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Introduction
Colorectal Cancer (CRC) includes malignant neoplasms of the colon, rectum, and anus. 

In the USA, CRC ranks third in the number of total cancers diagnosed among both men and 
women, and second in cancer mortality. CRC incidence and mortality is rapidly increasing in 
Asia, Eastern Europe, and developing countries in South America. CRC rates in high Human 
Development Index (HDI) countries, such as Australia, New Zealand, some Western European 
countries, and the USA are about 4-fold higher than less developed countries; however, 
many of these countries’ case rates have begun to stabilize or even decline possibly due to 
increased prevention and early detection efforts [1,2]. It is estimated that approximately 
95% of colorectal cancers originate from adenomatous polyps, which are benign neoplasms 
that are often characterized as having potential malignancy and dysplastic epithelium [3]. 
Therefore, screening programs and colonoscopy are especially important to be employed for 
early detection and removal of polyps. CRC is also highly associated with poor diet consisting 
of high processed meat and low whole grain intake and obesity [4]. Current treatments for 
CRC include surgery, neoadjuvant radiotherapy, chemotherapy, and targeted therapy. The 
conventional treatment for advanced CRC consists of 5-fluouracil (5-FU) and leucovorin 
in combination with irinotecan or oxaliplatin. However, patients with metastatic disease 
often become resistant to 5-FU [5]. In recent years, monoclonal antibodies bevacizumab 
and cetuximab became available for CRC treatment [5]. Despite these novel treatments, the 
survival time for metastatic CRC patients is only about thirty months [6]. Also, over 70% 
of CRC patients report having pain, and those that survive longer may suffer from chronic 
pain [7]. Therefore, CRC is a highly debilitating disease that is in urgent need of additional 
treatment options. Immunotherapies are currently being developed to treat CRC, especially 
CAR-T cell therapy. In this mini-review, we will discuss CAR-T cell development, challenges, 
potential CRC-specific targets, and the current status of these targets in clinical trials.

The Evolution of CAR-T Cells
CAR-T cells contain a genetically engineered non-Major Histocompatibility (MHC)-

restricted receptor incorporated with a single-chain Variable Fragment (scFv) of an antibody. 
This receptor is engineered to be antigen specific, thus allowing CAR-T cells to be potentially 
used to target specific antigens on tumor cells [8]. Over time, CAR-T cells have undergone 
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four major stages of design. The first-generation design contains a 
T-cell receptor CD3-ζ domain, which initiates T cell receptor (TCR) 
signaling [9]. However, the first generation lacked the ability to 
persist and proliferate effectively in vivo [10,11]. 

Two signals are needed for T cell activation and proliferation: 
one signal from the CD3-ζ domain, and another signal from a 
costimulatory domain (most often either CD28 or 4-1BB) [8]. 
The following generations of CAR-T cells are distinguished by the 
presence of one or more of these distinct costimulatory domains. The 
second generation, also termed the next generation, possesses one 
of these costimulatory domains, which enhances T cell persistence, 
proliferation, and cytotoxicity. As a member of the immunoglobulin 
superfamily, CD28’s principal function is to increase TCR signaling 
[12]. This increase in signaling lowers the TCR binding threshold 
required for effective T cell activation. Costimulation from CD28 
also leads to clonal proliferation, differentiation, survival, and 
increased cytokine production [12]. In addition to CD28, there are 
also other molecules that influence T cell activation. As a member 
of the Tumor Necrosis Factor (TNF) receptor superfamily, 4-1BB 
improves cytokine secretion and T cell proliferation [12]. 4-1BB 
also diminishes T cells’ ability to be suppressed by transforming 
growth factor β (TGF-β) suppression, a cytokine that inhibits TCR 
signaling [12,13]. However, it should be noted that the functions 
of these costimulatory receptors in the context of CARs are not as 
well understood as they are in other clinical settings [12]. Research 
has shown that CARs stimulated with either CD28 or 4-1BB lead 
to enhanced cytokine secretion; however, there are differences in 
effects between these two costimulatory domains [14-17]. Recent 
studies have shown that CARs with CD28 domains promote faster 
T cell activation, which leads to increased antitumor activity and 
a faster rapid tumor clearance when compared to CARs with 
4-1BB domains [12,14-18]. However, CARs engineered with 
4-1BB domains demonstrated higher persistence, longer lasting 
responses, and decreased risk for harmful side effects than CARs 
with CD28 domains [12,14-19]. 

