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Over the course of nearly six decades since the inception of initial trials involving 5-FU in the treatment of mCRC (metastatic colorectal cancer), our progressive comprehension of the pathophysiology, genetics, and surgical techniques related to mCRC has paved the way for the introduction of novel therapeutic modalities. These advancements not only have augmented the overall survival but have also positively impacted the quality of life (QoL) for affected individuals. Despite the remarkable progress made in the last two decades in the development of chemotherapy, immunotherapy, and target therapies, mCRC remains an incurable disease, with a 5-year survival rate of 14%. In this comprehensive review, our primary goal is to present an overview of mCRC treatment methods following the latest guidelines provided by the National Comprehensive Cancer Network (NCCN), the American Society of Clinical Oncology (ASCO), and the American Society of Colon and Rectal Surgeons (ASCRS). Emphasis has been placed on outlining treatment approaches encompassing chemotherapy, immunotherapy, targeted therapy, and surgery's role in managing mCRC. Furthermore, our review delves into prospective avenues for developing new therapies, offering a glimpse into the future of alternative pathways that hold potential for advancing the field.
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1 Introduction

CRC (colorectal cancer) is one of the most common cancers among all populations accounting for nearly one-third of all diagnosed cancers worldwide according to WHO and is characterized by high lethality with an approximately 14% 5-year survival rate (1). Median age of CRC diagnosis according to (2) 70–72 years while approximately 19%–22% (3, 4) of patients are found to have already progressed to metastatic colorectal cancer (mCRC) at the time of initial diagnosis.

Like every neoplastic disease, CRC is inherently a genetic disorder. This stems from the nature of the colon and rectum, where the epithelium undergoes frequent turnover and is subject to damage due to exposure to chemical and biological substances which can lead to sporadic mutations within genes categorized as tumour suppressor genes (TSGs) such as APC, DCC, TP53, SMAD2, SMAD4, and p16INK4a, proto-oncogenes such as BRAF, K-ras, N-ras, as well as genes involved in DNA repair mechanisms such as MMR and MUTYH (5) subsequently leading to malignancy. The second group of patients who develop CRC independently of environmental factors consists of individuals burdened with hereditary syndromes, which predispose individuals to either polyposis conditions, such as familial adenomatous polyposis (FAP), or syndromes without polyposis (HNPCC) but associated with microsatellite instability, such as Lynch syndrome.

The management of regional and localized CRC has been practised with varying success since the 19th and 20th centuries (6). However, the introduction of chemotherapy marked a pivotal advancement by offering a chance for life extension to patients diagnosed with mCRC. Initially, 5-fluorouracil-based treatments showed significant improvement in overall survival (OS), extending it to 14 months. Further enhancements, such as incorporating leucovorin and oxaliplatin, raised OS to 19.5 months (7). Despite nearly 60 years of optimizing chemotherapy since its introduction, its role remains mostly limited to palliative care, and it still carries side effects and questionable efficacy for certain patients (8). As such current standard care for mCRC is largely personalized and encompasses surgical resection, including complete removal of primary tumour and metastases in the liver, lung, and peritoneal, and personalized systemic therapy comprising chemotherapy, targeted therapy, and immunotherapy which yields a notable increase of OS of around 2 years. According to ASCO guidelines, personalization is based mostly on the status of microsatellite stability, mismatch repair, RAS mutations, and the location of the primary tumour (left-sided or right-sided tumour). Among all individuals with previously untreated, initially unresectable mCRC doublet chemotherapy or alternatively triplet regimen combined with anti-vascular endothelial growth factor (anti-VEGF) antibodies should be considered as a first-line treatment.

However, if the patient additionally exhibits microsatellite instability-high (MSI-h) and/or deficient mismatch repair (dMMR) immunotherapy involving anti-CTLA-4 or anti-PD1 agents should be considered. For patients who present microsatellite-stable (MSS) or proficient mismatch repair left-sided treatment-naive RAS wild-type mCRC, a combination of chemotherapy and anti-epidermal growth factor receptor (anti-EGFR) therapy is highly recommended, meanwhile, among microsatellite-stable (MSS) or proficient mismatch repair (pMMR) RAS wild-type right-sided mCRC treatment with chemotherapy and anti-vascular endothelial growth factor therapy should be considered.

Regardless of persistent challenges in managing mCRC, the past 20 years were marked with unprecedented progress in genetics, cellular physiology, and the immune system have catalyzed the development of a myriad of innovative therapeutic methods, promising an increasingly more favourable prognosis and QoL among patients with mCRC such as immunotherapy based on CTLA-4 and PD-1 pathway inhibition, or targeted therapy focused on specific receptors or ligands e.g., VEGF and EGFR.



2 The role of the immunotherapy in the mCRC management

The fundamental framework of the anti-tumour response by the immune system primarily relies on cellular immunity, in which the activation of cytotoxic T cells (CD8+) occurs through the cross-presentation of tumour-associated antigens (TAA) or neoantigens by dendritic cells (Figure 1) (9). Clinically, mCRC is characterized by a weak immune response, attributed to the observation that mCRC exhibits fewer somatic mutations, represented by proficient mismatch repair (pMMR) and/or microsatellite stability (MSS), compared to other cancers which result in diminished immunogenicity (10, 11). Additionally, other factors, such as the lack of tumour antigen presentation, insufficient T lymphocyte penetration, or T cell suppression by the tumour, may also influence the competency of the immune system in mCRC (12).
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FIGURE 1
PD-1 and CTLA-4 pathway-mediated inhibition of immune response and mechanisms of action of immunotherapy agents. Created with BioRender.com.


Contemporary immunotherapy primarily focuses on inhibiting immune checkpoints (ICP), notably cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) and programmed death 1 (PD-1), which act as down-regulators of cytotoxic T-cell immunity. Inhibiting these pathways activates the immune system, promoting a cytotoxic effect on tumour cells (13). Moreover, immunotherapy exhibits lower toxicity on normal cells (14) reducing the occurrence of side effects compared to standard chemotherapy. Common adverse effects include dermatological symptoms such as rash and pruritus, along with diarrhoea and colitis developing within 6–8 weeks of treatment onset. Approximately one-fifth of patients experience elevated hepatic enzyme levels, and some report fatigue, nausea, and headache. Toxicities are more frequent with anti–CTLA–4 inhibition, while anti-PD-–PD–1 checkpoint inhibitors show slightly higher rates of ADRs (15, 16).

The rationale for the widespread use of immunotherapy in mCRC across all patient groups, regardless of tumour mutational burden (TMB) status, remains unclear. Notably, tumours with pMMR, MSS, or low microsatellite instability (MSI-L) exhibit resistance to immune checkpoint inhibitors (ICI) due to low TMB and a deficiency in immune cell infiltration (12). Furthermore, the subset of patients with dMMR or MSI-H, who may potentially benefit from ICI therapy, constitutes a relatively limited proportion, approximately 15% of CRC patients (17, 18). Additionally, those patients who initially respond to immunotherapy often swiftly progress into a state of immune resistance (19).

Despite the limitations of immunotherapy, the prospect of combination therapies, integrating immunotherapy with chemotherapy, radiotherapy, or a second immunotherapy agent, has demonstrated promising results in trials such as CCTG CO.26 (20), MAYA (21) and atezoTRIBE (22).


2.1 PD-1 inhibitors

The Programmed Cell Death Protein 1 (PD-1), a crucial member of the checkpoint proteins and a member of the CD28 family (23), plays an important role in immune regulation. Its ligand, Programmed Death-Ligand 1 (PDL-1), is a type 1 transmembrane glycoprotein belonging to the B7 ligand family and is primarily expressed on the surface of tumour cells (24). The PD-1/PDL-1 pathway is activated in response to infections, serving to restrain the elimination of host cells and mitigate the risk of autoimmune diseases (25). In the context of malignancies, the PD-1/PDL-1 signal transduction pathway assumes one of the central roles in the mechanisms of tumour-mediated immunosuppression which facilitates immune evasion by suppressing the anti-tumour immune response (26, 27).

The FDA has approved several monoclonal antibodies targeting PD-1, including nivolumab, pembrolizumab, cemiplimab, dostarlimab, retifanlimab, and toripalimab. Additionally, three PDL-1 inhibitors, namely atezolizumab, durvalumab, and avelumab, have also received FDA approval. Immunotherapy has durably demonstrated efficacy in the treatment of various haematological and solid malignancies such as melanoma, non–small cell lung cancer, renal cell carcinoma, urothelial carcinoma, gastroesophageal carcinoma, and hepatocellular carcinoma have seen notable clinical benefits from PD-1/PDL-1 blockade (See Table 1) (28, 29). In case of mCRC, pembrolizumab and nivolumab are among the FDA-approved PD-1/PDL-1 inhibitors (30).


TABLE 1 Overview of landmark trials involving immunotherapy agents for mCRC management.
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2.2 CTLA-4 inhibitors

Cytotoxic T-lymphocyte antigen-4 (CTLA-4), predominantly expressed on the surface of activated T cells, serves as an immune checkpoint involved in the early-stage response of T cells. In contrast to the stimulatory signal mediated by CD28, CTLA-4 transduces an inhibitory signal to T cells, regulating the delicate balance of immune responses (31). The dynamic interplay between CTLA-4 and CD28 occurs through their interaction with B7 ligands expressed on the surface of antigen-presenting cells. Notably, CTLA-4 exhibits a 20-fold higher affinity for the B7 ligand compared to CD28, resulting in a potent inhibitory effect on T cells which contributes to the suppression of T cell activation and proliferation (32). The competition for B7 ligands between CD28 and CTLA-4 establishes a regulatory mechanism in which CTLA-4 dampens T-cell responses. The mediatory role of CTLA-4 extends to the inhibition of T-lymphocyte responses, leading to the curtailment of T lymphocyte proliferation. Furthermore, CTLA-4 promotes the heightened activity of regulatory T cells (Tregs), further contributing to immune tolerance (33).

FDA-approved therapies targeting CTLA-4 in combination with PD-1/PDL-1 inhibitors have shown promise in the treatment of mCRC. Combining anti-CTLA-4 therapy with PD-1/PDL-1 blockade represents a synergistic approach to enhance the anti-tumor immune response. While combination therapy has gained regulatory approval, the efficacy of monotherapy with CTLA-4 inhibitors is still under evaluation (34).



2.3 Immunotherapy agents


2.3.1 Pembrolizumab

Pembrolizumab is a humanized monoclonal anti-PD1, approved primarily for the management of melanoma in September 2014 by the FDA (35), currently being utilized for the treatment of a plethora of cancers including melanoma, small-cell lung cancer, Hodgkin lymphoma, urogynaecological and gastrointestinal cancers (28) as far as the role of pembrolizumab in the management of CRC and mCRC is concerned the KEYNOTE series, particularly KEYNOTE-016, KEYNOTE-164, KEYNOTE-012, KEYNOTE-028, and KEYNOTE-177, played a significant role in investigating the role of PD-1 inhibitor pembrolizumab for the mCRC and CRC treatment. The trials focused on patients with DNA mismatch repair and microsatellite stability status, revealing promising outcomes in terms of response to PD-1/PD-L1 inhibitor therapy among mCRC patients (12). The initial phase I trial, KEYNOTE-028, while not demonstrating substantial advantages in OR among CRC patients, provided an insight into the safety profile of pembrolizumab. Despite a meagre response rate (1 out of 23 patients), the treatment exhibited a favourable safety profile, with only 35% of the cohort reporting ADRs. Following the profiling of a sole responder in KEYNOTE-028, researchers began to suspect the potential role of MSI in treatment efficacy (36). Subsequent phase 2 trials, including KEYNOTE-016, KEYNOTE-164, KEYNOTE-012, and KEYNOTE-158, corroborated the suspected link between MSI-H, dMMR, and a positive response to pembrolizumab treatment among CRC patients.

Additionally, KEYNOTE-158 revealed a correlation between high tumour mutation burden (TMB) and improved overall response to ICB therapy (37). The compelling results from these trials led to the FDA approval of pembrolizumab for adult and pediatric patients with unresectable or metastatic MSI-H or dMMR solid tumours that have progressed after prior treatment, with no satisfactory alternative options. However, the subsequent phase 3 study, KEYNOTE-177, designed to assess OS in patients with dMMR or MSI-H mCRC, did not demonstrate the superiority of pembrolizumab as a first-line treatment over standard chemotherapy combined with an anti-VEGF agent. Despite the lack of OS superiority, the pembrolizumab regimen exhibited a more favourable PFS compared to chemotherapy (median PFS of 16.5 months vs. 8.2 months).



2.3.2 Nivolumab and ipilimumab

In 2016, the initial trial under the acronym CHECKMATE was initiated to investigate the potential role of nivolumab, a fully human IgG4 PD-1 immune checkpoint inhibitor antibody (38), in various malignancies, including squamous cell lung cancer, melanoma, and hepatic cancer. The studies within the CHECKMATE-142 series specifically assessed the efficacy of nivolumab in treating advanced MSI-H CRC, either as monotherapy or in combination with ipilimumab, a CTLA-4 inhibitor (39).

CHECKMATE- 142, a multicenter multicohort non-randomized study designed to evaluate the efficacy and safety of nivolumab either as monotherapy or in combination with ipilimumab, a CTLA-4 inhibitor, in advanced MSI-H CRC patients. The study reported an ORR of 31% and a DCR of 68% with nivolumab in a monotherapy regime, however, the dual therapy with ipilimumab resulted in superior outcomes, with ORR and DCR exceeding 60% and 84%, respectively. Also, in combination therapy, the PFS rate was estimated to be 77% and the OS was 83% in the 1 year. In comparison, patients undergoing nivolumab monotherapy exhibited a PFS of 50% and an OS of 73% at the same 1-year interval. Due to notable efficacy and safety demonstrated during the CHECKMATE-142 trial (40), the FDA eventually approved nivolumab as a single agent or in combination for treating MSI-H mCRC in 2017.

Importantly, the response was observed across all patient subgroups, irrespective of tumour PD-L1 expression and regardless of clinical history, including those with KRAS or BRAF mutations. In patients with BRAF V600E mutations, an ORR of 25% was observed, surpassing rates with traditional chemotherapy or combination therapy with BRAF EGFR or MEK inhibitors. These findings suggest that nivolumab may exhibit superior activity compared to conventional therapies in patients with BRAF-mutant mCRC, a subgroup typically associated with a poor prognosis and MSI-h mCRC.

The acknowledgment of the limitation of the non-RCT highlighted the need for an ongoing randomized phase III CheckMate-8HW trial (41), in recurrent or metastatic MSI-H/dMMR CRC. The efficacy of three therapeutic approaches is currently under evaluation: a combination of nivolumab and ipilimumab, nivolumab alone, and chemotherapy.

The utilization of ipilimumab and nivolumab was additionally employed for the treatment of mCRC with MMS status, concomitantly with chemotherapy. The phase II MAYA trial (21) investigated the impact of temozolomide on TMB, concerning the response to immune checkpoint inhibitors (ICI) therapy in patients with MSS mCRC. Eligible patients underwent two priming cycles of temozolomide followed, in the absence of disease progression, by the introduction of a combination of ipilimumab and nivolumab. Out of 135 patients, 33 reached the second treatment phase. The primary endpoint of the PFS rate at 8 months was achieved, recording a rate of 36%. Median PFS and OS were 7 and 18 months, respectively, and an ORR of 45% was observed, indicating delayed or gradual responses consistent with the efficacy of immunotherapy. Moreover, all ADRs of the combinations were easily manageable. The MAYA study substantiated the concept that a sequential regimen involving temozolomide priming, followed by a combination of ipilimumab and nivolumab, suggests that combining therapy may help overcome drug-resistant patients mCRC with MSS.



2.3.3 Durvalumab

Durvalumab received approval from the FDA in 2017 for the treatment of locally advanced or metastatic urothelial carcinoma. Currently, its therapeutic applications extend to non-small cell lung cancer (42). In combination with chemotherapy, durvalumab is employed in the management of extensive-stage small-cell lung cancer and biliary tract cancer (43).

Durvalumab's potential as a therapeutic option for mCRC patients is under evaluation, with a focus on clinical trial data and safety profiles. In the phase 2 trial led by (44), durvalumab monotherapy exhibited promising antitumor activity and maintained a manageable safety profile in patients with previously treated mCRC with MSI-H/dMMR variant or with POLE mutation. The PFS rate in those patients at 12 months was determined to be 58.2% (95% CI, 39%–73%), and the 12-month OS rate was 68.3% (95% CI, 49%–82%). These outcomes suggest that durvalumab monotherapy yields results comparable to the clinical efficacy observed with already approved PD-1 inhibitors such as pembrolizumab and nivolumab. The findings from this study contribute valuable insights into the potential of durvalumab as a therapeutic option in those mCRC patients.

Durvalumab has also been trialled in combination with tremelimumab and mFOLFOX6 chemotherapy regime among RAS mutated unresectable mCRC during phase 1b/2 MEDITREME trial (45). In conclusion, in the phase 2 study, the primary objective of achieving a 3-month PFS was met by 90.7% of patients with MSS mCRC. Secondary objectives revealed notable outcomes 6 (95.8%), 12 (81.1%), 24 (57.6%) months OS, mPFS (8.2%), RECIST (52%), and DCR (93.7%). Furthermore, in the course of the trial, three colorectal cancer (CRC) patients with mutations in the POLE gene exhibited a response to durvalumab. Notably, one patient with a mutation in the exonuclease region demonstrated an objective response, while those with mutations outside this region experienced disease progression which might suggest a potential role of the mutations in the exonuclease region of the POLE gene in the treatment response.

