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Highlights

What are the main findings?

• Colorectal cancer progression is driven by interconnected immunometabolic programs
involving tumor metabolism, immune-cell function, obesity, and the diet microbiota
axis rather than by isolated genetic alterations alone.

• Metabolic biomarkers and immunometabolic signatures emerging from glycolysis,
mitochondrial metabolism, lipid and amino acid pathways, autophagy, and systemic
metabolic factors may improve patient stratification and identify novel therapeutic
vulnerabilities.

What are the implications of the main findings?

• An integrated immunometabolic framework may complement current molecular
classifications and provide a more comprehensive understanding of colorectal cancer
heterogeneity and treatment response.

• Targeting metabolic interactions within the tumor microenvironment, particularly
in immunotherapy-resistant microsatellite-stable colorectal cancer, may enable the
development of more effective precision medicine strategies.

Abstract

Colorectal cancer (CRC) remains a leading cause of cancer-related morbidity and mortal-
ity, with substantial heterogeneity that is not fully explained by genetic alterations alone.
Emerging evidence positions metabolic reprogramming as a central driver of tumor behav-
ior, integrating glycolysis, mitochondrial function, lipid and amino acid metabolism, and
autophagy into coordinated networks that extend beyond cancer cells to the tumor microen-
vironment. Tumor–immune metabolic competition and metabolite-mediated signaling
shape immune responses, often promoting immunosuppression and resistance to im-
munotherapy, particularly in microsatellite-stable (MSS) CRC. Systemic factors, including
obesity, insulin resistance, and the diet–microbiota axis, further modulate tumor metabolism
and immune function, reinforcing disease progression. Metabolic biomarkers reflecting
these multi-level interactions, spanning tumor-intrinsic pathways, immune contexture, and
host metabolism, offer promising opportunities for improved patient stratification and
therapeutic targeting, although clinical validation remains limited. Current treatments,
including chemotherapy, targeted agents, and immune checkpoint inhibitors, are effective
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in selected subgroups but are constrained by resistance mechanisms. In this review, we pro-
pose an integrative immunometabolic framework in which tumor, immune, and systemic
metabolic processes co-evolve, defining CRC progression and treatment response. Target-
ing this interconnected network through combinatorial and metabolism-oriented strategies
may enable precision therapies, particularly for immunotherapy-resistant MSS CRC.

Keywords: colorectal cancer; metabolic biomarkers; cancer metabolism; tumor microenvi-
ronment; immunotherapy; microbiota; obesity; therapeutic resistance

1. Introduction
Colorectal cancer (CRC) is one of the most commonly diagnosed malignancies, with ap-

proximately 2 million new cases worldwide in 2022, and remains the second leading cause
of cancer-related mortality [1]. Although this trend has declined in recent decades likely
owing to improvements in prevention, screening, diagnosis, and therapy [2,3], advanced
disease still presents substantial therapeutic challenges. CRC is traditionally classified
according to its genetic architecture [4–7]. However, this framework does not fully explain
the marked heterogeneity observed among tumors sharing similar molecular alterations,
particularly regarding growth dynamics, metastatic potential, immune interactions, and
therapeutic response, suggesting that additional regulatory layers actively shape CRC
biology beyond genetic alterations alone.

Metabolic organization has emerged as a major determinant of tumor behavior. CRC
cells activate coordinated metabolic programs involving glycolysis, mitochondrial respi-
ration, lipid remodeling, amino acid metabolism, and autophagy in response to environ-
mental and therapeutic pressures. Rather than functioning as isolated pathways, these
processes form interconnected metabolic states that influence proliferation, invasion, im-
mune escape, and drug sensitivity. The metabolic adaptations extend beyond tumor cells
into the tumor microenvironment (TME), where nutrient competition, metabolite exchange,
and redox constraints shape stromal and immune cell function. This is particularly rel-
evant in microsatellite-stable (MSS) CRC, in which immune checkpoint inhibitors (ICIs)
show limited efficacy in most patients [8], suggesting that resistance may partly reflect
immunometabolic constraints within the TME.

Current therapeutic strategies only partially capture this complexity. Chemother-
apy, targeted therapies against Epidermal growth factor receptor (EGFR), Vascular en-
dothelial growth factor (VEGF), and ICIs have improved outcomes in selected patient
subgroups [9–12]. However, treatment selection still relies predominantly on molecular
markers such as Rat Sarcoma (RAS)/B Rapidly Accelerated Fibrosarcoma (BRAF) mutations
and mismatch repair status [4,6,13–15], which do not fully reflect the functional biological
states governing treatment response and disease progression. This limitation is especially
evident in MSS CRC, where reliable predictive biomarkers remain limited.

