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Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide, and the
second most common cause of cancer-related death. In 2020, the estimated
number of deaths due to CRC was approximately 930000, accounting for 10% of
all cancer deaths worldwide. Accordingly, there is a vast amount of ongoing
research aiming to find new and improved treatment modalities for CRC that can
potentially increase survival and decrease overall morbidity and mortality.
Current management strategies for CRC include surgical procedures for
resectable cases, and radiotherapy, chemotherapy, and immunotherapy, in
addition to their combination, for non-resectable tumors. Despite these options,
CRC remains incurable in 50% of cases. Nonetheless, significant improvements in
research techniques have allowed for treatment approaches for CRC to be
frequently updated, leading to the availability of new drugs and therapeutic
strategies. This review summarizes the most recent therapeutic approaches for
CRC, with special emphasis on new strategies that are currently being studied

and have great potential to improve the prognosis and lifespan of patients with
CRC.
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Core Tip: As one of the most prevalent cancers worldwide, research efforts have focused on finding new treatment modalities
for colorectal cancer (CRC), with higher efficiency and better overall survival rates. Current management options include
surgery, chemotherapy, immunotherapy, radiation therapy, and targeted therapy. Despite all efforts, CRC is still highly
incurable, necessitating additional research in this field. This review summarizes recent advances in therapeutic approaches
targeting CRC.
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INTRODUCTION

Colorectal cancer (CRC) is defined as any cancer that occurs in the last two parts of the large intestine: namely, the colon
and rectum. CRC is the second leading cause of cancer-related death and the third most common malignancy worldwide
[1]. It accounts for approximately 10% of all cancer cases, with most cases affecting older individuals aged 50 years and
above[2]. According to previous studies, CRC cases will rise by 71.5% in males and by 60.0% in females by 2035[3]. This
makes CRC a major public health issue as a result of the great economic burden it has on countries worldwide.

CRC is typically screened using fecal occult blood testing or by endoscopic screening (either sigmoidoscopy or
colonoscopy). It is diagnosed using a combination of colonoscopy, biopsy, and imaging tests[4]. Other diagnostic
procedures include the use of biomarkers such as carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9,
although their use is restricted to monitoring of disease progression rather than disease development[5].

Regarding treatment, surgical resection is considered the primary modality for resectable CRC, and standard therapies
including chemotherapy, radiotherapy, and immunotherapy are utilized for non-resectable cases. Nevertheless, these
therapies are not without disadvantages. Some drawbacks to these therapies include non-specificity and cytotoxicity to
normal cells, leading to secondary complications.

Although considerable progress has been made regarding screening, diagnosis, and therapy for CRC, the prognosis
remains poor and major challenges still exist. Biomarkers have recently been investigated for their usefulness in individu-
alization of therapy, and were found to positively impact patient survival. However, no parameters are currently
available that reveal continuing pathological processes without posing a risk to the patient. Moreover, there is still a need
for parameters that are generally accessible, simple, and easy to perform. There is also a need for more sensitive and
specific biomarkers that are useful in CRC diagnosis and are less expensive and invasive than current methods[6].

Current treatment strategies for early stage CRC involve endoscopic mucosal resection and endoscopic submucosal
dissection. Considering the high incidence of lymph node metastasis, lymph node dissection is also an essential
component of treatment for advanced-stage cancer. Recently, laparoscopic and robotic surgery have been used instead of
conventional open surgery where possible. However, pertinent treatment models for rectal and transverse colon cancer
need to be evaluated and validated. Moreover, complete cure of CRC requires multidisciplinary treatment[5]. In this
review, we aimed to provide the status quo of CRC treatments and explore the latest developments and novel
therapeutics to manage the disease. These treatments are summarized in Figure 1.

RECENT ADVANCES IN SURGERY FOR CRC

Although there has been rapid development in other treatment modalities, surgery is still the only method by which cure
is achievable in advanced-stage CRC[7]. Thus, improving and optimizing surgical treatment modalities is imperative.

For localized resectable colon cancer, the American Society of Colon and Rectal surgeons practice guidelines for CRC
treatment recommend colectomy as primary therapy[8]. Additional considerations include the extent of resection, which
should correspond to the lymphovascular drainage of the site of colon cancer. Moreover, the lymphadenectomy should
be complete and en bloc with the involved segment of bowel. Biopsy is indicated for clinically positive lymph nodes
located outside the standard resection field, and in which there is suspicion of metastatic disease[8]. Involved adjacent
organs should also be resected en bloc. Colectomy with en bloc removal of regional lymph nodes is also recommended by
the National Comprehensive Cancer Network guidelines for the treatment of resectable, nonobstructing colon cancer.
Moreover, neoadjuvant chemotherapy may be considered for clinical T4b disease.

Alternatively, in patients with rectal cancer, the ASCRS 2013 revised management guidelines recommend primary
surgical treatment for patients with low-risk early stage cancer. Conversely, neoadjuvant radiation or chemoradiation
may be indicated prior to surgery in the treatment of locally advanced or high-risk disease[9]. Herein, we discuss the
recent advances pertaining to the various surgical techniques currently in use for CRC treatment.

Laparoscopic surgery
Laparoscopic surgery for colon cancer: Laparoscopic surgery was first suggested as a possible alternative to open
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CRC treatment
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Figure 1 Management of colorectal cancer. Different procedures and regimens of treatments are available to manage patients with colorectal cancer (CRC),
including surgery, radiation therapy, chemotherapy, targeted treatment, and immunotherapy. CTLA-4: Cytotoxic T-lymphocyte associated protein 4; EGFR: Epidermal
growth factor receptor; HER2: Human epidermal growth factor receptor-2; PD-1: Programmed death 1; PD-L1: Programmed death-ligand 1; TAMIS: Transanal
minimally invasive surgery; VEGF: Vascular endothelial growth factor.

surgery for colonic and rectal lesions in the 1990s[10]. Previous studies reported several short-term benefits of laparo-
scopic surgery over open surgery, but no long-term benefits were established[11]. Following some concerns regarding the
safety of laparoscopic surgery for CRC, it quickly became one of the main modalities for treatment, and is now routinely
performed worldwide. Laparoscopy has been shown to be superior to open surgery in that it carries significantly lower
costs and decreased risk of surgical site infection than open surgery[12]. However, a subset of patients may require
cautious selection of the surgical method, as some patients have shown decreased survival with laparoscopic surgery.
These patients include those with a high body mass index, a tumor size of > 6 cm, and clinical N2 and T4 disease[13].

While laparoscopic surgery is safe and effective for CRC, its use for transverse colon cancer has been questioned due to
anatomical challenges. The complex anatomy of the transverse colon and its surrounding structures, along with
variations in vascular anatomy and the lack of standardized lymph node dissection guidelines, make transverse colon
cancer surgery more demanding. However, studies have demonstrated the feasibility and benefits of laparoscopic
surgery for transverse colon cancer. Meta-analyses have shown that laparoscopic transverse colectomy offers similar
survival rates, quicker recovery, and shorter hospital stays than open surgery[14]. Additionally, a randomized controlled
trial found that laparoscopic transverse colectomy had comparable short- and long-term outcomes to open surgery[15].
For mid-transverse colon cancer, both laparoscopic extended right hemicolectomy and transverse colectomy provide
similar oncological outcomes[16].

