

of CRC cases.47,48 CAR-T cells targeting MSLN can exploit its
high expression on CRC cells to induce a potent antitumor
response.49 In a preclinical study, the significant antitumor
activity of third-generation MSLN-CAR-T cells was evalu-
ated. The efficacy of MSLN-CAR-T cells was assessed using
both cell line–derived xenografts (CDX) and patient-derived
xenografts (PDX). In the CRC CDX model (HCT116 cell line),
mice treated with MSLN-CAR-T cells (n 5 4) showed sig-
nificantly smaller tumors by day 24 compared with control
groups, with no notable changes in body weight, indicating
effective tumor suppression. Similarly, in the PDX model,
MSLN-CAR-T cells demonstrated strong antitumor effects,
even in larger tumors, further supporting their potential as a
therapeutic strategy in MSLN-positive CRC.50,51

SynKIR-110, developed by Verismo Therapeutics, is another
innovative CAR-T cell therapy targeting MSLN-expressing
tumors. Using the KIR-CAR platform, this therapy enhances
the persistence and efficacy of CAR-T cells in solid tumors.
SynKIR-110 has been granted Orphan Drug Designation by
US Food and Drug Administration (FDA) and is undergoing
clinical trials primarily for mesothelioma and other MSLN-
expressing cancers. Although not yet tested specifically in
CRC, its potential application could be significant, given
MSLN’s expression in various solid tumors.52

In recent clinical studies, MSLN-targeted therapies have
shown promise in treating solid tumors but have raised
safety concerns, particularly with respect to lung toxicity.
In a phase I/II trial evaluating gavocabtagene autoleucel, a
T-cell receptor (TCR) fusion construct targeting MSLN,
patients with MSLN-expressing solid tumors, including
mesothelioma and ovarian cancer, demonstrated encour-
aging antitumor responses. However, dose-limiting toxic-
ities, such as grade 3 pneumonitis and fatal bronchoalveolar
hemorrhage, were observed at higher doses. Approximately
16% of patients experienced severe lung-related adverse
events, leading to a recommendation for careful dosing to
reduce risks.53 Severe pulmonary toxicity was also reported
in a phase I dose-escalation trial of the MSLN-targeted
CAR-T cell therapy (M5 huCART-meso). In this trial, two
patients in the high-dose cohort developed severe pulmo-
nary complications shortly after infusion, including pro-
gressive hypoxemia and extensive lung inflammation.
Autopsies indicated that CAR T cells had accumulated within
the lung tissue, particularly in benign pulmonary epithelial
cells. The observed pulmonary dysfunction is believed to
result from the local reactivity of these highly active
huCART-meso cells against lung epithelial cells expressing
low levels of MSLN. These results suggest that future trials
may need to carefully consider dosing strategies and patient
selection, particularly for individuals with preexisting lung
conditions, to mitigate the risk of such adverse effects.54

Epithelial Cell Adhesion Molecule

Epithelial cell adhesion molecule (EpCAM) is a transmem-
brane glycoprotein highly expressed on the surface of CRC

4 | © 2025 by American Society of Clinical Oncology
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cells and plays a role in cell adhesion, proliferation, and
differentiation.55 An EpCAM-targeted CAR-T cell therapy
evaluates safety and efficacy of IMC001 developed by
ImmunoFoco in patients with advanced gastrointestinal
cancers. The trial involved 12 patients with EpCAM-positive
cancers, including six patients with colorectal cancer and six
patientswith gastric cancer. No dose-limiting toxicitieswere
observed during the 4-week follow-up. All patients expe-
rienced hematologic toxicity, but these side effects were
manageable. One patient developed grade-3 immune hep-
atitis and required extended hospitalization. Robust CAR-T
cell engraftment and prolonged control of circulating tumor
cells were seen in all patients, with notable increases in
immunemarkers including interleukin (IL)-6, IP-10, IFN-g,
and IL-15. In an interim analysis of six patients with gastric
cancer, two achieved PR and three remained in SD. The first
PR patient received a second IMC001 infusion and survived
over 60 weeks. The second PR patient successfully under-
went gastrectomy 28 weeks after the IMC001 infusion.31,56

Claudin 18.2

Claudin 18.2 (CLDN18.2) is a protein that belongs to the
claudin family, which is integral in maintaining tight
junctions between cells in epithelial tissues. CLDN18.2 is a
specific isoform of claudin 18, primarily expressed in the
gastricmucosa.57 CT041 is a CAR-T cell therapy developed by
CARsgen Therapeutics, targeting CLDN18.2. CT041 uses a
CAR structure with a humanized scFv specific to CLDN18.2, a
CD8a hinge region, and a CD28 costimulatory domain, en-
hancing its specificity and efficacy.58,59 Although primarily
tested in advanced gastric and pancreatic cancers, CT041’s
success in targeting gastrointestinal tumors suggests po-
tential applicability in CRC.

Cadherin 17

Cadherin 17 (CDH17), involved in cell-cell adhesion, is
overexpressed in gastrointestinal cancers, including
CRC.60,61 The study by Feng et al demonstrated that
CDH17-targeted CAR-T cells could effectively eliminate
CRC cells in mouse models without damaging normal tis-
sues.62 CHM-2101, an autologous CDH17 CAR-T cell therapy
developed by Chimeric Therapeutics, is currently under
evaluation in a phase I/II open-label study. This trial fo-
cuses on patients with advanced gastrointestinal cancers,
specifically those who have relapsed or are refractory to
at least one standard treatment regimen in the metastatic
or locally advanced setting (ClinicalTrials.gov identifier:
NCT06055439).

Similarly, human epidermal growth factor receptor 2
(HER2), another target, is associatedwith tumor progression
in a subset of CRCs. In patient-derived tumor xenografts,
HER2 CAR-T cells effectively inhibited CRC progression and
demonstrated potent immunotherapeutic effects against
metastatic CRC.63 In addition, tumor microenvironment
(TME)–associated markers could be alternatives for CAR-T

cell therapy in CRCs. Fibroblast activation protein (FAP) is
highly overexpressed in cancer-associated fibroblasts and is
linked to poor prognosis by promoting an immunosup-
pressive microenvironment in various tumor types.64 Recent
advances in FAP-targeting immunotherapies, including
FAP-specific CAR-T cells, are being investigated in CRC
mouse models.65,66

