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Abstract
Colorectal cancer (CRC) is ranked as the second leading cause of cancer-related deaths globally, necessitating urgent 
advancements in therapeutic approaches. The emergence of groundbreaking therapies, including chimeric antigen receptor-T 
(CAR-T) cell therapies, oncolytic viruses, and immune checkpoint inhibitors, marks a transformative era in oncology. These 
innovative modalities, tailored to individual genetic and molecular profiles, hold the promise of significantly enhancing 
patient outcomes. This comprehensive review explores the latest clinical trials and advancements, encompassing targeted 
molecular therapies, immunomodulatory agents, and cell-based therapies. By evaluating the strengths, limitations, and 
potential synergies of these approaches, this research aims to reshape the treatment landscape and improve clinical outcomes 
for CRC patients, offering new found hope for those who have exhausted conventional options. The culmination of this work is 
anticipated to pave the way for transformative clinical trials, ushering in a new era of personalized and effective CRC therapy.

Keywords  Colorectal cancer · Targeted molecular therapies · CAR-T-cell therapies · Oncolytic viruses · Immune 
checkpoint inhibitors

Introduction

Colorectal cancer (CRC) is the second most common cause 
of cancer-related deaths globally [1]. The incidence is 
slightly higher in men and it peaks around the age of 50. 
Genetics, environmental, and lifestyle risk factors, all have 

a role in the development and progression of CRC [2]. The 
progression of tumors from benign early adenomas and pol-
yps to malignant late-stage tumors is a complex and multi-
faceted process governed by intricate molecular signaling 
pathways. Two critical factors influencing this progression 
are microsatellite instability and chromosomal instability 
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(CIN). Each of these factors plays a distinct role in tumor 
development [3]. Additionally, various gene mutations con-
tribute to the transformation of normal cells into cancer-
ous ones. Some of the most crucial pathways implicated 
in tumor progression include the MAPK/ERK, PI3K/AKT/
mTOR, and Wnt/β-catenin pathways [4]. Mutations in genes 
involved in these pathways, such as KRAS, BRAF, and APC, 
can trigger aberrant signaling, driving the transition from 
early adenomas to malignant tumors (Fig. 1) [5].

In recent years, the discourse surrounding novel treat-
ments for CRC has garnered unprecedented attention and 
significance within the medical community. This surge in 
interest is propelled by a confluence of factors. Firstly, the 
escalating incidence of CRC worldwide has underscored 
the urgency to develop and optimize therapies that can 
effectively combat this prevalent malignancy. Further-
more, the emergence of groundbreaking techniques like 
natural killer (NK) cell therapy, chimeric antigen Recep-
tor-T (CAR-T) cell therapy, oncolytic virus therapy, and 
immune checkpoint inhibitors represents a paradigm shift 
in oncology, presenting promising avenues for targeted, 
less toxic, and more efficacious interventions (Fig. 2). 
As these innovative treatments progress through rigor-
ous clinical trials, their potential to significantly enhance 
patient outcomes and quality of life cannot be overstated. 

Moreover, the individualized nature of these therapies 
holds the promise of tailoring treatments to specific 
genetic and molecular profiles, offering a level of preci-
sion medicine previously unimaginable. Therefore, delving 
into these approaches is paramount, as it signifies not only 
a quantum leap in the fight against CRC, but also a bea-
con of hope for patients and clinicians alike in the pursuit 
of more effective and personalized treatment modalities. 
With an in-depth exploration of the latest clinical trials 
and advancements in cell-based therapies, immunomodu-
latory agents, and innovative approaches, this article aims 
to provide a comprehensive overview of the strategies 
revolutionizing CRC treatment, paving the way for more 
effective and personalized therapeutic interventions. By 
examining the strengths, limitations, and potential syner-
gistic effects of these various methodologies, it is antici-
pated that this research will offer valuable insights that can 
revolutionize the treatment perspective and improve clini-
cal outcomes for CRC patients. Ultimately, the final aim is 
to bring about a paradigm shift in CRC therapy, offering 
new hope and avenues for patients who have exhausted 
conventional treatment options.

Fig. 1   Visualizing the Tumorigenesis Cascade. Beginning with nor-
mal epithelium, the Wnt/APC signaling pathway is disrupted, leading 
to the formation of polyps due to the loss of tumor suppressor genes. 
Subsequently, activation of the oncogene KRAS in the RAS/BRAF 
pathway transforms these small polyps into large benign adenomas. 

As the journey continues, defects in the P53 gene, coupled with addi-
tional mutations and escalating microsatellite instability and chromo-
somal instability, culminate in the transition from large benign pol-
yps to malignant tumors, providing a vivid portrayal of the intricate 
molecular evolution underlying tumorigenesis
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Molecular Targets and Signaling Pathways

The primary signaling pathways involved in regulating 
key cellular processes such as proliferation, differentiation, 
apoptosis, and survival in CRC include Sonic Hedgehog 
(SHH), Wnt/β-catenin, and transforming growth factor-β 
(TGF-β)/SMAD. These pathways provided promising targets 
during past decades for precision therapy in CRC [6]. The 
Food and Drug Administration (FDA) approved cetuximab 
(Erbitux™) as the first targeted drug for CRC in February 
2004 [7]. Several targeted drugs for colorectal cancer (CRC), 
such as the EGFR-specific antibody cetuximab, have been 
approved by the FDA and introduced to the market. Table 1 
summarizes the molecular subtypes of colorectal cancer 

(CRC) along with associated therapeutic approaches and 
key clinical findings. However, challenges in completely 
inhibiting specific biologic interactions and managing 
complex downstream signaling have limited the scope of 
existing data.

Immunotherapy

Every person’s immune system is the first defense line to 
attack cancer cells, thus potentially representing an effec-
tive assistance in cancer treatment and diagnosis. About a 
century ago, the idea of activating the host’s immune system 
to eradicate cancer was proposed [8]. The limited efficacy 
of traditional treatments like chemotherapy and radiotherapy 

Fig. 2   Novel therapies for CRC. This diagram shows the various 
types of cancer vaccines and targeted therapies that are being inves-
tigated for the treatment of CRC. The vaccines target different molec-
ular targets and signaling pathways, including RAS, RAF, HER2, 

PIK3CA, BRAF, NTRK, and mismatch repair. The targeted therapies 
include monoclonal antibodies (MABs), cytokines, and viral vector 
vaccines
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in colorectal cancer (CRC) has highlighted the need for 
immune-based approaches as complementary or alternative 
therapies. Tumor-specific antigens, resulting from mutations 
and structural changes during tumor formation, are recog-
nized by the immune system as foreign, triggering immune 
responses. Recent advances in CRC immunotherapy have 
demonstrated its potential to enhance the body's natural 
defense against malignant cells, as supported by clinical 
trials.