Laparoscopic surgery in advanced rectal cancer: Although laparoscopic surgery has been shown to be safe and effective
for rectal cancer, there is still some debate about whether it is as good as open surgery in terms of short-term oncologic
outcomes. Several randomized and observational studies found that laparoscopic surgery yielded similar long-term
oncologic outcomes to open resection, as well as comparable oncologic margins and lymph node harvest[17]. Two
exceptions to this were the ACOSOG Z6051 and AlaCaRT randomized trials, which were not able to prove that the short-
term oncologic outcomes of laparoscopic and open surgery were equivalent, even when the procedure was performed by
surgeons with laparoscopic expertise[17]. Thus, caution should be exercised when making a decision regarding the
surgical options for rectal cancer.

Robotic surgery

Robotic-assisted colon cancer surgery was first introduced in 2002. It offers several advantages over traditional laparo-
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scopic surgery, including improved dexterity, precision, stereoscopic vision, and more precise lymph node dissection and
intracorporeal anastomoses. Studies suggest that robotic-assisted colectomy may lead to better long-term survival for
patients with stage I-III colon cancer compared to laparoscopic approaches[18]. However, robotic surgery has some
disadvantages. It requires longer operating times, higher costs, and a steeper learning curve. Its role in colon cancer
surgery is still being investigated.

In contrast, transanal minimally invasive surgery (TAMIS) and transanal total mesorectal excision (TaTME) have
shown promise in improving outcomes for mid-rectal and distal rectal cancer. TAMIS is a new technique for rectal cancer
surgery that is performed through the anus. This approach can be used to remove early stage rectal cancers without the
need for an abdominal incision. However, it is mainly utilized in the setting of benign disease, specifically villous and
tubulovillous adenomas in the lower and mid-rectum. TAMIS played a significant role as a stepping stone for TaTME,
which is a critical surgical procedure for rectal cancer that involves removing the entire lymph node-containing tissue
around the rectum. Since its establishment in 2010, numerous publications have revealed equivocal or superior results
with TaTME when compared to standard or open laparoscopic surgery[19]. Nevertheless, TaTME has its disadvantages.
These include a non-standardized operative technique, risk of contamination of the surrounding space and the peritoneal
cavity with bacteria or malignant cells, risk of urethral injury, anastomotic leaks, bowel injuries, urinary dysfunction, and
bleeding[20]. TAMIS can be used to perform TME, which can improve outcomes for patients with rectal cancer. TAMIS-
TME offers a significant advantage over traditional transanal rectal cancer surgery methods by providing superior
visibility of the lower mesorectum during the procedure[21]. This enhanced visualization enables a more precise and
thorough resection of the tumor, leading to improved specimen quality and a reduced risk of adverse complications. Both
TAMIS and TAMIS-TME are minimally invasive CRC surgery procedures that do not require an abdominal incision.
These procedures offer several advantages over traditional open surgery, including shorter hospital stays, less pain, and a
quicker recovery[21]. A meta-analysis suggests that robotic-assisted surgery for rectal cancer may have better therapeutic
effects and similar oncological outcomes compared to laparoscopic surgery. Additionally, a prospective study indicates
that robotic surgery may offer advantages in protecting pelvic autonomic nerves and reducing postoperative urinary and
sexual dysfunction[22].

Navigation surgery

Navigation technology has greatly enhanced the safety and accuracy of colorectal surgery. Injecting fluorescence and
indocyanine green (ICG) into the artery allows for real-time visualization of blood flow in the colon and rectum, which
can be used to plan reconstructions and assess the perfusion of a colorectal anastomosis[23]. Artificial intelligence (Al)-
based real-time microcirculation analysis has been shown to be more accurate than conventional parameter-based
methods in assessing perfusion.

ICG is also used for lymph node mapping. Sentinel lymph node mapping is a technique used to identify the first to
fourth lymph nodes in the lymphatic pathway, which are the most likely to harbor micrometastases[24]. However, the
fluorescent signal only indicates lymph node presence; therefore, tumor-specific targeting by CEA-targeted fluorescent
imaging using SGM-101 is expected to be a tool to detect the presence of lymph node metastasis[25].

A complete understanding of the anatomy of blood vessels is vital for lymph node dissection and vascular resection for
the treatment of colon cancer[26]. Three-dimensional computed tomographic angiography with computed tomographic
colonography may contribute to laparoscopic colorectal surgery by providing surgeons with reliable preoperative
vascular anatomy. Preoperative information on vessel anatomy can help manipulate the blood vessels, prevent intraop-
erative vascular injury, and determine the appropriate extent of lymph node dissection[26].

RECENT ADVANCES IN RADIATION THERAPY FOR CRC

A crucial component in the treatment of CRC is radiation therapy (RT). The use of high energy X-rays or gamma rays to
halt the growth of tumors has been shown to be effective in local control and improving quality of life. However, the side
effects, local recurrence, and metastasis associated with RT remain a concern. This prompts the search for technological
advancement aiming at reducing such adverse events and improving patient quality of life[27,28].

According to the American Society for Radiation Oncology Clinical Practice Guidelines, neoadjuvant RT is reco-
mmended with stage II-III rectal cancer with either conventional fractionation with concurrent 5-FU or capecitabine or
short-course RT[29]. This combination of neoadjuvant RT and chemotherapy, known as total neoadjuvant therapy (TNT),
has recently been adopted as the standard of care for locally advanced mid and low rectal cancers. This has prompted the
development of the organ preserving protocol of “watch and wait”(W&W) of patients who undergo complete clinical
response from TNT, rather than being referred for surgery[30]. This was supported by multiple trials including RAPIDO,
CAO/ARO/AIO-12, OPRA, and PRODIGE-23 trials[31-35].

In a study carried out on patients with locally advanced stage 4 CRC patients undergoing curative surgery, local
recurrence was shown in 14% of patients who did not receive RT, while no recurrence was observed in those who
received neoadjuvant radiotherapy[36]. Preoperative RT was shown to be more beneficial and less toxic than post-op RT

37].

Patients with metastatic CRC (mCRC) are usually treated with chemotherapy alone, aimed at symptom management
and improving quality of life[38,39]. Multimodal therapy, including surgery, ablation, and RT, was associated with an
increment in survival; those who received RT had a statistically significant increase in median overall survival compared
to those who did not, and were more likely to have their disease controlled and less likely to experience disease
progression[40].

Bisnidenge  /VJCO | https://www.wjgnet.com 1139 September 24,2024 | Volume15 | Issue9 |



Fadlallah H et al. Recent advances in CRC management

Image-guided RT

Image-guided RT (IGRT) is an advanced medical technique that involves the use of high-resolution imaging, such as
computed tomography (CT) scans, X-rays, cone beam CT (CBCT), or magnetic resonance imaging (MRI), to precisely
locate and target tumors within the body; with CBRT being the preferred imaging modality in rectal cancer. Unlike
conventional radiotherapy, which relies on external landmarks for targeting, IGRT allows for real-time monitoring and
adjustments, ensuring that the RT is delivered with pinpoint accuracy[41]. This not only maximizes the destruction of
cancerous cells, but also minimizes the exposure of nearby healthy tissues to radiation. IGRT is often used in tumors that
are prone to movement, much like the rectum and mesorectum, and require accurate target volume delineation[42]. IGRT
is useful in patients receiving intensity-modulated RT (IMRT)[43], and specifically, stereotactic body RT (SBRT)[44], to
ensure the radiation beams accurately target the tumor.