OBSTACLES TO EFFECTIVE CAR-T CELL THERAPY IN CRC

CAR-T cell therapy for CRC faces numerous significant
challenges that hinder its effectiveness and safety. One of the
primary challenges is the immunosuppressive TME inherent
to solid tumors such as CRC.67-69 The CRCmicroenvironment
contains various immunosuppressive cells, such as regula-
tory T cells, myeloid-derived suppressor cells, and tumor-
associated macrophages, which can inhibit CAR-T cell
function and proliferation.70,71 Additionally, CRC tumors
often secrete immunosuppressive cytokines such as trans-
forming growth factor-b and IL-10, further dampening the
immune response and reducing the effectiveness of CAR-T
cell therapy.72,73

Another major obstacle is the heterogeneous nature of CRC
tumors. CRC cells can exhibit significant genetic and phe-
notypic variability, leading to the expression of different
antigens within the same tumor or between primary and
metastatic sites.74,75 This heterogeneity makes it difficult for
CAR-T cells, which were traditionally engineered to target a
single antigen, to effectively eliminate all cancerous cells.76

The risk of antigen loss or mutation can result in tumor
escape variants, where cancer cells that no longer express
the target antigen adapt and spread, causing a relapse.77-79

Pharmacokinetic challenges also play a crucial role in the
efficacy of CAR-T cell therapy for CRC. CAR-T cells must
survive, proliferate, and maintain their functionality over
time within the patient’s body to exert their antitumor
effects. However, in the hostile environment of CRC,
CAR-T cells often exhibit reduced persistence and activity,
limiting their therapeutic potential.80

Moreover, the physical barriers posed by solid tumors, such as
the dense extracellular matrix (ECM) in CRC, impede the
trafficking and infiltrationof CAR-Tcells to the tumor site.81,82

This limited infiltration reduces the number of CAR-T cells
that can reach and attack the cancer cells, significantly af-
fecting the treatment’s overall effectiveness.81

On-target, off-tumor effects and toxicity are additional
critical concerns.83 CAR-T cells designed to target antigens
expressed on CRC cells may also recognize these antigens on
normal tissues, leading to unintended damage and severe
side effects.84 This off-tumor toxicity can cause significant
morbidity and requires careful selection of target antigens
that are specific to cancer cells while sparing normal tissues
(Fig 2).83
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STRATEGIES TO BOOST CAR-T CELL EFFICACY IN CRC

Various innovative approaches are being investigated to
enhance the proliferation, activation, and persistence of
CAR-T cellswithin the challenging TMEof CRC.85 Traditional
CAR-T cells rely on a single target antigen for activation,
which can limit their effectiveness in the complex and
heterogeneous TME.19 To address these challenges, various
advanced CAR-T cell designs have emerged (Fig 3).

Modulating the Immunosuppressive TME

TME-modulating CAR-T cells are designed to overcome the
immunosuppressive effects of the TME. Armored CAR-
T cells secrete cytokines such as IL-12, boosting their own
function and promoting an immune-friendly environment
within the tumor.86 Similarly, T cells redirected for uni-
versal cytokine-mediated killing (TRUCK) CAR-T cells also
secrete cytokines but are designed to recruit other immune

cells to the tumor site, further intensifying the antitumor
response.87,88

Cytokines such as IL-7, IL-12, IL-15, IL-18, and IL-23 are
currently being testedwithTRUCKs in preclinicalmodels and
early-phase trials. This strategy fosters a proinflammatory
environment within tumor tissue, enhancing immune ac-
tivation and amplifying antitumor effects. However, TRUCKs
carry a risk of severe side effects if common g-chain cyto-
kines are continuously released, as this persistent cytokine
presence could lead to neurotoxicity and CRS. Consequently,
developing strategies for controlled and selective cytokine
release is essential to ensure the safe clinical application of
TRUCKs.89

In a preclinical study, a novel CAR-T cell therapy targeting
glypican-3 (GPC3), a protein highly expressed in hepato-
cellular carcinoma, was investigated. These GPC3-specific
CAR-T cells were enhanced with IL-15 to improve

Immunosuppressive TME Tumor Heterogeneity Antigen Escape

Pharmacokinetic

Expansion

Initial dose

Decay

CAFs

Dense ECM

Tumor cells Normal cells

Normal cell

Antigen

Antibody

Decayed CAR-T

Treg

TAM

Fibroblast

Vessels

Tumor cell

Physical Barriers On-Target, Off-Tumor Effect

FIG 2. Barriers to effective CAR-T cell therapy in CRC. This figure outlines several key challenges impeding the efficacy of CAR-
T cells in solid tumors such as CRC. (Top left) Immunosuppressive TME: the CRC microenvironment is rich in immuno-
suppressive cells, such as TAMs, Tregs, andMDSCs, which inhibit CAR-T cell function. (Topmiddle) Tumor heterogeneity: CRC
tumors exhibit significant intratumoral heterogeneity, making it difficult for CAR-T cells to target all malignant clones ef-
fectively, as different subclones may express varying levels of the target antigen. (Top right) Antigen escape: tumor cells can
downregulate or lose the expression of the targeted antigen, resulting in antigen escape, where CAR-T cells are no longer able
to recognize and attack tumor cells. (Bottom left) Pharmacokinetics: CAR-T cell persistence and functional efficacy are
influenced by pharmacokinetics, where an initial expansion phase may be followed by a decline in cell numbers and activity,
limiting sustained therapeutic impact. (Bottom middle) Physical barriers: dense ECM and CAFs in the CRC tumor stroma
create physical barriers that impede CAR-T cell infiltration and cytotoxic function within the tumor. (Bottom right) On-target,
off-tumor effect: because of the expression of shared antigens between tumor and healthy tissues, CAR-T cells may in-
advertently target normal cells, leading to off-tumor toxicity, which is a significant concern in the treatment of CRC. CAFs,
cancer-associated fibroblasts; CAR-T, chimeric antigen receptor-T; CRC, colorectal cancer; ECM, extracellular matrix; MDSCs,
myeloid-derived suppressor cells; TAMs, tumor-associated macrophages; TME, tumor microenvironment; Tregs, regulatory
T cells.
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persistence and efficacy in both in vitro and in vivo ex-
periments.90 Building on these results, a clinical trial
(ClinicalTrials.gov identifier: NCT05103631) is currently
evaluating the IL-15–armored GPC3-CAR-T cell therapy
in patients with GPC3-positive solid tumors. Preliminary
findings from the ongoing phase I trial indicate a favorable
safety profile, with a DCR of 66% and an ORR of 33%. Some
patients did experience CRS, which was managed using an
inducible caspase-9 safety mechanism. These early clinical
outcomes suggest the potential efficacy of this therapy and

underscore the benefit of the IL-15 component in enhancing
CAR-T cell performance against solid tumors.91,92

Reducing Time to Treatment With Off-the-Shelf CAR-
T Cell Solutions

Allogeneic CAR-T cells, derived from healthy donors, offer
the advantage of faster, off-the-shelf availability compared
with autologous CAR-T cells. However, they pose risks such
as graft-versus-host disease (GvHD) and immune rejection,