Monoclonal Antibodies (mABs)

Monoclonal antibodies are synthetic proteins that mimic 
the role of human antibodies in the immune system. 
They are considered a form of immunotherapy as they 
enhance the immune response, helping the body to iden-
tify and combat cancer cells with greater efficiency [9]. 
CRC expresses several receptors that can be targeted by 
monoclonal antibodies [10]. Table 2 shows the target of 
common mABs. Bevacizumab, cetuximab, panitumumab, 
and ramucirumab are among the most commonly used 
monoclonal antibodies for treating colorectal tumors. Of 
these, bevacizumab specifically targets VEGF [11] and 

cetuximab and panitumumab act on EGFR [12]. Clini-
cal studies have shown that the combination of bevaci-
zumab and chemotherapy, i.e., shown by Hurwitz et al., 
significantly increases PFS in CRC patients. Hurwitz 
et al. combined bevacizumab with irinotecan leading to 
the approval of bevacizumab for use in combination with 
chemotherapy as a first-line treatment for mCRCs [13]. 
There is evidence to support the use of cetuximab as a 
preferred drug in the initial treatment of mCRCs that have 
wild-type RAS and BRAF genes and proficient mismatch 
repair [14, 15]. The SWOG 1406 trial demonstrated that 
the combination of vemurafenib, irinotecan, and cetuxi-
mab improved PFS. This suggests that when the activ-
ity of either BRAF or EGFR inhibition alone is minimal, 
the combination of BRAF and EGFR inhibition can pro-
vide clinical benefit [16]. Furthermore, in a randomized 
clinical trial (NCT02394795) involving 802 patients with 
CRC, it was found that adding panitumumab to first-line 
chemotherapy improved OS compared to bevacizumab. 
This improvement was observed in patients with left-sided 
tumors and in the overall population [17]. Among mABs, 
only cetuximab, bevacizumab, and panitumumab have 
been approved by the FDA and broadly used in the USA. 
Figure 3 indicates FDA-approved mABs.

Table 2   Monoclonal antibodies and their receptors for CRC targeting

Monoclonal antibody Trade name Target Function References

Pembrolizumab Keytruda® PD1 Inhibition of PD1 [133]
Cetuximab ErbituxTM EGFR Treatment of K-Ras mutated CRC​ [134]
Bevacizumab Avastin® VEGF Antiangiogenic agents [135]
Conatumumab _ DR5 Agonist against (tumor necrosis factor-related apoptosis-inducing ligand) [136]
Trastuzumab Herceptin HER2/neu Treatment of HER-2-overexpressing metastatic cancer [137]
Adecatumumab _ EpCAM Agonist against the tumor-associated antigen [138]
Ensituximab _ MUC5AC A novel chimeric mAb targeting a glycosylated variant of MUC5AC [139]

Fig. 3   Timeline of FDA-approved targeted therapy for colorectal cancer. VEGF vascular endothelial growth factor, EGFR epidermal growth fac-
tor receptor, NTRK neurotrophic tropomyosin receptor kinase, IDH1 isocitrate dehydrogenase 1
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Immune Checkpoint Inhibitors (ICIs)

ICIs prevent checkpoint proteins from binding to receptor 
proteins, enabling T cells to attack cancer cells effectively. 
CTLA4, PD1, and PDL1 are the molecules that are cur-
rently approved checkpoint inhibitor targets [18]. Figure 4 
indicates the ligands and receptors which can be inhibited 
by ICIs.

ICIs enhance the activity of T cells by preventing the 
negative regulators of T-cell function from binding. 
However, this can also result in uncontrolled immune 
responses leading to autoimmune effects on normal 
organs known as immune-related side effects [10]. CTLA4 
inhibitors have a higher incidence of immune-related adverse 
events (irAEs) than programmed cell death 1 (PD1) and its 
ligand 1 (PDL1) inhibitors. Combining CTLA4 and PD1 
inhibitors further increases the risk of irAEs [19]. While ICIs 
have shown efficacy in treating various cancers, mCRC has 
been less responsive. Nonetheless, the FDA has approved 
certain PD1 inhibitors as first-line therapy for unresectable 
or metastatic MSI-H or dMMR CRC [20].

Neoadjuvant Immunotherapy

Adjuvants refer to a variety of substances, such as organic 
or inorganic molecules, colloids, and polymers, that are 
employed alone or in combination with other agents 
to stimulate the immune system. Their purpose is to 
enhance the immune response [21]. They can activate 
antigen-presenting cells, which help to present epitopes 
on the major histocompatibility complex class I (MHC-I), 
thereby promoting the activity of cytotoxic T lymphocytes. 
This process can lead to the destruction of cancer cells 
[22]. Ipilimumab is a neoadjuvant that stimulates the 

immune response by targeting cCTLA-4, a protein 
receptor responsible for suppressing the immune system. 
By blocking this receptor, it eliminates the inhibitory 
mechanism displayed by cytotoxic T cells, enabling them 
to combat cancer cells better. In other words, it enhances 
the body’s immune response to fight cancer cells [23]. In a 
study published in 2020, neoadjuvant immunotherapy was 
suggested for the treatment of patients with early-stage 
CRC. In this research, patients with dMMR or pMMR 
tumors were given a single dose of ipilimumab and two 
doses of nivolumab prior to surgery. The treatment was 
well tolerated among all patients, and they exhibited a 
favorable response to the treatment [24]. Overall, it appears 
that neoadjuvant immunotherapy could be the standard 
treatment for specific groups of CRC patients. However, 
this assertion requires further confirmation through more 
extensive studies. Dostarlimab is a checkpoint inhibitor 
that has been shown to be effective in the treatment 
of a variety of cancers, including rectal cancer. In a 
recent phase 2 clinical trial, Cercek et al. reported that 
dostarlimab was well tolerated and led to the absence of 
residual disease, as proven by rectal magnetic resonance 
imaging [25], 26. In all 12 patients with locally advanced 
rectal cancer [27] who were ineligible for surgery. The 
results of this trial are very promising, as they suggest 
that dostarlimab may be a new and effective treatment 
option for patients with locally advanced rectal cancer 
[27]. This is the first time that a complete clinical response 
has been reported in a phase 2 clinical trial of a cancer 
immunotherapy. The long-term follow-up of these patients 
is still ongoing, and it is important to see if the complete 
clinical responses are durable or long-lasting. However, 
the results of this trial suggest that dostarlimab may be a 
promising new treatment option for patients with LARC.

Fig. 4   Unlocking Immune Potential: in the first frame, PD1 engages 
with PDL1, stifling T-cell activation through immune checkpoint 
inhibition. The second frame depicts the pivotal role of immune 
checkpoint inhibitors, releasing this suppressive interaction and rein-

vigorating T-cell activation, showcasing the promise of immunother-
apy in unleashing the body’s innate defenses against cancer
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Oncolytic Viruses