Another randomized phase II trial centred on evaluating the combination of durvalumab and tremelimumab—CCTG CO.26 (20) has provided convincing evidence that double ICI therapy yields superior outcomes as the OS in patients treated with durvalumab plus tremelimumab, with 166 out of 180 patients defined as MSS/pMMR, reached 6.6 months in comparison to the 4.1 months of OS observed in patients receiving best supportive care (BSC).



2.3.4 Avelumab

In March 2017, the FDA granted approval for avelumab in the therapeutic management of patients with metastatic Merkel-cell carcinoma (46). Subsequently, the scope of avelumab applications has been expanded to encompass the treatment of advanced or metastatic renal cell carcinoma and urothelial carcinoma (47, 48).

Various trials are currently being conducted to evaluate the effect of treatment on the development of mCRC. The phase I clinical trial, conducted by (49) focused on evaluating safety and response in 22 patients with mCRC. The results of this trial proved the safety profile of avelumab to be consistent with that of other monoclonal antibodies anti-PD-1/PD-L1, however indicated that the drug lacked efficacy in this group of patients, as mPFS was 2.1 months (95% CI: 1.4–5.5 months) and none of the patients produce objective responses to the avelumab. Its lack of effectiveness stemmed from the fact that the trial did not categorize mCRC with MSI and MSS.

The phase 2 randomized clinical trial, 2 SAMCO-PRODIGE 54 (50), included 122 patients, who were randomized to receive avelumab or standard second-line therapy (chemotherapy). Avelumab compared to chemotherapy was associated with significantly better PFS at 12 months and 18 months (31% vs. 19%; 27% vs. 9%, respectively). In addition, avelumab had a favourable safety profile in the second-line therapy of dMMR/MSI mCRC, as the avelumab group demonstrated a lower incidence of treatment-related adverse events compared to the chemotherapy group (32% vs. 34%). ORR (30% vs. 26%) and DCR (71% vs. 77%) were similar between those cohorts.



2.3.5 Atezolizumab

In a phase 2 clinical trial of AtezoTRIBE (51), 218 patients with previously untreated mCRC were examined to evaluate the effect of combining first-line FOLFOXIRI plus bevacizumab with the anti-PD-L1 agent—atezolizumab.

With a median follow-up duration of 20 months, the atezolizumab group demonstrated a mPFS of 13 months (80% CI 12.5–13.8), compared to 12 months (10.0–12.6) of mPFS exhibited by the control group receiving only first-line FOLFOXIRI plus bevacizumab. Nevertheless, the hazard ratio was 0.69 (80% CI 0.56–0.85) with a statistically significant p-value of 0.012.

However, IMblaze370, a randomized phase III trial (52) revealed diminished efficacy of atezolizumab in mCRC management when compared to regorafenib, as evidenced by a mOS of 7.1 months vs. 8.5 months, respectively. The combination of atezolizumab and cobimetinib demonstrated an OS of 8.9 months. The ORR was estimated at 2.2%, 2.2%, and 2.7% for atezolizumab monotherapy, regorafenib, and atezolizumab with cobimetinib, respectively.

The study outcomes indicate that neither immune checkpoint inhibitor monotherapy nor its combination with targeted therapy succeeded in improving the DFS and OS in mCRC patients.

Moreover, the phase II randomized study—BACCI (53), demonstrated a weak signal of efficacy with adding atezolizumab to capecitabine and bevacizumab in mCRC management. Patients, who received atezolizumab in conjunction with capecitabine and bevacizumab (ACB) exhibited a mPFS of 4,4 months, whereas patients, who received a placebo to capecitabine, and bevacizumab (PCB) had a mPFS of 3,3 months [an HR of 0.725 (0.491–1.07, p = 0.051]. The ORR and OS were 4.4% vs. 8.5%, p = 0.5, in PCB and ACB, respectively. The OS at 12 months was 43% vs. 52% [HR 0.94 (0.56–1.56), p = 0.4] in PCB and ACB, respectively.



2.3.6 Dostarlimab

According to a recent clinical trial referenced as NCT04165772, dostarlimab has proven to be an incredibly effective treatment for dMMR rectal cancer. Out of the 12 patients who participated, all achieved a clinical complete response rate of 100% (95% CI, 74%-100%) (54). During the six-month treatment period, none of the participants reported any adverse events of grade 3 or higher. Most patients experienced rapid relief of disease symptoms within nine weeks of initiating dostarlimab, with 81% reporting resolution. Endoscopic complete response was observed in 42% of patients, and 15% achieved a radiographic complete response to this anti-PD-1 therapy.



2.3.7 Retifanlimab

Retifanlimab is one of the most recently approved PD-1 inhibitors that shows promise in treating patients with metastatic or recurrent locally advanced Merkel cell carcinoma (55). However, there is currently no research on the effects of retifanlimab on mCRC. While one study evaluating a personalized neoantigen vaccine combined with retifanlimab has been withdrawn (NCT04799431), another study testing the effectiveness of a combination of retifanlimab, TriAdeno vaccine, N-803, and SX-682 is still in the preparatory process and has not yet begun recruitment (NCT06149481).





3 Targeted therapy

Targeted therapy in cancer treatment involves the use of drugs that specifically target certain biological features of tumour cells rather than non-specific neutralization (56). This approach has gained significant momentum in the treatment of mCRC since the approval of the first targeted drug, cetuximab, by the FDA in 2004. Cetuximab, an anti-EGFR IgG1 antibody, marked a pivotal moment in the field, paving the way for a deeper understanding of cellular pathways and the development of agents that target specific pathways implicated in cancer progression.

Noteworthy pathways include those involving epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), vascular endothelial growth factor receptor (VEGF-R), and tropomyosin receptor kinase (TRK) (see Figure 2). The elucidation of these pathways has led to the development of a variety of agents that selectively target them. These targeted therapies have undergone extensive testing and have been integrated into clinical practice, contributing significantly to the improvement of QoL and life expectancy for specific groups of patients with mCRC (see Figure 3 and Table 2) (8, 56, 57).


[image: Figure 2]
FIGURE 2
Pathways involved in common targeted therapy currently utilized in mCRC management. Created with BioRender.com.
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FIGURE 3
Overview of the latest NCCN and ASCO guidelines regarding the biomarker-based stratification for first-line treatment of mCRC.



TABLE 2 Overview of landmark trials involving targeted therapy agents for mCRC manage.
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3.1 EGFR pathway

The erythroblastosis oncogene B (ERB) family consists of four transmembrane tyrosine kinase receptors: EGFR (ErbB1 or HER1), HER2 (ErbB2), HER3 (ErbB3), HER4 (ErbB4) (58). Overexpression of EGFR is one of the potential pathophysiological components of CRC as HER2 (1.3%–47.7%) and EGFR (25%–82%) overexpression have been widely reported among patients with CRC (57, 59, 60). Additionally, mutations within ERB may be accompanied by the increased tyrosine kinase activity existing separately or induced by the therapy (60). Clinically wise, overexpression of the receptors is considered to be correlated with poor prognosis and lower survival rate, metastases, drug resistance (61).

The chain of reaction of EGFR, HER3, and HER4 is induced by binding a ligand to their extracellular domains which allows the formation of active hetero-oligomers and phosphorylation of the tyrosine kinase domain (58). Activation of HER2 is still a matter of discussion as currently, the scientific community has not elucidated any ligand family that stimulates its extracellular domain. The more commonly accepted theory involves the formation of heterodimers with any of the other three receptors from the ERB family which creates a high-affinity complex for the ligands (62, 63). Particularly, HER3 receptor must undergo dimerization with the other ERB receptor due to lack of its intrinsic kinase activity. Regardless of ERB-receptor activation pathways, the initiated signalling pathway promotes proliferation, angiogenesis, continued existence, migration, and adhesion of the stimulated cells (56). Since cancer cells depend on those pathways, ERB family receptors play a crucial role in target treatment.

A list of typical adverse effects of anti-EGFR drugs includes: papulopustular rash, mucositis, xerosis, hypermagnesemia, diarrhoea, hypersensitivity/allergic reaction, skin fissuring, and paronychia infection (56, 64).

So far two antibodies have been registered for targeting EGFR: cetuximab and panitumumab (IgG2 antibody) as both of them are based on a similar mechanism—attachment to the extracellular domain of EGFR inhibiting binding of ligands which leads to tyrosine kinase internalization and degradation. Additionally, cetuximab binds to NK cells leading to antibody-dependent cellular and complement-mediated cytotoxicity (56, 60).

Panitumumab was registered based on a PRIME trial in which it was added to FOLFOX4 in first-line treatment markedly improving PFS (10 months vs. 8.6 months) in patients with wild-type KRAS CRC (65). Median OS was 23.9 months vs. 197 months. The acceptance of cetuximab was based on a CRYSTAL trial in combination with the FOLFIRI regimen (66). The previously untreated patients had 0.68 HR (95% CI, 0.50–0.94) compared to FOLFIRI alone (1.07). Median PFS was 9.9 months vs. 8.7 months in favour of the combination. It is essential to highlight that positive effects were observed only in patients with the KRAS wild-type variant.

In ASPECCT—a phase III RCT—panitumumab was found non-inferior to cetuximab as no differences in terms of OS, PFS, and ORR between these two drugs were found. As far as ADRs are concerned, the incidence of skin adverse effects was comparable. However, grade 3–4 hypomagnesemia was more frequent among patients treated with panitumumab, but grade 3–4 infusion reactions were more common in cetuximab. In other studies, patients with therapeutic plans based on panitumumab more often developed mutations in the EGFR extracellular domain than those treated with cetuximab but lower risk of developing hypersensitivity reactions (0.6%–3% vs. 3.5%–7.5%) (64, 67).

Left-sided CRC is characterized by higher expression of EGFR than their right-sided counterparts which has its clinical implications as shown during the Fire-3 trial which proved cetuximab is a superior treatment option for left-side CRC compared to bevacizumab when added to FOLFIRI (68). It depicted higher ORR (77% vs. 65%) and longer median OS (33 vs. 26 months) but PFS was comparable between the two groups. It is important to note that this advantage was observed only in left-side tumours.

EGFR inhibitors do not typically present a response in patients with BRAFV600E mutations when used as single agents or combined with cytotoxic chemotherapy. However, there is evidence that simultaneous inhibition of EGFR and BRAF can be beneficial in patients who underwent prior one or two regimens in refractory CRC. Kopetz et al. in the SWOG S1406 trial on 106 patients with BRAFV600E demonstrated the efficacy of a combination of irinotecan and cetuximab with the addition of Vemurafenib (69). The observed PFS of the group with all three medications vs. the group without vemurafenib was 17% vs. 4%. The DCR was 65% vs. 21% but OS was comparable between the two groups. Simultaneous blockade of EGFR and BRAF results in downregulation of mismatch-repair (70).

The combined treatment represented a more successful approach also in the study by (71) in which 44 patients received therapy with adagrasib and 32 adagrasib combined with cetuximab. The ORR was 19% vs. 46%, the median response duration was 4.3 months vs. 7.6 months and the PFS was 5.6 vs. 6.9 months—all in favour of combined therapy. Also, the grade 3 or 4 adverse effects rate was lower among the adagrasib-cetuximab group (34% vs. 16%).

Cetuximab monotherapy was also shown to be effective but, unsurprisingly, combined treatment has better clinical outcomes such as in the trial by (72). PFS of a group receiving cetuximab plus irinotecan was 4.1 vs. 1.5 months compared with a group receiving monotherapy, ORR 22.9% vs. 10.8% and median OS was 8.6 months vs. 6.9 months. A similar outcome was achieved during the ERMES phase 3 study (73) which resulted in reporting a lack of non-inferiority of cetuximab maintenance therapy compared to the FOLFIRI/Cet regimen. However, treatment with cetuximab alone presented a lower risk of grade 3 adverse effects rate.

Maintenance therapy is another field in which panitumumab has found its application (74). Currently, the main purpose in the development of maintenance therapy is the reduction or replacement of oxaliplatin-based chemotherapeutics due to high toxicity and tolerance issues. In the PANAMA trial, panitumumab in combination with folinic acid and fluorouracil was confronted with fluorouracil and folinic acid alone in patients with RAS wild-type CRC. There was noted a significant improvement in terms of PFS (8.8 months vs. 5.7 months) and also better outcomes in OS (28.7 months vs. 25.7 months), ORR (40.8% vs. 26%). These data suggest that adding panitumumab after induction to standard maintenance therapy is a viable clinical option. However, in the phase 2 VALENTINO trial panitumumab alone did not prove superior as a maintenance therapy over the panitumumab plus fluorouracil-leucovorin in terms of 10 months PFS (75).

Overall, cetuximab and panitumumab were shown as effective in first-line therapy of left-sided CRC and are recommended to be included in the treatment of RAS, BRAFV600E, and ERBB2 wild-type variants (57, 70). The major concern of anti-EGFR inhibitors is unsatisfying outcomes in the management of patients with mutated variants of CRC. However, some patients with KRAS-mutation G13-D mutation benefited from administering anti-EGFR therapy, suggesting that not all cases present resistance to this line of drugs (8, 76).

In second-line therapy and above, anti-EGFR agents are not typically among the top choices for the further management of mCRC as many studies failed to reach statistically significant results of their benefit (57). Nevertheless, some trials demonstrated their usefulness in particular clinical scenarios (66). In a phase III trial presented evidence for the efficacy of panitumumab in refractory CRC in a group of 463 patients with 1% or more EGFR tumour cell membrane staining. The outcomes of panitumumab with best supportive care vs. best supportive care alone were as follows: PFS (8 weeks vs. 7.3 weeks), ORR (10% vs. 0%) with equal OS.

Due to unsatisfactory available methods for third-line treatment of CRC, there are attempts to evaluate the effectiveness of panitumumab in rechallenge therapy of refractory RAS wild-type CRC. According to (77), mCRC cells develop resistance mechanisms, notably through RAS and EGFR ectodomain mutations, under sustained anti-EGFR treatment. However, upon cessation of this treatment, mutated malignant cells lose their competitive advantage over non-mutated malignant cells, leading to a decline in their numbers over time. Parseghian et al. elucidate that the relative mutant allele frequency of RAS and EGFR undergoes exponential decay (r2 = 0.93 for RAS; r2 = 0.94 for EGFR) with a cumulative half-life of 4.4 months which potentially rationalizes rechallenge and intermittent anti-EGFR therapy. In a trial by (78) 62 patients were divided into two groups and tested with tifluridine-tipiracil with or without panitumumab. Median PFS was noted as 4 months compared to 2.5 months. Furthermore, in patients with pretreatment plasma RAS/BRAF wild-type ctDNA, there was observed even better response to treatment. PFS of the group with this pattern of DNA and simultaneously receiving panitumumab was 4.5 months and PFS rates at 6 months were 38.5% vs. 13% (compared to a group that did not present RAS/BRAF wild-type ctDNA and received panitumumab).

As far as the intermittent therapy with an anti-EGFR agent is concerned, during the phase 2 trial IMPROVE (79) patients treated as a first-line treatment with FOLFIRI/PANI continuously not only had lower PFSot compared to the intermittent regimen (12.6 months (95% CI: 9.0–16.1) vs. 17.6 months (95% CI: 7.5–27.8) respectively) but also higher risk of grade 3 or 4 toxicities. Nevertheless, further evaluations of the results are required for a better understanding of intermittent therapy with anti-EGFR agents.


3.1.1 HER2-inhibitors

Overexpression of HER2 represents a relatively small group of patients with CRC, being more commonly associated with breast or gastric cancers. Depending on the study it pertains from 2% to 11% of CRC cases, typically localized in the left side of a colon and the rectum. Its prognostic role is yet still unclear as some studies report a shorter time to recurrence and lower OS, the impact of HER2 in CRC seems to be not as meaningful as the other major gene alterations related to this tumour. The relatively small population of patients with this mutation is an evident obstacle in the evaluation of targeted treatment (80).

Currently, HER2 inhibitors are not included in routine use except for tucatinib and trastuzumab regimes which have been approved by the FDA in 2023 (81). However, clinical trials demonstrated a potential for upcoming targeted therapies focused on HER2-related pathways. In the HERACLES-A study combination of trastuzumab and lapatinib was administered to 35 patients with KRAS wild-type HER2-positive variant. In 6.7 years follow-up mPFS was 4.7 months, median OS 10 months and ORR was 28% which supports the use of mentioned drugs (82). In the MOUNTAINEER clinical trial, the same variant was treated with trastuzumab plus tucatinib which resulted in an ORR of 38.1%. Similar outcomes in ORR were achieved in comparison of patients who previously received anti-EGFR therapy vs. those who did not (36.4% vs. 40%) (81).

mCRC management with pyrotinib has been reported only for small cohorts of patients. In the phase II clinical trial by Fu et al. a group of 20 patients with RAS/BRAF wild-type HER2-positive CRC was evaluated in response to treatment with a combination of pyrotinib and trastuzumab (83). The mPFS was 4.3 months in the RAS-wild type group and 3.4 months in the overall population. Likewise, ORR was 33.3% and DCR 83.3% vs. ORR 22.2% and DCR of 61.1%. The same drug combination was used by Chang et al. with an ORR of 50% in the general population and 57.1% in RAS-wild-type patients. The general median PFS amounted to 7.53 months and the OS was 16.8 months (84). In a trial conducted by Zhou et al. who compared the results of the use of pyrotinib monotherapy vs. pyrotinib plus trastuzumab, PFS was at 5.5 months for a single drug and 8.6 months for a combination, ORR 25% and 50% respectively (85) OS was evaluable only in the monotherapy group and was 10.9 months. These results show potential for further studies due to observed antitumor activity.

In the phase 2 trial by Yoshino et al. combined therapy with the use of trastuzumab deruxtecan was applied to HER2-positive patients with prior at least 2 administered regiments (86) as 3 cohorts were assembled which only Cohort A noted an objective response rate (ORR) of 45.3%. Trastuzumab was also paired with pertuzumab in the MyPathway trial (87). The results of the examined group of 57 patients with refractory HER2-positive CRC were OR at 32% and grade 3 plus ADR at 37%.

