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Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide,
remains a major cause of cancer-related morbidity and mortality globally. It
has diverse treatment modalities including chemotherapy, immunotherapy,
and targeted therapies. Chemotherapy remains a cornerstone of CRC
management, either as adjuvant therapy post-surgery or as palliative
treatment for advanced disease. Recent advancements in immunotherapy
have transformed treatments particularly in subsets characterized by
microsatellite instability-high (MSI-H) or deficient DNA mismatch repair
(IMMR). Targeted therapies have revolutionized the management of CRC
by specifically targeting molecular pathways involved in tumor growth and
progression. This review provides a comprehensive overview of current
guidelines and emerging strategies in CRC treatment, focusing on
chemotherapy regimens, immune checkpoint inhibitors (ICls), targeted
therapies, biomarkers for treatment selection, and ongoing challenges.

Intfroduction:

Colorectal cancer (CRC) is the third most common cancer worldwide, with
a significant portion of patients diagnosed at advanced stages [1]. Patients
with CRC typically present with rectal bleeding, microcytic anemia, altered
bowel habits, and chronic abdominal pain, with median age at onset is 67
years [2]. Advances in understanding molecular pathways and tumor
biology have revolutionized treatment strategies beyond traditional
chemotherapy and surgery. Immunotherapy, particularly ICls targeting
programmed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-
L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), has
emerged as a promising strategy [3]. The management of CRC involves
multimodal treatment approaches, with chemotherapy playing a crucial role
in both early-stage and metastatic disease settings. Targeted therapies, such
as monoclonal antibodies and small molecule inhibitors, aim to improve
outcomes by selectively inhibiting oncogenic signaling pathways. This
review aims to summarize current guidelines and novel approaches in CRC
therapy, encompassing chemotherapy, immunotherapy with ICls, and
targeted therapies tailored to specific molecular alterations.

Methods:

A systematic search of PubMed, clinical trial databases, and oncology
society guidelines up to was conducted. Search terms included "colorectal
cancer,” "microsatellite instability," "chemotherapy,” "immunotherapy,"
"immune checkpoint inhibitors,” "targeted therapy,” "monoclonal
antibodies,"” "PD-1," "PD-L1,” “small molecule inhibitors," and specific
molecular targets in CRC (e.g., EGFR, HER2, BRAF).and combinations
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thereof. Studies, guidelines, and systematic reviews addressing
chemotherapy, immunotherapy, and targeted therapies in CRC
were included for analysis and synthesis.

Discussion:

Systemic chemotherapy is the primary treatment for metastatic
CRC. Based on population-based data from the National Cancer
Institute, 5-year survival for metastatic CRC is 16% [2]. Integration
of chemotherapy, immunotherapy, and targeted therapies in CRC
treatment  requires  biomarker-driven  precision medicine
approaches. Biomarkers such as MSI status, RAS/BRAF
mutations, and HER2 amplification play pivotal roles in treatment
decision-making. Challenges include primary and acquired
resistance  mechanisms, treatment-related toxicities, and
optimizing sequencing of therapies in the continuum of care [4].

Chemotherapy:

The optimization of chemotherapy in CRC involves balancing
efficacy, toxicity, and patient-specific considerations. Biomarkers
such as RAS status, MSI status, and tumor sidedness are
increasingly used to guide treatment decisions and predict response
to therapy [5]. Challenges include primary and acquired resistance,
treatment-related toxicities, and the need for continuous adaptation
based on evolving clinical evidence. For the 50% of patients with
metastatic CRC with KRAS/NRAS/BRAF wild-type tumors,
cetuximab and panitumumab (monoclonal antibodies to the
epithelial growth factor receptor [EGFR]), in combination with
chemotherapy, can extend median survival by 2 to 4 months
compared with chemotherapy alone [6]. In the 1990s, fluorouracil-
based chemotherapy improved the OS of patients with mCRC to
14 months. Later, the additional combination of leucovorin and
oxaliplatin (FOLFOX) prolonged the OS to 19.5 months [7]
Adjuvant chemotherapy plays a crucial role in managing stage 11
and potentially high-risk stage 11 colon cancer [8]. In both younger
and older patients, 5-FU/LV adjuvant chemotherapy demonstrates
comparable benefits in terms of progression-free survival (PFS),
disease-free survival (DFS), and overall survival (OS) [9]. For
metastatic colorectal cancer (CRC), cytotoxic chemotherapy
remains the cornerstone of treatment. Options include single-agent
weekly or every three weeks irinotecan, as well as oxaliplatin-
containing regimens such as FOLFOX, XELOX (capecitabine plus
oxaliplatin), or combinations like irinotecan plus oxaliplatin
[10][11]. BRAFV600E mutations in CRC correlate with advanced
age, right-sided colon primaries, and female gender, and are
associated with reduced chemotherapy response and poorer
prognosis [12][13].

Despite the challenging prognosis linked to BRAFV600E-mutant
mMCRC, aggressive first-line chemotherapy has not shown
improved outcomes. Meta-analysis results suggest that for these
patients, combining bevacizumab with a chemotherapy regimen
like FOLFOXIRI optimizes clinical activity and quality of life
[14][15]. In the BEACON CRC trial involving 665 patients with
BRAFV600E-mutant mCRC, second- or third-line treatment with
anti-BRAF/MEK/EGFR triplet therapy (encorafenib, binimetinib,
and cetuximab) or anti-BRAF/EGFR doublet therapy (encorafenib
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and cetuximab) was compared with standard care options [16]. The
trial established that the doublet regimen of encorafenib plus
cetuximab is now a recommended standard of care for previously
treated patients with BRAFV600E-mutant mCRC, receiving FDA
approval on April 8, 2020 [17].

Recent advances include the integration of targeted therapies and
immunotherapy into chemotherapy regimens, particularly in
biomarker-selected patient populations (e.g., RAS wild-type
tumors for anti-EGFR  therapy, MSI-H tumors for
immunotherapy). These approaches aim to improve efficacy and
minimize toxicity through personalized treatment strategies.

Targeted therapies:

The integration of targeted therapies into CRC treatment
algorithms has significantly enhanced survival outcomes,
particularly in biomarker-selected patient populations. These
therapies primarily target EGFR, VEGF, and other critical
signaling pathways involved in tumor proliferation and
angiogenesis. Monoclonal antibodies such as cetuximab and
panitumumab, which inhibit the EGFR pathway, are recommended
for RAS wild-type metastatic CRC [18]. Bevacizumab, an anti-
VEGF antibody, is utilized in combination with chemotherapy as a
first-line treatment for metastatic CRC [19]. Despite these
advancements, acquired resistance to targeted therapies remains a
challenge in CRC, driven by mechanisms such as secondary
mutations in target genes, activation of alternative signaling
pathways, and changes in the tumor microenvironment. Ongoing
research is focused on developing combination therapies, novel
agents  targeting  resistance  pathways, and exploring
immunotherapy combinations to overcome resistance and improve
treatment outcomes.

Targeted therapies for colorectal cancer (CRC) are tailored to
specific molecular alterations. RAS and BRAF mutations dictate
the use of anti-EGFR therapies, while HER2 amplification
suggests HER2-targeted agents may be beneficial. Regorafenib
and TAS-102 are approved for refractory CRC, targeting
angiogenesis and cell cycle pathways, respectively. Cetuximab, the
first FDA-approved targeted drug for CRC in 2004 [20], marked
the beginning of a growing array of FDA-approved therapies for
metastatic CRC (mCRC).