IMRT

IMRT is an advanced radiation treatment method in oncology. It utilizes cutting-edge technology to precisely deliver
radiation to tumors, optimizing the balance between tumor eradication and the protection of healthy tissues. IMRT
achieves this precision by dynamically adjusting the intensity and shape of radiation beams, tailoring the treatment to
match the tumor’s unique contours by using various imaging techniques such as CT, MRI, and positron emission
tomography scans[45]. In contrast to conventional RT, which uses uniform doses, IMRT creates a highly precise, three-
dimensional dose distribution. This personalized approach enhances the therapeutic impact on cancer cells while
minimizing radiation exposure to adjacent healthy tissues and, therefore, has the potential to reduce RT associated side
effects on bladder, large bowel, and small bowel[29].

SBRT

SBRT is an innovative and highly precise radiation treatment modality used in the field of radiation oncology, distin-
guished by its remarkable accuracy in delivering high doses of radiation to tumor sites while minimizing exposure to
nearby healthy tissues[46]. This precision is achieved through sophisticated technology and image-guidance systems that
allow clinicians to precisely locate the tumor in three-dimensional space[47]. SBRT has revolutionized the approach to RT,
ushering in a new era of non-invasive, high-impact cancer treatment. SBRT is not routinely recommended for the
treatment of rectal cancer, but may be considered for those with early stage rectal cancer, who do not qualify for surgery,
or who have recurrent rectal cancer[29].

New RT techniques for targeted tumor destruction

Adaptive RT: Adaptive RT (ART) is a type of RT that uses imaging data to adjust the radiation treatment plan through-
out the course of treatment depending on changes in the patient’s anatomy or the tumor characteristics. This can be
achieved by the utilization of CBCT in online adaptive ART[48], or the MRI-guided RT (MRIdian) system. This allows the
radiation beam to accurately target the tumor and to avoid changes in the tumor or surrounding tissues.

Al specifically deep learning models, has been implicated in radiation oncology, especially ART. Various aspects of
adaptive radiotherapy, like contouring, registration, planning, quality assurance, and decision-making, can benefit from
Al algorithms. Al-based auto-segmentation algorithms are proving to be more accurate than earlier methods. The use of
Al has the potential to turn once thought hard to achieve ideas into real possibilities, like targeting tissue in real-time,
quickly adjusting patient plans, and calculating doses in real-time. This technology opens up the opportunity to explore
new adaptive radiotherapy strategies that were never considered before[49]. The advantages of ART were shown in the
case of a 76-year-old man with locally advanced sigmoid colon cancer as it addressed the challenges posed by tumor
movement and organ motion. The MRIdian system enabled daily monitoring of tumor location and real-time adjustments
to the treatment plan. This ensured that the tumor received the prescribed dose while minimizing exposure to the
surrounding organs. As a result, there was a significant reduction in tumor volume without causing any side effects,
along with a reduction of tumor volume by 62%. The successful implementation of ART in this case demonstrates its
potential to improve treatment outcomes for patients with CRC[50].

Nanoparticle-mediated RT: This technique uses nanoparticles to deliver radiation directly to the tumor. The nano-
particles are coated with antibodies that target the tumor cells, allowing the radiation to be delivered specifically to the
tumor and to reduce the dose to surrounding healthy tissues. Nanoparticle-mediated RT is also in the early stages of
development for CRC, but has the potential to significantly improve the efficacy of RT[51]. Toll-like receptor (TLR)
agonists have been pointed at as potential candidates to stimulate the innate immune system, thus triggering an
antitumor T-cell response. However, the contradictory effects of TLR stimulation pose challenges, necessitating the
development of nanoparticle delivery systems. These nanoparticles, when appropriately designed, can target specific cells
like dendritic cells or macrophages, intensifying the therapeutic outcome. The application of nanoparticles in delivering
TLR agonists is aligned with the goal of specifically targeting the innate immune system to treat CRC[52]. Nanoparticles
also provide advantages such as increased solubility, bioavailability, targeting, stability, and low toxicity, thus increasing
the therapeutic potential of phototherapy. A study emphasizes the role of nanoparticles as carriers in CRC, detailing the
targeting of PSs at various levels, from organs to molecules. Moreover, the combination therapy of photodynamic therapy
and photothermal therapy is discussed as a more effective approach, especially for deep-seated tumors. Although many
nanomaterials are in the research and development stage, their potential benefits in the treatment of CRC are expected to
be significant in the near future[53].

Proton beam therapy: Proton beam therapy (PBT) uses positively charged particles to deliver radiation to the tumor.
Protons have the advantage of being able to deposit their energy more precisely in the tumor than traditional X-ray
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radiation. This can help to reduce the dose to surrounding healthy tissues. PBT is already in clinical use for CRC, but it is
not yet widely available[54]. PBT is gaining attention in cancer treatment due to its superior dosimetric parameters. Its
potential benefits include patient survival by enhancing local tumor treatment rates while minimizing radiation-induced
effects on normal organs[55]. The challenges posed by the proximity of gastrointestinal cancers to radiosensitive organs
highlight the need for more targeted and tolerable therapies. PBT’s unique physical and dosimetric characteristics offer a
promising path to treat both primary and recurrent CRC. The application of advanced delivery techniques such as
volumetric modulated arc therapy and IMRT further refine the precision of dose delivery, stabilizing local control rates
while reducing complications. The potential to spare organs at risk, such as the bone marrow, small and large bowel, and
skin, presents an opportunity to improve the side-effect profile. Moreover, PBT holds the promise of enhancing patient
compliance, minimizing treatment breaks, and enabling dose escalation or hypofractionation, which means mitigating
long-term morbidity[52]. A study focused on PBT’s application for local recurrence of rectal cancer. Results from a
retrospective study of 12 patients show encouraging 3-year local control rates (80.2%), progression-free survival (PFS)
(12.1%), and overall survival (71.3%) without severe events. This highlights PBT’s potential as a safe and effective
treatment for challenging cases of recurrent rectal cancer[56].

Heavy ion therapy: Heavy ion therapy (HIT) uses heavy ions, such as carbon ions, to deliver radiation to the tumor.
Heavy ions have the advantage of being more effective at killing cancer cells than traditional X-ray radiation or protons.
This is because heavy ions deposit their energy more densely in the tumor. HIT is still in the early stages of development
for CRC, but has the potential to significantly improve the efficacy of RT[57]. Unlike traditional photon methods, carbon-
ion radiotherapy (CIRT) offers unique advantages such as being able to deliver substantial doses to tumors with minimal
damage to the surrounding tissues. CIRT, specifically effective in radio-resistant cancers like CRCs, induces DNA damage
more effectively than protons or photons. Based on this study, there are promising results in treating local recurrent rectal
cancer, lung metastasis, liver metastasis, and lymph node metastasis[58].

The concept of the abscopal effect is characterized by a phenomenon involving the remission of distant, unirradiated
tumors following local irradiation. The abscopal effect has been traditionally associated with conventional photon
irradiation, particle irradiation, particularly heavy ion irradiation like carbon ions, and offers unique dose distributive
benefits. Two case reports illustrate the abscopal effect response following carbon-ion irradiation for metastatic recurrent
CRC. These cases show a disease remission of 46 months in one patient and remission/stable disease of 92 months in
another, providing evidence of the potential efficacy of HIT in eliciting systemic responses. Digging deeper into the
details of the case reports, the first patient with recurrent CRC experienced a reduction in the size of the non-irradiated
tumor 1 month post-irradiation, preceding the administration of chemotherapy. The second patient, following carbon-ion
irradiation for isolated para-aortic lymph node recurrences, showed a noticeable reduction in the treated lymph node and
untreated right subclavian node, with stable mediastinal nodes. Both patients demonstrated abscopal effects downstream
of the treated site, highlighting the potential of HIT to induce systemic responses[59].