In summary, a meta-analysis that compiled several key anti-HER2 targeted treatments conducted by Wang et al. confirmed the efficacy of this method resulting in a median PFS of 4.35 months, ORR of 27.5%, and DCR of 68.9%. Yet, it is worth noting that the incidence of all-grade adverse effects was estimated as 93.5% and grade 3 or higher at 16.8% (88).




3.2 Angiogenic pathway

The uncontrolled proliferation of cancer cells results in inadequate perfusion of tumour cells, giving rise to local acidosis and hypoxia which leads to the promotion of the transcription of hypoxia-associated factors, specifically HIF-1a and HIF-2a which subsequently initiates the transcription of several key ligands for angiogenesis e.g., VEGF (vascular endothelial growth factor), angiopoietin, Notch and integrins (89) hence angiogenesis is inherently linked with the process of carcinogenesis and creation of metastases.

The pathway of paramount clinical relevance involves the VEGF-A ligand and VEGFR-2 receptor, facilitating endothelial cell migration and proliferation, elevating vascular permeability, and inducing alterations in gene expression (90). Given its important contribution to the pathophysiology of carcinogenesis, numerous anti-VEGF agents have been developed, exhibiting notable success in the management of mCRC e.g., Bevacizumab, Ramucirumab, Aflibercept, and Regorafenib.


3.2.1 Bevacizumab

Bevacizumab is a humanized monoclonal antibody that targets vascular endothelial growth factor A (VEGF-A) and subsequently interferes with its primary mechanism of action. This therapeutic agent exerts its effects through the direct neutralization of circulating VEGF-A. Notably, it also interferes with VEGF-A particles located in endothelial progenitor cells within the bone marrow, thereby inhibiting their proliferation and systemic migration. By binding to the extracellular domain of VEGF-A, bevacizumab effectively obstructs interactions between VEGF-A and KDR and Flt-1 receptors, which are present in both cancerous and unaltered endothelial cells (91). This dual receptor blockade is significant as it contributes to the inhibition of critical pathways involved in angiogenesis and tumour growth. In addition to its receptor-mediated effects, bevacizumab disrupts perfusion and permeability within cancerous tissues which occurs through a reduction in intestinal pressure, leading to altered vascular dynamics within the tumor microenvironment. Furthermore, bevacizumab exhibits pleiotropic effects on the immune system, influencing various facets of the body's defence mechanisms against cancer (92, 93).

Clinical studies, such as the trial conducted by Hurwitz et al., evaluated the efficacy of bevacizumab when added to standard therapy. In this trial, which included irinotecan, fluorouracil, and leucovorin (IFL), the addition of bevacizumab resulted in a significant improvement in PFS. The median PFS was extended to 10.6 months compared to 6.2 months in the group receiving IFL with a placebo. Additionally, the ORR favoured the bevacizumab group, with values of 44.8% compared to 34.8%. The duration of response (DRS) also demonstrated a substantial benefit for the bevacizumab-treated patients, with a DRS of 10.4 months as opposed to 7.1 months in the placebo group. The primary endpoint of the study was to establish the mOS, which further solidified the efficacy of bevacizumab. The bevacizumab group exhibited a prolonged mOS of 20.3 months compared to 15.6 months in the placebo group.

 (94) demonstrated the benefit of adding bevacizumab to the protocol involving trifluridine–tipiracil for patients who had received two or fewer chemotherapy regimens in the advanced stage of CRC, predominantly as third-line therapy for over 90% of patients. The combined treatment yielded an mOS of 10.8 months, surpassing the exclusive use of trifluridine–tipiracil, which resulted in an mOS of 7.5 months. Moreover, the mPFS for the combined treatment was 5.6 months, contrasting with the placebo group's mPFS of 2.4 months. The median time to worsening of the Eastern Cooperative Oncology Group (ECOG) performance status score was significantly extended in the combined treatment group, measuring 9.3 months, compared to 6.3 months in the exclusive trifluridine–tipiracil cohort. These findings highlight trifluridine–tipiracil plus bevacizumab as an effective therapeutic option for refractory CRC, irrespective of mutations, ADRs, or prior history of bevacizumab treatment. Similarly, bevacizumab demonstrated efficacy when combined with capecitabine in elderly patients, resulting in an extended OS of 20.7 months compared to 16.8 months. Additionally, in the first-line treatment of CRC, the addition of bevacizumab to FOLFOXIRI showed superior outcomes with an OS of 31 months, surpassing FOLFIRI alone, which achieved an OS of 25.8 months (95, 96).

Importantly, bevacizumab's effectiveness was consistent across patients with KRAS mutant and wild-type CRC, dispelling differences in treatment outcomes between RAS wild-type and RAS mutant subtypes (8).



3.2.2 Ramucirumab

Ramucirumab, a human IgG1 anti-VEGF-A antibody with an additional inhibitory effect on vascular endothelial growth factor receptor-2 (VEGFR-2) (8) has demonstrated efficacy in second-line treatment when combined with FOLFIRI, as evidenced by the phase-3 RAISE trial (97) focused on a patient cohort that experienced progression during or after receiving treatment with oxaliplatin, fluoropyrimidine, or bevacizumab. In comparison to a placebo, the addition of ramucirumab resulted in notable improvements in OS (13.3 vs. 11.7 months) and PFS (5.7 vs. 4.5 months). Notably, adverse effects of grade 3 or worse were observed in more than 5% of patients (98, 99).

Exploring its potential in combination with triplet chemotherapy, ramucirumab exhibited promising outcomes as patients receiving second-line therapy with ramucirumab experienced better median to-treatment discontinuation and OS when compared to those receiving ramucirumab in the third-line or later stages. Specifically, the respective durations were 6.7 months vs. 3.6 months, and “not reached” vs. 7.6 months (100).



3.2.3 Aflibercept

Aflibercept, also known as VEGF Trap, operates as a soluble agent by binding with multiple endogenous receptors and interrupting their function (101). Notably, aflibercept demonstrates a higher affinity and faster binding capability to multiple isoforms of VEGF-A compared to bevacizumab, and it uniquely targets VEGF-B, VEGFR1 ligands, and PIGF (placental growth factor). Its characteristics suggest potential efficacy in overcoming resistance developed after prior bevacizumab treatment Importantly, the therapeutic effectiveness of aflibercept does not appear to be influenced by the presence of KRAS or BRAF mutations or the patient's history of prior bevacizumab treatment (102).

In the context of CRC treatment, aflibercept is recommended for second-line therapy. When added to the FOLFIRI protocol in patients with a background of oxaliplatin treatment, aflibercept demonstrated significant improvements in OS (13.5 vs. 12.06 months), PFS (6.9 vs. 4.67 months), and RR (19.8% vs. 11.1%) (103). However, in the first-line setting, the AFFRIM study reported no difference in PFS between the combination of aflibercept with FOLFOX6 and FOLFOX6 plus placebo, although the combination with aflibercept was associated with a higher level of toxicity (104).

Real-world studies support aflibercept's safety profile, with hypertension, neutropenia, and gastrointestinal incidents being the most commonly observed adverse effects. Importantly, these effects are generally manageable, positioning aflibercept as a relatively safe treatment options in clinical practice (105).



3.2.4 Regorafenib

Regorafenib, a kinase inhibitor, targets a spectrum of receptors involved in angiogenesis (TIE2, VEGFR 1–3), stromal signalling (FGFR, PDGFR-β), and oncogenic pathways (KIT, RAF, REF) (106). In the CORRECT trial, it was assessed as a last-line monotherapy for CRC against a placebo (107). The primary endpoint, OS, demonstrated superiority with regorafenib at 6.4 months compared to 5 months with placebo. PFS was also favourable at 1.9 months vs. 1.7 months, though adverse effects were more pronounced at 93% vs. 61%.

In the IMblaze370 trial, regorafenib was compared to the combination of atezolizumab plus cobimetinib in third-line therapy for microsatellite-stable CRC (108). While the combination exhibited a slightly longer median OS at 8.87 months vs. 8.51 months for regorafenib alone, the difference was modest. Grade 3 or 4 adverse effects were observed in 61% and 58% of patients, respectively. The CONCUR trial further supported regorafenib's efficacy, revealing an OS of 8.8 months vs. 6.3 months with a placebo and a PFS of 3.2 months vs. 1.7 months (109).

Despite its efficacy in refractory CRC, regorafenib's primary drawback lies in its adverse effects. In response (110), explored a dose escalation strategy vs. standard dosing to mitigate toxicity. The endpoint, the proportion of patients eligible and consenting for initiation of the third cycle, favoured the dose escalation group at 43%, compared to 26% in the standard dosing group. Adverse effects were reduced in the dose escalation strategy (13% vs. 18%) while maintaining comparable drug activity. Regorafenib's effectiveness in third-line treatment underscores its potential, but vigilant monitoring and management of adverse effects are imperative for optimal patient care.



3.2.5 Fruquintinib

In 2023, the FDA approved fruquintinib, a highly selective oral inhibitor targeting VEGF receptors 1, 2, and 3, specifically for patients with refractory CRC. The FRESCO trial, comprising 416 patients, pitted fruquintinib against a placebo, revealing a significant increase in median PFS (3.7 months vs. 1.8 months) and mOS (9.3 months vs. 6.6 months) (111). This promising outcome was corroborated in the FRESCO-2 trial, which enrolled 691 patients previously subjected to all standard targeted and cytotoxic therapies, demonstrating progression or intolerance to regorafenib or trifluridine-tipiracil. Notably, the median number of prior lines of treatment was 4. In this trial, fruquintinib notably improved median OS at 7.4 months compared to 4.8 months in the placebo group. However, the rate of grade 3 or worse adverse effects was higher in the fruquintinib group (63%) compared to the placebo group (50%) (112).





4 Other potential treatment targets for personalized therapy

Each CRC case exhibits a variable mutation count ranging from 60 to 1,500 mutations, with only a subset holding clinical significance (113, 114). The recurrent mutations in mCRC involve APC, TP53, KRAS, and PIK3CA, impacting critical signalling pathways like MAPK, WNT, PI3 K, TGF-β, and p53, crucial in mCRC tumorigenesis. The WNT pathway, especially, plays a pivotal role, in influencing β-catenin regulation through ubiquitin-mediated degradation and phosphorylation, contributing to cancer stem cell renewal, proliferation, and differentiation. Several molecular drug targets have significantly advanced clinical progress in targeted and immunotherapies (115, 116).


4.1 NTRK fusions

The NTRK genes (NTRK1/2/3) encode tropomyosin receptor kinase proteins (TRK A/B/C) primarily involved in neural development and cellular homeostasis (117). NTRK fusions are a rare occurrence in CRC patients, accounting for around 1% of cases (118–120). Previous reports have indicated that CRC characterized by NTRK positivity may constitute a distinctive subset exhibiting specific features e.g., high TMB and a higher likelihood of MSI (121).

Recent trials—ALKA-372-001 and STARTRK, evaluating TRK inhibitors, such as larotrectinib and entrectinib, are prompting clinicians to consider NTRK testing in mCRC patients, particularly in later lines of therapy (122, 123). Larotrectinib is a first-in-class, highly selective TRK inhibitor, which produces durable responses in patients with NTRK fusion–positive, according to long-term data from the phase II basket of NAVIGATE trial (NCT02576431). Out of 34 patients treated with larotrectinib, 33% showed an OR (3% complete response, 30% partial response) (124). Additionally, 45% had stable disease, 12% experienced disease progression, and 9% had an undetermined best overall response. Notably, 9 out of 29 patients with measurable disease experienced tumour shrinkage.

To overcome secondary resistance mechanisms, ongoing clinical evaluations are assessing the efficacy of additional second-generation TRK inhibitors, including repotrectinib and taletrectinib (125).



4.2 FGFR

The FGFR1-4 (fibroblast growth factor receptor) genes encode four closely related receptor tyrosine kinases, which compose the FGFR family. After binding with FGF (fibroblast growth factor) ligands the RAS/MAPK, PI3 K/AKT, and JAK/STAT pathways are activated (126). The FGFR signalling pathway is involved in a range of biological functions spanning from angiogenesis, wound repair, and tissue regeneration to cell proliferation, migration, and anti-apoptotic processes. Among individuals diagnosed with CRC, around a third of them present modifications in FGFR genes, involving specific mutations, amplifications in gene copy numbers, and heightened mRNA expression levels (127). Prior preclinical studies indicated that these genetic modifications were linked to sensitivity to FGFR inhibitors, but predicted a poor prognosis, invasiveness, and the potential for metastases (128).

Over recent years, various targeted FGFR inhibitors have undergone clinical trials to assess their therapeutic impact on patients. These compounds competitively attach to the ATP-binding sites of FGFR interrupting further signal propagation. However, due to their high specificity, broad applicability in treating CRC patients is impossible. Several TKIs have been used to treat tumours with FGFR irregularities. Ponatinib, dovitinib, and lucitanib have undergone assessment for their ability to inhibit FGFR, yet their high toxicity has limited their ability for future development (127). As of late, F1-7, a new FGFR inhibitor has been outlined, which can induce DNA damage. This results in impeding cell growth and metastasis, ultimately causing cellular apoptosis. Experiments conducted on mouse models further validated the effective suppression of tumour growth by inhibiting the FGFR pathway (129).

Pemigatinib, another inhibitor of FGFR1-3, during a phase II single-arm study, showcased improved response rates among patients dealing with resistant metastatic CRC linked to FGF/FGFR alterations. All participants enrolled in the trial and treated with pemigatinib exhibited confirmed mutations in FGFR1-4 and/or amplifications in FGF/FGFR, with no FGFR translocations. The mPFS stood at 9.1 weeks (95% CI, 7.9 to not evaluable [NE), while the mOS reached 7.9 months (95% CI, 3.4 to NE). Severe grade 3 or higher adverse events (AE) were observed in 42.9% of treated patients, including one instance of a grade 5 AE. Among the most frequently occurring AE of any grade were anaemia, hyperphosphatemia, elevated alkaline phosphatase, increased AST levels, and fatigue. Despite a favourable safety profile, pemigatinib demonstrated suboptimal effectiveness in this specific population. Ongoing translational studies aim to unravel the mechanisms contributing to resistance against pemigatinib (130).



4.3 DNA damage repair genes

The DNA damage response (DDR) pathway plays a vital role in identifying and accurately repairing damaged DNA, crucial for preserving the cell's genetic integrity and preventing issues like cellular ageing, apoptosis, and the onset of cancer. This pathway involves eight distinct processes that cater to different types of DNA damage, including mismatch repair (MMR), base excision repair (BER), nucleotide excision repair (NER), homologous recombination repair (HRR), nonhomologous end-joining (NHEJ), checkpoint factors (CPF) and more (131). DDR alterations can prompt a hyper-mutated state or microsatellite instability-high (MSI-H), leading to increased TMB, which acts as a biomarker predicting better responses to immune checkpoint inhibitor (ICI) therapy (132).

Recent studies have unveiled germline and/or DDR defects in a subset of CRC cases, ranging from 13.8% to 36% prevalence (133). These alterations, irrespective of microsatellite instability status, were linked to a higher median tumour mutation burden in CRC, along with increased positivity for PD-L1. Moreover, DDR mutations have shown an association with enhanced overall survival (OS) in CRC patients undergoing treatment with immune checkpoint inhibitors (ICIs). Notably, investigations suggest that DDR-related ATM or BRCA2 somatic mutations hold promise as biomarkers for evaluating the response of stage III CRC patients to oxaliplatin-based chemotherapy (134). In a study performed by (135), DNA DDR mutations were identified in all MSI-H CRCs and 83.77% of MSS CRC cases. The most frequently mutated DDR genes included ARID1A (7.5%), ATM (5.7%), and BRCA2 (2.6%).

The predominant mutation type seen in ARID1A, characterized as a truncating mutation, induces deficiencies in DNA damage repair mechanisms within tumour cells (136). Preclinical research has demonstrated that this deficiency in ARID1A makes CRC cells more responsive to PARP inhibitors (like olaparib, rucaparib or veliparib) both in laboratory experiments and in animal models (137).

Comparison between right- and left-sided CRCs revealed no notable variance in DDR genes and associated pathways. Survival analysis indicated that DDR mutations did not correlate with OS in MSS CRCs. However, left-sided CRC patients with mutations in the homologous recombination repair (HRR) pathway displayed notably prolonged OS compared to right-sided CRCs. Additionally, mutations in the DDR pathway, including those within the homologous recombination repair (HRR) pathway, didn't significantly correlate with improved OS in MSS CRC patients (135). Conversely (133), reported a strong association between DDR mutations and MSI, noting a favourable mOS in CRC patients treated with immune checkpoint inhibitors (ICI). However, in their study, conventional treatments did not display a significant difference in prognosis for patients with DDR mutations, suggesting that DDR mutations might specifically serve as a predictive biomarker for the effectiveness of ICI immunotherapy in CRCs. Consequently, for MSS CRC, it appears that DDR mutations are not notably linked to a better prognosis.

Marks et al. (138) study aimed to explore the potential impact of DDR mutations on the response to first-line treatments containing oxaliplatin (FOLFOX/XELOX) or irinotecan (FOLFIRI) in mCRC. DDR mutations were identified in 11 out of 49 patients (22%). Among these cases, patients treated with a first-line oxaliplatin-based regimen exhibited a statistically significant improvement in mOS (3.4 vs. 1.8 years; P = 0.042) compared to those receiving irinotecan. Additionally, this group showed a numerically higher response rate (50% vs. 33%; P = 0.58). However, in patients without DDR mutations, no significant differences in OS (2.4 vs. 2.5 years; P = 0.42), response rate, or disease control rate were observed between the two regimens.