Traditional
CAR-T

Dual
CAR-T

Tandem or
bispecific

CEA
GUCY2C

LGR5
EPCAM
CDH17

CEA + EpCAM

Tandem Bispecific AND-gate

CEA + HLA-A02
MSLN + HLA-A02

IL-12–secreting NKG2D
MUC1C

Gene-edited + ICI

PD-L1

PD1

CRISPR

IL-12

ScFv-2ScFv-2 ScFv-1ScFv-1

CEA

CDH17
EPCAM
LGR5
GUCY2C

SD: 7/10, minor CRS in HD

Manageable CRS, no ICANS

ORR: 26.3%, DCR: 73.7%
(NCT02349724)

(NCT06055439)
(NCT05028933)
(NCT05759728)
(NCT05287165)

NKG2D

MUC1C
NKG2D + pembro

DCR: 73.3%, No DLT

No DLT, CRS, or GvHD

(NCT03692429)

(NCT05239143)
(NCT04991948)

CEA + HLA
MSLN + HLA

(NCT05736731)
(NCT06051695)

Cytokine release
in tumor site

(i.e. IL-12)

Logic gated Armored TRUCK Universal
CAR-T

TME-Modulating
CAR-T

Allogeneic Combination

FIG 3. Advancements in CAR-T cell therapies for CRC. This figure illustrates the various innovative CAR-T cell designs aimed at
improving efficacy, specificity, and safety in the treatment of CRC. The diagram depicts several generations of CAR-T cell
modifications. (1) Traditional CAR-T cells are engineered to target a single antigen on tumor cells. Although effective in
hematologic malignancies, their efficacy in solid tumors is limited by antigen heterogeneity and the immunosuppressive TME.
(2) Dual CAR-T cells use two distinct strategies. Tandem or bispecific CAR-T cells recognize two different tumor antigens
simultaneously, enhancing their tumor specificity and reducing the chances of antigen escape. Logic-gated CAR-T cells use
AND or OR gates, requiringmultiple conditions (eg, the presence of two antigens) to trigger their activation, reducing the risk of
off-tumor activity. (3) TME-modulating CAR-T cells include armored CAR-T cells, which secrete immune-stimulatory cytokines
(eg, IL-12) to enhance their own function and reshape the TME to be more immunologically favorable. TRUCK CAR-T cells
deliver cytokines directly into the TME, not only attacking the tumor but also stimulating a broader immune responsewithin the
hostile tumor environment. (4) Allogeneic CAR-T cells are derived from healthy donors, allowing for an off-the-shelf CAR-T cell
product. Universal CAR-T cells within this group are engineered to avoid immune rejection and GvHD, which can occur when
using donor-derived T cells. (5) Combination CAR-T cells integrate other approaches such as ICI combined with CAR-T cell
therapy. Relevant clinical data, such as ORR and DCR, have been added where available, with NCT numbers included for
reference to trials still lacking published results. CAR-T, chimeric antigen receptor-T; CDH17, cadherin 17; CEA, carcinoem-
bryonic antigen; CRC, colorectal cancer; CRS, cytokine release syndrome; DCR, disease control rate; DLT, dose-limiting toxicity;
EpCAM, epithelial cell adhesion molecule; GUCY2C, guanylyl cyclase C; GvHD, graft-versus-host disease; HD, high dose; HLA,
human leukocyte antigen; ICANS, immune effector cell–associated neurotoxicity syndrome; ICI, immune checkpoint inhibitor;
IL, interleukin; LGR5, leucine-rich repeat-containing G protein–coupled receptor 5; MSLN, mesothelin; NCT, National Clinical
Trial; NKG2D, natural killer group 2 member D; ORR, overall response rate; scFv, single-chain variable fragment; SD, stable
disease; TME, tumor microenvironment; TRUCK, T cells redirected for universal cytokine killing.

Journal of Clinical Oncology ascopubs.org/journal/jco | Volume nnn, Issue nnn | 7

CAR-T Cells in Colorectal Cancer

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 8
2.

15
2.

98
.1

07
 o

n 
Fe

br
ua

ry
 2

4,
 2

02
5 

fr
om

 0
82

.1
52

.0
98

.1
07

C
op

yr
ig

ht
 ©

 2
02

5 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 

https://www.clinicaltrials.gov/ct2/show/NCT05103631
http://ascopubs.org/journal/jco


which advanced gene-editing techniques aim to mitigate by
creating universal CAR-T cells.93-95 In CRC, allogeneic CAR-
T cells have shown promise in early-phase clinical trials.32,96

Notably, P-MUC1C-ALLO1 is an allogeneic CAR-T cell
product targeting the MUC1-C epitope, which is overex-
pressed in many epithelial-derived cancers, including co-
lorectal adenocarcinoma. Early results from a phase I trial
indicated that this therapywaswell tolerated in patientswith
advanced epithelial cancers, including CRC, without dose-
limiting toxicities or severe immune-related adverse events
such as GvHD.32 Another approach involves allogeneic anti–
protein tyrosine kinase 7 (PTK7) CAR-T cells, which target
PTK7, a molecule highly expressed in several solid tumors,
including CRC. Preclinical studies and early-phase trials have
demonstrated that anti-PTK7 CAR-T cells can effectively
reduce tumor growth, highlighting their potential as a viable
treatment option.96

Augmenting CAR-T Cell Cytotoxicity and Sustained
Persistence in Tumor

In a preclinical study, Zhao et al97 introduced a novel armed
CEA-targeted CAR-T cell therapy that incorporates a SIRPg-
CD28 chimeric coreceptor, specifically designed to enhance
the antitumor activity of CAR-T cells against CRC. The
SIRPg-CD28 coreceptor was included to improve the per-
sistence, proliferation, and cytotoxicity of the CAR-T cells.
The study involved in vitro assays and in vivo mouse models
to evaluate the efficacy of these modified CAR-T cells. Re-
sults demonstrated that the armed CAR-T cells exhibited
significantly stronger tumor cell killing compared with
traditional CAR-T cells, with enhanced resistance to the
inhibitory effects of the TME, such as the presence of im-
munosuppressive cytokines and hypoxic conditions. The
modified CAR-T cells also showed improved persistence
within the tumor site, maintaining their activity over a
longer period.97

Refining Target Specificity and Minimizing Off-
Tumor Toxicity

Dual CAR-T cells can be tandem, bispecific, or logic-gated.5

Tandem CAR-T cells are engineered to recognize two dif-
ferent antigens simultaneously, enhancing their targeting
capabilities, especially in tumors expressing multiple an-
tigens.98 Logic-gated CAR-T cells add another layer of
specificity, requiring multiple conditions (such as the
presence of specific antigens) before they are activated,
reducing the risk of off-target effects.99