In addition, CRC development and progression are strongly influenced by systemic
metabolic conditions. Obesity, insulin resistance, chronic inflammation, adipose tissue
dysfunction, diet, and gut microbiota composition collectively modulate nutrient availabil-
ity, endocrine signaling, immune tone, and inflammatory pathways. These interactions
establish a dynamic diet/microbiota/immune axis that shapes tumor progression, thera-
peutic vulnerability, and disease evolution. These observations support a more integrated
framework in which metabolic organization complements molecular classification and
contributes to tumor behavior and immune contexture.
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This review aims to examine metabolic pathways as interconnected components of
CRC biology with potential translational value as prognostic and predictive biomarkers.
We discuss how glycolysis, mitochondrial metabolism, lipid and amino acid utilization,
autophagy, and metabolic signaling interact with the TME and systemic metabolic condi-
tions to influence tumor progression, immune responses, and therapeutic resistance. By
integrating tumor-intrinsic, microenvironmental, and systemic determinants, we propose
an immunometabolic framework that may support improved patient stratification and
the development of more effective personalized therapeutic strategies. This conceptual
framework is described in Figure 1.

Figure 1. Multi-scale metabolic organization of CRC. Tumor-intrinsic metabolic programs inter-
act with the TME and systemic metabolic factors, including diet, microbiota, obesity, and insulin
resistance, to influence tumor behavior, immune regulation, therapeutic response, and clinical
outcomes. Bidirectional interactions among these levels shape functional tumor states and con-
tribute to immunosuppression, resistance to ICIs, and disease progression. Created with BioRender
(https://app.biorender.com). Abbreviations: CRC, colorectal cancer; FAO, fatty acid oxidation; FASN,
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fatty acid synthase; GLUT1, glucose transporter 1; HK2, hexokinase 2; ICI, immune checkpoint
inhibitor; IGF, insulin-like growth factor; LDHA, lactate dehydrogenase A; OXPHOS, oxidative
phosphorylation; PKM2, pyruvate kinase M2; SCFAs, short-chain fatty acids; TCA, tricarboxylic
acid cycle.

For this review, original research articles and reviews published during the past ten
years were systematically selected, with emphasis on the most relevant contributions to
the field. Earlier studies were included when necessary to support and contextualize
the discussion.

2. Metabolic Biomarkers in CRC
Significant advances have improved overall survival (OS) in patients with metastatic

CRC (mCRC); however, therapeutic resistance remains a pervasive challenge. This phe-
nomenon arises through multiple, often overlapping mechanisms, including acquired
genetic mutations, epigenetic remodeling, adaptive changes within the TME, and rewiring
of key signaling pathways, all of which constrain durable therapeutic benefit and drive dis-
ease progression [16]. Notably, more than 20% of CRC patients present distant metastases at
the time of initial diagnosis, and fewer than 20% survive beyond five years of follow-up [17].
Therefore, more accurate predictive biomarkers are needed to guide treatment selection
and improve OS in patients with recurrent and mCRC. Currently available biomarkers
mainly include deficiency in mismatch repair (dMMR) and high microsatellite instability
(MSI-H), Human epidermal growth factor receptor 2 (HER2) amplification, and RAS/BRAF
mutations. However, additional predictive biomarkers are urgently needed for proficient
MMR (pMMR)/MSS CRC, which accounts for approximately 90% of cases, in order to
optimize therapeutic decision-making [18,19]. These data underscore the need for more
informative predictive biomarkers to refine treatment selection and improve outcomes in
recurrent and mCRC.

Within the hierarchical framework proposed in this review, we explore the potential
utility of metabolic biomarkers for identifying biologically distinct CRC subgroups that
may benefit from tailored therapeutic strategies. CRC metabolic alterations do not rep-
resent equivalent pathways operating independently; rather, they can be organized into
functionally distinct layers. Metabolic signaling kinases act as upstream nutrient- and
energy-sensing hubs that connect oncogenic signaling with cellular metabolic demands.
Core bioenergetic programs, including glycolysis and mitochondrial metabolism, provide
an energetic and biosynthetic basis for tumor growth. Adaptive pathways, such as amino
acid and lipid metabolism, support metabolic flexibility under environmental and ther-
apeutic stress. Finally, autophagy and endocrine signals operate as context-dependent
regulatory and systemic layers that further shape tumor adaptation.