With the variations in T cell activity, as well as the different 
signaling pathways utilized by the two costimulatory domains, 
researchers have wondered if combining the two costimulatory 
domains into one CAR would result in increased T cell activity, 
proliferation, and persistence. Previous research has shown that 
costimulation of T cells with both domains results in increased 
intracellular signaling and increased antitumor efficacy when 
compared to second-generation CARs [20,21]. This leads to the 
third generation of CAR-T cell, which was engineered to possess 
two costimulatory domains [22]. While the combination of 
costimulatory domains can increase the efficacy and persistence of 
CAR-T cells [20-24], it may also result in increased T cell exhaustion 
and cytokine release syndrome (CRS) risk [11,25]. CRS is a 
systemic inflammatory response that is often triggered by massive 
stimulation of T cells and other immune cells, resulting in a mass 
release of cytokines [25,26]. Symptoms of CRS range from mild 
symptoms such as fatigue, headaches, and rashes, to more severe 
symptoms such as hypotension, organ failure, and death [25]. 

The mechanism as to how CAR-T cells stimulate CRS is not fully 
understood and, therefore, further study is required to understand 
the role of costimulatory domains on CRS severity [25].

To combat these immunological consequences, a fourth 
generation, known as T cells redirected for antigen-unrestricted 
cytokine-initiated killing (TRUCKs), was engineered. Currently, 
TRUCKs are CAR-T cells that possess the same antitumor attack 
mechanisms of the previous generations, but are engineered with 
a third stimulatory signal, which should increase proliferation and 
efficacy of the CAR-T cells [27,28]. In addition to the functions that 
previous generations possess, TRUCKs release both transgenic 
cytokines and immune stimulatory cytokines [27-29]. These 
cytokines can lead to activation of the innate immune system, 
prevention of TGF-β repression, increased persistence and 
recruitment of other immune cells to target the cancer cells 
[27,29]. Because TRUCKs are a recent development, little clinical 
data exist on them. Some TRUCKs have been engineered with an 
iCasp9 suicide switch that should induce apoptosis in the TRUCKs 
in order to evade toxicity problems [30]. Other clinical studies have 
also demonstrated that fourth generation CAR-T cells can result in 
reduced CRS, but further studies are needed to fully understand the 
efficiency and safety of this fourth generation of CAR-T cells [31-33]. 
While progress has been made in understanding and improving on 
the mechanisms of CAR-T cell therapy, further clinical research is 
needed to better understand the efficacy and safety of the therapy 
in general.

Major Challenges in CAR-T Cell Therapy
A tumor  is  more than  an accumulation of cancer cells and 