Logic-gated CAR-T cells enhance the precision and safety of
solid tumor treatments by requiring multiple conditions to
activate.100 Using mechanisms such as AND-gate or NOT-
gate, these cells target tumors only when specific antigen
combinations are present, reducing off-target effects and
increasing treatment specificity.101,102

Clinical trials, such as those involving CEA-directed Tmod
CAR-T cells, are currently exploring the effectiveness of this
technology in treating CRC and other solid tumors. A2B530 is
a CAR-T cell therapy developed by A2 Biotherapeutics,
specifically designed to target CRC expressing CEA and
demonstrating human leukocyte antigen (HLA)-A02 loss of
heterozygosity. The ongoing EVEREST-1 trial, a phase I/II
study, is evaluating the safety and efficacy of A2B530.33

Another related trial is investigating the safety and efficacy
of A2B694, a logic-gated Tmod CAR-T cell product, in
various solid tumors, including CRC, that express MSLN and
have lost HLA-A02. The EVEREST-2 trial is a first-in-
human, phase I/II, open-label, nonrandomized study
aimed at evaluating A2B694. This is an innovative approach
to obtain a safer and more effective CAR-T cell therapy for
patients with MSLN-expressing solid tumors, potentially
overcoming the challenges of on-target, off-tumor toxicity
that have hindered similar therapies in the past.34

Another exampleof logic-gatedCAR-Tcell therapy is theDual-
RevCAR platform, designed for CRC, which targets CEA and
EpCAM. The system uses an AND-gate mechanism, activating
CAR-T cells only when both antigens are present, thereby
increasing specificity and minimizing off-target effects.103

Synergistic Approaches in CAR-T Cell Therapy

Combinatorial CAR-T cell therapy in CRC pairs CAR-T cells
with immune checkpoint inhibitors (ICIs) to enhance effi-
cacy by preventing T-cell exhaustion and counteracting the
immune-suppressive TME. This approach boosts CAR-T cell
infiltration and precise antitumor response.104

A preclinical study by Rafiq et al105 investigated a novel
approach to enhance the efficacy of CAR-T cell therapy by
engineering CAR-T cells to secrete a PD-1–blocking scFv.
This modification allows the CAR-T cells to block the PD-1/
PD-L1 interaction both autocrine (on the CAR-T cells
themselves) and paracrine (on bystander T cells). The lo-
calized secretion of the scFv at the tumor site potentially
reduces systemic side effects associated with ICIs. In mouse
models of PD-L1–positive hematologic and solid tumors, the
scFv-secreting CAR-T cells demonstrated enhanced anti-
tumor efficacy compared with conventional CAR-T cells. In
addition, a follow-up experiment showed that the PD-1–
blocking scFv secreted by antigen-irrelevant CAR-T cells
could bind to bystander tumor-specific T cells in vivo, en-
hancing their antitumor function. This was evident in the
survival analysis, where a combination of PD-1–blocking
scFv and tumor-specific CAR-T cells resulted in significantly
improved survival and a robust antitumor response.105

The phase Ib KEYNOTE-B79 trial is assessing the safety and
clinical activity of sequential therapy combining CYAD-101
with pembrolizumab, an anti–PD-1monoclonal antibody. In
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a previous trial (alloSHRINK), CYAD-101 was administered to
15 patients with progressive metastatic CRC after leucovorin
calcium (folinic acid),fluorouracil, and oxaliplatin (FOLFOX)
chemotherapy. This trial showed that the treatment was well
tolerated, with no cases of GvHD. The DCR was 73.3%, with
two patients experiencing PRs and nine patientsmaintaining
SD for a median duration of 4.6 months.30 Building on these
findings, the phase Ib KEYNOTE-B79 trial involves three
infusions of CYAD-101 after FOLFOX chemotherapy, with
pembrolizumab administered once every 3 weeks for up to 2
years. The pembrolizumab treatmentwill begin 3weeks after
the final CYAD-101 infusion to avoid overlapping CAR-T cell
toxicities, such as CRS. The trial was initially paused by
Celyad Oncology in February 2022 because of two fatalities,
and the FDA subsequently placed it on hold. Later, the FDA
lifted the clinical hold on the CYAD-101-002 (KEYNOTE-
B79) phase Ib trial after Celyad Oncology adjusted the trial’s
eligibility criteria (Fig 3).35

OPTIMIZING CRC PATIENT SELECTION FOR CAR-T
CELL THERAPY

Selecting the most suitable patients with metastatic CRC for
CAR-T cell therapy is critical for optimizing outcomes.
Several factors, including histopathologic subtypes of liver
metastases, tumor-infiltrating lymphocyte (TIL) enrich-
ment, and molecular subtypes, may help guide the identi-
fication of candidates for this immunotherapy approach.

Livermetastases in patientswith CRC can be categorized into
three main histopathologic types: desmoplastic, pushing,
and replacement.106 Each subtype presents a distinct TME
that could influence CAR-T cell infiltration and efficacy.
Desmoplastic liver metastases are surrounded by a dense
fibrotic stroma,106,107 which is hypothesized to act as a
physical barrier, potentially preventing CAR-T cells from
effectively reaching and destroying tumor cells. Patients
with this subtype may be less likely to benefit from CAR-T
cell therapy because of poor infiltration. Strategies to
modulate ECM stiffness are being explored to potentially
enhance the effectiveness of cancer immunotherapy.82 By
contrast, pushing metastases are characterized by a tumor
that presses against the liver parenchyma without signifi-
cant fibrosis.106,108 This lack of a dense stromal barrier might
make pushing-type metastases more amenable to CAR-T
cell therapy, as the cells may more easily infiltrate and exert
their effects. Replacement metastases, where the tumor
extensively infiltrates liver tissue, pose intermediate chal-
lenges because of the complexmicroenvironment created by
the liver’s interaction with the tumor.