Oncolytic viruses are viruses that have been genetically 
engineered to infect and kill cancer cells. They work by 
infecting specifically cancer cells, replicating inside, lead-
ing to lysis and subsequent death of the cells. The use of 
viruses in the treatment of cancer dates back to about a 
century ago, but with the presence of genetic engineer-
ing methods and the ability to remove pathogenic genes 
from viruses, oncolytic viruses entered the field as a new 
and promising line of treatment. Oncolytic viruses have 
been shown to be effective in the treatment of a variety of 
tumors, including melanoma, head and neck cancer, and 
bladder cancer. No oncolytic virus has yet been approved 
for the treatment of CRC. However, promising oncolytic 
viruses that are currently being investigated in clinical 
trials for the treatment of CRC include talimogene laher-
parepvec, coxsackievirus, and adenovirus. T-VEC is a 
modified herpes simplex virus that has been engineered to 
infect and kill melanoma cells. T-VEC has been shown to 
be effective in shrinking tumors and improving survival in 
patients with melanoma. Coxsackievirus is a virus that is 
naturally found in humans and has been modified to infect 
and kill cancer cells. Coxsackievirus is currently being 
investigated in combination with chemotherapy for the 
treatment of pancreatic cancer. Similarly, naturally found 
human adenovirus has been modified to infect and kill can-
cer cells and is currently being investigated in combina-
tion with immunotherapy for the treatment of CRC. There 
are several reports from oncolytic viruses which indicates 
their promising role in treatment of KRAS-mutated CRC 
[28]. Pelareorep is an oncolytic virus containing non-
enveloped dsRNA that can destroy KRAS-mutated colo-
rectal tumor cells. It induces autophagic mechanisms and 
up-regulates autophagic proteins, leading to increased 
apoptosis and cell death in CRC cells [29]. In addition, 
pelareorep enhances immune efficacy by increasing the 
expression of MHC-I molecules and activating CD4 and 
CD8 T-cell populations in CRC patients with KRAS muta-
tions [30]. The results of clinical trials that are investigat-
ing oncolytic viruses in combination therapy for CRC are 
still pending. However, the early results are promising, 
and oncolytic viruses may one day become a standard 
treatment for CRC. In addition, there are several different 

types of oncolytic viruses that are being investigated in 
combination therapy for CRC (Table 3).

Cytokines

Cytokines are messenger molecules that facilitate 
communication between cells and coordinate immune 
system interactions. They are produced by both immune and 
non-immune cells in response to stress, such as infection, 
inflammation, and tumorigenesis [31]. Cytokines play a 
vital role in enabling the efficient and rapid propagation 
of immune signals, which elicit a coordinated and potent 
immune response to target antigens [32]. The latest findings 
indicate that it is possible to inhibit the development of CRC 
or enhance the effectiveness of chemotherapy or checkpoint 
inhibitors in treating CRC tumors by targeting particular 
cytokine pathways. A common form of cytokine therapy 
involves the use of high doses of IL2 to induce cancer 
regression in patients with metastatic cancer. Along with 
IL2, interferon-alpha (IFN-α) is also utilized as a therapeutic 
cytokine in cancer treatment [33]. To increase the efficacy of 
cytokine therapy in CRC, one should either inhibit several 
cytokines together or combine this method with other 
treatment methods. Indeed, blocking a single cytokine is not 
likely to produce significant outcomes as cytokine signals 
frequently overlap with each other [34], thus, this strategy 
is not likely to be effective in CRC treatment. Therefore, it 
is likely to be more effective targeting multiple cytokines or 
combining cytokine therapy with other treatment methods.

Cancer Vaccines

Cancer vaccines are one of the novel immunotherapy 
strategies to create a stronger immune response and to 
prevent cancer occurrence and micro-metastasis [35], 
36. Recently, effective cancer vaccines have been devel-
oped with the ability to strengthen the immune system 
and harbor low toxicity. There are various adjuvants, such 
as cytokines, pathogen-associated molecular pattern mol-
ecules (PAMPs), and Toll-like receptors (TLRs), that can 
be combined with cancer vaccines to enhance their ability 
to fight cancer synergistically [37, 38]. In the following, 

Table 3   Available oncolytic 
viruses for colorectal cancer 
treatment

Virus Strain Results References

Reovirus Pelareorep Lysis of KRAS-mutated CRC​ [140]
HSV oHSV-2 Recruitment of immune cells [141]
Adenovirus SPDD-UG Apoptosis in CRC cells [142]
Measles virus MeVac FmIL-12 Apoptosis in CRC cells [143]
Vaccinia virus VG9-IL-24 Apoptosis in CRC cells [144]



926	 Digestive Diseases and Sciences (2025) 70:919–942

we focus on new vaccines for cancer treatment and experi-
mental strategies in CRC immunotherapy.

Protein/Peptide‑Based Vaccines  Protein/peptide-based 
vaccines are a type of vaccine that uses specific proteins 
or peptides derived from pathogens, such as viruses or 
bacteria, to stimulate an immune response in the body. 
Unlike traditional vaccines, which may use weakened or 
inactivated forms of the entire pathogen, protein/peptide-
based vaccines contain only selected protein fragments 
or peptides that are known to trigger a strong immune 
response [39]. These vaccines work by presenting these 
protein fragments or peptides to the immune system, 
which then recognizes them as foreign and mounts an 
immune response. This response involves the production 
of antibodies, specialized immune cells, and memory cells 
that “remember” the pathogen. This way, if the individual 
is later exposed to the actual pathogen, their immune sys-
tem can quickly recognize and combat it, providing pro-
tection against infection. One of the advantages of protein/
peptide-based vaccines is their precision [25]. By target-
ing specific proteins or peptides, scientists can design 
vaccines to focus on the most immunogenic parts of the 
pathogen, reducing the risk of unwanted side effects. 
Additionally, they can be produced using biotechnologi-
cal methods, which can lead to more efficient and scalable 
vaccine production. These types of vaccines have been 
explored for various diseases, including certain types of 
cancer and infectious diseases. They are an important area 
of research in the development of new and innovative vac-
cines [40]. Immunization with proteins primarily leads to 
the activation of humoral immune response. However, for 
cancer treatment, it is essential to stimulate both humoral 
and cellular immune responses. Protein-based antibodies 
used for immunization must contain immunogenic sites 
that can be recognized by MHC-I/II molecules [41]. This 
process involves identifying and combining epitopes to 
stimulate anti-tumor or immune responses against tumor-
associated antigens. Peptide antibodies for CRC patients 
are generally safe and well tolerated, but there are limita-
tions to their application in clinical trials, such as frequent 
reactions at the injection site and restrictions based on 
patient's HLA type.

A phase II trial with 96 patients with advanced 
CRC demonstrated the safety of a vaccination mixture 
containing five HLA-A*2404-restricted peptides (RNF43, 
KOC1, TOMM34, VEGFR1, VEGFR2). The vaccine 
was administered concurrently with oxaliplatin-based 
chemotherapy [42]. In a phase I trial, a combination of 
KOC1, TTK, URLC10, DEPDC1, and MPHOSPH1 as 
an HLA-A*2404-restricted vaccine was found to be safe. 
The vaccine also demonstrated an OS of 9.4 months in 
comparison to untreated patients [43].

DNA Vaccines  Naked nucleic acid vaccines have the poten-
tial to be effective in treating cancer patients [44]. DNA 
vaccines are being studied as therapeutic gene vaccines for 
CRC due to their potential to enhance the growth of CD8 T 
cells. The efficacy of DNA vaccines in CRC has not been 
extensively investigated in clinical trials, despite the wealth 
of information derived from in vitro and in vivo studies [45].