its micro  environment  is a challenge that must be considered 
for effective  delivery  of CAR-T cell therapy. The Tumor 
Microenvironment (TME) consists of a myriad of cancer cells, 
secreted chemokines and cytokines, signaling molecules, 
extracellular matrix components, and infiltrating immune cells 
[34,35]. Apart from being a site for local and systemic inflammation, 
the TME is also largely involved in tumor progression, drug 
resistance, and immune cell recruitment and activation [34,35]. 
Immunosuppression is, in part, achieved by the TME through 
the secretion of chemokines and cytokines by tumor-associated 
macrophages, fibroblasts, regulatory T cells (Tregs), and tumor 
cells [36,37]. Tregs may also express coinhibitory molecules, 
including CTLA-4, PD-1, TIGIT, TIM-3, and LAG-3 [37]. TNF-α is one 
cytokine essential for signaling immune cells and trafficking CAR-T 
cells to the TME. It is mediated by two receptors, pro-apoptotic 
TNF-R1 and anti-apoptotic TNF-R2 [38]. TNF-R2 is expressed by 
some immune cells, like Tregs, as well as some cancer cells and 
mediates tumor resistance to TNF-α [39]. As a tumor forms, rapidly 
proliferating cancer cells produce inhibitory metabolites, increase 
their nutrient uptake, and create an acidic environment through the 
production of lactic acid and carbonic acid during aerobic glycolysis 
and oxidative phosphorylation [37,40]. A metabolically hostile 
TME caused by nutrient depletion, hypoxia, and acidity makes it 
difficult for immune cells and CAR-T cells to survive [36,40,41]. 
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This metabolic phenotype is in part caused by the Warburg effect, 
or metabolic reprogramming essential for supporting cancer cell 
proliferation and progression of malignancies [42,43]. 

In addition to the unfavorable molecular characteristics of the 
TME, there are also physical barriers that affect the efficacy of CAR-T 
therapy [44]. These barriers consist of an extracellular matrix and 
surrounding stroma [45]. Tumor myeloid cells and fibroblasts 
also influence the development of an extracellular matrix that 
impedes the penetration of CAR-T cells [46]. These challenges 
presented by the physical barriers of tumors, as well as a hostile 
microenvironment, impact the therapeutic possibilities of CAR-T 
cell treatment for solid tumors and may influence the persistence 
of CAR-T cells [47]. Sustained persistence of CAR-T cells is crucial 
for long-term remission of patients. 

To overcome some of these challenges when treating solid 
tumors, combination therapies are emerging to improve poor 
clinical outcomes for patients with metastatic CRC. For example, 
introducing Immune Checkpoint Inhibitors (ICIs) that block 
signaling pathways in charge of negative regulation of the immune 
system may help inhibit cytotoxic activity. Clinical trial has shown 
promising results in the treatment of solid tumors [48]. ICIs in 

conjunction with CAR-T cell therapy may also help combat poor 
CAR-T cell persistence within the tumor mass. Various ICIs (anti-
PD-1; anti-PD-L1; anti-CTLA-4) have been effective for patients with 
CRC. Nivolumab, pembrolizumab, atezolizumab, and ipilimumab 
are examples of checkpoint inhibitors that are FDA approved and 
have shown encouraging results in the treatment of various solid 
tumors [48]. Adoptive cellular immunotherapies may also be 
promising in the treatment of solid tumors depending on the target. 
One target under clinical evaluation is cancer embryonic antigen 
(CEA) (Table 1). The clinical importance of this antigen will be 
discussed later in this review. CEA is involved in cellular adhesion 
and is a sensitive tumor biomarker, which is often increased in 
CRC tissues and serum [49]. In a study performed by Fan et al. 
[50], a construct containing a second-generation CEA-targeting 
CAR was used to overexpress B-cell lymphoma-extra-large (Bcl-
xL). Bcl-xL, when activated, influences T cell survival and function. 
By overexpressing exogenous Bcl-xL in vivo in an anti-CEA CAR-T, 
CEA-expressing tumor cells were destroyed, and CAR-T persistence 
increased. Thus, this study also suggests the potential for improved 
CAR-T cell immunotherapy for solid tumors through exogenous 
expression of persistent genes.

Table 1: A list of all clinical trials (as of January 2022) related to treating colon cancer with CAR-T cells.