4.4 POLE

The POLE gene encodes an enzyme called DNA polymerase epsilon, which holds an important role in DNA replication fidelity. Responsible for synthesizing the leading DNA strand at the replication fork, POLE encompasses a 3′-5′ exonuclease domain crucial for enhancing the precision of replication. This domain functions by identifying and excising mismatched base pairs, thereby promoting accurate DNA replication. Somatic and heritable deficiencies in POLE's proofreading mechanism, notably mutations occurring within its exonuclease domain, are more prevalent in tumours proficient in mismatch repair and cause a rise in the rate of mutations, which ultimately results in the development of tumours (139).

The occurrence rate of acquired mutations within the exonuclease domain of POLE in CRC stands at around 3%, surpassing the frequency observed in inherited mutations (“Comprehensive Molecular Characterization of Human Colon and Rectal Cancer,” 2012). While the prevalence of inherited mutations within the exonuclease domain of POLE in familial colorectal adenoma or CRC is merely 0.1%–0.25%, the presence of these germline mutations substantially amplifies the likelihood of developing CRC (140).

POLE somatic mutations are linked to a favourable prognosis and are more prevalent in men, the right colon, and individuals in the early stages of the disease (141). CRC patients carrying POLE mutations often showcase elevated TMB and infiltration of immune cells within their tumours, thereby amplifying their responsiveness to immune checkpoint inhibitors (ICI) (142).

In a study performed by (139) among 14,229 next-generation sequencing reports, 458 patient tumours exhibited POLE mutations. Of these mutations, 15.0% were categorized as pathogenic, 15.9% as benign, and 69.1% as variants of unknown significance. Among 82 patients who received programmed death 1 or programmed death ligand-1 inhibitors either individually or alongside cytotoxic T-cell lymphocyte-4 inhibitors, those with pathogenic POLE mutations demonstrated substantial improvements. They exhibited enhanced clinical benefit rates (82.4% vs. 30.0%; P = .013), a longer median progression-free survival (15.1 vs. 2.2 months; P < .001), increased overall survival (29.5 vs. 6.8 months; P < .001), and a prolonged treatment duration (median 15.5 vs. 2.5 months; P < .001) in comparison to individuals harbouring benign variants.

The role of immunotherapy among patients with POLE mutation remains unclear, however, in 2020, a prospective, open-label, multicenter phase 2 experiment was carried out by (143) to evaluate the safety and efficacy of avelumab in 30 patients with dMMR/MSI-H and 3 patients with POLE mutations. Even though no patients with POLE mutations responded to avelumab, it is important to consider the constraints of the small sample size and the variance in mutation locations.



4.5 RET

RET is a proto-oncogene that produces the receptor for growth factors from the glial-derived neurotrophic factor family (144). Abnormal chromosomal rearrangements can result in RET fusion, which is most often observed in thyroid and lung cancers, however, in rare instances, RET gene fusion can also occur in mCRC cancer, with a frequency of less than 1% (145). mCRC tumours with in-frame RET display unique characteristics, such as a preference for the right colon, diagnosis at an older age, and predominantly MSI-h phenotype (146).

One oral RET inhibitor, selpercatinib, was approved by the FDA in 2020 to treat RET fusion-positive non-small cell lung cancer and thyroid cancer (147). In the phase I/II LIBRETTO-001 study, which included 41 patients with various solid tumours (excluding lung and thyroid cancer) (148), 10 patients (24%) had CRC. The ORR for these malignancies was 20% (95% CI, 2.5–56), while the OR in the entire group was 44% (95% CI, 28–60). People with solid tumours studied had a 5-year survival rate ranging from 3% to 40%. Another RET inhibitor, pralsetinib, was examined in the phase I/II ARROW trial. In this cohort of 23 participants, two had CRC, but no response was observed in these patients (149).



4.6 RSPO fusions and RNF43 mutations

The RSPO family consists of four genes RSPO1-4, which encode signalling proteins, known to play a significant role in activating the Wnt/β-catenin signalling pathway (150). This pathway is crucial for controlling important biological functions like cell growth, stem cell management, and maintaining tissue balance and regeneration. RNF43 is recognized as a negative modulator of WNT signalling and acts as a tumour suppressor (151). When RNF43 is lost, there is a reduction or absence of frizzled receptor degradation, leading to heightened WNT signalling. In cancer cells, the inactivation of RNF43 due to mutations is among the factors contributing to the sustained activation of the WNT signalling pathway.

The RSPO family is observed in up to 8% of CRC, and studies indicate that similar to RNF43 mutations, RSPO translocations, even in isolation, are sufficient to initiate carcinogenesis. RNF43 mutations, occurring in various malignancies including colorectal and gastric cancers, can be observed with a frequency of up to 20% (152). Notably, the frequency of RNF43 mutations is higher in MSI cancers. Neoplastic cells with loss-of-function mutations in RNF43 result in a higher quantity of the Wnt receptor Frizzled which, consequently, exhibits heightened sensitivity to the inhibition of the porcupine homolog (PORCN) protein, known for its role in posttranslational modification of the Wnt protein (153).

In a study performed by (154) the initial group of 7,245 CRC samples was examined. Among these, RSPO gene fusions (RSPOfp) were found in 1.3% of cases, while RNF43 mutations were present in 6.1%. Tumours with RNF43 mutations were notably linked to tumours located on the right side. Interestingly, none of the RSPOfp tumours displayed RNF43 mutations. RNF43-mutated tumours tended to have a higher occurrence of MSI-H/dMMR in 64.3% of cases and a tumour mutation burden of ≥10 mutations per megabase (mt/Mb) in 65.8%. In contrast, RSPOfp did not exhibit any correlation with MSI-H/dMMR.

The outcomes in the (155) study imply that RNF43 mutations are associated with better OS in CRC patients treated with ICBs, likely due to increased TMB and the presence of gene signatures related to the immune system.

The changes observed in RSPO2 expression and rearrangements offer a potential avenue for creating targeted treatments in tumours reliant on the Wnt pathway. Despite significant efforts, the availability of FDA-approved drugs and inhibitors for routine inclusion in clinical trials aiming at the Wnt pathway in CRC remains limited. Developing precise and effective inhibitors to target Wnt signalling in CRC continues to present significant obstacles (156).

Multiple ongoing clinical trials aim to validate the effectiveness of diverse inhibitors targeting the Wnt/β-catenin signalling pathway in RNF43/RSPO-positive tumours. Additionally, the identification of MSI-h/dMMR traits in a subset of RNF43-mutated tumours suggests that combining immune checkpoint inhibition with and without Wnt/β-catenin signalling inhibitors might represent a viable therapeutic strategy that should be assessed in future prospective trials (154).




5 Adoptive cell therapy

Adoptive cell therapy is a type of immunotherapy which involves allo- or autogenic genetically altered lymphocytes (157, 158). The immunologically active effector cells are being developed and modified in vitro yielding anti-tumor activity against particular host tumour cells (159). Currently, three types of ACT are used or undergo research in the field of oncology: T-cells with a chimeric antigen receptor (CAR-T), CD8 + tumour-infiltrating lymphocytes (TILs) and T-cell receptor-engineered T-cells (TCR-T) (158). The mechanism of TCR varies depending on the used type of cells. TCR based on cytotoxic T-cells enhances their ability to kill abnormal cells of a host and TCR related to regulatory T-cells inhibits the specificity and responsiveness of the immunologic system against a particular antigen (157, 160). CAR-T has been so far successfully used in hematologic malignancies such as leukaemia, multiple myeloma and lymphomas however, their utility in solid tumours is still debatable (159, 161). Nevertheless, several preclinical studies were conducted aimed at evaluating neoantigens or tumour-associated proteins which are common in mCRC such as carcinoembryonic antigen (CEA), guanylate cyclase 2C (GUCY2C), mesothelin (MSLN), human epidermal growth factor receptor-2 (HER2), epithelial cell adhesion molecule (EpCAM), doublecortin-like kinase 1 (DCLK1), natural killer group 2 member D ligand (NKG2DL), CD133, mucin 1 (MUC1) (162). The extent of ADRs and the effectiveness of CAR-T treatment predominantly depend on the target antigen specificity through which it is designed (163). The mild adverse effects which were present in patients with CRC include fever, anorexia, and fatigue. These were directly linked with an excessive cytokine release (163). TCR therapy against CEA was reported as inducing severe transient colitis. Presumably as a result of the expression of this antigen in normal colonic mucosa (165).


5.1 NKG2D

NKG2D is a type of immunoreceptor present in several subtypes of lymphocytes. It was proposed that it could serve as a target in the CAR-T type of therapy called CYAD-01. Physiologically the protein is either absent or its expression is relatively low but during infections or hyper-proliferation, there can be a significant elevation of its expression which allows the immune system to eliminate the affected cells. Its elevation was linked with poor survival in patients with most variants of CRC in contrast to other cancer types where its protective role was observed. This mechanism was used in adoptive cell therapy (166, 167). So far in-vitro and in-vivo experiments demonstrated cytotoxicity against CRC cells and significantly reduced the extent of the tumour and suppression of its growth in the xenograft model (168). The same outcome was observed in human subjects. In a study by Xiao et al., the modified NK cells were used in the therapy of 3 patients with CRC (163). In two patients, the infusion into the peritoneal cavity resulted in a reduction of tumour cells in intraperitoneal fluid and a reduction of ascites generation. In one patient USG-guided intrahepatic infusion allowed rapid regression of metastasis in the liver confirmed in a PET-CT scan.



5.2 CEA

CEA is an immunoglobulin-glycoprotein involved in cell adhesion (169), frequently found in the epithelium of the embryo which is also associated with overexpression in 98.8% of CRC tissue samples, making CEA the predominant prognostic marker for CRC (170). A pre-clinical study conducted by (171) concerning a novel, chimeric SIRPg-CD28 co-receptor for CRC exhibited anti-tumour in vivo properties. The cytotoxicity effect was specific only to CEA and CRC cells. In mice CRC xenografts models, the tumours were eradicated within 21 days and persisted until the end of the experiment. CAR-T with an “armed” co-receptor demonstrated remarkable anti-tumour efficiency in CRC.

In a phase-I study by (172), 10 patients received CEA-targeted CAR-T with progressing doses (1 × 105–1 × 108 /CAR + /kg cells). 7 of them noted transformation from progressive to stable disease, 2 of them remained stable after 30 weeks and 2 presented tumor shrinkage in imaging studies. No severe adverse effects were observed.



5.3 GUCY2C

GUCY2C is a cancer mucosa antigen expressed in both human and mouse intestinal mucosa. Similarly, to CEA, its overexpression in CRC implies its distinctive suitability as a potential target for CAR-T cell therapies. An open-label, single-arm, investigator-initiated exploratory trial conducted by (173) examined 13 individuals with GUCY2C-positive mCRC. In the analysis of 10 evaluable patients, there were 6 partial responses, 2 stable diseases, and 2 progressive diseases. Across the dosage levels, ORR = 60%, DCR = 80%. The primary toxicity was decreased lymphocytes in 12/13 pts (92%), leukopenia in 1/13pts and thrombocytopenia in 1/13pts. Overall, the anti-GUCY2C CAR-T cell therapy was tolerated well with mild AE.



5.4 HER2

Another potential target for CAR-T is HER2 transmembrane glycoprotein which as mentioned above exhibits tyrosine kinase activity playing a crucial role in regulating growth and differentiation of epithelial cells. The heightened expression of HER2 is observed in various types of solid tumours such as breast cancer, ovarian cancer, lung cancer, gastric cancer, and CRC (174), however, a mutation within the gene encoding the HER2 receptor is present only in 3–5% of mCRC (175) thus narrowing usefulness of target and CAR therapies aimed at HER2. The meta-analysis by (176) findings indicates that, on average, participants in the six trials, totalling 238 patients with HER2 + mCRC, had undergone a median of three prior lines of therapy before enrollment with ORR = 31.33% and DCR = 74.37%, PFS = 6.2 months. The outcomes suggest a significant response to the therapy, leading to meaningful enhancement in survival rates. Regarding CAR-T therapy for HER2 + mCRC, additional studies are required to elucidate its potential role in the future (177) observed that HER2 CAR-T cells demonstrate anti-tumour activity in CRC xenograft models. However, clinical trials are fraught with uncertainties. Phase I/II NCT00924287 clinical trial was terminated due to the first patient death because of treatment. However, TAC T-Cell therapy for HER-2 + solid tumours (NCT04727151) has been reported to be well tolerated without reported neurotoxicity in phase I, the only AE were haematological (178).



5.5 EpCAM

EpCAM, a prominent tumor-associated antigen found on the surface of CRC, has also been considered a potential target in CAR-T cell therapy which led to the development of clinical trials (NCT02915445, NCT03013712, NCT05028933, NCT03563326). First-in-human trial by (179) IMC001 designed to target EpCAM-positive gastrointestinal tumours with CAR-T has already exhibited promising anti-tumour capabilities and a favourable safety profile. Moreover, downsizing the tumour creates additional opportunities for surgical resection.




6 Management of mCRC among elderly patients with immunotherapy and targeted therapy

mCRC is predominantly observed in older adults, with 56% of incidence and 68% of mortality occurring in patients over 65 years old (180).

The treatment of elderly patients with mCRC includes systemic chemotherapy, targeted therapy, and in certain cases surgery or radiotherapy. Therapy should be individualized to be the most suitable for patients while aligning with the patient's general condition and preferences (8).

The majority of adults with mCRC are not candidates for surgical resection and instead require systemic therapy which is a reflection of an increased rate of comorbidities, frailty, and higher risk of cardiovascular or respiratory disorders among said population. The choice of systemic therapy should be guided by molecular profiling and mutational status, including RAS and BRAF mutations, microsatellite instability status, and primary tumour localization (181).

The first line of treatment is chemotherapy, which demonstrated the ability to significantly prolong a patient's lifespan by a factor of four (182). The foundation of most systemic treatments are fluorouracil (5-FU)-based regimes such as (183) FOLFOX or FOLFIRI. If the patient's deteriorated condition requires it, a reduced dose of 20% of FOLFOX or FOLFIRI can be administered (184, 185). This treatment can still be supplemented with oxaliplatin or irinotecan, but their effectiveness is controversial (184, 186).

As far as the targeted therapy is concerned among the elderly population, bevacizumab is the only VEGF inhibitor studied among elderly patients with mCRC in the AGITG MAX trial (187) as researchers demonstrated significantly improved PFS in geriatric patients after combining standard chemotherapy regime with bevacizumab. Also, the values of OS, RR, and PFS revealed no association with age.

Immunotherapy has also been introduced for elderly patients e.g., pembrolizumab, nivolumab, and ipilimumab (188). Although currently immunotherapy is only dedicated to patients with MSI-H tumours, the study of Aparicio et al. concluded that the older population has higher rates of mCRC associated with MSI-H, which can be seen in over 20% of cases (189). Studies on the safety of PD-1 inhibitors showed that these drugs are well tolerated in elderly patients with malignancies and their side effects are less severe than chemotherapy (190).

Similar effects were obtained with anti-EGFR drugs, which showed the outcomes of cetuximab did not differ from the younger patients with mCRC exhibiting low toxicity (191). Moreover, anti-EGFR treatment did not show any serious side effects, and combined with chemotherapy can be the option for initial treatment for elderly patients with mCRC (192). However, there are no randomized clinical trials among the elderly population, which could evaluate the efficiency of cetuximab and panitumumab compared to chemotherapy. Other therapeutic options such as pegorafenib, an oral multikinase inhibitor, are associated with poor therapeutic effects or serious side effects that can even result in death (193, 194).



7 Discussion

There is no doubt that novel therapies involving enhancing the immune system or based on inhibition of certain cellular pathways involved in the pathophysiology of malignancy are providing palpable results among mCRC patients as currently, the landscape of mCRC treatment has evolved with the integration of targeted therapies which is reflected by the wide usage of first-line treatments commonly involving standard chemotherapy regimens (FOLFOX, FOLFIRI, FOLFOXIRI) combined with anti-EGFR or anti-VEGF agents (8, 70, 158). Notably, the combination of bevacizumab with FOLFOXIRI stands out as the most effective regimen, achieving an outstanding OS of 31 months (96) compared to 19.5 months of OS among patients treated with FOLFOX (5-fluorouracil, leucovorin, and oxaliplatin) regime.

Although enormous efforts have been made in the last 20 years in the fields of targeted and immunotherapy, we still lack reliable methods for overcoming resistance and predicting the efficacy of the abovementioned therapies (8). Furthermore, the rationale of targeted therapy might be under critique since cost-to-benefit is in favour of standard chemotherapy as targeted therapy and costly genetic diagnostics offer only longer overall survival counted in months. Moreover, as mentioned by (57) targeted therapy also tends to induce grade 3 or 4 adverse effects which can be exacerbated when multiple agents are added to the treatment regimen.

With an ever-increasing understanding of genomic alterations among mCRC patients, there is a promising perspective in exploring novel approaches from recent advancements in genetics and immunology such as the development of therapies focused on changing the immunological phenotype of mCRC e.g., radioimmunotherapy (195) or photoimmunotherapy (196) holds promise for a broader application of immunotherapy in treating mCRC. Additionally, the potential benefits extend to adoptive cell therapy, small-molecule drug treatments (197), and leveraging recent advancements in nanotechnology (198). Progress in comprehending the role of microbiota in mCRC (199, 200) may contribute to further improvements in overall survival rates. Despite these advancements, it remains our opinion that achieving full recovery from mCRC still requires significant breakthroughs in our treatment approaches.