HIT, especially CIRT, highlights precision and unique benefits, presenting a promising avenue to treat challenging
cancers like CRCs and inducing systemic responses.

RECENT ADVANCES IN CHEMOTHERAPY FOR CRC

Current chemotherapy treatment

Current chemotherapy regimens in CRC consist mainly of fluoropyrimidine (5-FU, or capecitabine) combined with
oxaliplatin and/or irinotecan and capecitabine. Adding leucovorin to this combination is also recommended, depending
on the patient and the treatment regimen chosen[60-62]. The drug regimen used depends on several factors such as the
disease stage (adjuvant chemotherapy is not recommended in stage 0 and 1), availability of drugs, and the patient’s
tolerability of chemotherapy[60]. Bevacizumab, a monoclonal antibody (mAb), is currently used as first-line treatment
along with chemotherapy[62-64]. The American Society of Clinical Oncologists” guidelines recommend against routine
use of adjuvant therapy in patients with stage II colon cancer with low recurrence risk. However, adjuvant therapy
should be offered to patients with stage IIB and stage IIC colon cancer. It may also be offered to patients with stage IIA
colon cancer with high-risk features[65]. The significance of adjuvant therapy in the treatment of stage II colon cancer is
debatable, but is still considered in patients with high-risk disease[65].

New advances in chemotherapy drugs

Repurposing of drugs: This compilation features repurposed drugs that have successfully undergone clinical trials,
substantiating their safety and efficacy in treating CRC. The inclusion of these drugs underscores their proven
performance within the structured and controlled environment of clinical studies and thus have passed the in vitro/in
vivo phases. It is important to note, however, that the selection presented here represents only a fraction of the potential
candidates within the realm of repurposed drugs.

Sildenafil: Sildenafil had several uses such as treating hypertension and erectile dysfunction, and continues to prove its
efficacy in other fields such as cancer. In fact, this PDE5 inhibitor is a potent chemotherapeutic drug that exhibits varying
effects depending on the specific drug it is combined with. For instance, with exisulind, it can induce apoptosis[66]: PDE5
inhibitors inhibit the degradation of cyclic guanosine 3', 5'-monophosphate and elevate its levels, restrain the progression
of intestinal cancer, and promote the functionality of the epithelial barrier[67].
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On the other hand, sildenafil with curcumin increases the efficacy of the first-line treatment 5-FU by modifying the
expression of multiple proteins, such as BCL-XL, and thus changes the levels of reactive oxygen species (ROS), which
induces apoptosis; thus sildenafil can be used as an antitumor agent[68,69].

Celecoxib: Other drugs such as celecoxib were also repurposed to be used for CRC. In fact, celecoxib is a non-steroidal
anti-inflammatory drug (NSAID) used for pain and inflammation, but is now also considered to reduce the occurrence of
colorectal adenomas after polypectomy[70]. Moreover, when combined with cetuximab in CRC, it improves its antitumor
effect. The combination of celecoxib enhances the effectiveness of cetuximab in treating CRC by disrupting the epidermal
growth factor receptor (EGFR)-RAS-FOXM1--catenin signaling pathway[71-73].

Mesalamine: Mesalamine, also used as an NSAID, was repurposed as a drug to treat CRC. In fact, without being
combined, it encourages the anchorage-independent CRC cell death[74-76]. Also known as 5-Aminosalicylic acid, a new
study showed the ability of this drug to inhibit COX enzymes through pathways independent of COX. Moreover, it plays
an inhibitory influence on colon cancer stem cells responsible for cancer recurrence[77].

Chloroquine: Chloroquine is an antimalarial drug repurposed to be used for the treatment of CRC[78]. In fact, some
studies show that the resistance to the 5-FU treatment may be resolved using chloroquine, by the inhibition of autophagy,
which enhances sensitivity to other drugs and provides a better tumor control[79-82].

Combination drugs: In fact, 5-FU was the first-line chemotherapy effective treatment used for metastatic colon cancer.
Other drugs, such as Cetuximab and Leucovorin, are also known for their efficacy toward CRC. New regimens include
the combination of several drugs for a better outcome, such as the combination of Leucovorin with 5-FU and irinotecan,
fluorouracil, and leucovorin (FOLFIRI) or oxaliplatin (FOLFOX). 5-FU and Leucovorin as a combination improve
progression-free results by 20% and advanced survival rates by 6%. This combination is now used as a first and second-
line treatment option for CRC stage II and III patients[83-85].

However, while comparing 5-FU and Leucovorin combinations with 5-FU and oxaliplatin, it was demonstrated that
the second regimen causes 41.7% of neutropenia, 11.9% of diarrhea, and 18.2% of toxicity, compared to 5.3%, 5.3%, and
0%, respectively, in the first combination[86]. Another combination of drugs, called GLAD (gefitinib, licofelone,
atorvastatin), and a-difluoromethylornithine has been proven to be effective toward stopping the metastasis of CRC. In
fact, it works by activating the autophagy signaling pathways and changing the expression of inflammatory cytokines.
Moreover, it was tested to be used as a preventive approach with very low doses by suppressing tumorigenesis with
minimal undesirable side effects[87].

New promising pre-clinical drugs

Ruthenium-cyclopentadienyl complexes: New emerging drugs are being tested for a potential therapeutic effect, such as
Ruthenium-cyclopentadienyl complex. This metallodrug has a high selectivity to cancer cells, and has been shown to
promote cell cycle arrest and diminish the ability of cells to clone. Some leads (PMC79, LCR220, and LCR134) have also
demonstrated apoptotic characteristics and inhibition of cellular motility through ROS production and mitochondrial
dysfunction. Moreover, characteristics such as inducing actin cytoskeleton changes are considered important factors in
the treatment of CRC. The goal in new therapies is to target only cancerous cells. Ru compounds (those containing a
transition metal element named ruthenium), in contrast to cisplatin used in current regimens, target the mitochondria and
not the DNA, and eliminate cancerous cells with no effect on normal cells[88-90].

RECENT ADVANCES IN TARGETED THERAPY FOR CRC

Targeted therapy is a type of cancer treatment that targets specific biological molecules to stop tumor cell growth and
proliferation[91,92]. Thus, by understanding the principal pathways involved in the development and spread of CRC, it is
possible to design drugs that would, in theory, selectively kill these tumor cells. Targeted therapy relies on the usage of
small molecule drugs that can easily enter cells and monoclonal antibodies[92]. When it comes to CRC, several targeted
therapy drugs have been developed and received Food and Drug Administration (FDA) approval since 2004.

Targeting the EGFR pathway

The EGFR is a transmembrane receptor tyrosine kinase member of the ErbB family[93]. Upon binding of its ligand, the
EGFR homodimerizes or heterodimerizes with other members of the ErbB receptor tyrosine kinases, leading to the
activation of downstream pathways, including the RAS-RAF-MAPK and the PI3K-Akt pathways[94,95]. Mutations
affecting the EGFR and its downstream signaling cascade have been shown to play a pivotal role in many different

cancers, including CRC. In fact, these mutations lead to abnormal cell proliferation, resistance to apoptosis, and invasion
[94,95].