We point out that the biomarkers discussed in this section are interpreted according
to their position within this integrated immunometabolic network, rather than as isolated
molecular alterations, and according to their functional relevance within CRC metabolic
organization. First, we discussed metabolic signaling kinases not as primary metabolic
drivers, but as upstream regulatory events that coordinate nutrient sensing, oncogenic cas-
cades, and downstream metabolic rewiring. Then, we examine core bioenergetic programs,
including glucose metabolism and mitochondrial metabolism, such as Tricarboxylic acid
(TCA) cycle and oxidative phosphorylation (OXPHOS), followed by adaptive metabolic
programs, such as amino acid and lipid metabolism. Finally, we discuss autophagy and
metabolic hormones as context-dependent regulatory and systemic layers that modulate
metabolic plasticity.
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2.1. Metabolic Signaling Kinases

Dynamic metabolic adaptation is a hallmark of CRC tumorigenesis, supporting prolif-
erative demands and contributing to therapeutic resistance. Central to this process is the
dysregulation of metabolism-related protein kinases that integrate oncogenic signaling with
metabolic control, providing both mechanistic insight and potential predictive biomarkers.
Phosphoinositide 3-kinase (PI3K)/Protein kinase B (AKT)/Mechanistic target of rapamycin
(mTOR) axis, AMP-activated protein kinase (AMPK), and pyruvate dehydrogenase kinases
(PDKs) can be considered upstream regulators of CRC metabolic reprogramming. Indeed,
they function as a central integrative network for nutrient and energy sensing. In par-
ticular, the PI3K/AKT/mTOR axis is one of the major pathways altered in CRC, and its
dysregulation drives initiation, progression, metastasis, and drug resistance in this tumor
type [20].

Moreover, oncogenic activation of PI3K and its downstream effector AKT promotes
glycolysis, lipid biosynthesis, and anabolic growth, supporting CRC cell survival, prolifer-
ation, and invasion [21]. Analyses of CRC cell line panels revealed correlations between
PI3K activity and drug-sensitivity profiles, evidencing that the PI3K/P21 (RAC1) acti-
vated kinase 1 (PAK1) axis may influence responses to PI3K inhibitors or other agents
across molecularly heterogeneous CRC models. Indeed, PAK1-mediated downregulation
of Mitogen-activated protein kinase (MAPK) signaling has been proposed as a potential
biomarker for identifying patients who may benefit from the PI3K inhibitor copanlisib [22].

The overexpression of mTOR has been reported in CRC and correlates with poor prog-
nosis and high tumor mutation burden (TMB). Increased mTOR activation has also been
observed in microsatellite instability (MSI) CRC cell lines, suggesting a link between mTOR
signaling and specific molecular subtypes [23]. These findings support mTOR activity
as potential biomarker and therapeutic target. Clinical validation of PI3K/AKT/mTOR
pathway alterations remains ongoing, with current trials evaluating combinations of path-
way inhibitors with chemotherapy or immunotherapy to overcome resistance driven by
metabolic adaptability.

AMPK is a central regulator of cellular energy homeostasis, activated by elevated
AMP/ATP ratios and by shifting metabolism from anabolic to catabolic processes. Altered
phosphorylation of AMPK subunits has been observed in CRC and may influence tumor
progression. In particular, phosphorylation of the AMPKα1 subunit at serine 485 (S485),
which inhibits AMPK activity, promotes proliferation, migration, and tumor growth in
experimental models [24]. On the other hand, AMPK activation under glucose-restricted
conditions, mediated by pyrophosphatase 1, enhances mitophagy through phosphorylation
of Unc-51-like kinase 1 and FUN14 domain-containing protein 1, promoting OXPHOS and
supporting tumor progression [25]. Clinically, increased AMPK expression correlates with
lymph node involvement and distant metastasis, although its association with OS remains
inconsistent [26]. These findings highlight the context-dependent role of AMPK as both a
metabolic regulator and a modulator of tumor behavior.

PDKs, particularly PDK4, regulate the balance between glycolysis and mitochondrial
metabolism by inhibiting the pyruvate dehydrogenase complex, thereby reducing oxidative
glucose metabolism. This shift promotes glycolytic dependence, supporting proliferation,
survival, and resistance to apoptosis across multiple cancer types [27]. In CRC, PDK4
enhances migration, invasion, and resistance to apoptosis by modulating the glycolytic-
oxidative metabolic balance [28]. Its upregulation has been linked to increased resistance
to chemotherapy and poor prognosis in metastatic CRC [29]. These findings suggest that
PDK4 may serve as a predictive biomarker of treatment response.