Author contributions

EZ: Conceptualization, Formal Analysis, Investigation, Validation, Writing – original draft. MW: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. AW: Conceptualization, Data curation, Investigation, Writing – original draft. AO: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. MM: Writing – original draft, Data curation, Formal Analysis, Investigation, Methodology. LB: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing – original draft. AG: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing – original draft. MW: Data curation, Investigation, Methodology, Writing – original draft. DG: Data curation, Investigation, Methodology, Software, Writing – original draft. MP: Conceptualization, Validation, Visualization, Writing – review & editing. KM: Funding acquisition, Validation, Visualization, Writing – review & editing. ŁD: Funding acquisition, Project administration, Resources, Validation, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Rumpold H, Niedersüß-Beke D, Heiler C, Falch D, Wundsam HV, Metz-Gercek S, et al. Prediction of mortality in metastatic colorectal cancer in a real-life population: a multicenter explorative analysis. BMC Cancer. (2020) 20(1):1149. doi: 10.1186/S12885-020-07656-W

2. Marley AR, Nan H. Epidemiology of colorectal cancer. Int J Mol Epidemiol Genet. (2016) 7(3):105–14. doi: 10.3109/9781420016307-2

3. Ansa BE, Coughlin SS, Alema-Mensah E, Smith SA. Evaluation of colorectal cancer incidence trends in the United States (2000–2014). J Clin Med. (2018) 7(2):22. doi: 10.3390/jcm7020022

4. Wang J, Li S, Liu Y, Zhang C, Li H, Lai B. Metastatic patterns and survival outcomes in patients with stage IV colon cancer: a population-based analysis. Cancer Med. (2020) 9(1):361–73. doi: 10.1002/cam4.2673

5. Arvelo F, Sojo F, Cotte C. Biology of colorectal cancer. Ecancermedicalscience. (2015) 9:520. doi: 10.3332/ecancer.2015.520

6. Galler AS, Petrelli NJ, Shakamuri SP. Rectal cancer surgery: a brief history. Surg Oncol. (2011) 20:223–30. doi: 10.1016/J.SURONC.2010.01.001

7. Ohishi T, Kaneko MK, Yoshida Y, Takashima A, Kato Y, Kawada M. Current targeted therapy for metastatic colorectal cancer. Int J Mol Sci. (2023) 24(2):1702. doi: 10.3390/ijms24021702

8. McQuade RM, Stojanovska V, Bornstein JC, Nurgali K. Colorectal cancer chemotherapy: the evolution of treatment and new approaches. Curr Med Chem. (2017) 24(15):1537–57. doi: 10.2174/0929867324666170111152436

9. Parkhurst MR, Robbins PF, Tran E, Prickett TD, Gartner JJ, Li J, et al. Unique neoantigens arise from somatic mutations in patients with gastrointestinal cancers. Cancer Discov. (2019) 9. doi: 10.1158/2159-8290.CD-18-1494

10. Chen DS, Mellman I. Elements of cancer immunity and the cancer–immune set point. Nature. (2017) 541(7637):321–30. doi: 10.1038/nature21349

11. Li DD, Tang YL, Wang X. Challenges and exploration for immunotherapies targeting cold colorectal cancer. World J Gastrointest Oncol. (2023) 15(1):55–68. doi: 10.4251/wjgo.v15.i1.55

12. Weng J, Li S, Zhu Z, Liu Q, Zhang R, Yang Y, et al. Exploring immunotherapy in colorectal cancer. J Hematol Oncol. (2022) 15(1):95. doi: 10.1186/s13045-022-01294-4

13. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et al. PD-1 and PD-L1 checkpoint signaling inhibition for cancer immunotherapy: mechanism, combinations, and clinical outcome. Front Pharmacol. (2017) 8:561. doi: 10.3389/fphar.2017.00561

14. Arrichiello G, Poliero L, Borrelli C, Paragliola F, Nacca V, Napolitano S, et al. Immunotherapy in colorectal cancer: is the long-awaited revolution finally happening? Cancer Treat Res Commun. (2021) 28:100442. doi: 10.1016/J.CTARC.2021.100442

15. Overman MJ, Ernstoff MS, Morse MA. Where we stand with immunotherapy in colorectal cancer: deficient mismatch repair, proficient mismatch repair, and toxicity management. Am Soc Clin Oncol Educ Book. (2018) 38:239–47. doi: 10.1200/edbk_200821

16. Ganesh K, Stadler ZK, Cercek A, Mendelsohn RB, Shia J, Segal NH, et al. Immunotherapy in colorectal cancer: rationale, challenges and potential. Nat Rev Gastroenterol Hepatol. (2019) 16(6):361–75. doi: 10.1038/s41575-019-0126-x

17. Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshleman JR, Burt RW, et al. A national cancer institute workshop on microsatellite instability for cancer detection and familial predisposition: development of international criteria for the determination of microsatellite instability in colorectal cancer. Cancer Res. (1998) 58(22):5248–57. PMID: 9823339

18. André T, De Gramont A, Vernerey D, Chibaudel B, Bonnetain F, Tijeras-Raballand A, et al. Adjuvant fluorouracil, leucovorin, and oxaliplatin in stage II to III colon cancer: updated 10-year survival and outcomes according to BRAF mutation and mismatch repair status of the MOSAIC study. J Clin Oncol. (2015) 33:4176–87. doi: 10.1200/JCO.2015.63.4238/SUPPL_FILE/PROTOCOL_2015.634238.PDF

19. Benatti P, Gafà R, Barana D, Marino M, Scarselli A, Pedroni M, et al. Microsatellite instability and colorectal cancer prognosis. Clin Cancer Res. (2005) 11:8332–40. doi: 10.1158/1078-0432.CCR-05-1030

20. Chen EX, Jonker DJ, Loree JM, Kennecke HF, Berry SR, Couture F, et al. Effect of combined immune checkpoint inhibition vs best supportive care alone in patients with advanced colorectal cancer: the Canadian cancer trials group CO.26 study. JAMA Oncol. (2020) 6(6):831–8. doi: 10.1001/jamaoncol.2020.0910

21. Morano F, Raimondi A, Pagani F, Lonardi S, Salvatore L, Cremolini C, et al. Temozolomide followed by combination with low-dose ipilimumab and nivolumab in patients with microsatellite-stable, O6-methylguanine-DNA methyltransferase-silenced metastatic colorectal cancer: the MAYA trial. J Clin Oncol. (2022) 40(14):1562–73. doi: 10.1200/JCO.21.02583

22. Antoniotti C, Borelli B, Rossini D, Pietrantonio F, Morano F, Salvatore L, et al. AtezoTRIBE: a randomised phase II study of FOLFOXIRI plus bevacizumab alone or in combination with atezolizumab as initial therapy for patients with unresectable metastatic colorectal cancer. BMC Cancer. (2020) 20(1):683. doi: 10.1186/s12885-020-07169-6

23. Carreno BM, Collins M. The B7 family of ligands and its receptors: new pathways for costimulation and inhibition of immune responses. Annu Rev Immunol. (2002) 20:29–53. doi: 10.1146/annurev.immunol.20.091101.091806

24. Ghosh C, Luong G, Sun Y. A snapshot of the PD-1/PD-L1 pathway. J Cancer. (2021) 12:2735. doi: 10.7150/JCA.57334

25. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed cell death 1 and its ligands in regulating autoimmunity and infection. Nat Immunol. (2007) 8(3):239–45. doi: 10.1038/ni1443

26. Han Y, Liu D, Li L. PD-1/PD-L1 pathway: current researches in cancer. Am J Cancer Res. (2020) 10(3):727–42. PMID: 32266087; PMCID: PMC713692132266087

27. Tang Q, Chen Y, Li X, Long S, Shi Y, Yu Y, et al. The role of PD-1/PD-L1 and application of immune-checkpoint inhibitors in human cancers. Front Immunol. (2022) 13:964442. doi: 10.3389/FIMMU.2022.964442/BIBTEX

28. Shiravand Y, Khodadadi F, Kashani SMA, Hosseini-Fard SR, Hosseini S, Sadeghirad H, et al. Immune checkpoint inhibitors in cancer therapy. Curr Oncol. (2022) 29(5):3044–60. doi: 10.3390/curroncol29050247

29. Guo Z, Zhang R, Yang AG, Zheng G. Diversity of immune checkpoints in cancer immunotherapy. Front Immunol. (2023) 14:1121285. doi: 10.3389/fimmu.2023.1121285

30. Borelli B, Antoniotti C, Carullo M, Germani MM, Conca V, Masi G. Immune-checkpoint inhibitors (ICIs) in metastatic colorectal cancer (mCRC) patients beyond microsatellite instability. Cancers (Basel). (2022) 14(20):4974. doi: 10.3390/cancers14204974

31. Collins AV, Brodie DW, Gilbert RJC, Iaboni A, Manso-Sancho R, Walse B, et al. The interaction properties of costimulatory molecules revisited. Immunity. (2002) 17(2):201–10. doi: 10.1016/S1074-7613(02)00362-X

32. Walker LSK, Sansom DM. Confusing signals: recent progress in CTLA-4 biology. Trends Immunol. (2015) 36(2):63–70. doi: 10.1016/j.it.2014.12.001

33. Walker LSK. Treg and CTLA-4: two intertwining pathways to immune tolerance. J Autoimmun. (2013) 45(100):49–57. doi: 10.1016/j.jaut.2013.06.006

34. Szostak B, Machaj F, Rosik J, Pawlik A. CTLA4 antagonists in phase I and phase II clinical trials, current status and future perspectives for cancer therapy. Expert Opin Investig Drugs. (2019) 28(2):149–59. doi: 10.1080/13543784.2019.1559297

35. Raedler LA. Keytruda (pembrolizumab): first PD-1 inhibitor approved for previously treated unresectable or metastatic melanoma. Am Health Drug Benefits. (2015) 8:96–100.26629272

36. Frenel JS, Le Tourneau C, O’Neil B, Ott PA, Piha-Paul SA, Gomez-Roca C, et al. Safety and efficacy of pembrolizumab in advanced, programmed death ligand 1-positive cervical cancer: results from the phase IB KEYNOTE-028 trial. J Clin Oncol. (2017) 35(36):4035–41. doi: 10.1200/JCO.2017.74.5471

37. Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa K, et al. Association of tumour mutational burden with outcomes in patients with advanced solid tumours treated with pembrolizumab: prospective biomarker analysis of the multicohort, open-label, phase 2 KEYNOTE-158 study. Lancet Oncol. (2020) 21:1353–65. doi: 10.1016/S1470-2045(20)30445-9

38. Antonia SJ, López-Martin JA, Bendell J, Ott PA, Taylor M, Eder JP, et al. Nivolumab alone and nivolumab plus ipilimumab in recurrent small-cell lung cancer (CheckMate 032): a multicentre, open-label, phase 1/2 trial. Lancet Oncol. (2016) 17(7):883–95. doi: 10.1016/S1470-2045(16)30098-5. Erratum in: Lancet Oncol. (2016) 17(7):e270. doi: 10.1016/S1470-2045(16)30221-2. Erratum in: Lancet Oncol. (2019) 20(2):e70. doi: 10.1016/S1470-2045(19)30018-X

39. Ferris RL, Blumenschein G, Fayette J, Guigay J, Colevas AD, Licitra L, et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N Engl J Med. (2016) 375(19):1856–67. doi: 10.1056/nejmoa1602252

40. Overman MJ, McDermott R, Leach JL, Lonardi S, Lenz HJ, Morse MA, et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer (CheckMate 142): an open-label, multicentre, phase 2 study. Lancet Oncol. (2017) 18(9):1182–91. doi: 10.1016/S1470-2045(17)30422-9. Erratum in: Lancet Oncol. (2017) 18(9):e510. PMID: 28734759; PMCID: PMC620707228734759

41. André T, Van Cutsem E, Elez E, Bennouna J, de la Fouchardière C, Yoshino T, et al. P-12 A phase 3 study of nivolumab (NIVO), NIVO+ipilimumab (IPI), or chemotherapy for microsatellite instability-high (MSI-H)/mismatch repair-deficient (dMMR) metastatic colorectal cancer (mCRC): checkMate 8HW. Ann Oncol. (2022) 33:S250. doi: 10.1016/j.annonc.2022.04.104

42. Syed YY. Durvalumab: first global approval. Drugs. (2017) 77(12):1369–76. doi: 10.1007/s40265-017-0782-5. Erratum in: Drugs. (2017) PMID: 28643244; PMCID: PMC563686028643244

43. Al-Salama ZT. Durvalumab: a review in extensive-stage SCLC. Target Oncol. (2021) 16(6):857–64. doi: 10.1007/s11523-021-00843-0. Erratum in: Target Oncol. (2022) 17(1):91. PMID: 34731446; PMCID: PMC864865034731446

44. Oh CR, Kim JE, Hong YS, Kim SY, Ahn JB, Baek JY, et al. Phase II study of durvalumab monotherapy in patients with previously treated microsatellite instability-high/mismatch repair-deficient or POLE-mutated metastatic or unresectable colorectal cancer. Int J Cancer. (2022) 150(12):2038–45. doi: 10.1002/ijc.33966

45. Thibaudin M, Fumet JD, Chibaudel B, Bennouna J, Borg C, Martin-Babau J, et al. First-line durvalumab and tremelimumab with chemotherapy in RAS-mutated metastatic colorectal cancer: a phase 1b/2 trial. Nat Med. (2023) 29(8):2087–98. doi: 10.1038/s41591-023-02497-z

46. Kim ES. Avelumab: first global approval. Drugs. (2017) 77(8):929–37. doi: 10.1007/s40265-017-0749-6

47. Patel MR, Ellerton J, Infante JR, Agrawal M, Gordon M, Aljumaily R, et al. Avelumab in metastatic urothelial carcinoma after platinum failure (JAVELIN solid tumor): pooled results from two expansion cohorts of an open-label, phase 1 trial. Lancet Oncol. (2018) 19(1):51–64. doi: 10.1016/S1470-2045(17)30900-2. Erratum in: Lancet Oncol. (2018) 19(7):e335. PMID: 29217288; PMCID: PMC798472729217288

48. Masters JC, Khandelwal A, di Pietro A, Dai H, Brar S. Model-informed drug development supporting the approval of the avelumab flat-dose regimen in patients with advanced renal cell carcinoma. CPT Pharmacometrics Syst Pharmacol. (2022) 11(4):458–68. doi: 10.1002/psp4.12771

49. Redman JM, O’Sullivan Coyne G, Reed CT, Madan RA, Strauss J, Steinberg SJ, et al. Avelumab in patients with metastatic colorectal cancer. Oncologist. (2023) 28(9):823–e804. doi: 10.1093/oncolo/oyad162

50. Taïeb J, Bouche O, André T, Le Malicot K, Laurent-Puig P, Bez J, et al. Avelumab vs standard second-line chemotherapy in patients with metastatic colorectal cancer and microsatellite instability: a randomized clinical trial. JAMA Oncol. (2023) 9(10):1356–63. doi: 10.1001/jamaoncol.2023.2761

51. Antoniotti C, Rossini D, Pietrantonio F, Catteau A, Salvatore L, Lonardi S, et al. Upfront FOLFOXIRI plus bevacizumab with or without atezolizumab in the treatment of patients with metastatic colorectal cancer (AtezoTRIBE): a multicentre, open-label, randomised, controlled, phase 2 trial. Lancet Oncol. (2022) 23(7):876–87. doi: 10.1016/S1470-2045(22)00274-1

52. Bendell J, Ciardiello F, Tabernero J, Tebbutt N, Eng C, Di Bartolomeo M, et al. Efficacy and safety results from IMblaze370, a randomised phase III study comparing atezolizumab+cobimetinib and atezolizumab monotherapy vs regorafenib in chemotherapy-refractory metastatic colorectal cancer. Ann Oncol. (2018) 29:v123. doi: 10.1093/annonc/mdy208.003

53. Mettu NB, Twohy E, Ou F-S, Halfdanarson TR, Lenz HJ, Breakstone R, et al. BACCI: a phase II randomized, double-blind, multicenter, placebo-controlled study of capecitabine (C) bevacizumab (B) plus atezolizumab (A) or placebo (P) in refractory metastatic colorectal cancer (mCRC): an ACCRU network study. Ann Oncol. (2019) 30:v203. doi: 10.1093/annonc/mdz246.011

54. Cercek A, Lumish M, Sinopoli J, Weiss J, Shia J, Lamendola-Essel M, et al. PD-1 blockade in mismatch repair–deficient, locally advanced rectal cancer. N Engl J Med. (2022) 386(25):2363–76. doi: 10.1056/nejmoa2201445

55. Kang C. Retifanlimab: first approval. Drugs. (2023) 83(8):731–7. doi: 10.1007/s40265-023-01884-7

56. Piawah S, Venook AP. Targeted therapy for colorectal cancer metastases: a review of current methods of molecularly targeted therapy and the use of tumor biomarkers in the treatment of metastatic colorectal cancer. Cancer. (2019) 125(23):4139–47. doi: 10.1002/cncr.32163

57. Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct Target Ther. (2020) 5(1):22. doi: 10.1038/s41392-020-0116-z

58. Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to basic science to mechanism-based cancer therapeutics. Cancer Cell. (2014) 25(3):282–303. doi: 10.1016/j.ccr.2014.02.025

59. Takegawa N, Yonesaka K. HER2 as an emerging oncotarget for colorectal cancer treatment after failure of anti-epidermal growth factor receptor therapy. Clin Colorectal Cancer. (2017) 16(4):247–51. doi: 10.1016/j.clcc.2017.03.001

60. Janani B, Vijayakumar M, Priya K, Kim JH, Prabakaran DS, Shahid M, et al. EGFR-based targeted therapy for colorectal cancer—promises and challenges. Vaccines (Basel). (2022) 10(4):499. doi: 10.3390/vaccines10040499