Cetuximab: Cetuximab was the first mAb to be FDA approved in 2004 for the treatment of mCRC following the BOND
trial[96]. It is a chimeric immunoglobulin G (IgG) mAD that targets the extracellular domain of EGFR, competitively
inhibiting the binding of EGF. Cetuximab thus prevents downstream phosphorylation and activation of kinases, leading
to decreased cell proliferation and migration, as well as induction of apoptosis[97]. At the time of the BOND study,
patients with mCRC in whom treatment with the combination of irinotecan, oxaliplatin, and fluoropyrimidine failed, had
no other treatment options. The use of cetuximab/irinotecan dual therapy in these patients showed promising results,
with a 22.9% overall response rate[96]. Later, the CRYSTAL III trial showed that the combination of cetuximab with
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FOLFIRI decreased the risk of progression of the disease by 15% in patients with mCRC compared to FOLFIRI therapy
alone [hazard ratio (HR) = 0.85; P = 0.048][98]. Subgroup analysis showed that KRAS mutant patients did not significantly
benefit from cetuximab/FOLFIRI therapy compared to FOLFIRI alone [median overall survival (OS): 16.2 months vs 16.7
months], whereas KRAS wild-type patients showed a significant improvement in overall survival with cetuximab/
FOLFIRI therapy (median OS: 23.5 months vs 20 months)[98,99]. Interestingly, the use of cetuximab in addition to the
combination of folinic acid, FOLFOX, compared to FOLFOX therapy alone did not show any added benefit in term of
overall survival or PFS, independent of the KRAS mutation status[100]. Current evidence recommends the use of
cetuximab only in patients with no detected KRAS mutations[101]. Furthermore, the American Society of Clinical
Oncology (ASCO) recommends the use of cetuximab along with encorafenib for patients with BRAF-V600E mutant
mCRC that have progressed despite a previous line of therapy[102]. Common adverse side effects that follow the use of
cetuximab include an acneiform rash in more than 75% of patients, in addition to electrolyte imbalance, nausea, malaise,
and weakness[103].

Panitumumab: Panitumumab is a humanized mAb that was developed to reduce the hypersensitivity reaction caused by
the chimeric mAb cetuximab, while maintaining therapeutic effects for mCRC patients[104]. Panitumumab exerts its
therapeutic action by inhibiting the binding of EGFR to its ligands, thus leading to inhibition of proliferation and
induction of apoptosis, as well as inhibition of angiogenesis. Additionally, it was shown to trigger antibody-mediated
cellular cytotoxicity by myeloid lineage immune cells, which might also explain its in vivo effects[104]. The PRIME trial
demonstrated that use of panitumumab in conjunction with FOLFOX resulted in higher median PFS compared to
FOLFOX alone in wild-type KRAS patients with mCRC (PFS: 9.6 months vs 8 months; P = 0.02). In contrast, no significant
effect was reported for mutant KRAS patients[105]. A randomized phase III study later compared the use of
panitumumab along with best supportive care (BSC) vs BSC alone, showing improved overall survival (HR = 0.72; P =
0.015) and PFS (HR = 0.45; P < 0.0001) with the first arm. This study further validated RAS as a predictor of response to
anti-EGFR therapy[106]. Furthermore, a recent meta-analysis highlighted a differential response to treatment regarding
tumor side, strongly recommending the use of anti-EGFR mADb for left sided tumors, and bevacizumab [anti-vascular
endothelial growth factor (VEGF)] for right-sided tumors[107]. Finally, both cetuximab and panitumumab displayed no
significant difference in terms of overall survival, PFS, and response rate in the treatment of wild-type KRAS mCRC
patients. This finding further extends to adverse effects, with both anti-EGFR agents causing similar acneiform rashes and
diarrhea. However, panitumumab was shown to have a reduced incidence of paronychia, while cetuximab had a
decreased risk of hypomagnesemia[108].

Fruquintinib: Fruquintinib is an oral tyrosine kinase inhibitor that targets all three subtypes of VEGF receptor (VEGFR)
[109]. It was FDA approved in November 2023 for the treatment of mCRC following the results of the FRESCO-2 phase III
trial. This study included patients with medically documented mCRC that have been treated with current standard
therapy. Patients treated with fruquintinib had a higher median overall survival rate compared to matched placebo plus
BSC patients (mOS: 7.4 months vs 4.8 months; HR = 0.66; P < 0.0001). Common side effects encountered with fruquintinib
included hypotension and asthenia[110].

Targeting the VEGF/VEGFR pathway

The VEGEF refers to a family of five proteins (VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor) that bind
with different affinities to three different VEGF receptors (VEGFR1, VEGFR2, and VEGFR3), mediating angiogenesis and
lymphangionesis[111]. The interaction of VEGF with VEGFR leads to downstream activation of RAS-RAF-MAPK, PI3K-
Akt, and PLC-PKC pathways. Angiogenesis is an essential component of tumor growth and metastasis; thus, targeting
this pathway seems very promising in targeting mCRC. Interestingly, it was recently shown that VEGF mainly acts in an
intracrine manner in mCRC, with little involvement of paracrine and autocrine signaling, shifting the paradigm to
targeting intracellular VEGF with siRNA[112,113].

Bevacizumab: Bevacizumab is a humanized mAB that binds to all VEGF-A isoforms, resulting in regression of newly
formed vessels and inhibition of angiogenesis. It also has a direct cytotoxic effect on tumor cells[114]. Bevacizumab was
approved by the FDA approved in 2004 for the treatment of metastatic cancer. This came after a phase III trial
demonstrated that the combination of bevacizumab with irinotecan, fluorouracil, and leucovorin (IFL) compared to IFL
alone yielded a higher overall survival (median OS: 20.3 months vs 15.6 months; P < 0.001) and longer PFS (PFS: 10.6
months vs 6.2 months; P < 0.001) in mCRC patients[115]. A recent systematic review compared the efficacy and side
effects of chemotherapy associated with anti-EGFR (cetuximab or panitumumab) vs bevacizumab in the treatment of
wild-type KRAS mCRC. Anti-EGFR therapy was characterized by a prolonged overall survival (HR = 0.83; P = 0.003), and
higher overall response rate [risk ratio (RR) = 1.11; P = 0.0003], but higher incidence of adverse events (RR =1.12; P <
0.0001) compared to bevacizumab when both were used in conjunction to first-line chemotherapy[116]. Another sys-
tematic review confirmed the higher incidence of adverse side effects with bevacizumab compared to cetuximab (HR =
0.90; P < 0.0001)[117]. More randomized clinical trials are required to achieve a definite answer regarding the best
treatment option.

Aflibercept: Aflibercept is a fusion recombinant protein that consists of the extracellular domains of VEGFR1 and
VEGFR?2 combined to the Fc portion of human IgG1, acting as a decoy receptor[118]. It was FDA approved in 2012 as a
second-line therapy for mCRC, after the VELOUR trial showed an improved overall survival of FOLFIRI with aflibercept
compared to FOLFIRI alone (HR = 0.857; P = 0.0032)[118]. However, it should be noted that aflibercept is associated with
high incidence side effects such as hypertension, venous thromboembolic events, diarrhea, and neutropenia[119].
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Ramucirumab: Ramucirumab is a fully human mAb that targets the VEGFR-2 protein with high affinity, effectively
blocking the binding of VEGF ligands and preventing receptor activation[120]. It is used as second-line therapy for the
treatment of mCRC. Indeed, the phase III RAISE trial demonstrated that patients treated with FOLFIRI combined with
ramucirumab, as compared to FOLFIRI alone, had a longer overall survival (HR = 0.844; P = 0.0219)[120]. Common
adverse effects associated with ramucirumab include neutropenia, hypertension, diarrhea, and fatigue[120].