Through this extensive metabolic crosstalk, these pathways contribute to the estab-
lishment of distinct tumor metabolic states associated with proliferation, metastatic dis-
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semination, immune evasion, and therapy response. Consequently, their clinical relevance
may extend beyond the prognostic value of individual biomarkers. Increasing evidence
suggests that integrated metabolic kinase-based signatures, particularly those centered
on PI3K pathway alterations and downstream metabolic rewiring, could improve patient
stratification and prediction of treatment response in CRC [30]. The most relevant are
reported in Table 1.

Taken together, these kinases establish the metabolic framework that coordinates and
functionally integrates the downstream pathways involved in CRC progression, metastasis,
and therapy resistance. Defining kinase activity in well-characterized patient cohorts and
evaluating its predictive value in prospective studies will be essential for clinical translation.
Furthermore, clarifying their context-dependent roles within the TME and under metabolic
stress will further refine their utility as biomarkers and therapeutic targets in CRC.

2.2. Glucose Metabolism

Glucose metabolism represents one of the hallmarks of metabolic reprogramming in
CRC, providing both the energy and biosynthetic intermediates required to sustain rapid tu-
mor growth and progression. An increase in glucose uptake, aerobic glycolysis, and lactate
production even under oxygen-replete conditions is commonly referred to as the Warburg
effect [31,32]. Beyond ATP production, glycolytic intermediates fuel nucleotide, amino
acid, and lipid biosynthesis while contributing to redox balance and TME remodeling.
Consequently, dysregulated glucose metabolism constitutes one of the major contributors
to CRC progression, therapy resistance, immune evasion, and metastatic dissemination [33].
Emerging evidence indicates that these alterations may serve as prognostic biomarkers
and, in selected contexts, predictors of therapeutic response.

In this section, we discuss the role of the Solute carrier family 2 member 1 (SLC2A1)
gene, which encodes glucose transporter 1 (GLUT1), which mediates cellular glucose
uptake and represents a key determinant of glycolytic metabolism in CRC. Although
GLUT1 is not a signaling molecule itself, its expression is regulated by several onco-
genic and metabolic pathways, including Kirsten rat sarcoma viral oncogene homolog
(KRAS)/MAPK, PI3K/AKT/mTOR, and Hypoxia-inducible factor 1 alpha (HIF-1α) sig-
naling. The expression of GLUT1 has been associated with advanced tumor stage, lymph
node metastasis, and reduced OS in CRC [34], and is consistently higher in tumor tissues
than in normal mucosa. Oncogenic KRAS mutations, present in approximately 50% of
CRCs, may further enhance GLUT1 expression by activating the MAPK/extracellular
signal-regulated kinase (ERK)/HIF-1α axis [35–38] and are independently linked to poorer
prognosis in metastatic CRC [39]. However, it remains unclear whether GLUT1 expression
provides independent prognostic value within KRAS-mutant tumors or primarily reflects
downstream KRAS signaling. Consistent with this uncertainty, several meta-analyses have
confirmed the association between GLUT1 overexpression and adverse clinical outcomes
in CRC [34,35]. Preclinical evidence further indicates that Short transient receptor potential
channel 5/GLUT1 overexpression contributes to chemoresistance by modulating calcium
homeostasis and activating the Wnt/β-catenin signaling pathway [40]. In rectal cancer,
elevated GLUT1 levels have also been linked to advanced stage, lymph node involvement,
distant metastasis, and reduced responsiveness to radiotherapy and chemotherapy [41].
Despite these observations, the absence of prospective validation studies currently limits
the clinical utility of GLUT1 as a predictive biomarker.

Concerning the enzymes involved in glycolysis, Hexokinase 2 (HK2) is a key regu-
lator of glycolytic flux and mitochondrial metabolism, and its overexpression correlates
with increased tumor aggressiveness, multidrug resistance, and epithelial–mesenchymal
transition (EMT) in CRC [42]. Beyond its metabolic role, HK2 promotes tumor cell survival
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by interacting with mitochondrial voltage-dependent anion channels, thereby inhibiting
apoptosis across multiple cancer types, including CRC [43]. Preclinical studies further
implicate HK2 in chemotherapy resistance, particularly to oxaliplatin. Mechanistically,
HK2 stabilizes the oncogenic transcription factor Twist1 by preventing its proteasomal
degradation, thereby promoting Twist1-mediated resistance in CRC cells [42]. In addition,
HK2-driven glycolytic activity may attenuate chemotherapy-induced oxidative stress and
apoptosis. Also in this case, clinical validation remains limited.