For example, Staff et al. administered a modified plasmid 
DNA vaccine encoding the CEA antigen (CEA66 DNA) 
along with T helper cell-related epitopes to patients with 
CRC. The study demonstrated that the vaccine was well 
tolerated and did not cause any autoimmune response [46]. 
In addition, pVAX1-HER2-CTLA-4 is a DNA vaccine that 
is currently under investigation in a clinical trial [47].

mRNA Vaccines  Studies have shown that the administration 
of naked or vehicle-loaded mRNA vaccines that carry tumor 
antigens can activate antigen-presenting (APC) cells, lead-
ing to the stimulation of innate/adaptive immune responses 
[48]. Compared to other cancer vaccines, mRNA vaccines 
have several distinctive features: mRNA is a non-infectious, 
non-integrating platform, easier to modify for different pur-
poses, and has a higher translation efficiency compared to 
DNA vaccines, leading to higher protein yields [49].

mRNA has the capability to encode multiple antigens 
concurrently or a complete protein containing epitopes that 
bind to both, MHC-I and MHC-II, enabling the facilitation 
of both humoral and cellular adaptive immune responses. 
mRNA vaccines are devoid of viral and cellular components, 
posing no risk of infection [48]. Clinical trials have shown 
that these vaccines are typically safe, with few reports of 
adverse reactions at the injection site [50]. Nevertheless, 
there are significant concerns regarding mRNA instability, 
innate immunogenicity, and the limited efficacy of in vivo 
delivery. Currently, a phase I trial (NCT03948763) is 
underway to investigate the efficacy of mRNA 5671, a 
vaccine targeting KRAS-positive cancers, in combination 
with Pembrolizumab for non-MSI-H patients. Another 
phase I trial (NCT03313778) is evaluating the clinical 
effectiveness of mRNA-4157, a cancer vaccine based on 
mRNA, in combination with Pembrolizumab in non-MSI-H 
patients [23].

Whole‑Cell Vaccines  Whole-cell vaccines offer the advan-
tage of being applicable to multiple individuals, as they are 
not personalized for each patient. This characteristic makes 
them easier to manufacture, saving time and money, while 
also reducing the risk of cancer cells evading the treatment 
[51]. However, developing a universally applicable vaccine 
for all patients is challenging. Whole-cell vaccines often 
exhibit low immunogenicity and generate non-specific reac-
tions. This is primarily due to the fact that the majority of 
antigens in these vaccines are shared with normal cells, 
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while only a small fraction of the proteins is specific to 
tumors [52]. Therefore, several combinational strategies are 
developed to enhance autologous vaccines efficiency. One 
of these strategies, involves injecting modified autologous 
tumor cells that have been infected with the nonlytic New-
castle disease virus (NDV) to express immune-stimulating 
antigens and alter the tumor cells [53]. OncoVax is a CRC 
cancer vaccine strategy that involves combining autologous 
cancer cells with the Bacillus Calmette–Guérin (BCG) vac-
cine. It is considered one of the extensively investigated 
CRC cancer vaccines and was the subject of early-phase 
clinical trials in the 1980s [54]. Subsequently, the combina-
tion of OncoVax with 5-fluorouracil (5FU) and leucovorin 
demonstrated a safe approach to minimize clinical effects 
in patients with stage III CRC [55]. Another vaccine called 
GVAX, which is an allogenic whole-cell vaccine engineered 
to secrete granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), exhibited an anti-tumor response in a phase 
II trial targeting advanced CRC patients with proficient mis-
match repair. Currently, clinical trials (NCT01966289) are 
focused on enhancing the immunologic activity of GVAX 
[22]. In order to further improve GVAX, epigenetic therapy 
has been tried to enhance immunologic activity in both pre-
clinical and clinical trials (NCT01966289) [56, 57]. A fea-
sibility study of combined epigenetic and vaccine therapy in 
advanced CRC with pharmacodynamic endpoint [56]. Neo-
antigen-based EpiGVAX vaccine initiates anti-tumor immu-
nity in CRC [57]. Unlike whole-cell vaccines, autologous 
vaccines do not employ the entire tumor cell in their formu-
lation [58]. Autologous vaccines are isolated and altered to 
be injected back into the same patient’s body [59]. Utilizing 
the individual’s own cells in autologous vaccines reduces 
the likelihood of rejection, and these cells specifically con-
tain the antigens that are highly efficient in triggering an 
immune response [58].

Dendritic Cells Vaccines  Dendritic cells (DCs) are power-
ful APCs utilized in cancer vaccines due to their capacity 
to initiate immune responses against tumors [60]. DC vac-
cines involve the manipulation of DCs outside the patient's 
body by exposing them to cancer cells or antigens. This 
process enhances the ability of the DCs to recognize and 
target cancer cells with the same antigens, leading to more 
effective attacks against cancer cells [61]. There are ongoing 
clinical studies to explore the effectiveness of DC vaccines 
for CRC patients. For instance, in one randomized clini-
cal trial phase II study, autologous tumor lysate dendritic 
cell vaccine (ADC) combination with best supportive care 
(BSC) indicated that ADC induces a tumor-specific immune 
response but has no effect on PFS or OS [62]. DC vaccine 
based on Wilms’ tumor (WT1) class I/II peptide confirmed 
the immunogenicity and safety of DC vaccine in advanced 
CRC patients through evaluation of WT1 expression in tis-

sue using the Enzyme-Linked Immunosorbent Spot (ELIS-
POT) assays [63].

Rodriguez et al. [64] conducted a Randomized Control 
Trial (RCT) involving 19 patients with surgically amenable 
liver metastasis of CRC. The patients were divided into 
two groups, with one group receiving DC vaccinations and 
the other group undergoing observation after surgery and 
chemotherapy. The median PFS was significantly longer in 
the vaccine arm compared to the observation arm [64].

MelCancerVac is a DCs vaccine being investigated in 
phase II clinical trials [65]. This vaccine is produced by 
pulsing allogeneic melanoma cell lysate from DDM-1.13, 
known for its high expression of MAGE-A3, which is a 
tumor-associated antigen [66] that is also overexpressed in 
CRC. The overall results of the trial did not demonstrate a 
significant improvement in OS for the patients. However, 
five patients experienced prolonged PFS of more than six 
months, with two patients remaining progression-free for 
over 27 and 37 months. A phase III trial of MelCancerVac 
for CRC patients is currently underway, and the results are 
expected to be available in future.

To enhance the effectiveness of the DC vaccine, further 
research is required to compare various subsets, including 
monocyte-derived DCs (moDCs), conventional DCs (cDCs), 
and plasmacytoid DCs (pDCs) [67]. Additionally, induced 
pluripotent stem cells (iPSCs) could potentially be a viable 
option for improving the DC vaccine [68].

Viral Vector Vaccines  Cancer vaccines based on viral vec-
tors are effective carriers for delivering tumor antigens 
[69]. Vaccinia virus, poxvirus, and adenovirus are naturally 
immunogenic and can directly infect and activate the APC 
cells (specifically DCs). Therefore, they are deemed as suit-
able vectors to transfect tumor antigens based on their abil-
ity to stimulate the cellular immune response against CRC 
antigens. Clinical trials have shown that these vaccines are 
effective in activating cellular immune response against 
antigens, such as CEA, EpCAM/KSA, p53, and 5T4, which 
are associated with CRC [70].

Morse et  al. [71] conducted a phase I/II trial using 
adenovirus subtype 5 (Ad5) [E1- E2b-]-CEA (6D) to 
enhance CEA-specific T cell-mediated immune response 
in 32 mCRC patients. The treatment was proven to be safe 
and effective, with a 48% overall survival rate at 12 months. 
Another trial using E1/E3-deleted Ad5 with GUCY2C 
and PADRE sequences has also shown safety in a phase I 
trial [72] and a phase IIa trial is currently being explored 
(NCT04111172).