Regorafenib: Regorafenib is a small molecule multitargeted tyrosine kinase inhibitor that blocks signaling through
VEGFR1, VEGFR2, VEGFR3, RET, c-KIT, PDGFR, FGFR1, and TIE2[121]. It is an agent administered orally in the
treatment of mCRC after second-line therapy[122]. This small molecule inhibits angiogenesis, and limits tumor
oncogenesis and metastasis[122]. The phase III clinical trial CORRECT showed that the combination of BSC with
regorafenib resulted in a longer median overall survival (HR = 0.77; P = 0.0052) as compared to BSC alone in patients with
mCRC. A recent systematic review that performed indirect pairwise comparisons of regorafenib with other therapeutic
agents concluded that regorafenib is superior to aflibercept, panitumumab, and ramucirumab in term of PFS, with results
comparable to cetuximab and bevacizumab[121].

Targeting BRAF
BRAF is a serine/threonine kinase that plays an integral role in the activation of the RAF/MEK/ERK signaling cascade
for cell proliferation. It is estimated that 8%-12% of CRCs harbor the BRAF-V600E mutation[123].

Encorafenib and Binimetinib: Encorafenib is a BRAF inhibitor characterized by a prolonged activity compared to
previous generations of BRAF inhibitors; on the other hand, binimetinib is a MEK inhibitor[124]. The phase III trial
BEACON compared the effect of the triple therapy (encorafenib/binimetinib/cetuximab), double therapy (encorafenib/
cetuximab), and controls (chemotherapy/cetuximab) in patients with mCRC with the BRAF-V600E mutation with disease
progression after one or two prior line treatments. The study showed a superior median overall survival for both triplet
and doublet therapy as compared to controls [mOS: 9.3 months vs 5.9 months; HR = 0.60, 95% confidence interval (CI):
0.47-0.75][124]. Thus, the combination of cetuximab and encorafenib (FDA approved in 2020) is recommended by ASCO
to be given to patients with BRAF-V600E mCRC that has progressed despite at least one line of prior treatment[102].

Targeting human EGFR-2

Human EGFR-2 (HER2) belongs to the family of ErbB tyrosine kinase receptors. When HER2 is overexpressed, it tends to
heterodimerize with other ErbB family members. Consequently, tyrosine residues within the cytoplasmic domain of the
heterodimer undergo autophosphorylation. This initiates a cascade of signaling pathways that drive cellular proliferation
and play a role in the development of tumors[125]. It is estimated that approximately 5% of patients with mCRC harbor a
HER2 mutation[126].

Trastuzumab and tucatinib: Trastuzumab is a recombinant humanized mAb that targets the extracellular domain of
HER2[127]. Similarly, Tucatinib is an oral small molecule tyrosine kinase inhibitor that is selective for HER2[128]. The
combination of tucatinib plus trastuzumab recently received an accelerated FDA approval (January 2023) for the
treatment of HER2 + mCRC that has failed to respond to irinotecan, oxaliplatin, and fluoropyrimidine[126]. Indeed, the
phase Il MOUNTAINEER trial indicated that HER2 + mCRC treated with tucatinib and trastuzumab had an objective
response rate of 38.2% (95%Cl: 27.7-49.3) and a median duration of response of 12.4 months (95%CI: 8.3-25.5)[128].

RECENT ADVANCES IN IMMUNOTHERAPY FOR CRC

Cancer immunotherapy is an approach that boosts the host immune system to attack cancer cells without any toxic effects
on normal cells[129]. Immunotherapy alone or in combination with conventional treatments has achieved considerable
success as a standard treatment in several cancers[130]. Lately, several immune treatment methods have been designed
and therapeutically used to overcome immune evasion by tumor cells, such as immune checkpoint (IC) inhibition,
adoptive cell transfer (ACT), cytokine therapy, and dendritic cell vaccines[131].

IC inhibitors

ICs are ligand-receptor complexes that lead to a co-stimulatory or inhibitory signal during the immune response[132].
Dysregulation of the IC is an important mechanism by which the tumor escapes the immune response. For instance, some
of the inhibitory checkpoints are overexpressed within the tumor microenvironment (TME), causing downregulation of
the immune response[133]. Therefore, inhibitory IC molecules can be blocked to trigger immunity against the tumor
[134]. Programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte associated protein 4
(CTLA-4) are the more extensively studied IC molecules in patients with several types of cancer, including CRC, proving
the reactivation of T cells by ICIs to be therapeutically effective[135].

PD-1/PD-L1

PD-1 is an inhibitory IC receptor belonging to the immunoglobulin superfamily expressed on different immune cells such
as activated T cells, NK cells, and dendritic cells[136]. PD-1 binds to PD-L1 present in TME and stimulates Treg cell
signaling, which together lead to the suppression of the immune response[137]. Therefore, blocking of the PD-1/PD-L1
pathway is used to boost the activity of the immune system against tumor cells[138]. Until recently, only three PD-1
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inhibitors were approved for the treatment of CRC [Pembrolizumab (Keytruda), nivolumab (Opdivo), and dostarlimab
(Jemperli)][139].

Pembrolizumab: Pembrolizumab is a mAb against PD-1 on the surface of T cells. It was approved by the FDA on May 23,
2017, for those who have been treated prior, and on June 29, 2020, for patients with unresectable or metastatic high
microsatellite instability (MSI-H)/deficient mismatch-repair ({IMMR) CRC not treated systemically before[140].
Compared to chemotherapy, pembrolizumab showed durable antitumor activity, with no significant difference in overall
survival; however, higher levels of safety were shown (diarrhea, fatigue/asthenia, and nausea were the most prevalent
adverse effects). Therefore, pembrolizumab can be considered as a first-line treatment for MSI-H/dMMR mCRC[141].

Nivolumab: Nivolumab is a humanized monoclonal anti-PD-1 immunoglobulin G4 that promotes T-cell proliferation and
cytokine production by blocking the binding of PD-L1 to PD-1[142]. It was approved for the treatment of dMMR/MSI-H
mCRC in July 2017; however, it had disappointing results when used broadly[143]. No difference in response to
nivolumab was observed between tumors expressing more or less than 1% PD-L1[144]. This drug is generally considered
safe, as the most common adverse events are rash and pruritus. However, clinically important adverse events occur in
low frequency (< 10%), including ventricular arrhythmia, neuropathy, iridocyclitis, and infusion-related reactions[144].

The combination of nivolumab with other treatments, such as chemotherapy, seems promising in terms of long-term
survival and outcomes. For instance, those who received two or fewer chemotherapy treatments showed better responses
to nivolumab compared to those who received three[145].

Dostarlimab: Dostarlimab is an antibody against PD-1, used for the treatment of adults with recurrent or advanced
dMMR solid tumors[146]. FDA approval was granted in January 2023 for dMMR-MSI-H for locally advanced rectal
cancer, for which the current standard of care is neoadjuvant chemoradiotherapy followed by surgery and adjuvant
chemotherapy[147].

A prospective phase 2 study including patients with stage II or IIl dMMR rectal adenocarcinomas was performed, and
single-agent anti-PD-1 mAB dostarlimab was administered every 3 weeks for 6 months. All 12 patients that successfully
completed treatment with dostarlimab had a complete clinical response, and, until 6 months of follow-up, no form of
tumor progression or recurrence was noticed. Moreover, the drug was safe, as no adverse events were reported.
Therefore, positive results are predicted, yet longer follow-up is required for validation[148].