Study Target Pathology Co-treatment Phase Status

NCT03370198 NKG2DL Unresectable Liver Metastasis of Colorectal 
Cancer N/A I Active, not recruiting

NCT04550663 NKG2DL Relapsed/Refractory NKG2DL+ Solid Tumors 
including Colorectal Cancer N/A I Not yet recruiting

NCT04270461 NKG2DL Relapsed/Refractory NKG2DL+ Solid Tumors 
including Colon Cancer N/A I Withdrawn

NCT04107142 NKG2DL Relapsed/Refractory Solid Tumors including 
Colorectal Cancer N/A I Unknown

NCT05131763 NKG2DL Relapsed/Refractory Solid Tumors including 
Colorectal Cancer N/A I Recruiting

NCT03692429 NKG2D Unresectable Metastatic Colorectal Cancer FOLFOX or FOLFIRI 
Chemotherapy I Recruiting

NCT03370198 NKG2D Colorectal Cancer with Unresectable Liver 
Metastases N/A I Active, not recruiting

NCT03310008 NKG2D Potentially Resectable Liver Metastasis from 
Colorectal Cancer FOLFOX Chemotherapy I Active, not recruiting

NCT04513431 CEA Stage III Colorectal Cancer and Colorectal Can-
cer Liver Metastasis N/A I Not yet recruiting

NCT04348643 CEA Solid Tumors including Colorectal Cancer N/A I/II Recruiting

NCT03682744 CEA Peritoneal Metastases or Malignant Ascites of 
Colorectal Cancer N/A I Active, not recruiting

NCT02959151 CEA Metastatic Colorectal Cancer, Hepatocellular 
Carcinoma, and Pancreatic Cancer N/A I/II Unknown

NCT02349724 CEA Solids Tumors including Colorectal Cancer N/A I Unknown

NCT01723306 CEA Metastatic Colorectal Cancer N/A II Suspended

NCT04660929 HER2 HER2 Overexpressing Solid Tumors including 
Colorectal Cancer

CT-0508 CAR macro-
phages I Recruiting
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NCT02713984 HER2 Solid Tumors including Colorectal Cancer N/A I/II Withdrawn

NCT03740256 HER2 Solid Tumors including Colorectal Cancer
Intra-tumor Injection of 

Onoclytic Adenovirus 
CAdVEC

I Recruiting

NCT05028933 EpCAM Malignant Tumors of the Digestive System 
including Colorectal Cancer N/A I Recruiting

NCT03013712 EpCAM Solid Tumors including Colorectal Cancer N/A I/II Unknown

NCT02839954 MUC1 Relapsed or Refractory Colorectal Cancer N/A CAR-pNK cells I/II Unknown

NCT02617134 MUC1 Advanced Refractory Colorectal Carcinoma N/A I/II Unknown

NCT03542799 EGFR 
IL-12 Metastatic Colorectal Cancer N/A I Unknown

NCT03152435 EGFR Metastatic Colorectal Cancer N/A I/II Unknown

NCT04503980 Mesothelin 
(MSLN) + αPD1 Solid Tumors including Colorectal Cancer N/A I Recruiting

NCT05089266 MSLN + αPD1 Colorectal Cancer N/A I Not yet recruiting

NCT03638206 C-Met Several Malignancies including Colorectal 
Cancer N/A I/II Recruiting

NCT02541370 CD133 Relapsed and/or Chemotherapy Refractory 
Colorectal Cancer N/A I/II Completed

NCT03431311 TGF-βII Colorectal Cancer N/A I/II Terminated

NCT05194735 Neoantigen Solid Tumors including Colorectal Cancer N/A 1/11 Recruiting

NCT03970382

Neoepitope 
expressed on 
human leuko-
cyte antigen 

receptors

Locally Advanced or Metastatic Solid Tumors 
including Colorectal Cancer Nivolumab + IL-2 1 Recruiting