One promising approach involves utilizing a DC 
vaccine along with pox vectors encoding CEA and 
MUC1 (PANVAC) in patients with resected mCRC. This 
combination has shown promising results, with vaccinated 
patients exhibiting longer survival compared to an 
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unvaccinated group. These findings indicate the potential of 
the vaccine to stimulate immune responses against cancers 
that overexpress CEA and MUC1 [71].

Several other vaccines with intrinsic outcomes are 
currently in phase I/II clinical trials. These include TroVax 
(modified vaccinia Ankara encoding 5T4 antigen) [73, 74]. 
The influence of granulocyte macrophage colony-stimulating 
factor and prior chemotherapy on the immunological 
response to a vaccine (ALVAC-CEA B7.1) in patients with 
metastatic carcinoma [75, 76].

Live‑Attenuated Bacteria  Bacterial vaccine vectors 
employed as live vaccine vectors over the last 30 years [77]. 
They possess many advantages based on their easy and 
inexpensive manufacture. Their susceptibility to antibiot-
ics and well-defined mutations for reducing virulence make 
it straightforward to manage any adverse reactions caused 
by viral vector-based vaccines [77]. Moreover, these vac-
cines can be administered via multiple routes, including oral 
mucosal delivery [78]. The use of enteric bacterial vectors 
presents a distinct advantage in developing mucosal vac-
cines because they have a propensity to target lymphoid 
antigen-presenting cells (such as dendritic cells and mac-
rophages) in the intestinal mucosal tract [79]. A phase 1 trial 
(NCT03189030) is currently underway to assess the safety 
of a personalized live-attenuated, double-deleted (pLADD) 
Listeria monocytogenes vaccine in patients with CRC. 
Another ongoing phase I trial (NCT03265080) is investi-
gating the combination of the L. monocytogenes platform 
with neoantigens in patients with metastatic solid tumors, 
known as ADX-NEO [22]. The phase 1 trial of pLADD 
Listeria monocytogenes vaccine in patients with CRC 
(NCT03189030) has completed enrollment and is ongoing. 
The phase 1 trial of ADX-NEO in patients with metastatic 
solid tumors (NCT03265080) is also ongoing. The primary 
endpoint of NCT03189030 and NCT03265080 is to assess 
the safety of the combination of the L. monocytogenes plat-
form with neoantigens. The secondary endpoints of the tri-
als are to assess the immunogenicity of the combination 
therapy and its efficacy in treating metastatic solid tumors. 
In addition to these two trials, there are several other trials 
that are investigating the use of L. monocytogenes in can-
cer treatment. For example, a phase 2 trial (NCT04225205) 
is currently underway to assess the efficacy of L. monocy-
togenes in combination with Pembrolizumab in patients 
with mCRC. The results of these trials are still pending, but 
the early results are promising. These trials suggest that L. 
monocytogenes has the potential to be a promising new can-
didate for the treatment of CRC.

Yeast‑Based Vaccines  Saccharomyces cerevisiae, also 
known as baker’s yeast, is a non-harmful yeast strain widely 
used as a vector in therapeutic vaccines [80]. Research has 

shown that utilizing whole recombinant S. cerevisiae can 
activate dendritic cells, leading to the stimulation of specific 
cytotoxic T lymphocyte (CTL) responses. Moreover, it has 
demonstrated the ability to induce cell-mediated immunity 
that provides protection against tumor challenges in mice 
[80, 81]. There is some vaccine using Heat-killed Saccha-
romyces cerevisiae as a vector, encoded with tumor-associ-
ated antigens or carcinoembryonic antigen (CEA) to form 
GI-6207 [82], (GI-4000) [83], and in multiple phase I tri-
als, (GI-6301), which encodes brachyury [84], was deemed 
safe with no indication of serious adverse effects or autoim-
munity. Yeast-derived β-glucan particles loaded with short 
DNA sequences that contain unmethylated CpG motifs and 
MC38 lysates (lysed cells from the MC38 tumor cell line) 
showed a strong antibody response in murine models [85]. 
Different trials are investigating the effects of most vaccine 
trials that either use one or more antigenic elements in the 
form of whole tumor cell vaccines which contain irradi-
ated tumor cells or tumor cell lysate, dendritic cell-based 
cancer (DC-linked peptides) vaccines or viral vector-based 
cancer vaccines [70]. Currently, clinical trials are underway 
to explore the use of different tumor antigens, such as CEA, 
PDL1, MUC1, and SART3, which are known to be highly 
expressed in the digestive system, for vaccination of CRC 
patients [86]. These trials are also evaluating various types 
of vaccines, including DC-based vaccines, DNA vaccines, 
RNA vaccines, and viral vaccine vectors. The clinical trials 
are primarily in phase I and II, aiming to assess the safety 
and efficacy of these vaccine approaches [87]. A summary 
of clinical trials of immunotherapy in CRC is presented in 
Table 4.

Hurdles of Cancer Vaccines

Therapeutic cancer vaccines have been demonstrated to 
improve the clinical outcomes of patients and increased 
tumor burden, despite the great efforts to discover possible 
target antigens for CRC vaccines and several clinical trials 
over the past two decades [88]. These therapeutic vaccines 
do not have a significant effect as monotherapy in CRC, 
especially in the advanced stages based on the existence of 
Co-inhibitory and inhibitory receptors that suppress T-cell 
function in the TME and make them dysfunctional. Also, 
most clinical trials showed no considerable survival benefit 
when using a single-peptide vaccine [89]. A promising new 
approach could be genetically modified cancer vaccines that 
harness both innate and adaptive immune responses to elicit 
long-lasting anti-tumor effects and prevent tumor recur-
rence. Unlike whole-cell vaccines, autologous vaccines do 
not employ the entire tumor cell in their formulation [58]. 
Autologous vaccines are isolated and altered to be injected 
back into the same patient’s body [59]. Utilizing the individ-
ual’s own cells in autologous vaccines reduces the likelihood 
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Table 4   A summary of vaccines used in clinical trials of CRC treatment

Name Vaccine Type Outcome Stage References

Fowlpox and vaccinia viruses encoding the 
CEA antigen and TRICOM (B7.1, ICAM-1, 
and LFA-3)

Viral vector Induction of CEA-specific CTL Metastatic [145]

Cholera Viral vector Decreased the mortality rate of CRC, I–IV [106]
Nonreplicating canarypox virus (ALVAC-

CEA/B7.1)
Viral vector Increases in CEA-specific T cells were 

detected in patients treated with 
chemotherapy and booster vaccination

Metastatic [75]

pVAX1-HER2, coding HER2 antigen DNA-based vaccines Increases the susceptibility of cancer cells to 
lysis by CTL

Metastatic [146]

pcDNA-hNIS, expressing human sodium/
iodide symporter (hNIS)

DNA-based vaccines Promote IFN-γ production and reduced the 
tumor growth

– [147]

OX40L OX86 DNA-based vaccines Murine OX40L promote T-cell proliferation – [148]
MYB DNA-based vaccines Enhanced tumor target lysis and memory of 