61. Wang Z. Erbb receptors and cancer. Methods Mol Biol. (2017) 1652:3–35. doi: 10.1007/978-1-4939-7219-7_1

62. Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, et al. A hierarchical network of interreceptor interactions determines signal transduction by neu differentiation factor/neuregulin and epidermal growth factor. Mol Cell Biol. (1996) 16(10):5276–87. doi: 10.1128/mcb.16.10.5276

63. Seshacharyulu P, Ponnusamy MP, Haridas D, Jain M, Ganti AK, Batra SK. Targeting the EGFR signaling pathway in cancer therapy. Expert Opin Ther Targets. (2012) 16(1):15–31. doi: 10.1517/14728222.2011.648617

64. Fakih M, Vincent M. Adverse events associated with anti-EGFR therapies for the treatment of metastatic colorectal cancer. Curr Oncol. (2010) 17(Suppl 1):S18–30. doi: 10.3747/co.v17is1.615

65. Douillard JY, Siena S, Cassidy J, Tabernero J, Burkes R, Barugel M, et al. Final results from PRIME: randomized phase III study of panitumumab with FOLFOX4 for first-line treatment of metastatic colorectal cancer. Ann Oncol. (2014) 25(7):1346–55. doi: 10.1093/annonc/mdu141

66. Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B, et al. Open-label phase III trial of panitumumab plus best supportive care compared with best supportive care alone in patients with chemotherapy- refractory metastatic colorectal cancer. J Clin Oncol. (2007) 25(13):1658–64. doi: 10.1200/JCO.2006.08.1620

67. Montagut C, Argilés G, Ciardiello F, Poulsen TT, Dienstmann R, Kragh M, et al. Efficacy of Sym004 in patients with metastatic colorectal cancer with acquired resistance to anti-EGFR therapy and molecularly selected by circulating tumor DNA analyses a phase 2 randomized clinical trial. JAMA Oncol. (2018) 4(4):e175245. doi: 10.1001/jamaoncol.2017.5245. Erratum in: JAMA Oncol. (2019) 5(5):745. PMID: 29423521; PMCID: PMC588527429423521

68. Heinemann V, von Weikersthal LF, Decker T, Kiani A, Kaiser F, Al-Batran SE, et al. FOLFIRI Plus cetuximab or bevacizumab for advanced colorectal cancer: final survival and per-protocol analysis of FIRE-3, a randomised clinical trial. Br J Cancer. (2021) 124(3):587–94. doi: 10.1038/s41416-020-01140-9

69. Kopetz S, Guthrie KA, Morris VK, Lenz HJ, Magliocco AM, Maru D, et al. Randomized trial of irinotecan and cetuximab with or without vemurafenib in BRAF-mutant metastatic colorectal cancer (SWOG S1406). J Clin Oncol. (2021) 39(4):285–94. doi: 10.1200/JCO.20.01994

70. Bando H, Ohtsu A, Yoshino T. Therapeutic landscape and future direction of metastatic colorectal cancer. Nat Rev Gastroenterol Hepatol. (2023) 20(5):306–22. doi: 10.1038/s41575-022-00736-1

71. Yaeger R, Weiss J, Pelster MS, Spira AI, Barve M, Ou S-HI, et al. Adagrasib with or without cetuximab in colorectal cancer with mutated KRAS G12C. N Engl J Med. (2023) 388(1):44–54. doi: 10.1056/nejmoa2212419

72. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro A, et al. Cetuximab monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer. N Engl J Med. (2004) 351(4):337–45. doi: 10.1056/nejmoa033025

73. Pinto C, Orlandi A, Normanno N, Maiello E, Calegari MA, Antonuzzo L, et al. Fluorouracil, leucovorin, and irinotecan plus cetuximab versus cetuximab as maintenance therapy in first-line therapy for RAS and BRAF wild-type metastatic colorectal cancer: phase III ERMES study. J Clin Oncol. (2024) 42(11):1278–87. doi: 10.1200/JCO.23.01021

74. Modest DP, Karthaus M, Fruehauf S, Graeven U, Müller L, König AO, et al. Panitumumab plus fluorouracil and folinic acid versus fluorouracil and folinic acid alone as maintenance therapy in RAS wild-type metastatic colorectal cancer: the randomized PANAMA trial (AIO KRK 0212). J Clin Oncol. (2022) 40(1):72–82. doi: 10.1200/JCO.21.01332

75. Pietrantonio F, Morano F, Corallo S, Miceli R, Lonardi S, Raimondi A, et al. Maintenance therapy with panitumumab alone vs panitumumab plus fluorouracil-leucovorin in patients with RAS wild-type metastatic colorectal cancer: a phase 2 randomized clinical trial. JAMA Oncol. (2019) 5(9):1268–75. doi: 10.1001/jamaoncol.2019.1467

76. Tejpar S, Celik I, Schlichting M, Sartorius U, Bokemeyer C, Van Cutsem E. Association of KRAS G13D tumor mutations with outcome in patients with metastatic colorectal cancer treated with first-line chemotherapy with or without cetuximab. J Clin Oncol. (2012) 30(29):3570–7. doi: 10.1200/JCO.2012.42.2592

77. Parseghian CM, Loree JM, Morris VK, Liu X, Clifton KK, Napolitano S, et al. Anti-EGFR-resistant clones decay exponentially after progression: implications for anti-EGFR re-challenge. Ann Oncol. (2019) 30(2):243–9. doi: 10.1093/annonc/mdy509

78. Napolitano S, De Falco V, Martini G, Ciardiello D, Martinelli E, Della Corte CM, et al. Panitumumab plus trifluridine-tipiracil as anti-epidermal growth factor receptor rechallenge therapy for refractory RAS wild-type metastatic colorectal cancer: a phase 2 randomized clinical trial. JAMA Oncol. (2023) 9(7):966–70. doi: 10.1001/jamaoncol.2023.0655. Erratum in: JAMA Oncol. (2024) 10(4):541. PMID: 37200022; PMCID: PMC1019692837200022

79. Avallone A, Giuliani F, Nasti G, Montesarchio V, Santabarbara G, Leo S, et al. Randomized intermittent or continuous panitumumab plus FOLFIRI (FOLFIRI/PANI) for first-line treatment of patients (pts) with RAS/BRAF wild-type (wt) metastatic colorectal cancer (mCRC): the IMPROVE study. J Clin Oncol. (2022) 40:3503. doi: 10.1200/jco.2022.40.16_suppl.3503

80. Siena S, Sartore-Bianchi A, Marsoni S, Hurwitz HI, McCall SJ, Penault-Llorca F, et al. Targeting the human epidermal growth factor receptor 2 (HER2) oncogene in colorectal cancer. Ann Oncol. (2018) 29(5):1108–19. doi: 10.1093/annonc/mdy100

81. Strickler JH, Cercek A, Siena S, André T, Ng K, Van Cutsem E, et al. Tucatinib plus trastuzumab for chemotherapy-refractory, HER2-positive, RAS wild-type unresectable or metastatic colorectal cancer (MOUNTAINEER): a multicentre, open-label, phase 2 study. Lancet Oncol. (2023) 24(5):496–508. doi: 10.1016/S1470-2045(23)00150-X

82. Tosi F, Sartore-Bianchi A, Lonardi S, Amatu A, Leone F, Ghezzi S, et al. Long-term clinical outcome of trastuzumab and lapatinib for HER2-positive metastatic colorectal cancer. Clin Colorectal Cancer. (2020) 19(4):256–62.e2. doi: 10.1016/j.clcc.2020.06.009

83. Fu X, Ying J, Yang L, Fang W, Han W, Hu H, et al. Dual targeted therapy with pyrotinib and trastuzumab for HER2-positive advanced colorectal cancer: a phase 2 trial. Cancer Sci. (2023) 114(3):1067–74. doi: 10.1111/cas.15660

84. Chang J, Xu M, Wang C, Huang D, Zhang Z, Chen Z, et al. Dual HER2 targeted therapy with pyrotinib and trastuzumab in refractory HER2 positive metastatic colorectal cancer: a result from HER2-FUSCC-G study. Clin Colorectal Cancer. (2022) 21(4):347–53. doi: 10.1016/j.clcc.2022.07.003

85. Zhou H, Lv M, Li W, Wang Y, Wu J, Liu Q, et al. Efficacy of pyrotinib with/without trastuzumab in treatment-refractory, HER2-positive metastatic colorectal cancer: result from a prospective observational study. Clin Colorectal Cancer. (2024) 23(1):58–66. doi: 10.1016/j.clcc.2023.10.008

86. Yoshino T, Di Bartolomeo M, Raghav K, Masuishi T, Loupakis F, Kawakami H, et al. Final results of DESTINY-CRC01 investigating trastuzumab deruxtecan in patients with HER2-expressing metastatic colorectal cancer. Nat Commun. (2023) 14(1):3332. doi: 10.1038/s41467-023-38032-4

87. Meric-Bernstam F, Hurwitz H, Raghav KPS, McWilliams RR, Fakih M, VanderWalde A, et al. Pertuzumab plus trastuzumab for HER2-amplified metastatic colorectal cancer (MyPathway): an updated report from a multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol. (2019) 20(4):518–30. doi: 10.1016/S1470-2045(18)30904-5

88. Wang M, Su J, Lu J, Yang Z, Wang J, Zhong Y, et al. Efficacy and safety of HER2-targeted therapy in patients with colorectal cancer: what should we expect from a meta-analysis? Clin Res Hepatol Gastroenterol. (2023) 47(2):102078. doi: 10.1016/j.clinre.2023.102078

89. Sun W. Angiogenesis in metastatic colorectal cancer and the benefits of targeted therapy. J Hematol Oncol. (2012) 5:63. doi: 10.1186/1756-8722-5-63

90. Kut C, Mac Gabhann F, Popel AS. Where is VEGF in the body? A meta-analysis of VEGF distribution in cancer. Br J Cancer. (2007) 97(7):978–85. doi: 10.1038/sj.bjc.6603923

91. Cao Y, Arbiser J, D’Amato RJ, D’Amore PA, Ingber DE, Kerbel R, et al. Forty-year journey of angiogenesis translational research. Sci Transl Med. (2011) 3(114):114rv3. doi: 10.1126/scitranslmed.3003149

92. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med. (2004) 350(23):2335–42. doi: 10.1056/nejmoa032691

93. Wang Y, Fei D, Vanderlaan M, Song A. Biological activity of bevacizumab, a humanized anti-VEGF antibody in vitro. Angiogenesis. (2004) 7(4):335–45. doi: 10.1007/s10456-004-8272-2

94. Prager GW, Taieb J, Fakih M, Ciardiello F, Van Cutsem E, Elez E, et al. Trifluridine–tipiracil and bevacizumab in refractory metastatic colorectal cancer. N Engl J Med. (2023) 388(18):1657–67. doi: 10.1056/nejmoa2214963

95. Cunningham D, Lang I, Marcuello E, Lorusso V, Ocvirk J, Shin DB, et al. Bevacizumab plus capecitabine versus capecitabine alone in elderly patients with previously untreated metastatic colorectal cancer (AVEX): an open-label, randomised phase 3 trial. Lancet Oncol. (2013) 14(11):1077–85. doi: 10.1016/S1470-2045(13)70154-2

96. Cremolini C, Loupakis F, Antoniotti C, Lupi C, Sensi E, Lonardi S, et al. FOLFOXIRI Plus bevacizumab versus FOLFIRI plus bevacizumab as first-line treatment of patients with metastatic colorectal cancer: updated overall survival and molecular subgroup analyses of the open-label, phase 3 TRIBE study. Lancet Oncol. (2015) 16(13):1306–15. doi: 10.1016/S1470-2045(15)00122-9

97. Tabernero J, Yoshino T, Cohn AL, Obermannova R, Bodoky G, Garcia-Carbonero R, et al. Ramucirumab versus placebo in combination with second-line FOLFIRI in patients with metastatic colorectal carcinoma that progressed during or after first-line therapy with bevacizumab, oxaliplatin, and a fluoropyrimidine (RAISE): a randomised, double-blind, multicentre, phase 3 study. Lancet Oncol. (2015) 16(5):499–508. doi: 10.1016/S1470-2045(15)70127-0. Erratum in: Lancet Oncol. (2015) 16(6):e262. PMID: 25877855

98. Suzuki T, Shinozaki E, Osumi H, Nakayama I, Ota Y, Ichimura T, et al. Second-line FOLFIRI plus ramucirumab with or without prior bevacizumab for patients with metastatic colorectal cancer. Cancer Chemother Pharmacol. (2019) 84(2):307–13. doi: 10.1007/s00280-019-03855-w

99. Yoshihiro T, Kusaba H, Makiyama A, Kobayashi K, Uenomachi M, Ito M, et al. Efficacy and safety of ramucirumab plus modified FOLFIRI for metastatic colorectal cancer. Int J Clin Oncol. (2019) 24(5):508–15. doi: 10.1007/s10147-018-01391-w

100. Liang YH, Liang JT, Lin BR, Huang J, Hung JS, Lai SL, et al. Ramucirumab plus triplet chemotherapy as an alternative salvage treatment for patients with metastatic colorectal cancer. J Formos Med Assoc. (2022) 121(10):2057–64. doi: 10.1016/j.jfma.2022.02.019

101. Papadopoulos N, Martin J, Ruan Q, Rafique A, Rosconi MP, Shi E, et al. Binding and neutralization of vascular endothelial growth factor (VEGF) and related ligands by VEGF trap, ranibizumab and bevacizumab. Angiogenesis. (2012) 15(2):171–85. doi: 10.1007/s10456-011-9249-6

102. Gonzalez S, Salvà N, Ros F, Baraibar J, Marmolejo I, Valdivia D, et al. Up-to-date role of aflibercept in the treatment of colorectal cancer. Expert Opin Biol Ther. (2021) 21(10):1315–24. doi: 10.1080/14712598.2021.1935231

103. Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausová J, Macarulla T, et al. Addition of aflibercept to fluorouracil, leucovorin, and irinotecan improves survival in a phase III randomized trial in patients with metastatic colorectal cancer previously treated with an oxaliplatin-based regimen. J Clin Oncol. (2012) 30(28):3499–506. doi: 10.1200/JCO.2012.42.8201

104. Folprecht G, Pericay C, Saunders MP, Thomas A, Lopez Lopez R, Roh JK, et al. Oxaliplatin and 5-FU/folinic acid (modified FOLFOX6) with or without aflibercept in first-line treatment of patients with metastatic colorectal cancer: the AFFIRM study. Ann Oncol. (2016) 27(7):1273–9. doi: 10.1093/annonc/mdw176

105. Muro K, Salinardi T, Singh AR, Macarulla T. Safety of aflibercept in metastatic colorectal cancer: a literature review and expert perspective on clinical and real-world data. Cancers (Basel). (2020) 12(4):844. doi: 10.3390/cancers12040844

106. De La Fouchardière C. Regorafenib in the treatment of metastatic colorectal cancer. Future Oncology. (2018) 14(22):2239–46. doi: 10.2217/fon-2017-0512

107. Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, et al. Regorafenib monotherapy for previously treated metastatic colorectal cancer (CORRECT): an international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet. (2013) 381(9863):303–12. doi: 10.1016/S0140-6736(12)61900-X

108. Eng C, Kim TW, Bendell J, Argilés G, Tebbutt NC, Di Bartolomeo M, et al. Atezolizumab with or without cobimetinib versus regorafenib in previously treated metastatic colorectal cancer (IMblaze370): a multicentre, open-label, phase 3, randomised, controlled trial. Lancet Oncol. (2019) 20(6):849–61. doi: 10.1016/S1470-2045(19)30027-0. Erratum in: Lancet Oncol. (2019) 20(6):e293. PMID: 31003911

109. Li J, Qin S, Xu R, Yau TCC, Ma B, Pan H, et al. Regorafenib plus best supportive care versus placebo plus best supportive care in Asian patients with previously treated metastatic colorectal cancer (CONCUR): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. (2015) 16(6):619–29. doi: 10.1016/S1470-2045(15)70156-7

110. Bekaii-Saab TS, Ou FS, Ahn DH, Boland PM, Ciombor KK, Heying EN, et al. Regorafenib dose-optimisation in patients with refractory metastatic colorectal cancer (ReDOS): a randomised, multicentre, open-label, phase 2 study. Lancet Oncol. (2019) 20(8):1070–82. doi: 10.1016/S1470-2045(19)30272-4

111. Li J, Qin S, Xu RH, Shen L, Xu J, Bai Y, et al. Effect of fruquintinib vs placebo on overall survival in patients with previously treated metastatic colorectal cancer the FRESCO randomized clinical trial. JAMA. (2018) 319(24):2486–96. doi: 10.1001/jama.2018.7855

112. Dasari A, Lonardi S, Garcia-Carbonero R, Elez E, Yoshino T, Sobrero A, et al. Fruquintinib versus placebo in patients with refractory metastatic colorectal cancer (FRESCO-2): an international, multicentre, randomised, double-blind, phase 3 study. Lancet. (2023) 402(10395):41–53. doi: 10.1016/S0140-6736(23)00772-9

113. Hardiman KM. Update on sporadic colorectal cancer genetics. Clin Colon Rectal Surg. (2018) 31(3):147–52. doi: 10.1055/s-0037-1602234

114. Gmeiner WH. Recent advances in our knowledge of mCRC tumor biology and genetics: a focus on targeted therapy development. Onco Targets Ther. (2021) 14:2121–30. doi: 10.2147/OTT.S242224

115. Muzny DM, Bainbridge MN, Chang K, Dinh HH, Drummond JA, Fowler G, et al. Comprehensive molecular characterization of human colon and rectal cancer. Nature. (2012) 487(7407):330–7. doi: 10.1038/nature11252