NCT03745326 KRAS G12D 
Variant

Malignant Tumors of the Digestive System 
including Colorectal Cancer

Cyclophosphamide 
+ Fludarabine + 

Aldesleukin
I/II Suspended

NCT03190941 KRAS G12D 
Variant

Malignant Tumors of the Digestive System 
including Colorectal Cancer

Cyclophosphamide 
+ Fludarabine + 

Aldesleukin
I/II Suspended

Tricky Target Selection, Off-Target Toxicity, & 
Antigen Escape

In addition to overcoming obstacles of the TME, target selection 
remains an important and fundamental CAR-T cell design feature 
that cannot be overlooked. However, finding the “ideal target” often 
is its own challenge. Generally, the best CAR-T therapies target an 
antigen that provides high levels of specificity and coverage. High 
specificity and coverage provide patients with a safe and efficacious 
treatment, which is required to improve CAR-T cell therapy 
targeting solid tumors [51]. Specificity and coverage also address 
two major limitations of CAR-T therapy target selection: 

a. severe toxicity from CAR-T cells attacking healthy normal 
tissues, also termed on-target/off-target toxicity, and 

b. antigen escape/loss due to inadequate targeting, which may 
lead to relapse of disease [52]. 

Target selection must be closely evaluated to decide which 
antigen is best for a patient’s cancer subtype. Antigens targeted by 
CAR-T cells may include a wide range of proteins or carbohydrates. 

CAR-T cell function is dependent on antibody fragments, which 
support the redirection of T cell specificity against tumor antigens. 
To prevent adverse toxic effects, the ideal antigen is a Tumor-
Specific Antigen (TSA) that is uniquely expressed on tumor cells 
and not displayed on healthy tissues. However, little is known about 
TSAs, making them difficult to identify and target. Also, identifying 
each patient’s TSA and then engineering personalized CAR-T cells 
is costly and, therefore, not a practical option for most patients 
[36]. Although a TSA would provide the ideal target, many antigens 
that undergo CAR-T targeting are not TSAs but tumor-associated 
antigens (TAA), which are generally highly expressed by tumors 
and simultaneously expressed by healthy tissues, but at lower 
levels. This makes target selection easier at the cost of increasing 
risk for on-target/off-target toxicity [53]. In addition, antigens may 
vary between tumor subtypes, indicating a need for screening prior 
to treatment to ensure expression of the target [54].

Although tumors may be responsive to targeted therapy 
during initial treatment, malignant cells may later present partial 
or complete loss of antigen resulting in tumor resistance against 



Nov Appro in Can Study   Copyright © Kim L O’Neill

NACS.000650. 6(5).2022 653

the initial CAR construct and lack of coverage [55]. Interestingly, 
despite higher success with CAR-T therapies for hematological 
malignancies, antigen loss is still observed in clinical trials targeting 
CD19 for acute lymphoblastic leukemia (ALL), primary mediastinal 
large B cell lymphoma (PMLBCL), and chronic lymphocytic leukemia 
(CLL) [56-59]. Thus, current research suggests a general need for 
new strategies to prevent antigen escape in all CAR-T therapies. 
One strategy includes generating T cells that have dual-targeting 
abilities. Dual-targeted CAR-T cells usually have two unique CAR 
molecules with different binding domains, or two binding domains 
that are in tandem on the one CAR molecule to make a TanCAR. 
Regardless of CAR molecule design, either antigen can elicit 
immune activity to provide higher coverage, prevent the escape 
of one antigen, and avoid antigen loss relapse. However, several 
concerns related to this strategy include increased potential risk of 
CRS due to increased cytokine release from CAR-T cell expansion 
and possible escape of two antigens [52]. In one case study, two 
different CAR groups targeting EGFR and CD133 were sequentially 
infused to treat cholangiocarcinoma (CCA). Treatment resulted in a 
partial response from both therapies, but infusion-related toxicities 
were observed [60]. While the dual-targeted CAR-T cell approach is 
an attractive strategy, further investigation will be required prior 
to optimization.