T cells
– [149]

CpVR-MS and CpDV-IL2-MS, encoding 
a fusion gene of human surviving S8 and 
human 33 MUC1, plus IL2)

DNA-based vaccines Increase in anti-tumor effects and extended 
the rate of survival about

2.5-fold

Metastatic [56]

NDV-infected irradiated autologous tumor 
cells

Whole tumor cell Did not significantly improve overall survival [150]

Autologous tumor cells combined with BCG Whole tumor cell Benefits in terms of disease-free survival 
(P = 0.078) and overall survival (P = 0.12)

stage II—III [151]

DC pulsed with CEA DC-based vaccines The majority of CRC patients demonstrated 
induction of CEA-specific T-cell responses

IV [152]

DCs with CEA- altered peptides combined 
with the Flt3 ligand

DC-based vaccines Expansion of CD8 + T cells IV [153]

Autologous tumor antigen-loaded DC DC-based vaccines Increased IL-12 production for immunization 
against neoantigens

Metastatic [154]

13-mer mutant ras Peptide The anti-tumor immune response was 
significantly associated with prolonged 
overall survival

– [155]

β-hCG Peptide Prolongation of survival and induction of 
serum antipeptide antibody

Metastatic [156]

SART3 Peptide Increased CTL activity and induction of 
serum antipeptide

Metastatic [157]

Survivin-2B Peptide Increase of Survivin-2B-specific CTL 
frequency

Metastatic [158]

Set of 10 overlapping p53 synthetic long 
peptides

Peptide Induction of p53-specific CD4 + and 
CD8 + T-cell responses and p53-specific 
CTL reactivity

Metastatic [159]

mRNA-4157 RNA-based vaccine Induce strong neoantigen-specific T=cell 
responses

Metastatic [42]

NCI 4650 (mRNA 4650) RNA-based vaccine A portion of results showed that this 
vaccine was safe and significantly induced 
neoantigen-specific CD8 and CD4 T cells 
responses against CRC neoepitopes

Metastatic [160]

GI-6207 Yeast Decreased serum CEA and calcitonin, 
and improve CD8 + T cells and CD4 + T 
responses,

Metastatic [82]

GI-6301 Yeast Decreased tumor density and level of serum
CEA of in CRC-treated patients therapeutic

Metastatic [84]

GI-4000 Yeast Demonstrated a favorable safety profile and 
immunogenicity in the majority of subjects

Metastatic [83]
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of rejection, and these cells specifically contain the antigens 
that are highly efficient in triggering an immune response 
[58]. Future research on antigens, adjuvants, and methods 
of delivery are crucial to develop new cancer vaccines with 
low toxicity and high benefits in many patients.

Cell Therapy Strategies

CAR‑T‑Cell Therapy

CAR-T-cell immunotherapy is a new method of treatment 
that genetically modifies T cells to fight against cancer [90].

Several techniques are currently under development 
to improve CAR-T-cell therapy. These include methods 
to enable them to counteract the immunosuppressive 
microenvironment of cancer by targeting and destroying PD1 
and CTLA-4, as well as CARs that can target two different 
cancer antigens, among other approaches, to enhance 
specificity and safety [91]. Besides, there are ongoing efforts 
to develop genetic modification techniques that would make 
CAR-T cells from healthy donors suitable for allogeneic use 
as a treatment option [92–94].

To address the challenges of reducing complications 
associated with CAR-T-cell therapy in CRC, new approaches 
are being proposed. These include techniques such as 
engineering T cells with immune-activating molecules, 
administering T cells regionally, using bispecific T-cell 
engagers, and employing combinatorial target antigen 
recognition [95]. Patient-derived xenograft (PDX) mouse 
models of CRC are created by engrafting tumor tissue from 
patients. These models accurately represent the molecular 
heterogeneity of the patients and replicate the tumor’s 
immunosuppressive microenvironment. PDX models have 
been established as a trustworthy model, and humanized 
models have been developed for two preclinical studies of 
anti-CRC CAR-T cells [96]. In xenograft models, CAR-T 
cells are either injected together with cancer cells or 
separately a few days after the cancer cell administration, 
once the tumor has formed. A few examinations utilizing 
CAR-T cells focusing on CEA or EpCAM showed that 
co-injection of CAR-T and growth cells repressed or deferred 
cancer development [97]. In 2017, Ang et al. conducted 
preclinical tests on CAR-T cells targeting CRC, focusing 
on the cytotoxic effects of EpCAM-directed CAR-T cells. 
Their study found that multiple infusions of EpCAM CAR-T 
cells, created through mRNA electroporation, delayed the 
progression of cancer in mice with CRC xenografts and 
showed promising results [98].

One study demonstrated significant anti-tumor 
effectiveness of third-generation MSLN-CAR-T cells, which 
remained active for at least 10 days after their administration. 
Another study showed that HER2-CAR-T cells could lead 
to tumor relapse or elimination in a PDX mouse model of 

CRC and protect the treated animals from cancer recurrence 
[99]. Due to the positive results obtained in preclinical 
studies, numerous CAR-T-cell therapies developed against 
CRC are currently undergoing evaluation in clinical trials 
to determine their effectiveness and safety in combating 
tumors.

Furthermore, second-generation CAR-T cells that target 
CEA have shown excellent anti-tumor effects both in 
laboratory tests and animal studies, and their effectiveness 
can be increased by combining them with interleukins, 
such as IL-12 [100]. Tandem CAR-T cells that target both 
CEA and CD30 have demonstrated increased cytotoxicity, 
persistence, and the release of Perforin and granzyme B 
compared to CAR-T cells that target only CEA. Similarly, 
CD30/TAG72-CAR-T cells have shown increased 
cytotoxicity compared to TAG72-CAR-T cells [101]. By 
contrast, CAR-T cells that target both CEA and CD25 
showed increased cell persistence but similar cytotoxicity 
compared to anti-CEA CAR-T cells in CRC models. In 
in vivo studies using mouse models of CRC, the CAR-
T-cell doses typically range from 2_106 to 2_107 [102]. 
Moreover, when CEA-CAR-T cells were co-administered 
with mesenchymal stem cells expressing IL-7 and IL-12, 
tumor inhibition was significantly enhanced, leading to 
prolonged survival. Typically, in treatments where CAR-T 
cells are administered after tumor formation, multiple doses 
are usually given [95]. One of these studies, conducted 
by Huang et al., demonstrated cancer eradication using 
EGFRvIII-CAR-T cells in combination with miR-153, which 
suppresses indoleamine 2,3-dioxygenase 1 (IDO1), a protein 
that is negatively associated with patient survival [103]. In 
addition, combining CEA-CAR-T cells with recombinant 
human IL-12 has shown to have a superior anti-tumor 
effect compared to using CAR-T cells alone. These findings 
indicate that the use of cytokines or other therapeutic 
approaches in conjunction with CAR-T cells can improve 
their ability to fight tumors, as seen in animal models of 
CRC. However, preclinical studies have also shown that 
CAR-T-cell therapy directed toward CRC antigens such as 
CEA, EpCAM, GUCY2C, NKG2DL, and PLAP can be 
effective in inhibiting tumor growth [104]. In addition to 
intravenous administration, the effectiveness and safety of 
CAR-T cells targeting EpCAM and GUCY2C have also been 
evaluated through local administration via intraperitoneal 
implantation [105].