CTLA-4

CTLA-4 is an IC molecule expressed on the surface of activated T cells that plays a role in downregulating immune
responses. Having a similar structure to CD28, CTLA-4 binds to CD80 and CD86, yet with higher affinity. In contrast to
activated T cells, CTLA-4 is constantly expressed on Tregs, where it plays a suppressive role in immunity[149]. Therefore,
the high expression of CTLA-4 in CRC was studied, and found to affect the prognosis negatively[150], leading to an
improvement in antitumor immunity after its blockade in animal models.

Ipilimumab: Ipilimumab is a mAb against CTLA-4 that was approved by the FDA in July 2018, to be used in previously
treated dAMMR/MSI-H CRC patients. Based on its mechanism of action, adverse effects result from excess activation of T
cells, affecting any organ system. These adverse effects are usually manageable, yet they can also be life-threatening[151].

In patients with relapsing or refractory disease, the use of low-dose ipilimumab with nivolumab has been supported.
This combination showed a high response rate, low rate of disease progression, and long-term survival benefit[152].

Table 1 summarizes and describes the immunotherapies that have gained FDA approval for treatment of CRC. Despite
the impressive success of ICIs in the treatment of dAMMR/MSI-H mCRC, the use thereof in patients with non-d MMR/
MSI-H mCRC, who constitute approximately 95% of patients with mCRC, has failed to show any clinical benefit or
improvement of survival. Lately, dostarlimab was found to be effective in the treatment of local tumors, becoming the
first approved immunotherapy for non-mCRC[153].

Promising new immunotherapies for CRC

ACT: ACT, representing intrinsic molecular pathway-based immunotherapy, is a passive approach that uses ex vivo
stimulated autologous lymphocytes to promote tumor eradication. This type of therapy can be divided into two groups
based on their mechanism of action, being: (1) ACT with tumor-infiltrating lymphocytes; and (2) ACT using T-cell
receptor gene therapy, such as chimeric antigen receptor (CAR) modified T cells[154]. As of 2023, there are six FDA-
approved CAR-T cell therapies, yet none of them treat CRC (four treat B cell leukemia and lymphoma, and two treat
myeloma)[155].

Recently, the use of cytokine-induced killer (CIK) cells with DCs in patients with CRC showed a better overall survival
and PFS. Moreover, the use of CIK cell therapy postoperatively, combined with chemotherapy, prevented the recurrence
of the disease, and prolonged the survival in patients with advanced CRC[156].

Moreover, several studies targeted CEA, since it is a common antigen in CRC. Clinical studies found a 70% disease
control rate with no major adverse events when using CEA-targeting CAR-T cells. However, a more recent study found
that the selection of the appropriate single-chain variable fragment had a significant effect on efficacy of CAR-T cell
therapy in tumors expressing CEA[157].

Despite the advancements in studying ACT in CRC, several points need to be resolved before considering ACT as a
first-line treatment of CRC. For instance, the limited infiltration of transferred T cells to the solid tumor’s microenvir-
onment and the possibility of systemic cytokine release are main limitations. Moreover, the assessment of the safety of
ACT by clinical trials showed that most patients had no severe adverse events, yet it is still being optimized[158].
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Table 1 Immune checkpoint inhibitors approved by the Food and Drug Administration for the treatment of colorectal cancer

Trade name Generic name Strategy Date of FDA approval Type of cancer Local/metastatic
Jemperli Dostarlimab PD-1 inhibitor January 2023 dMMR/MSI-H Local

Yervoy Ipilimumab CTLA-4 inhibitor July 2018 dMMR/MSI-H Metastatic

Opdivo Nivolumab PD-1 inhibitor July 2017 dMMR/MSI-H Metastatic
Keytruda Pembrolizumab PD-1 inhibitor June 2020 (first-line treatment) ~ dMMR/MSI-H Metastatic

May 2017 (second-line
treatment)

CTLA-4: Cytotoxic T-lymphocyte associated protein 4, dMMR: Deficient mismatch repair; FDA: Food and Drug Administration; MSI-H: High
microsatellite instability; PD-1: Programmed death 1.

Vaccines for CRC
Cancer vaccines represent a new therapeutic form of active immunotherapy that fights against tumors by stimulating the
host’s immune cells to recognize and react against specific antigens of the tumor cells. Cancer vaccines can be divided
into preventive and therapeutic vaccines, where the latter is the most studied, and includes those targeting CRC[159].
Tumor-associated antigens targeted in studies on CRC vaccines include CEA, mucin 1, Her2, Survivin-2B, and SART3,
among others[159]. Despite many trials, no vaccine for CRC has been able to overcome the numerous challenges, such as
immune-resistance, delivery systems, and antigen forms[160]. Recent research on therapeutic vaccines has found that
cancer patients with minimal lesion residue or at advanced stages has shown promising results[161]. For this, the
combination of vaccines with ICIs or ACT is being explored in clinical trials[162].

New ICls

Several IC proteins have been studied recently. For example, HLA-E is an immune-suppressive feature that binds CD94/
NKG2A on NK and T cells[163]. Moreover, NKG2A blockade recruits CD8 + T cells and activates NK cells[164]. Also,
adenosine A2A and A2B receptors, CD47-SIRPa, TIM-3, LAG-3, TIGIT, PARPs, mARTs, B7-H3, and VISTA are
considered for clinical trials due to their antitumor immunosuppressive role[164,165]. miRNA, mRNA, and CRISPR-Cas9
are also being considered in recent immunotherapeutic studies[165,166]. Table 2 offers a summary of all treatment
modalities, highlighting their main uses, advantages, and disadvantages.

CHALLENGES AND FUTURE DIRECTIONS

Overcoming resistance to targeted and immune therapies

Both targeted therapy and immunotherapy have some unique challenges in treating cancer, where resistance remains the
major challenge in enhancing their therapeutic effects. Resistance to targeted therapy can be acquired via several
mechanisms: (1) Alteration of the driver oncogene; (2) activation of a critical signaling pathway in a parallel or down-
stream direction; and (3) driving pro-survival signaling via a different pathway[167]. For instance, resistance to anti-EGFR
therapy in CRC can be caused by gene mutations downstream the EGFR signaling pathways (i.e. RAS/RAF/MEK and
PI3K/AKT/mTOR), or by activation of compensatory pathways of EGFR (i.e. ERBB2 and MET)[168]. The development of
new mAbs to target different EGFR epitopes is a promising process to overcome anti-EGFR resistance. As for the
resistance to anti-VEGF, the activation of alternative signaling pathways and production of angiogenesis-related proteins
may result in resistance to antiangiogenic therapy[169], for which CD5 L is being targeted in an aim to overcome this type
of resistance in CRC[170].

Regarding immunotherapies in CRC, the main causes of resistance are: (1) The low tumor mutational burden of
PMMR/MSS tumors; (2) the immunosuppressive shift caused by the TME; (3) the downregulation of MHC molecules on
the tumor cells; and (4) the abnormal vasculature with its resultant low density of TIL in the tumor body[171]. For this,
chemo-immunotherapies, fecal microbiota transplantation, immune-adjuvants, oncolytic viruses, and dendritic cell prolif-
eration assays are being tested in an attempt to overcome resistance to immunotherapies in CRC.