The density of TILs in the TME is suggested to be a predictor
of response to immunotherapy, as high TIL levels are
thought to support CAR-T cell function.109 Patients with
enriched TIL populations may benefit more from CAR-T cell
therapy, while those with low TIL levels might require
combination treatments, such as ICIs, to potentially enhance
immune cell infiltration and effectiveness.110,111

Recent advancements in molecular subtyping, including
genomic, epigenomic, and pathway-based classifications,
have provided deeper insights into the immune activity and
responsiveness of different CRC subtypes to CAR-T cell
therapy. Among the four consensus molecular subtypes
(CMS),112 CMS1 (MSI-immune) appears to be an ideal can-
didate for CAR-T cell therapy because of its immune-
enriched microenvironment, characterized by high TILs
and elevated immune checkpoint activity. This immune
responsiveness could provide an optimal setting for CAR-T
cell function. By contrast, CMS4 (mesenchymal), which is
associated with extensive stromal infiltration, fibrosis, and
poor immune cell presence,112 presents significant chal-
lenges for CAR-T cell therapy, making it a less favorable
candidate. Enhancer-based epigenomic classification (EpiC)
further refines the immunogenic potential of CRC sub-
types.113 EpiC1, which aligns closely with CMS1,114 is proposed
to be the bestmatch for CAR-T cell therapy, while EpiC4may
not respond well to CAR-T cell therapies because of its less
immune-reactive enhancer landscape. The pathway-derived
subtypes (PDS) classification emphasizes key signaling
pathways that define tumor behavior and immune inter-
action.115 Of the PDS subtypes, PDS-immune aligns most
closely with immune-active tumors,115 making it a prime
candidate for CAR-T cell therapy. This subtype features
enhanced immune infiltration and activation, similar to
CMS1, and is hypothesized to be well suited for immune-
based therapies such as CAR-T cell therapy.

In conclusion, CAR-T cell therapy represents a transfor-
mative approach in CRC treatment, providing targeted and
personalized immunotherapeutic options. However, chal-
lenges such as the immunosuppressive TME, antigen het-
erogeneity, and physical barriers continue to limit its clinical
success.

Comparing various targets and candidate antigens for CAR-T
cell therapy in CRC is essential, particularly given the di-
versity in cell therapy product designs. This comparison
should consider critical factors such as antigen expression
profiles, specificity, clinical efficacy, safety data from trials,
CAR-T cell engineering features, interactions with the TME,
and insights from preclinical investigations. A thorough
evaluation of these aspects provides a comprehensive un-
derstanding of the therapeutic potential of each target, fa-
cilitating the identification of antigens that optimize efficacy
while minimizing off-tumor toxicity.

Applying such a comparative framework highlights the
promise of targets such as GUCY2C, LGR5, and CDH17 for
CAR-T cell therapy in CRC. These antigens demonstrate high
tumor specificity, encouraging clinical efficacy, favorable
safety profiles, and significant potential for optimization
through CAR-T cell engineering. By contrast, targets such as
MSLN and CEA, despite their overexpression in CRC, face
notable challenges that may limit their clinical utility, pri-
marily because of concerns about off-tumor effects. For
instance, MSLN-targeted CAR-T cell therapies have been
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associated with pulmonary toxicity, likely because of MSLN
expression on normal mesothelial cells of the pleura and
peritoneum. Similarly, CEA-targeted therapies have shown
varying degrees of gastrointestinal toxicity, including severe
colitis and enteritis, linked to CEA expression on normal
gastrointestinal epithelial cells. Although some studies have
reported significant toxicity when using murine TCRs
against human CEA,116 others have noted an absence of such
adverse events using CAR constructs,22 indicating that dif-
ferences in cell therapy product design may significantly
influence safety outcomes. This nuanced evaluation un-
derscores the importance of balancing antigen specificity
and safety considerations in developing CAR-T cell therapies
for CRC.

Selecting the appropriate costimulatory domain is critical for
enhancing T-cell function, persistence, and the overall
therapeutic efficacy of CAR constructs, particularly in solid
tumors such as CRC. The CD28 costimulatory domain is
known to facilitate robust initial T-cell activation and
proliferation, whereas 4-1BB (CD137) costimulation is as-
sociated with enhanced T-cell longevity and sustained
antitumor activity, which are attributed to improved mito-
chondrial biogenesis and metabolic fitness.117,118 In the
context of solid tumors, where long-term T-cell persistence
and resilience against the immunosuppressive TME are
crucial, 4-1BB may confer significant advantages by aug-
menting resistance to inhibitory factors prevalent in CRC.
Tailoring the costimulatory domain to address the specific
immunologic challenges of the CRC microenvironment can

thus potentiate CAR-T cell efficacy and improve patient
outcomes. Moreover, exploring novel costimulatory do-
mains such as OX40 (CD134) or incorporating dual cos-
timulatory signals may further optimize T-cell function and
persistence, offering promising avenues for enhancing CAR-
T cell therapy in CRC.119,120

Although CAR-T cell therapies have shown promise in
treating solid tumors, including CRC, alternative cell types
such as TCR-engineered T cells, gd T cells, and NK cells are
being actively explored to overcome the limitations of CAR-
T cells.121 For instance, CAR-NK cell therapies are under
investigation for gastrointestinal cancers, offering advan-
tages such as a reduced risk of GvHD and lower incidence of
CRS.122 Similarly, TCR-engineered T cells are being devel-
oped to target specific tumor antigens, both on cell surfaces
and within intracellular compartments, providing an al-
ternative to CAR-T cell therapies.123

Future directions involve refining CAR-T cell designs to
improve specificity and safety, including the development of
logic-gated CAR-T cells and dual-targeting strategies. Ad-
vances in gene editing and allogeneic, off-the-shelf CAR-
T cell production hold promise for increasing accessibility
and reducing treatment timelines. Through strategic antigen
selection, optimization of costimulatory domains, and in-
novative engineering approaches, CAR-T cell therapy has
the potential to significantly improve outcomes for patients
with CRC and expand its applicability to a broader range of
solid tumors.

AFFILIATIONS
1Department of Pathology, McGill University, Montreal, QC, Canada
2Princess Margaret Cancer Centre, University Health Network, Toronto,
ON, Canada

CORRESPONDING AUTHOR

Elias Orouji, MD, PhD; Twitter: @orouji; e-mail: elias.orouji@uhn.ca.

SUPPORT

Supported by the Canadian Institutes of Health Research (CIHR-PJT-
173283).

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST

Disclosures provided by the authors are available with this article at DOI
https://doi.org/10.1200/JCO-24-02081.