The progression of mCRC involves interactions with various
receptor-mediated signaling pathways, including EGFRs, FGFRs,
VEGFRs, and TRKs [21][22]. Immune evasion mechanisms
mediated by molecules like PD-L1 and CTLA-4 necessitate
inhibition by targeted drugs [22]. Cetuximab and panitumumab,
monoclonal antibodies targeting EGFR, are used alone or with
chemotherapy for RAS wild type mCRC [18]. VEGF/VEGFR-
targeted strategies are employed in CRC, especially for patients
with or without RAS mutations and considerations of tumor
location [19]. Bevacizumab, an anti-VEGF-A monoclonal
antibody, is FDA-approved for mCRC [23]. Aflibercept,
functioning as a decoy receptor for VEGF-A, has demonstrated
efficacy in mCRC as well [24]. In the VELOUR trial, compared to
placebo plus FOXFIRI, the combination of aflibercept and
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FOXFIRI significantly enhanced overall survival (OS) (13.5
months vs. 12.06 months), progression-free survival (PFS) (6.9
months vs. 4.67 months), and response rate (RR) (19.8% vs.
11.1%) in metastatic colorectal cancer (mCRC) patients who had
previously received oxaliplatin-based therapy. These findings
support the recommendation for aflibercept-based regimens in
second-line treatment settings [25].

Ramucirumab, another anti-VEGF-A monoclonal antibody,
improves outcomes in combination with chemotherapy for mCRC
patients who have progressed on previous therapies. In the RAISE
study, ramucirumab combined with FOLFIRI showed substantial
improvements in overall survival (OS) (13.3 months vs. 11.7
months) and progression-free survival (PFS) (5.7 months vs. 4.5
months) compared to FOLFIRI alone [26]. This regimen received
FDA approval for second-line treatment in combination with
FOLFIRI for metastatic colorectal cancer (mMCRC) patients who
experienced disease progression following or during treatment
with bevacizumab, oxaliplatin, and fluoropyrimidine therapies
[27]. Regorafenib, inhibiting multiple kinases including VEGFR
and FGFR, is effective in previously treated mCRC, demonstrating
improved survival outcomes [28]. Regorafenib has been FDA-
approved for the treatment of metastatic colorectal cancer (NCRC)
in patients who have undergone prior therapies. Clinical trials such
as CORRECT and CONCUR have shown significant
improvements in overall survival (OS) compared to placebo
[29][30]. The neurotrophic tropomyosin receptor kinases (NTRK)
operate through homodimerization, activating downstream
pathways such as RAS/Raf/MEK/ERK, PI3K/Akt, and PLC-
v/PKC. These pathways promote gene transcription, cell survival,
and cancer progression [31][32]. In addition to NTRK, anaplastic
lymphoma kinase (ALK) and c-ros oncogene 1 (ROS1) fusions
also occur in colorectal cancer (CRC) [33].

ALK and ROS1 encode tyrosine kinases that are persistently
activated through fusion events, thereby stimulating downstream
signaling pathways crucial for tumor cell growth and progression
[34]. Larotrectinib and entrectinib represent first-generation TRK
inhibitors, approved by the FDA for solid tumors harboring NTRK
gene fusions [35]. Entrectinib, a potent inhibitor of TRK, ROS1,
and ALK kinases, demonstrated efficacy in phase I/l trials
involving 54 cancer patients with NTRK fusions across a wide age
range (1 month to 84 years), achieving an impressive overall
response rate (ORR) of 57% alongside good tolerability [36].
BRAF acts as a downstream effector in the RAS/Raf/MEK/ERK
signaling pathway and is a significant oncogenic driver [37].
Mutations like BRAF V600E are found in about 10% of metastatic
colorectal cancers (MCRCs) and are linked to chemotherapy
resistance and poorer prognosis [38][39]. Encorafenib, a kinase
inhibitor targeting BRAF V600E and wild-type BRAF, exhibits
prolonged pharmacodynamic activity compared to other BRAF
inhibitors [40]. In the BEACON trial, an open-label phase 111 study,
encorafenib combined with cetuximab significantly improved
median overall survival (OS) (8.4 months vs. 5.4 months) and
response rates (RR) (20% vs. 2%) compared to cetuximab plus
chemotherapy [41]. Based on these findings, the FDA approved
encorafenib in 2020 for the treatment of mCRC with a BRAF
V600E mutation following prior therapy [19].
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Immunotherapy:

Immune Checkpoint Inhibitors (ICIs) have revolutionized cancer
treatment by targeting programmed cell death protein 1 (PD-1),
programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) pathways [42]. Pembrolizumab and
nivolumab, anti-PD-1 antibodies, have demonstrated significant
efficacy in microsatellite instability-high (MSI-H) or deficient
DNA mismatch repair (dAMMR) colorectal cancer (CRC), with
durable responses observed in clinical trials [43]. Key studies like
CheckMate 142 and KEYNOTE-164 reported objective response
rates (ORRs) of up to 50% in heavily pretreated metastatic CRC
patients [44][45]. Pembrolizumab is FDA-approved for MSI-
H/dMMR metastatic CRC, underscoring the importance of
biomarker-driven treatment selection. Tumor immunotherapy
induces immune cell-mediated responses against neoantigens
expressed on various tumors [46]. Approximately 5% of metastatic
CRC cases exhibit MSI/dMMR status, making MSI-high tumors
particularly responsive to immunotherapy [47]. PD-1 and CTLA-4
are immune checkpoint molecules expressed on activated T-cells
that regulate immune responses through distinct mechanisms [48].
Pembrolizumab and nivolumab are FDA-approved for MSI-
H/dMMR metastatic CRC [49]. In the open-label phase Il
KEYNOTE-177 trial, pembrolizumab as first-line treatment for
MSI-H/dMMR metastatic CRC showed superior progression-free
survival (PFS) (16.5 months vs. 8.2 months) and ORR (43.8% vs.
33.1%) compared to chemotherapy, with lower incidence of grade
3 or higher treatment-related adverse effects (22% vs. 66%) [50].
Similarly, in the CheckMate 142 trial, second-line nivolumab
treatment in MSI-H/dMMR metastatic CRC demonstrated an ORR
of 31% and disease control for 12 weeks or longer in 69% of
patients [45]. Both agents have shown efficacy and manageable
safety profiles in this patient population.

Ipilimumab, a fully human anti-CTLA-4 monoclonal antibody, is
FDA-approved in combination with nivolumab for MSI-H/dMMR
metastatic CRC after progression following chemotherapy [51]. In
the CheckMate-142 trial, combination therapy with nivolumab and
ipilimumab improved 1-year overall survival (85% vs. 73%), ORR
(55% vs. 31%), and disease control for 12 weeks or longer (80%
vs. 69%) compared to nivolumab alone [45]. These results
highlight the favorable impact of combination therapy on quality
of life for patients with MSI-H/dMMR metastatic CRC [52]. The
incorporation of immunotherapy into colorectal cancer (CRC)
treatment protocols marks a transformative shift, particularly in
cohorts selected based on biomarkers. Challenges encompass
identifying predictive biomarkers extending beyond MSI/dMMR,
managing immune-related adverse events, and comprehending
mechanisms underpinning primary and acquired resistance [53].
Tailored precision medicine strategies are pivotal for optimizing
patient selection and therapeutic outcomes.

Conclusion:

Chemotherapy remains a cornerstone of treatment in colorectal
cancer, both in adjuvant and metastatic settings. Immunotherapy
represents a significant advancement in the treatment of CRC,
particularly in MSI-H/dMMR subtypes. Targeted therapies have
transformed the treatment of CRC by targeting specific molecular
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aberrations driving tumor growth. Current guidelines advocate for
a multidisciplinary  approach integrating chemotherapy,
immunotherapy, and targeted therapies tailored to CRC molecular
profiles. Advances in biomarker identification and therapeutic
combinations offer new opportunities to improve outcomes for
CRC patients. Future directions include the development of
predictive biomarkers, optimizing biomarker-driven patient
selection, exploring rational combinations, and overcoming
resistance mechanisms, refinement of combination strategies into
early-stage CRC treatment algorithms.
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