116. Koveitypour Z, Panahi F, Vakilian M, Peymani M, Seyed Forootan F, Nasr Esfahani MH, et al. Signaling pathways involved in colorectal cancer progression. Cell Biosci. (2019) 9:97. doi: 10.1186/s13578-019-0361-4

117. Hechtman JF. NTRK insights: best practices for pathologists. Mod Pathol. (2022) 35(3):298–305. doi: 10.1038/s41379-021-00913-8

118. Pietrantonio F, Di Nicolantonio F, Schrock AB, Lee J, Tejpar S, Sartore-Bianchi A, et al. ALK, ROS1, and NTRK rearrangements in metastatic colorectal cancer. J Natl Cancer Inst. (2017) 109(12). doi: 10.1093/jnci/djx089

119. Lasota J, Chłopek M, Lamoureux J, Christiansen J, Kowalik A, Wasąg B, et al. Colonic adenocarcinomas harboring NTRK fusion genes: a clinicopathologic and molecular genetic study of 16 cases and review of the literature. Am J Surg Pathol. (2020) 44(2):162–73. doi: 10.1097/PAS.0000000000001377

120. Schraa SJ, Stelloo E, Laclé MM, Swennenhuis JF, Brosens LAA, Fijneman RJA, et al. Comparison of NTRK fusion detection methods in microsatellite-instability-high metastatic colorectal cancer. Virchows Arch. (2023) 482(6):983–92. doi: 10.1007/s00428-023-03538-1

121. Wang H, Li ZW, Ou Q, Wu X, Nagasaka M, Shao Y, et al. NTRK fusion positive colorectal cancer is a unique subset of CRC with high TMB and microsatellite instability. Cancer Med. (2022) 11(13):2541–9. doi: 10.1002/cam4.4561

122. Chen Y, Chi P. Basket trial of TRK inhibitors demonstrates efficacy in TRK fusion-positive cancers. J Hematol Oncol. (2018) 11(1):78. doi: 10.1186/s13045-018-0622-4

123. Jiang T, Wang G, Liu Y, Feng L, Wang M, Liu J, et al. Development of small-molecule tropomyosin receptor kinase (TRK) inhibitors for NTRK fusion cancers. Acta Pharm Sin B. (2021) 11(2):355–72. doi: 10.1016/j.apsb.2020.05.004. Erratum in: Acta Pharm Sin B. (2022) 12(6):2963–64. PMID: 33643817; PMCID: PMC789312433643817

124. Garralda E, Hong D, Xu R, Deeken J, Italiano A, Liu T, et al. SO-31 Long-term efficacy and safety of larotrectinib in patients with tropomyosin receptor kinase (TRK) fusion gastrointestinal (GI) cancer: an expanded dataset. Ann Oncol. (2022) 33(4):S370. doi: 10.1016/j.annonc.2022.04.430

125. Xiang S, Lu X. Selective type II TRK inhibitors overcome xDFG mutation mediated acquired resistance to the second-generation inhibitors selitrectinib and repotrectinib. Acta Pharm Sin B. (2024) 14(2):517–32. doi: 10.1016/J.APSB.2023.11.010

126. Sun Y, Li G, Zhu W, He Q, Liu Y, Chen X, et al. A comprehensive pan-cancer study of fibroblast growth factor receptor aberrations in Chinese cancer patients. Ann Transl Med. (2020) 8(20):1290. doi: 10.21037/atm-20-5118

127. Ratti M, Orlandi E, Hahne JC, Vecchia S, Citterio C, Anselmi E, et al. Targeting FGFR pathways in gastrointestinal cancers: new frontiers of treatment. Biomedicines. (2023) 11:2650. doi: 10.3390/BIOMEDICINES11102650

128. Yamamoto T, Miyoshi H, Kakizaki F, Maekawa H, Yamaura T, Morimoto T, et al. Chemosensitivity of patient-derived cancer stem cells identifies colorectal cancer patients with potential benefit from FGFR inhibitor therapy. Cancers (Basel). (2020) 12(8):2010. doi: 10.3390/cancers12082010

129. Liu Y, Zhang L, Chen X, Chen D, Shi X, Song J, et al. The novel FGFR inhibitor F1-7 induces DNA damage and cell death in colon cells. Br J Cancer. (2022) 127(6):1014–25. doi: 10.1038/s41416-022-01878-4

130. Ciombor KK, Zemla TJ, Hubbard JM, Jia J, Gbolahan OB, Sousa A, et al. A phase II single-arm study of the FGFR inhibitor pemigatinib in patients with metastatic colorectal cancer (mCRC) harboring FGF/FGFR alterations. J Clin Oncol. (2023) 41:139. doi: 10.1200/jco.2023.41.4_suppl.139

131. Scarbrough PM, Weber RP, Iversen ES, Brhane Y, Amos CI, Kraft P, et al. A cross-cancer genetic association analysis of the DNA repair and DNA damage signaling pathways for lung, ovary, prostate, breast, and colorectal cancer. Cancer Epidemiol Biomarkers Prev. (2016) 25(1):193–200. doi: 10.1158/1055-9965.EPI-15-0649

132. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science (1979). (2015) 348(6230):124–8. doi: 10.1126/science.aaa1348

133. Song Y, Huang J, Liang D, Hu Y, Mao B, Li Q, et al. DNA damage repair gene mutations are indicative of a favorable prognosis in colorectal cancer treated with immune checkpoint inhibitors. Front Oncol. (2021) 10:549777. doi: 10.3389/fonc.2020.549777

134. Lin PC, Yeh YM, Chan RH, Lin BW, Chen PC, Pan CC, et al. Sequential and co-occurring DNA damage response genetic mutations impact survival in stage III colorectal cancer patients receiving adjuvant oxaliplatin-based chemotherapy. BMC Cancer. (2021) 21(1):217. doi: 10.1186/s12885-021-07926-1

135. Huang W, Li W, Xu N, Li H, Zhang Z, Zhang X, et al. Differences in DNA damage repair gene mutations between left- and right-sided colorectal cancer. Cancer Med. (2023) 12(9):10187–98. doi: 10.1002/cam4.5716

136. Tokunaga R, Xiu J, Goldberg RM, Philip PA, Seeber A, Battaglin F, et al. The impact of ARID1A mutation on molecular characteristics in colorectal cancer. Eur J Cancer. (2020) 140:119–29. doi: 10.1016/j.ejca.2020.09.006

137. Shen J, Peng Y, Wei L, Zhang W, Yang L, Lan L, et al. ARID1A deficiency impairs the DNA damage checkpoint and sensitizes cells to PARP inhibitors. Cancer Discov. (2015) 5(7):752–67. doi: 10.1158/2159-8290.CD-14-0849

138. Marks EI, Matera R, Olszewski AJ, Yakirevich E, El-Deiry WS, Safran H, et al. Mutations in DNA repair genes and clinical outcomes of patients with metastatic colorectal cancer receiving oxaliplatin or irinotecan-containing regimens. Am J Clin Oncol. (2021) 44(2):68–73. doi: 10.1097/COC.0000000000000785

139. Garmezy B, Gheeya J, Lin HY, Huang Y, Kim T, Jiang X, et al. Clinical and molecular characterization of POLE mutations as predictive biomarkers of response to immune checkpoint inhibitors in advanced cancers. JCO Precis Oncol. (2022) 6:e2100267. doi: 10.1200/po.21.00267

140. Valle L, Hernández-Illán E, Bellido F, Aiza G, Castillejo A, Castillejo MI, et al. New insights into POLE and POLD1 germline mutations in familial colorectal cancer and polyposis. Hum Mol Genet. (2014) 23(13):3506–12. doi: 10.1093/hmg/ddu058

141. Domingo E, Freeman-Mills L, Rayner E, Glaire M, Briggs S, Vermeulen L, et al. Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer: a retrospective, pooled biomarker study. Lancet Gastroenterol Hepatol. (2016) 1(3):207–16. doi: 10.1016/S2468-1253(16)30014-0

142. Jiang M, Jia Y, Han J, Shi J, Su C, Zhang R, et al. Distinct clinical pattern of colorectal cancer patients with POLE mutations: a retrospective study on real-world data. Front Genet. (2022) 13:963964. doi: 10.3389/FGENE.2022.963964/BIBTEX

143. Kim JH, Kim SY, Baek JY, Cha YJ, Ahn JB, Kim HS, et al. A phase II study of avelumab monotherapy in patients with mismatch repair-deficient/microsatellite instability-high or POLE-mutated metastatic or unresectable colorectal cancer. Cancer Res Treat. (2020) 52(4):1135–44. doi: 10.4143/crt.2020.218

144. Takahashi M. RET Receptor signaling: function in development, metabolic disease, and cancer. Proc Jpn Acad Ser B Phys Biol Sci. (2022) 98(3):112–25. doi: 10.2183/pjab.98.008

145. Desilets A, Repetto M, Yang SR, Sherman EJ, Drilon A. RET-altered cancers—a tumor-agnostic review of biology, diagnosis and targeted therapy activity. Cancers (Basel). (2023) 15(16):4146. doi: 10.3390/cancers15164146

146. Yang YZ, Hu WM, Xia LP, He WZ. Association between somatic RET mutations and clinical and genetic characteristics in patients with metastatic colorectal cancer. Cancer Med. (2021) 10(24):8876–82. doi: 10.1002/cam4.4400

147. Bradford D, Larkins E, Mushti SL, Rodriguez L, Skinner AM, Helms WS, et al. Fda approval summary: selpercatinib for the treatment of lung and thyroid cancers with ret gene mutations or fusions. Clin Cancer Res. (2021) 27(8):2130–5. doi: 10.1158/1078-0432.CCR-20-3558

148. Subbiah V, Wolf J, Konda B, Kang H, Spira A, Weiss J, et al. Tumour-agnostic efficacy and safety of selpercatinib in patients with RET fusion-positive solid tumours other than lung or thyroid tumours (LIBRETTO-001): a phase 1/2, open-label, basket trial. Lancet Oncol. (2022) 23(10):1261–73. doi: 10.1016/S1470-2045(22)00541-1

149. Subbiah V, Cassier PA, Siena S, Garralda E, Paz-Ares L, Garrido P, et al. Pan-cancer efficacy of pralsetinib in patients with RET fusion–positive solid tumors from the phase 1/2 ARROW trial. Nat Med. (2022) 28(8):1640–5. doi: 10.1038/s41591-022-01931-y

150. ter Steege EJ, Bakker ERM. The role of R-spondin proteins in cancer biology. Oncogene. (2021) 40(47):6469–78. doi: 10.1038/s41388-021-02059-y

151. Matsumoto A, Shimada Y, Nakano M, Oyanagi H, Tajima Y, Nakano M, et al. RNF43 mutation is associated with aggressive tumor biology along with BRAF V600E mutation in right-sided colorectal cancer. Oncol Rep. (2020) 43(6):1853–62. doi: 10.3892/or.2020.7561

152. Eto T, Miyake K, Nosho K, Ohmuraya M, Imamura Y, Arima K, et al. Impact of loss-of-function mutations at the RNF43 locus on colorectal cancer development and progression. J Pathol. (2018) 245(4):445–55. doi: 10.1002/path.5098

153. Koo BK, Van Es JH, Van Den Born M, Clevers H. Porcupine inhibitor suppresses paracrine wnt-driven growth of Rnf43;Znrf3-mutant neoplasia. Proc Natl Acad Sci U S A. (2015) 112(24):7548–50. doi: 10.1073/pnas.1508113112

154. Seeber A, Battaglin F, Zimmer K, Kocher F, Baca Y, Xiu J, et al. Comprehensive analysis of R-spondin fusions and RNF43 mutations implicate novel therapeutic options in colorectal cancer. Clin Cancer Res. (2022) 28(9):1863–70. doi: 10.1158/1078-0432.CCR-21-3018

155. Huang Z-Y, Wen L, Ye L-F, Lu Y-T, Pat Fong W, Zhang R-J, et al. Clinical and molecular characteristics of RNF43 mutations as promising prognostic biomarkers in colorectal cancer. Ther Adv Med Oncol. (2024) 16:17588359231220600. doi: 10.1177/17588359231220600

156. Srivastava A, Rikhari D, Srivastava S. RSPO2 As wnt signaling enabler: important roles in cancer development and therapeutic opportunities. Genes Dis. (2024) 11(2):788–806. doi: 10.1016/j.gendis.2023.01.013

157. Wang Z, Cao YJ. Adoptive cell therapy targeting neoantigens: a frontier for cancer research. Front Immunol. (2020) 11:176. doi: 10.3389/fimmu.2020.00176

158. Leowattana W, Leowattana P, Leowattana T. Systemic treatment for metastatic colorectal cancer. World J Gastroenterol. (2023) 29:1569–88. doi: 10.3748/WJG.V29.I10.1569

159. Zhao W, Jin L, Chen P, Li D, Gao W, Dong G. Colorectal cancer immunotherapy-recent progress and future directions. Cancer Lett. (2022) 545:215816. doi: 10.1016/j.canlet.2022.215816

160. Krogsgaard M, Davis MM. How T cells “see” antigen. Nat Immunol. (2005) 6(3):239–45. doi: 10.1038/ni1173

161. Li H, Yang C, Cheng H, Huang S, Zheng Y. CAR-T cells for colorectal cancer: target-selection and strategies for improved activity and safety. J Cancer. (2021) 12(6):1804–14. doi: 10.7150/jca.50509

162. Ghazi B, El Ghanmi A, Kandoussi S, Ghouzlani A, Badou A. CAR T-cells for colorectal cancer immunotherapy: ready to go? Front Immunol. (2022) 13:978195. doi: 10.3389/fimmu.2022.978195

163. He S, Li S, Guo J, Zeng X, Liang D, Zhu Y, et al. CD166-specific CAR-T cells potently target colorectal cancer cells. Transl Oncol. (2023) 27:101575. doi: 10.1016/j.tranon.2022.101575

164. Xiao L, Cen D, Gan H, Sun Y, Huang N, Xiong H, et al. Adoptive transfer of NKG2D CAR mRNA-engineered natural killer cells in colorectal cancer patients. Mol Ther. (2019) 27(6):1114–25. doi: 10.1016/j.ymthe.2019.03.011

165. Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan DAN, Feldman SA, et al. T cells targeting carcinoembryonic antigen can mediate regression of metastatic colorectal cancer but induce severe transient colitis. Mol Ther. (2011) 19(3):620–6. doi: 10.1038/mt.2010.272

166. Lanier LL. NKG2D receptor and its ligands in host defense. Cancer Immunol Res. (2015) 3(6):575–82. doi: 10.1158/2326-6066.CIR-15-0098

167. Curio S, Lin W, Bromley C, McGovern J, Triulzi C, Jonsson G, et al. NKG2D fine-tunes the local inflammatory response in colorectal cancer. Cancers (Basel). (2023) 15(6):1792. doi: 10.3390/cancers15061792

168. Deng X, Gao F, Li N, Li Q, Zhou Y, Yang T, et al. Antitumor activity of NKG2D CAR-T cells against human colorectal cancer cells in vitro and in vivo. Am J Cancer Res. (2019) 9(5):945–58. PMID: 31218103; PMCID: PMC655659831218103

169. Wu S, Gu W. Association of T stage and serum CEA levels in determining survival of rectal cancer. Front Med (Lausanne). (2020) 6:270. doi: 10.3389/fmed.2019.00270

170. Han ZW, Lyv ZW, Cui B, Wang YY, Cheng JT, Zhang Y, et al. The old CEACAMs find their new role in tumor immunotherapy. Invest New Drugs. (2020) 38(6):1888–98. doi: 10.1007/s10637-020-00955-w. Erratum in: Invest New Drugs. (2020) 38(6):1899–1900. doi: 10.1007/s10637-020-00967-6

171. Zhao Y, Zhu X, Shen J, Xu Y, Yang Z, Qi Y, et al. “Armed” CEA CAR-T with a SIRPγ-CD28 chimeric co-receptor to exhibit the enhanced antitumor activity in preclinical study of colorectal cancer. J Clin Oncol. (2023) 41:e14530. doi: 10.1200/jco.2023.41.16_suppl.e14530

172. Zhang C, Wang Z, Yang Z, Wang M, Li S, Li Y, et al. Phase I escalating-dose trial of CAR-T therapy targeting CEA+ metastatic colorectal cancers. Mol Ther. (2017) 25(5):1248–58. doi: 10.1016/j.ymthe.2017.03.010

173. Zhang Q, Lin L, Wang L, Wang W, Qian L, Pan Y, et al. Novel GUCY2C targeting CAR-T therapy: efficacy in advanced colorectal cancer. J Clin Oncol. (2023) 41:3559–3559. doi: 10.1200/JCO.2023.41.16_suppl.3559

174. Yoshikawa A, Nakamura Y. Molecular basis of HER2-targeted therapy for HER2-positive colorectal cancer. Cancers (Basel). (2023) 15(1):183. doi: 10.3390/cancers15010183

175. Ahcene Djaballah S, Daniel F, Milani A, Ricagno G, Lonardi S. HER2 In colorectal cancer: the long and winding road from negative predictive factor to positive actionable target. Am Soc Clin Oncol Educ Book. (2022) 42:1–14. doi: 10.1200/edbk_351354

176. Chitkara A, Bakhtiar M, Sahin IH, Hsu D, Zhang J, Anamika FNU, et al. A meta-analysis to assess the efficacy of HER2-targeted treatment regimens in HER2-positive metastatic colorectal cancer (mCRC). Curr Oncol. (2023) 30(9):8266–77. doi: 10.3390/curroncol30090600

177. Xu J, Meng Q, Sun H, Zhang X, Yun J, Li B, et al. HER2-specific chimeric antigen receptor-T cells for targeted therapy of metastatic colorectal cancer. Cell Death Dis. (2021) 12(12):1109. doi: 10.1038/s41419-021-04100-0