AUTHOR CONTRIBUTIONS

Conception and design: All authors
Collection and assembly of data: All authors
Data analysis and interpretation: All authors
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

REFERENCES
1. Siegel RL, Miller KD, Jemal A: Colorectal cancer statistics, 2020. Nat Rev Clin Oncol 17:719-720, 2020
2. Ramos Garcı́a L, Webster RM: The colorectal cancer drug market. Nat Rev Drug Discov 23:414-415, 2024
3. Kopetz S, Grothey A, Yaeger R, et al: Therapeutic landscape and future directions of metastatic colorectal cancer. Nat Rev Gastroenterol Hepatol 19:715-734, 2022
4. Schuster SJ, Svoboda J, Chong EA, et al: Chimeric antigen receptor T cells in refractory B-cell lymphomas. N Engl J Med 377:2545-2554, 2017
5. Sterner RC, Sterner RM: CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J 11:69, 2021
6. Ellis GI, Sheppard NC, Riley JL: Genetic engineering of T cells for immunotherapy. Nat Rev Genet 22:427-447, 2021
7. Johdi NA, Sukor NF: Colorectal cancer immunotherapy: Options and strategies. Front Immunol 11:1624, 2020
8. Tyagarajan S, Spencer T, Smith J: Optimizing CAR-T cell manufacturing processes during pivotal clinical trials. Mol Ther Methods Clin Dev 16:136-144, 2020
9. Wada F, Jo T, Arai Y, et al: T-cell counts in peripheral blood at leukapheresis predict responses to subsequent CAR-T cell therapy. Sci Rep 12:18696, 2022
10. Bashour KT, Gondarenko A, Chen H, et al: CD28 and CD3 have complementary roles in T-cell traction forces. Proc Natl Acad Sci U S A 111:2241-2246, 2014
11. Dimitri A, Herbst F, Fraietta JA: Engineering the next-generation of CAR T-cells with CRISPR-Cas9 gene editing. Mol Cancer 21:78, 2022
12. Watanabe N, Mo F, McKenna MK: Impact of manufacturing procedures on CAR T cell functionality. Front Immunol 13:876339, 2022
13. Amini L, Silbert SK, Maude SL, et al: Preparing for CAR T cell therapy: Patient selection, bridging therapies and lymphodepletion. Nat Rev Clin Oncol 19:342-355, 2022
14. O’Leary K: CAR-T cell therapies for large B cell lymphoma. Nat Med 10.1038/d41591-022-00005-3 [epub ahead of print on January 10, 2022]
15. Perica K, Flynn J, Curran KJ, et al: Impact of bridging chemotherapy on clinical outcome of CD19 CAR T therapy in adult acute lymphoblastic leukemia. Leukemia 35:3268-3271, 2021

10 | © 2025 by American Society of Clinical Oncology

Ouladan and Orouji

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 8
2.

15
2.

98
.1

07
 o

n 
Fe

br
ua

ry
 2

4,
 2

02
5 

fr
om

 0
82

.1
52

.0
98

.1
07

C
op

yr
ig

ht
 ©

 2
02

5 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 

mailto:elias.orouji@uhn.ca
https://ascopubs.org/doi/full/10.1200/jco-24-02081
https://dx.doi.org/10.1038/d41591-022-00005-3


16. Liu G, Rui W, Zhao X, et al: Enhancing CAR-T cell efficacy in solid tumors by targeting the tumor microenvironment. Cell Mol Immunol 18:1085-1095, 2021
17. Wagner DL, Fritsche E, Pulsipher MA, et al: Immunogenicity of CAR T cells in cancer therapy. Nat Rev Clin Oncol 18:379-393, 2021
18. Jayaraman J, Mellody MP, Hou AJ, et al: CAR-T design: Elements and their synergistic function. eBioMedicine 58:102931, 2020
19. Hudecek M, Lupo-Stanghellini M-T, Kosasih PL, et al: Receptor affinity and extracellular domain modifications affect tumor recognition by ROR1-specific chimeric antigen receptor T cells. Clin

Cancer Res 19:3153-3164, 2013
20. Riley RS, June CH, Langer R, et al: Delivery technologies for cancer immunotherapy. Nat Rev Drug Discov 18:175-196, 2019
21. Hosen N: Identification of cancer-specific cell surface targets for CAR-T cell therapy. Inflamm Regen 44:17, 2024
22. Zhang C, Wang Z, Yang Z, et al: Phase I escalating-dose trial of CAR-T therapy targeting CEA(1) metastatic colorectal cancers. Mol Ther 25:1248-1258, 2017
23. Zhang Q, Lin L, Wang L, et al: Novel GUCY2C targeting CAR-T therapy: Efficacy in advanced colorectal cancer. J Clin Oncol 41, 2023 (suppl 16; abstr 3559)
24. Qi C, Liu C, Li J, et al: Phase I study of GUCY2C CAR-T therapy IM96 in patients with metastatic colorectal cancer. J Clin Oncol 42, 2024 (suppl 16; abstr 2518)
25. Xiao L, Chen N, Pu C, et al: A phase 1 dose escalation study of GCC19CART: A novel coupled CAR therapy for patients with metastatic colorectal cancer. J Clin Oncol 41, 2023 (suppl 16; abstr

3547)
26. Chen N, Pu C, Zhao L, et al: Chimeric antigen receptor T cells targeting CD19 and GCC in metastatic colorectal cancer: A nonrandomized clinical trial. JAMA Oncol 10:1532-1536, 2024
27. Keenan BP, Lieu CH, Fakih M, et al: Abstract CT129: A phase 1 dose escalation study of a novel coupled CAR T cell therapy, GCC19CART, for patients with metastatic colorectal cancer. Cancer

Res 84, 2024 (suppl 7; abstr CT129)
28. Schlechter BL, Lieu CH, Fakih M, et al: A phase 1 dose escalation study of a novel coupled CAR T cell therapy, GCC19CART, for patients with metastatic colorectal cancer. J Clin Oncol 42, 2024

(suppl 16; abstr e15572)
29. Desai J, Iglesias JL, Jablonskis LT, et al: A phase 1/2a, multicenter, open-label study of CNA3103 (LGR5-targeted, autologous CAR-T cells) in patients with metastatic colorectal cancer (mCRC).

J Clin Oncol 41, 2023 (suppl 16; abstr TPS3632)
30. Prenen H, Dekervel J, Hendlisz A, et al: Updated data from alloSHRINK phase I first-in-human study evaluating CYAD-101, an innovative non-gene edited allogeneic CAR-T in mCRC. J Clin Oncol

39, 2021 (suppl 16; abstr 74)
31. Luo T, Fang W, Lu Z, et al: EpCAM CAR T (IMC001) for the treatment of advanced GI cancers. J Clin Oncol 41, 2023 (suppl 16; abstr 4034)
32. Henry J, Oh D, Eskew J, et al: 728 Phase 1 study of P-MUC1C-ALLO1 allogeneic CAR-T cells in patients with epithelial-derived cancers. J ImmunoTher Cancer 10:A761, 2022
33. Molina JR, Simeone DM, Smith CJ, et al: EVEREST-1: A seamless phase 1/2 study of A2B530, a carcinoembryonic antigen (CEA) logic-gated Tmod CAR T-cell therapy, in patients with solid tumors

associated with CEA expression also exhibiting human leukocyte antigen (HLA)-A*02 loss of heterozygosity (LOH). J Clin Oncol 42, 2024 (suppl 16; abstr TPS2698)
34. Punekar SR, Hecht JR, Smith CJ, et al: EVEREST-2: A seamless phase 1/2 study of A2B694, a mesothelin (MSLN) logic-gated Tmod CAR T-cell therapy, in patients with solid tumors that show