Developing more effective and less toxic new targeted and immune therapies

New developments were made in CRC, mainly regarding targeted and immuno-therapy, aiming to overcome resistance
and yield a higher effectiveness with lower side effects. One of the main advancements in targeted therapy was through
targeting RAS mutant CRC by: (1) Using RAS direct inhibitors; (2) targeting the downstream pathways, such as the
MAPK pathway; (3) using immunotherapy combinations; and (4) targeting RAS through metabolic pathways[172,173].
Another approach was through targeting BRAF mutant CRC: (1) Using monotherapy strategies; (2) blocking BRAF and
EGFR; and (3) blocking BRAF and MEK[172,173]. Regarding immunotherapy, most promising approaches under
development are the therapeutic cancer vaccines, new ICls and their combinations, bi-specific T-cell engagers, and ACT.
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Table 2 Different treatment options for colorectal cancer

Treatment Modalities Uses Advantages Disadvantages
Surgery Laparoscopic Can be used in  Laparoscopic surgery is safe and Decreased survival with laparoscopic surgery in
surgery all stages of effective for CRC certain subgroups
colon and rectal
cancer Laparoscopic surgery carries
significantly lower costs than open
surgery and a decreased risk of surgical
site infection
Robotic surgery Robotic surgery offers improved Robotic surgery requires longer operating times,
dexterity, precision, stereoscopic vision,  higher costs, and a steeper learning curve
and more precise lymph node dissection
and intracorporeal anastomoses
Robotic-assisted colectomy may lead to
better long-term survival for patients
with stage I-III colon cancer
Navigation surgery Navigation surgery allows for real-time  Transanal total mesorectal excision involves a non-
visualization of blood flow in the colon  standardized operative technique, risk of contam-
and rectum ination of the surrounding space and the peritoneal
cavity with bacteria or malignant cells, risk of
Navigation surgery is useful for lymph  urethral injury, anastomotic leaks, bowel injuries,
node mapping urinary dysfunction, and bleeding
Radiation Image-guided Mainly used in  Neoadjuvant-Shrink tumors to facilitate ~ Causes skin irritation (redness, blistering, peeling)
therapy radiation therapy stages III and easier surgical removal (mainly for rectal
IV colon and cancer)
rectal cancers
Intensity-modulated Adjuvant-Cancer cell eradication to Gastrointestinal complications (nausea, diarrhea,
radiation therapy reduce recurrence risk painful bowel movements, blood in stool)
Stereotactic body Non-surgical candidates-Control cancer ~ Bowel incontinence
radiation therapy and alleviate symptoms in patients not
fit for surgery
Adaptive radiation Can be used to prevent or relieve Bladder irritation (frequency, burning, pain,
therapy symptoms such as pain from advanced ~ hematuria)
colorectal cancer. It may also treat
metastatic areas like the lungs or bones,
shrinking tumors temporarily, but not
likely curing the cancer
Nanoparticle- Fatigue
mediated radiation
therapy
Proton beam Sexual adverse events (erection issues, vaginal
therapy irritation)
Heavy ion therapy Tissue damage (scarring, fibrosis, adhesions)
Chemotherapy  Alkylating agents Used instage ~ Wide range of use Common toxicity to cancer and normal cells
II, Il and IV in
Antimetabolites colorectal May stop or slow cancer growth Several side effects
cancer
Antimicrotubular Variety of available agents Decreased immunity by harming to immune cells
agents
Antibiotics Can be used as a combination therapy Individual variations
Miscellaneous Needs frequent monitoring and hospital visits
Targeted Targeting EGFR Used instage  Can be used when chemotherapy fails Expensive drugs
therapy pathway IV colon and
rectal cancers
Targeting Synergy with chemotherapy: Improved  Genetic testing often needed: Drugs do not work on
VEGF/VEGFR survival compared to chemotherapy all patients
pathway alone
Targeting BRAF Targeted mechanism of action: Fewer Limited long-term clinical experience
side effects compared to chemotherapy
Targeting HER2 Side effects include hypertension, skin rashes,
cardiotoxicity, and diarrhea
Immunotherapy Immune checkpoint Can be usedin Potential to treat many cancer types Dependent on immune status of patient

inhibitors stage II, IIT and
IV in colorectal
Adoptive cell cancer
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therapy

Vaccines May provide lifelong protection from Possible resistance
cancer

Possible adverse immunological events

CRC: Colorectal cancer; EGFR: Epidermal growth factor receptor; HER2: Human epidermal growth factor receptor-2; VEGF: Vascular endothelial growth
factor.

Barriers to translating new research findings into clinical practice and improving patient outcomes

To improve the survival benefits and efficacy of treatments in patients with CRC, several inventions have been suggested,
such as CRC 3D models, xenograft models, single-cell sequencing strategy, and applying new antibody-based therapies
strategies[174]. There are also several barriers to translating the findings of new research into clinical practice. These
include the limited ability to predict the efficacy and response in patients, in addition to the development of resistance
[175]. Furthermore, due to the delayed effects of therapies relying on immune cells, clinical study designs need to focus
on long-term follow-up, making some endpoints inadequate[176]. The high cost of some new therapies is also a barrier in
reaching efficient results[177]. Finally, the lack of sufficient biomarkers to follow-up the progress of treatment, and to
determine the most effective treatment option, is a major limitation facing new therapies[178].

Identifying biomarkers that can predict patient benefits from specific treatments

Until now, there was no optimal biomarker to predict the response to immunotherapy in CRC. A large number of trials,
in addition to the application of multi-methods and optimization of technology, could improve the accuracy of
biomarkers for CRC immunotherapy, leading to a better prognosis and overall survival rate.

Despite the continuous efforts to reach better treatment options, only MSI has been approved to screen for the effect-
iveness of immunotherapy in CRC patients[179]. However, some clinical studies showed that this has a low efficacy as a
predictive biomarker[180]. New predictive biomarkers have been developed in this regard, and can be divided into: (1)
Biomarkers related to genetic alterations (such as MSI, TMB, and POLE/POLD1)[173,179]; (2) biomolecular markers
related to TME, (such as TILs, PD-L1 expression, TLS, and CAF related genes)[181]; (3) the specific gut microbiome[182];
and (4) peripheral blood biomarkers (such as ctDNA, bTMB, circulating immune cells, and inflammatory cell related
indicators)[183].

Developing personalized treatment plans

Through personalized medicine, patients can be classified into different groups based on the susceptibility to CRC,
response to treatment types (such as targeted and immune therapies), progression, and possibility of side effects[184].
Despite the advancements in this field, minimal personalized therapeutic options resulted with the improved
understanding of genomic and proteomic alterations in CRC[185]. Therefore, more studies are necessary to enhance
treatment outcomes and reduce adverse reactions using individually adjusted drugs, based on each patient’s genetic and
epigenetic features.

CONCLUSION

Surgery, in combination with neoadjuvant chemotherapy, adjuvant chemotherapy, and radiation, is currently the
mainstay of treatment of CRC. With the recent advances in medical sciences, human genomics, transcriptional, and
epigenetic information have become more accessible. Consequently, individualized treatment of diseases such as CRC is
now feasible. In fact, due to the vast tissue heterogeneity between individuals, individualized therapy is considered
necessary.

However, clinical trials are still needed to provide supporting data for the continuous improvement in the treatment of
advanced CRC. These clinical trials will help provide evidence for best practice guidelines to be followed in the future.
Further research should focus on the determination of the optimal approach to treatment, while taking into consideration
the different therapy options as well as individual heterogeneity.
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