There has been much progress in developing CAR-T 
cells to treat hematologic tumors in clinical trials, but fewer 
trials are conducted on solid tumors, such as CRC. This is 
partly because of the lack of appropriate tumor-specific 
antigens that can be targeted by CAR-T cells, potentially 
causing on/off-tumor toxicity due to the accidental killing 
of surrounding non-malignant cells that express the target 
antigen [106, 107].
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In Table 5, we provide an overview of all of the clinical 
trials involving CAR-T cells against CRC that are currently 
registered at clinicaltrials.gov. Various studies were found on 
the effect of CAR-T cells on the removal of colorectal tumor 
cells. There are 11 different antigens on CRC that have been 
targeted by CAR-T-cell studies registered at clinicaltrials.
gov, including HER2 [108], MUC1, guanylate cyclase-C 
[56], NKG2D ligands (7), CD133 [108], EPCAM [108], 
CEA (7), B7-H3, mesothelin [56], C-met [108], and EGFR 
[56].

For example, B7-H3 is a co-stimulatory molecule for 
T cells that make T cells proliferate and differentiate into 
cytotoxic T cells. Healthy tissues only express a very limited 
level of B7-H3. Nonetheless, B7-H3 is overexpressed in 
CRC, causing NK cells to be unable to recognize and kill 
tumor cells [109].

Some CRC cells have MUC1 overexpression, an 
immunogenic molecule related to TCR and BCR epitopes, 
which mediates the disease’s metastasis, chemical resistance, 
and worse prognosis [110].

Most studies do not specify what method was used to 
introduce chimeric antigen receptors to T cells. Only two 
studies have used lentiviral methods for this purpose. CAR 
Formats are not explained in most studies; only in a few 
cases that are listed in Table 5.

NK‑Cell Therapy

NK cells are a type of immune cell that play a critical role 
in the body’s defense against infectious agents and cancer 
cells. The mechanism of action involves their ability to rec-
ognize and eliminate abnormal cells without prior sensiti-
zation or the need for the immune system to be activated 
[111]. NK cells have a range of receptors on their surface 
that can detect the presence of stress-related molecules or 
proteins on the surfaces of abnormal cells, such as infected 
cells or tumor cells [112]. These receptors include killer cell 
immunoglobulin-like receptors (KIRs), natural cytotoxicity 
receptors (NCRs), and NKG2D receptors. When NK cells 
recognize abnormal cells, they release cytotoxic granules 
containing Perforin and Granzymes. Perforin creates pores 
in the target cell’s membrane, allowing the entry of Gran-
zymes. Granzymes then trigger a cascade of events within 
the target cell, leading to cell death through apoptosis or pro-
grammed cell death [113]. Additionally, these cells can also 
induce cell death by directly engaging death receptors on the 
target cell surface, such as Fas receptor and tumor necrosis 
factor (TNF)-related apoptosis-inducing ligand (TRAIL) 
receptor. NK cells can also produce cytokines, such as inter-
feron-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-
α), which help in stimulating other immune cells, enhancing 
the immune response, and aiding in the clearance of infected 
or abnormal cells [114]. NK-cell therapy involves usage of 

these specialized immune cells as a treatment for various 
types of cancer. The therapy focuses on enhancing the activ-
ity and efficacy of NK cells to target and destroy cancer cells 
more effectively. NK-cell therapy can be used for various 
types of cancer, including CRC, as NK cells can recognize 
and target a broad range of cancer cells [115]. These cells 
can selectively attack cancer cells while sparing healthy 
cells, reducing the likelihood of side effects compared to 
traditional treatments like chemotherapy or radiation. Unlike 
other forms of cell-based immunotherapy, such as T-cell 
therapy, NK cells do not carry the risk of causing GVHD, 
a potentially severe immune reaction [115]. Despite all of 
these advantages, NK cells have a relatively short lifespan 
compared to other immune cells, which may limit the long-
term efficacy of the therapy. Obtaining a sufficient num-
ber of high-quality NK cells for therapy can be challenging 
and may require advanced laboratory techniques, making it 
less accessible than other treatments [116]. Fortunately, in 
the context of CRC, NK-cell therapy has shown promising 
results in preclinical and early-phase clinical trials. Stud-
ies have demonstrated that NK-cell therapy can enhance the 
anti-tumor immune response and improve patient outcomes. 
However, further research is needed to optimize NK-cell 
therapy approaches and explore combination treatments to 
maximize efficacy against CRC [117]. Several clinical trials 
have explored the intratumoral infusion of NK cells in CRC 
patients. Intratumoral administration allows direct delivery 
of NK cells to the tumor microenvironment, enhancing their 
cytotoxicity and potential anti-tumoral effect. A phase I/II 
clinical trial by Hsu et al. (2015) demonstrated the feasibil-
ity and safety of intratumoral NK-cell infusion in mCRC 
patients and reported objective tumor responses. Adoptive 
NK-cell transfer involves expanding and activating autolo-
gous or allogeneic NK cells ex vivo and subsequently infus-
ing them back into the patient to enhance anti-tumor activity 
[118]. The results of a phase II trial evaluating the efficacy 
of adoptive transfer of activated NK cells in patients with 
advanced CRC. The trial reported significant improvements 
in progression-free survival and overall survival in the NK-
cell therapy cohort compared to the control group [119]. 
Several ongoing clinical trials are exploring the potential 
of combining NK cell-based therapies with other treatment 
modalities. For example, a phase I/II trial by Hu, Hung, 
and Huang (2020) is investigating the safety and efficacy of 
combining NK-cell therapy with immune checkpoint inhibi-
tors in advanced CRC patients. Preliminary results showed 
enhanced anti-tumor responses and improved overall sur-
vival of patients receiving the combination therapy. The 
genetic engineering of NK cells has emerged as a promising 
strategy to enhance their anti-tumor activity. Clinical trials 
exploring the use of NK cells in CRC have shown promis-
ing results, both as monotherapy and in combination with 
other treatment approaches. Intratumoral NK-cell infusion, 
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adoptive NK-cell transfer, and combination therapies have 
demonstrated improved clinical outcomes in CRC patients. 
Further studies incorporating NK-cell engineering and opti-
mized treatment protocols are necessary to fully harness the 
potential of NK cell-based therapies for CRC treatment.