MSLN expression and human leukocyte antigen (HLA)-A*02 loss of heterozygosity (LOH). J Clin Oncol 42, 2024 (suppl 16; abstr TPS2699)
35. Kim RD, Prenen H, Rottey S, et al: KEYNOTE-B79 phase 1b trial to evaluate the allogeneic CAR T-cells CYAD-101 and pembrolizumab in refractory metastatic colorectal cancer patients. J Clin

Oncol 40, 2022 (suppl 4; abstr TPS227)
36. Kamada T, Ohdaira H, Takahashi J, et al: Novel tumor marker index using carcinoembryonic antigen and carbohydrate antigen 19-9 is a significant prognostic factor for resectable colorectal

cancer. Sci Rep 14:4192, 2024
37. Qian S, Chen J, Zhao Y, et al: Intraperitoneal administration of carcinoembryonic antigen-directed chimeric antigen receptor T cells is a robust delivery route for effective treatment of peritoneal

carcinomatosis from colorectal cancer in pre-clinical study. Cytotherapy 26:113-125, 2024
38. Magee MS, Kraft CL, Abraham TS, et al: GUCY2C-directed CAR-T cells oppose colorectal cancer metastases without autoimmunity. Oncoimmunology 5:e1227897, 2016
39. Magee MS, Abraham TS, Baybutt TR, et al: Human GUCY2C-targeted chimeric antigen receptor (CAR)-expressing T cells eliminate colorectal cancer metastases. Cancer Immunol Res 6:509-516,

2018
40. Fujii M, Sato T: Defining the role of Lgr5(1) stem cells in colorectal cancer: From basic research to clinical applications. Genome Med 9:66, 2017
41. Xu L, Lin W, Wen L, et al: Lgr5 in cancer biology: Functional identification of Lgr5 in cancer progression and potential opportunities for novel therapy. Stem Cell Res Ther 10:219, 2019
42. Morgan RG, Mortensson E, Williams AC: Targeting LGR5 in colorectal cancer: Therapeutic gold or too plastic? Br J Cancer 118:1410-1418, 2018
43. Duan S, Guo W, Xu Z, et al: Natural killer group 2D receptor and its ligands in cancer immune escape. Mol Cancer 18:29, 2019
44. Kachala SS, Bograd AJ, Villena-Vargas J, et al: Mesothelin overexpression is a marker of tumor aggressiveness and is associated with reduced recurrence-free and overall survival in early-stage

lung adenocarcinoma. Clin Cancer Res 20:1020-1028, 2014
45. Bharadwaj U, Marin-Muller C, Li M, et al: Mesothelin confers pancreatic cancer cell resistance to TNF-a-induced apoptosis through Akt/PI3K/NF-kB activation and IL-6/Mcl-1 overexpression. Mol

Cancer 10:106, 2011
46. Yoon DH, Ibrahim A, Tatishchev S, et al: Prevalence of mesothelin expression in peritoneal disease from colorectal and appendiceal cancers. J Surg Oncol 124:1091-1097, 2021
47. Inaguma S, Wang Z, Lasota J, et al: Comprehensive immunohistochemical study of mesothelin (MSLN) using different monoclonal antibodies 5B2 and MN-1 in 1562 tumors with evaluation of its

prognostic value in malignant pleural mesothelioma. Oncotarget 8:26744-26754, 2017
48. Inoue S, Tsunoda T, Riku M, et al: Diffuse mesothelin expression leads to worse prognosis through enhanced cellular proliferation in colorectal cancer. Oncol Lett 19:1741-1750, 2020
49. Hassan R, Bera T, Pastan I: Mesothelin: A new target for immunotherapy. Clin Cancer Res 10:3937-3942, 2004
50. Zhang Q, Liu G, Liu J, et al: The antitumor capacity of mesothelin-CAR-T cells in targeting solid tumors in mice. Mol Ther Oncolytics 20:556-568, 2021
51. Chen Q, Sun Y, Li H: Application of CAR-T cell therapy targeting mesothelin in solid tumor treatment. Discover Oncol 15:289, 2024
52. Xu J, Nunez-Cruz S, Rivera J, et al: 321 Preclinical potency assessment of SynKIR-110, a mesothelin-specific KIR-CAR T cell therapy for mesothelioma. J ImmunoTher Cancer 11:A365, 2023
53. Hassan R, Butler M, O’Cearbhaill RE, et al: Mesothelin-targeting T cell receptor fusion construct cell therapy in refractory solid tumors: Phase 1/2 trial interim results. Nat Med 29:2099-2109, 2023
54. Haas AR, Golden RJ, Litzky LA, et al: Two cases of severe pulmonary toxicity from highly active mesothelin-directed CAR T cells. Mol Ther 31:2309-2325, 2023
55. Gires O, Pan M, Schinke H, et al: Expression and function of epithelial cell adhesion molecule EpCAM: Where are we after 40 years? Cancer Metastasis Rev 39:969-987, 2020
56. Balmaceda NB, Petrillo A, Krishnan M, et al: State-of-the-art advancements in gastroesophageal cancer treatment: Harnessing biomarkers for precision care. Am Soc Clin Oncol Educ Book 44:

e431060, 2024
57. Nakayama I, Qi C, Chen Y, et al: Claudin 18.2 as a novel therapeutic target. Nat Rev Clin Oncol 21:354-369, 2024
58. Botta GP, Becerra CR, Jin Z, et al: Multicenter phase Ib trial in the U.S. of salvage CT041 CLDN18.2-specific chimeric antigen receptor T-cell therapy for patients with advanced gastric and

pancreatic adenocarcinoma. J Clin Oncol 40, 2022 (suppl 16; abstr 2538)
59. Qi C, Gong J, Li J, et al: Claudin18.2-specific CAR T cells in gastrointestinal cancers: Phase 1 trial interim results. Nat Med 28:1189-1198, 2022
60. Ng L, Sun S, Shan WY, et al: Tissue cadherin 17 (CDH17): A favorable prognostic determinant of colorectal cancer using digital image analysis. J Clin Oncol 41, 2023 (suppl 16; abstr e14651)
61. Su MC, Yuan RH, Lin CY, et al: Cadherin-17 is a useful diagnostic marker for adenocarcinomas of the digestive system. Mod Pathol 21:1379-1386, 2008
62. Feng Z, He X, Zhang X, et al: Potent suppression of neuroendocrine tumors and gastrointestinal cancers by CDH17CAR T cells without toxicity to normal tissues. Nat Cancer 3:581-594, 2022
63. Xu J, Meng Q, Sun H, et al: HER2-specific chimeric antigen receptor-T cells for targeted therapy of metastatic colorectal cancer. Cell Death Dis 12:1109, 2021
64. Yang X, Lin Y, Shi Y, et al: FAP promotes immunosuppression by cancer-associated fibroblasts in the tumor microenvironment via STAT3-CCL2 signaling. Cancer Res 76:4124-4135, 2016
65. Shahvali S, Rahiman N, Jaafari MR, et al: Targeting fibroblast activation protein (FAP): Advances in CAR-T cell, antibody, and vaccine in cancer immunotherapy. Drug Deliv Transl Res 13:

2041-2056, 2023
66. Li F, Zhao S, Wei C, et al: Development of Nectin4/FAP-targeted CAR-T cells secreting IL-7, CCL19, and IL-12 for malignant solid tumors. Front Immunol 13:958082, 2022
67. Maalej KM, Merhi M, Inchakalody VP, et al: CAR-cell therapy in the era of solid tumor treatment: Current challenges and emerging therapeutic advances. Mol Cancer 22:20, 2023
68. Qin X, Wu F, Chen C, et al: Recent advances in CAR-T cells therapy for colorectal cancer. Front Immunol 13:904137, 2022
69. Hou AJ, Chen LC, Chen YY: Navigating CAR-T cells through the solid-tumour microenvironment. Nat Rev Drug Discov 20:531-550, 2021
70. Li N, Zhu Q, Tian Y, et al: Mapping and modeling human colorectal carcinoma interactions with the tumor microenvironment. Nat Commun 14:7915, 2023
71. Wu X, Yan H, Qiu M, et al: Comprehensive characterization of tumor microenvironment in colorectal cancer via molecular analysis. Elife 12:e86032, 2023
72. Singh S, Gouri V, Samant M: TGF-b in correlation with tumor progression, immunosuppression and targeted therapy in colorectal cancer. Med Oncol 40:335, 2023
73. Li C, Jiang P, Wei S, et al: Regulatory T cells in tumor microenvironment: New mechanisms, potential therapeutic strategies and future prospects. Mol Cancer 19:116, 2020
74. Xiao J, Yu X, Meng F, et al: Integrating spatial and single-cell transcriptomics reveals tumor heterogeneity and intercellular networks in colorectal cancer. Cell Death Dis 15:326, 2024
75. Chao S, Zhang F, Yan H, et al: Targeting intratumor heterogeneity suppresses colorectal cancer chemoresistance and metastasis. EMBO Rep 24:e56416, 2023
76. Ghazi B, El Ghanmi A, Kandoussi S, et al: CAR T-cells for colorectal cancer immunotherapy: Ready to go? Front Immunol 13:978195, 2022
77. Shah NN, Fry TJ: Mechanisms of resistance to CAR T cell therapy. Nat Rev Clin Oncol 16:372-385, 2019
78. Mishra A, Maiti R, Mohan P, et al: Antigen loss following CAR-T cell therapy: Mechanisms, implications, and potential solutions. Eur J Haematol 112:211-222, 2024

Journal of Clinical Oncology ascopubs.org/journal/jco | Volume nnn, Issue nnn | 11

CAR-T Cells in Colorectal Cancer

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 8
2.

15
2.

98
.1

07
 o

n 
Fe

br
ua

ry
 2

4,
 2

02
5 

fr
om

 0
82

.1
52

.0
98

.1
07

C
op

yr
ig

ht
 ©

 2
02

5 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 

http://ascopubs.org/journal/jco


79. Lee H, Ahn S, Maity R, et al: Mechanisms of antigen escape from BCMA- or GPRC5D-targeted immunotherapies in multiple myeloma. Nat Med 29:2295-2306, 2023
80. Yan T, Zhu L, Chen J: Current advances and challenges in CAR T-cell therapy for solid tumors: Tumor-associated antigens and the tumor microenvironment. Exp Hematol Oncol 12:14, 2023
81. Skovgard MS, Hocine HR, Saini JK, et al: Imaging CAR T-cell kinetics in solid tumors: Translational implications. Mol Ther Oncolytics 22:355-367, 2021
82. Mai Z, Lin Y, Lin P, et al: Modulating extracellular matrix stiffness: A strategic approach to boost cancer immunotherapy. Cell Death Dis 15:307, 2024
83. Flugel CL, Majzner RG, Krenciute G, et al: Overcoming on-target, off-tumour toxicity of CAR T cell therapy for solid tumours. Nat Rev Clin Oncol 20:49-62, 2023
84. Kamrani A, Nasiri H, Hassanzadeh A, et al: New immunotherapy approaches for colorectal cancer: Focusing on CAR-T cell, BiTE, and oncolytic viruses. Cell Commun Signal 22:56, 2024
85. D’Aloia MM, Zizzari IG, Sacchetti B, et al: CAR-T cells: The long and winding road to solid tumors. Cell Death Dis 9:282, 2018
86. Yeku OO, Purdon TJ, Koneru M, et al: Armored CAR T cells enhance antitumor efficacy and overcome the tumor microenvironment. Sci Rep 7:10541, 2017
87. Chmielewski M, Abken H: TRUCKs: The fourth generation of CARs. Expert Opin Biol Ther 15:1145-1154, 2015
88. Tokarew N, Ogonek J, Endres S, et al: Teaching an old dog new tricks: Next-generation CAR T cells. Br J Cancer 120:26-37, 2019
89. Chmielewski M, Abken H: TRUCKS, the fourth-generation CAR T cells: Current developments and clinical translation. Adv Cell Gene Ther 3:e84, 2020
90. Batra SA, Rathi P, Guo L, et al: Glypican-3-specific CAR T cells coexpressing IL15 and IL21 have superior expansion and antitumor activity against hepatocellular carcinoma. Cancer Immunol Res

8:309-320, 2020
91. Pievani A, Biondi M, Tettamanti S, et al: CARs are sharpening their weapons. J Immunother Cancer 12:e008275, 2024
92. Steffin D, Ghatwai N, Montalbano A, et al: Interleukin–15–armored GPC3 CAR T cells for patients with solid cancers. Nature 10.1038/s41586-024-08261-8 [epub ahead of print November 27,

2024]
93. Depil S, Duchateau P, Grupp SA, et al: Off-the-shelf’ allogeneic CAR T cells: Development and challenges. Nat Rev Drug Discov 19:185-199, 2020
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