178. Dumbrava EE, Olson D, Saibil S, Pieke B, George MA, Bouvier R, et al. Abstract CT234: a phase I/II trial investigating safety and efficacy of autologous TAC01-HER2 in relapsed or refractory solid tumors. Cancer Res. (2023) 83(8_Supplement):CT234. doi: 10.1158/1538-7445.am2023-ct234

179. Luo T, Fang W, Lu Z, Tong C, Zhang H, Ai G, et al. EpCAM CAR T (IMC001) for the treatment of advanced GI cancers. J Clin Oncol. (2023) 41:4034. doi: 10.1200/jco.2023.41.16_suppl.4034

180. Douaiher J, Ravipati A, Grams B, Chowdhury S, Alatise O, Are C. Colorectal cancer—global burden, trends, and geographical variations. J Surg Oncol. (2017) 115(5):619–30. doi: 10.1002/jso.24578

181. van Tuil T, Dhaif AA, te Riele WW, van Ramshorst B, van Santvoort HC. Systematic review and meta-analysis of liver resection for colorectal metastases in elderly patients. Dig Surg. (2019) 36(2):111–23. doi: 10.1159/000487274

182. Grande R, Pavese I, Natoli C, Ciancola F, Gemma D, Pellegrino A, et al. Treatment (T) of metastatic colorectal cancer (mcrc) patients (pts) ≥75 years (Y) old in clinical practice: a multicenter analysis. Ann Oncol. (2014) 25(4):iv205. doi: 10.1093/annonc/mdu333.102

183. Longley DB, Harkin DP, Johnston PG. 5-Fluorouracil: mechanisms of action and clinical strategies. Nat Rev Cancer. (2003) 3(5):330–8. doi: 10.1038/nrc1074

184. Sanoff HK, Goldberg RM. How we treat metastatic colon cancer in older adults. J Geriatr Oncol. (2013) 4(4):295–301. doi: 10.1016/j.jgo.2013.07.007

185. Seymour MT, Thompson LC, Wasan HS, Middleton G, Brewster AE, Shepherd SF, et al. Chemotherapy options in elderly and frail patients with metastatic colorectal cancer (MRC FOCUS2): an open-label, randomised factorial trial. Lancet. (2011) 377(9779):1749–59. doi: 10.1016/S0140-6736(11)60399-1

186. Aparicio T, Lavau-Denes S, Phelip JM, Maillard E, Jouve JL, Gargot D, et al. Randomized phase III trial in elderly patients comparing LV5FU2 with or without irinotecan for first-line treatment of metastatic colorectal cancer (FFCD 2001-02). Ann Oncol. (2016) 27(1):121–7. doi: 10.1093/annonc/mdv491

187. Price TJ, Zannino D, Wilson K, Simes RJ, Cassidy J, Van hazel GA, et al. Bevacizumab is equally effective and no more toxic in elderly patients with advanced colorectal cancer: a subgroup analysis from the AGITG MAX trial: an international randomised controlled trial of capecitabine, bevacizumab and mitomycin C. Ann Oncol. (2012) 23(6):1531–6. doi: 10.1093/annonc/mdr488

188. Correa E, Lindsay T, Dotan E. Management of metastatic colorectal carcinoma in older adults: balancing risks and benefits of novel therapies. Drugs Aging. (2021) 38(8):639–54. doi: 10.1007/s40266-021-00869-z

189. Aparicio T, Schischmanoff O, Poupardin C, Soufir N, Angelakov C, Barrat C, et al. Deficient mismatch repair phenotype is a prognostic factor for colorectal cancer in elderly patients. Dig Liver Dis. (2013) 45(3):245–50. doi: 10.1016/j.dld.2012.09.013

190. Nosaki K, Saka H, Hosomi Y, Baas P, de Castro G, Reck M, et al. Safety and efficacy of pembrolizumab monotherapy in elderly patients with PD-L1–positive advanced non–small-cell lung cancer: pooled analysis from the KEYNOTE-010, KEYNOTE-024, and KEYNOTE-042 studies. Lung Cancer. (2019) 135:188–95. doi: 10.1016/j.lungcan.2019.07.004

191. Jehn CF, Böning L, Kröning H, Possinger K, Lüftner D. Cetuximab-based therapy in elderly comorbid patients with metastatic colorectal cancer. Br J Cancer. (2012) 106(2):274–8. doi: 10.1038/bjc.2011.554

192. Lonardi S, Rasola C, Lobefaro R, Rossini D, Formica V, Scartozzi M, et al. Initial panitumumab plus fluorouracil, leucovorin, and oxaliplatin or plus fluorouracil and leucovorin in elderly patients with RAS and BRAF wild-type metastatic colorectal cancer: the PANDA trial by the GONO foundation. J Clin Oncol. (2023) 41(34):5263–73. doi: 10.1200/JCO.23.00506

193. Carrato A, Benavides M, Massutí B, Ferreiro-Monteagudo R, García Alfonso P, Falcó E, et al. First-line single-agent regorafenib in frail patients with metastatic colorectal cancer: a pilot phase II study of the spanish cooperative group for the treatment of digestive tumours (TTD). BMC Cancer. (2019) 19(1):533. doi: 10.1186/s12885-019-5753-7

194. Guerrero P, Albarrán V, San Román M, González-Merino C, de Quevedo G, Moreno C, et al. BRAF inhibitors in metastatic colorectal cancer and mechanisms of resistance: a review of the literature. Cancers (Basel). (2023) 15(21):5243. doi: 10.3390/cancers15215243

195. Kawashima H. Radioimmunotherapy: a specific treatment protocol for cancer by cytotoxic radioisotopes conjugated to antibodies. Sci World J. (2014) 2014:492061. doi: 10.1155/2014/492061

196. Hsu MA, Okamura SM, De Magalhaes Filho CD, Bergeron DM, Rodriguez A, West M, et al. Cancer-targeted photoimmunotherapy induces antitumor immunity and can be augmented by anti-PD-1 therapy for durable anticancer responses in an immunologically active murine tumor model. Cancer Immunol Immunother. (2023) 72(1):151–68. doi: 10.1007/s00262-022-03239-9

197. Yang Y, Liu P, Zhou M, Yin L, Wang M, Liu T, et al. Small-molecule drugs of colorectal cancer: current status and future directions. Biochim Biophys Acta Mol Basis Dis. (2024) 1870(1):166880. doi: 10.1016/j.bbadis.2023.166880

198. Mohite P, Rajput T, Pandhare R, Sangale A, Singh S, Prajapati BG. Nanoemulsion in management of colorectal cancer: challenges and future prospects. Nanomanufacturing. (2023) 3(2):139–66. doi: 10.3390/nanomanufacturing3020010

199. Lucas C, Barnich N, Nguyen HTT. Microbiota, inflammation and colorectal cancer. Int J Mol Sci. (2017) 18(6):1310. doi: 10.3390/ijms18061310

200. Cheng Y, Ling Z, Li L. The intestinal microbiota and colorectal cancer. Front Immunol. (2020) 11:615056. doi: 10.3389/fimmu.2020.615056



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Navigating through novelties concerning mCRC treatment—the role of immunotherapy, chemotherapy, and targeted therapy in mCRC

		1 Introduction



		2 The role of the immunotherapy in the mCRC management



		2.1 PD-1 inhibitors



		2.2 CTLA-4 inhibitors



		2.3 Immunotherapy agents



		2.3.1 Pembrolizumab



		2.3.2 Nivolumab and ipilimumab



		2.3.3 Durvalumab



		2.3.4 Avelumab



		2.3.5 Atezolizumab



		2.3.6 Dostarlimab



		2.3.7 Retifanlimab



















		3 Targeted therapy



		3.1 EGFR pathway



		3.1.1 HER2-inhibitors











		3.2 Angiogenic pathway



		3.2.1 Bevacizumab



		3.2.2 Ramucirumab



		3.2.3 Aflibercept



		3.2.4 Regorafenib



		3.2.5 Fruquintinib



















		4 Other potential treatment targets for personalized therapy



		4.1 NTRK fusions



		4.2 FGFR



		4.3 DNA damage repair genes



		4.4 POLE



		4.5 RET



		4.6 RSPO fusions and RNF43 mutations











		5 Adoptive cell therapy



		5.1 NKG2D



		5.2 CEA



		5.3 GUCY2C



		5.4 HER2



		5.5 EpCAM











		6 Management of mCRC among elderly patients with immunotherapy and targeted therapy



		7 Discussion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Surgery

Navigating through novelties concerning
mCRC treatment—the role of
immunotherapy, chemotherapy,
and targeted therapy in mCRC








OPS/images/fsurg-11-1398289-t001.jpg
KEYNOTE-
016

Phase

Characteristics of the
studied population
mCRC with or without
‘mismatch-repair deficiency

Number of
participants

Treatment

Pembrolizumab

Primary
Endpoint
ORR
PFS at 20
weeks

Results

dMMR mCRC vs. pMMR
mCRC:

ORR: 40% vs. 0%

PFS: 78% vs. 11%

KEYNOTE-
164

Previously treated patients with
MSI-H/dMMR mCRC

Pembrolizumab

ORR

> 2 prior line of therapy vs. 2 1prior line
of therapy:

ORR: 33% vs. 33%

PES at 24 months: 31% vs. 37%

OS at 24 months: 55% vs. 63%

KEYNOTE-
177

First-line therapy for MSI-H/
AMMR mCRC patients

Pembrolizumab vs. standard
treatment

Pembrolizumab vs. standard treatment
The PFS at 24 months rates: 48.3% vs.
18.6%

ORR: 43.8% vs. 33.1%

0S HR 0.74, 95% CI 0.53-1.03

Recurrent or metastatic MSI-
H/dMMR CRC

Nivolumab + Ipilimumab/

ORR: 69%
DCR: 89%
PFS at 24 months: 74%

Previously treated patients with
MSI-H/dMMR mCRC

Nivolumab + Ipilimumab

ORR: 55% at 13 months to 65% at 51
months,
DCR: 81% at 51 months

142

Previously treated patients with
MSI-H/dMMR mCRC

Nivolumab

ORR: 31%
DCR at 12 weeks: 69%
PFS at 12 months: 51%

NICHE

CRC patients with dMMR or
PMMR

Ipilimumab + Nivolumab

PR

dMMR vs. pMMR:
PR: 100% vs. 27%

GERCOR
NIPICOL

Previously treated patients with
MSI-H/dMMR mCRC

Nivolumab + Ipilimumab

DCR at 12
weeks

DCR at 12 months: 86%
ORR: 60%

PFS at 12 months: 73%
OS rate at 12 months: 84%

mCRC patients with or
without mismatch-repair
deficiency

Capecitabine, bevacizumab
(CB) with or without
atezolizumab

B with: placebo vs. artezolizumab.
PFS: 3.3 months vs. 4.4 months
The OS at 12 monts: 43% vs. 52%

mCRC patients with MSS
status and MGMT silencing

Nivolumab + Ipilimumab

PFS at 8 months: 32%
median OS: 18.5 months
ORR: 39%

AtezoTRIBE

Previously treated patients with
mCRC

Standard treatment with or
‘without atezolizumab.

Standard treatment vs. standard
treatment + atezolizamab

PFS: 115 vs. 13 months
median OS: 27 vs. 33 months

CCTG €026

Previously treated patients with
mCRC

Durvalumab +
tremelimumab vs. Best
Supportive Care (BSC)

Durvalumab + tremelimumab vs. BSC
median OS: 6.6 vs. 4.1 months
median PES: 1.8 vs. 1.9 months
DCR: 22.7% vs. 6.6%

SAMCO-
PRODIGE 54

Previously treated patients with
MSI-H/dMMR mCRC

Avelumab vs. Standard
Second-Line Chemotherapy

Avelumab vs. Standard Second Line
Chemotherapy

PFS at 12 months: 31.2% vs. 19.4%
PFS at 18 months: 27.4% vs. 9.1%
ORR: 29.5% vs. 26.2%

DCR at 18 months: 75.7% vs. 19.1%







OPS/images/fsurg-11-1398289-t002.jpg
PRIME

Phase

Characteristics of the studied
population
wild-type (WT) KRAS mCRC

Number of
participants

Treatment

Panitumumab

Primary
endpoint

Endpoint results

FOFLOX4 + panitumumab vs.
FOLFOX4 (10 vs. 86 months)

CRYSTAL

WT KRAS mCRC

Cetuximab

Best supportive care + panitumumab
vs. Best supportive care (8 vs. 7.3
weeks)

WT KRAS mCRC

Panitumumab vs.
cetuximab

‘panitamumab vs. cetuximab (104 vs.
10 months)

KRAS exon 2 WT mCRC

Cetuximab vs.
bevacizumab to
FOLPIRI

FOLFIRI plus cetuximab vs.
FOLFIRI plus bevacizumab (62% vs.
58%)

SWOG $1406

BRAFV600E-mutated mCRC

Irinotecan,
cetuximab and
vemurafenib

Irinotecan + Cetuximab +
Vemurafenib vs. Irinotecan +
Cetuximab (4.2 vs. 2 months)

PANAMA

Panitumumab,
folinic acid,
fluorouracil

FU/FA + panitumumab vs. FU/FA
(8.8 vs. 5.7 months)

Napolitano et al

Panitumumab,
tifluridine-tipiracil

trifluridine-tipiracil + panitumumab
vs. trifluridine-tipiracil (4 vs. 2,5
months)

HERACLES-A

KRAS wild-type HER2-positive mCRC

Trastuzumab,
lapatinib

PFS

Trastuzamab + Lapatinib (4.7
months)

MOUNTAINEER

KRAS wild-type HER2-positive mCRC

Trastuzamab,
lapatinib

ORR

Tucatinib + trastuzumab (38.1%)

Fuetal

RAS/BRAF wild-type HER2-positive CRC

Pyrotinib,

ORR

Pyrotinib + trastuzumab (22.2%)

Yoshino et al.
/DESTINY-CRCO1
MyPathway

HER2-positive mCRC progressed after >2
prior regimens
HER2-positive mCRC

Trastuzumab,
deruxtecan
Trastuzumab,
pertuzumab

ORR, PFS,
08, DoR
ORR

ORR 45.3%, mPFS 69 moths, OS
15.5months, DoR 7.0 moths
ORR 32%

Hurwitz et al.

previously untreated mCRC

Bevacizumab.

IFL plus bevacizumab vs. IFL plus
placebo (mOS 20.3 vs. 156 moths,
mPES 10,6 vs. 6.2 months)

Prager et al.

patients who had received two or fewer
chemotherapy regimens in the advanced
stage of CRC

Bevacizumab,
tifluridine- tipiracil

combination group vs. FTD-TPT
group (mOS 108 vs. 7.5 months,
mPFS 56 vs. 2.4 months))

disease progression during or within 6
months of the last dose of first line therapy
of CRC

Ramucirumab

ramucirumab vs. placebo (mOS 13.3
vs. 11.7 months)

mCRC first line treatment

Alibercept

PFS at 12 months aflibercept/
mFOLFOX6 vs. mFOLFOX6 (25.8%
vs. 21.2%) mPFS aflibercept/
mFOLFOX6 vs. mFOLFOX6 (848
vs. 8.77 months)

CORRECT

mCRC and progression during or within 3
months after the last standard therapy

Regorafenib

Regorafenib vs. placebo (mOS 6.4 vs.
5.0 months)

IMblaze370

unresectable locally advanced CRC or
mCRC

Regorafenib,
atezolizumab,
cobimetinib

Atezolizamab plus cobimetinib vs.
atezolizumab, regorafenib (mOS 8.87
vs. 7.10 vs. 8.51 months)

mCRC with at least two previous
treatment lines or unable to tolerate
standard treatments

Regorafenib

Regorafenib vs. placebo (mOS 8.8 vs.
6.3 months)

mCRC that progressed after at least 2 lines
of chemotherapy but had not received
VEGER inhibitor therapy

Fruquintinib

Fruquintinib vs. placebo (mOS 9.3
vs. 6.6 months)

mCRC that received all current standard
approved cytotoxic and targeted therapies
and progressed on or intolerant to
trifluridine-tipiracil or regorafenib

Fruquintinib

Fruquintinib vs. placebo (mOS 7.4
vs. 4.8 months)






OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fsurg-11-1398289-g001.jpg
CRC cell Tcell

Anti-CLA4
antibody

%{ CTLA4
iy }g Anti-PD-1

Anti-PDL1 "
antibody antibody Tecell

PD-1

CRC cell





OPS/images/logo.jpg
& frontiers | Frontiers in Surgery





OPS/images/fsurg-11-1398289-g002.jpg
Transtuzumab
Pertuzumab
DM1

Larotrectinib
pati Entrectinib
Tucatinib Repotrectinib

Bevacizumab
Afibercept
Ramucirumab,

Regorafenib

Cetuximab
Panitumubab

Ceritinib
Entrectinib
Repotrectinil

Proliferation Migration Invasion
Transcription Translation Apoptosis
Survival  Cellcycle Differentiation

y






OPS/images/fsurg-11-1398289-g003.jpg
s umab
MSfordtMihigh | Yes Nivolumab with/or

No OrPOLE/POLDT | == | jiout pilimumab
mutation Dostarlimab-gxly.

Entrectinib/ | Yes NTRK gene
fu: Pt
No KRAS G12C Yes Sotorasib/Adagrasib +

Fam-trastuzumab  _Yes
Yes Trastuzumabl+pertuzumab

. HER2-
deruxtecan-nxk amplified?
/lapatinib/tucatinib

G o A

RAS No | HER2-
mula\mn” amplified?

v 1 No
cetiximabor _ Yes
[
No X/CAPEOX/
FOLFIRI/FOLFOX+ cetuximab <— evacizumab
or panitumumab

Right-
sided NCCN 2024

Left- Yes
sided