Targets in Preclinical & Clinical Trial Stages
There are several biomarkers that are currently undergoing 

testing to be used as potential targets for CAR-T cell therapy in 
CRC treatment. One is doublecortin-like kinase 1 (DCLK1), which 
is displayed  on tumor stem cells residing in the mouse gut. 
Interestingly, this biomarker is not detected on normal stem cells 
when performing lineage-tracing experiments [61]. In humans, 
DCLK1 levels may be related to elevated risk for metastasis, 
recurrence, and morbidity due to CRC [62]. Recently, CAR-T cells 
targeting DCLK1 were tested in mice with CRC, reducing tumor 
growth by about 50 percent. Interestingly, the CAR-T cells also 
showed increased IFN-γ release when exposed to CRC cells growing 
three-dimensionally, as compared to IFN-γ levels when CARs were 
exposed to CRC in two-dimensional growth [63]. These studies 
suggest that DCLK1-positive tumor stem cells may be a potential 
immunotherapy target. Another biomarker being tested as a 
potential CAR-T cell target for treating CRC is guanylyl cyclase C 
(GUCY2C), which is a membrane-bound receptor that promotes 
cyclic GMP activation to further activate cGMP-dependent 
protein kinase II (PKGII) and promote downstream activation via 
phosphorylation. Results include electrolyte and water secretion 
and tumor suppressor increase [64]. Magee et al. [65] tested human 
GUCY2C-targeted CAR-T cells in mice. Results indicated that GUCY2C 
murine CAR-T cells successfully killed human CRC cells displaying 
GUCY2C from a human xenograft in immunodeficient mice. The 
study also revealed that the GUCY2C CAR-T cells protected the 
syngeneic mice from murine CRC cells expressing human GUCY2C 
[65,66]. These studies present encouraging findings of novel targets 
that may be tested in future clinical trials.

NKG2D is a regulatory receptor expressed by natural killer 
(NK) cells, some CD4+ T cells, CD8+ T cells, and some γδ T cells. 
The receptor is known to regulate activation of innate and adaptive 
immune functions and is a major activating receptor on NK cells 
[67]. There are 8 NKG2D ligands (NKG2DLs), including six different 
long 16 (UL16)-binding proteins (ULBP1-6) and MHC class I 
chain-related proteins A and B (MICA and MICB) that interact with 
NKG2D [66]. NKG2D is not displayed or is at only minimal levels 
on healthy tissues; however, elevated expression may be induced 
by cell transformation and DNA damage [68]. Deng et al. [69] 
transduced a non-viral third generation NKG2D CAR construct into 
T cells. Results indicated that the NKG2D CAR-T cells were cytotoxic 
against human CRC in a dose-dependent manner and secreted 
significantly higher levels of IFN-γ and IL-2 than untransduced T 
cells. Treatment significantly extended overall survival of xenograft 
mouse models inoculated with HCT-116 cells. CAR-NK cells are 
undergoing investigation to be used to target NKG2D ligands. CAR-
NK cells have the advantage of less CRS risk compared to CAR-T 
cells [70]. However, more testing is required to determine if CAR-
NK cells will be used in future treatments.

Carcinoembryonic Antigen (CEA) is an acid glycoprotein and 
CRC biomarker [71,72]. Cha et al. [73] showed that anti-CEA CAR-T 
cells combined with an anti-CEA-IL2 immunocytokine administered 
every 3 days could eliminate MC38/CEA tumor growth. Mice that 
were re-challenged with tumor demonstrated immunity. In a phase 
I clinical trial, CAR-T cells were administered to CEA-positive CRC 
patients. 7 of the 10 patients became stable after treatment, while 
2 showed tumor regression and another 2 were stable for over 30 
weeks. However, fever, duodenum perforation, and lymphocyte 
count decrease were observed post-cell therapy [74].

Conclusion
As CAR-T cell therapy continues to develop, new strategies 

to overcome TME, toxicity, and the search for novel biomarkers 
as continue. We have provided a brief overview of the current 
innovations in CAR-T cell therapy related to CRC and highlighted a 
few of the biomarkers under preclinical and clinical investigation. As 
CAR-T cell therapy and target selection become more sophisticated, 
immunotherapy may become the new standard in caring for 
patients with CRC. The potential for CAR-T cell therapy targeting 
CRC remains an important research area for enhancing both the 
CAR-T strategies and CRC treatment.
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