CAR‑NK‑Cell Therapy

Chimeric antigen receptor (CAR) NK cells are a type of 
immunotherapy that involves engineering NK cells to 
express a CAR. A CAR is a synthetic receptor that can 
be designed to recognize specific tumor antigens. When 
CAR NK cells encounter tumor cells that express their 
target antigen, they can kill them directly or activate other 
immune cells to attack the tumor [120]. CAR NK cells have 
several advantages over other types of immunotherapy, 
such as CAR-T cells. First, NK cells are less likely to cause 
cytokine release syndrome (CRS), a severe side effect that 
can occur with CAR-T-cell therapy. Second, NK cells can 
be obtained from allogeneic donors, which means that 
they can be used to treat patients who are not eligible for 
autologous CAR-T-cell therapy (i.e., therapy that uses the 
patient’s own NK cells). Third, NK cells can be expanded 
and engineered more efficiently than T cells [121]. Several 
clinical trials are currently underway to evaluate the safety 
and efficacy of CAR NK cells for the treatment of colorectal 
cancer (CRC). For example, the results of a phase I trial 
of CAR NK cells targeting the EpCAM. The trial showed 
that CAR NK-cell therapy was safe and feasible, with no 
patients experiencing CRS or other serious side effects. In 
addition, 8 of the 11 patients who received CAR NK-cell 
therapy had a clinical response to treatment, including 2 
patients who achieved complete remission [122]. Another 
clinical trial is evaluating the safety and efficacy of CAR NK 
cells targeting the NKG2D ligand MICA/B in patients with 
advanced CRC. The trial is still ongoing, but preliminary 
results have shown that CAR NK-cell therapy is safe and 
well tolerated. In addition, some patients have experienced 
tumor shrinkage and/or prolonged survival. Overall, the 
results of early clinical trials suggest that CAR NK-cell 
therapy is a promising new treatment approach for CRC. 
However, more research is needed to confirm the long-term 
safety and efficacy of this therapy.

Hurdles of Cell Therapy Strategies

Cell therapy strategies, specifically CAR-T-cell therapy, have 
been successful in treating blood cancers but face challenges 
when it comes to treating solid tumors. These challenges 
include finding an ideal target antigen, reaching the tumor, 
and survive in the tumor. Additionally, the toxicity of CAR-T 
cells to the human body and the potential for antigen escape 
are other concerns [123]. Solid tumors pose difficulties in 

targeting antigens because they are expressed at different 
levels on normal tissues, increasing the risk of on-target off-
tumor toxicity. Furthermore, the dense extracellular matrix 
[124] and lack of certain chemokines [125] in solid tumors 
hinder the migration and invasion of CAR-T cells. However, 
there are potential strategies to address these hurdles, such 
as targeting tumor-specific post-translational modifications 
and using anti-angiogenic therapy to normalize tumor 
vasculature [126]. The tumor microenvironment also plays a 
role in limiting the effectiveness of CAR-T-cell therapy, and 
efforts are being made to modify the metabolic profiles of 
CAR-T cells to enhance their function. For example, several 
chemotherapeutic drugs, including sunitinib, modulate tumor 
microenvironment components (such as Treg and MDSCs). 
Researchers reported that sunitinib combined with carbonic 
anhydrase IX (CAIX) targeting CAR-T cells increased 
infiltration and proliferation of CAIX-specific CAR-T cells 
by decreasing the presence of MDSCs and increasing the 
expression of the target antigen [5]. Toxicities associated 
with CAR-T-cell therapy include anaphylaxis, tumor lysis 
syndrome, infectious diseases, cytokine release syndrome 
(CRS), and neurologic toxicities [127–129]. Although most 
of these symptoms have not been reported in solid tumors, 
they should be considered when designing CAR-T cells for 
solid tumors, such as CRC. Various approaches, such as 
using complete human sequences in CAR construction to 
prevent allergic reactions and engineering CAR-T cells to 
secrete IL-1 receptor antagonists to control CRS, are being 
explored to address these toxicities [23, 130]. Another 
challenge is tumor resistance to antigen-targeting CAR-T 
cells, with loss of antigen expression in malignant cells 
being reported in most patients [131, 132].

Conclusion and Future Perspectives

In conclusion, the treatment landscape for CRC has wit-
nessed significant evolution with the advent of targeted ther-
apies. Chemotherapy backbones like FOLFOX/CAPOX and 
FOLFIRI remain central for CRC treatment, while newer 
combinations with oxaliplatin may pose neurotoxicity con-
cerns. Targeted therapies such as Cetuximab and Panitu-
mumab benefit RAS/RAF wild-type, microsatellite stable 
CRC, while immunotherapies like Pembrolizumab and 
Nivolumab offer promise for high microsatellite instability/
mismatch repair-deficient cases. Combination therapies with 
immune checkpoint inhibitors are being explored to tackle 
resistance. Specific molecular subtypes, like BRAF mutant 
CRC, HER2-amplified CRC, and NTRK fusions, have seen 
breakthroughs with targeted therapies, expanding treatment 
options. Recent advancements in immunotherapy, encom-
passing monoclonal antibodies, checkpoint inhibitors, and 
oncolytic viruses, provide hope for novel CRC treatments 
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Table 6   Comparison of different immunotherapies

All of these methods have a variety of advantages and disadvantages
The compound annual growth rate (CAGR) is a useful index for comparison

Treatment Type CAGR​ Advantages Disadvantages Commercial products Number of clinical 
trials

NK-Cell Therapy 45–50% from 2021 to 
2028

Enhanced anticancer 
response

Limited persistence Yescarta 
(axicabtagene 
ciloleucel) by Kite 
Pharma/Gilead 
Sciences

Over 200 registered 
trials

Oncolytic Virus 30–35% from 2021 to 
2028

Direct tumor cell 
killing

Potential off-target 
effects

Imlygic (talimogene 
laherparepvec) by 
Amgen

Over 600 registered 
trials

Cytokines 5–10% from 2021 to 
2028

Stimulate immune 
response

Systemic toxicity Proleukin 
(aldesleukin) 
by Prometheus 
Laboratories

Over 100 registered 
trials

Immune Checkpoint 
Inhibitor Therapy

20–25% from 2021 to 
2028

Enhanced immune 
response

Autoimmune side 
effects

Keytruda 
(Pembrolizumab) 
by Merck, Opdivo 
(Nivolumab) by 
Bristol Myers 
Squibb, and others

Over 2,500 registered 
trials

Cell-Based Therapy 30–40% from 2021 to 
2028

Target-specific cancer 
cells

Difficult 
manufacturing

Provenge 
(sipuleucel-T) 
by Dendreon 
Pharmaceuticals, 
Kymriah 
(tisagenlecleucel) 
by Novartis, 
and Yescarta 
(axicabtagene 
ciloleucel) by Kite 
Pharma/Gilead 
Sciences

Over 1000 registered 
trials

Monoclonal 
Antibodies

10–15% from 2021 to 
2028

High specificity Risk of 
immunogenicity

Herceptin 
(Trastuzumab) by 
Genentech/Roche, 
Rituxan (Rituximab) 
by Roche, and 
numerous others

Over 1000 registered 
trials

Cancer Cell Vaccines 5–10% from 2021 to 
2028

Induce immune 
response

Variable effectiveness Provenge 
(sipuleucel-T) 
by Dendreon 
Pharmaceuticals

Over 100 registered 
trials

CAR-T-Cell Therapy 40–45% from 2021 to 
2028

Highly effective in 
some cases

Costly and complex Commercial 
products: Kymriah 
(tisagenlecleucel) by 
Novartis, Yescarta 
(axicabtagene 
ciloleucel) by Kite 
Pharma/Gilead 
Sciences, Tecartus 
(brexucabtagene 
autoleucel) by Kite 
Pharma/Gilead 
Sciences

Over 100 registered 
trials
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(Table 6). Although these approaches are in early stages, 
they hold potential for improving outcomes. Continued 
research and clinical trials are essential for refining these 
therapies, overcoming resistance, and advancing CRC treat-
ment in future.
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