Pyruvate kinase M2 (PKM2) serves dual functions in cellular metabolism and tran-
scriptional regulation. In CRC, its upregulation correlates with advanced tumor stage,
metastatic dissemination, and reduced OS [44]. PKM2 interacts with multiple signaling
pathways to promote β-catenin activation and cell cycle progression; in particular, the
β-catenin–PKM2 axis enhances the Warburg effect, driving metabolic rewiring and activa-
tion of oncogenic programs in CRC [45–47]. Elevated PKM2 expression further correlates
with advanced TNM stage and adverse clinical outcomes, supporting its potential role
as both a prognostic biomarker and a therapeutic target [48]. PKM2 has been implicated
in chemotherapy resistance through mechanisms of metabolic adaptation [44]. Consis-
tently, its inhibition enhances the efficacy of 5-fluorouracil (5-FU) in CRC cell lines and
in vivo models [49]. Despite these findings, its prognostic and predictive value remains
incompletely defined, and PKM2 is not currently used in routine clinical practice to guide
treatment decisions.

Lactate dehydrogenase A (LDHA) represents another key glycolytic enzyme impli-
cated in CRC progression. Its overexpression enhances lactate production and contributes
to acidification of the TME, thereby promoting invasion and metastatic potential [50]. Exper-
imental inhibition of LDHA markedly reduces cell proliferation in both in vitro and in vivo
CRC models. Clinically, elevated total LDH levels and increased hypoxia-associated LDH
isoenzymes correlate with adverse outcomes in CRC [51,52]. Serum LDH has therefore been
proposed as a general prognostic marker in metastatic CRC, with high levels consistently
associated with reduced OS [53,54]. In patients receiving anti-angiogenic therapies such
as bevacizumab, elevated LDH levels have also been linked to shorter progression-free
survival (PFS) and OS, likely reflecting hypoxia-driven angiogenic activity [55,56]. Despite
these associations, LDH lacks tumor specificity and should be regarded as a nonspecific
indicator of systemic metabolic and hypoxic stress rather than a CRC-specific biomarker.

Glycolytic reprogramming also shapes the response to immunotherapy in CRC. El-
evated glycolytic activity, a hallmark of metabolic adaptation, is closely associated with
immune evasion, resistance to ICIs, and unfavorable clinical outcomes. Increased glycolytic
flux, often accompanied by lactate accumulation, contributes to the establishment of an
immunosuppressive TME that impairs the activity of effector immune cells and limits the
efficacy of immunotherapies [57–59]. GLUT1 overexpression should not be regarded as an
isolated event, but rather as part of a broader metabolic network orchestrated by oncogenic
signaling and adaptive stress responses in CRC. Increased glucose uptake and aerobic
glycolysis functionally interact with PI3K/AKT/mTOR activation, hypoxia-associated
pathways, amino acid metabolism, lipid biosynthesis, and mitochondrial rewiring to sus-
tain rapid proliferation, metastatic dissemination, immune suppression, and therapeutic
resistance [60]. In this regard, a study identified a five-gene glycolysis-related signature
including beta-enolase, glypican-1, prolyl 4-hydroxylase subunit alpha-1, sperm-associated antigen
4, and stanniocalcin-2, which could improve prognostic stratification of CRC patients [61].

Glucose metabolism-related markers, including GLUT1, HK2, PKM2, and LDHA,
consistently delineate aggressive CRC phenotypes and adverse clinical trajectories (Table 1).
Despite strong biological plausibility and accumulating experimental and clinical evidence,
their translation into routine clinical practice remains limited. This gap reflects tumor
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heterogeneity, lack of standardized assessment strategies, and insufficient prospective
validation. Advancing the clinical utility of these biomarkers will require integrative
approaches that combine metabolic profiling with genomic and immune features, thereby
enabling more refined patient stratification and more effective therapeutic decision-making
in CRC.

2.3. Amino Acid Metabolism

Beyond their role in protein synthesis, amino acids provide essential substrates for nu-
cleotide and lipid biosynthesis, redox homeostasis, and epigenetic regulation. Dysregulated
amino acid metabolism supports tumor proliferation and survival in CRC, particularly
under conditions of metabolic stress and therapeutic pressure [62]. Amino acids such as
tryptophan and glutamine provide nitrogen for nucleotide biosynthesis and can serve as
alternative energy sources sustaining tumor growth [63]. Therefore, these pathways repre-
sent both therapeutic vulnerabilities and sources of metabolic biomarkers with potential
prognostic and predictive relevance. Signatures based on amino acid metabolism-related
genes have been associated with the immune TME and proposed as tools to predict prog-
nosis and immunotherapy response in CRC [64], especially glutamine metabolism [65].
Additional Glutamine metabolism-related genes (GMRGs) have further refined risk predic-
tion and provided insights relevant to clinical management [66]. In colon adenocarcinoma,
a 10-GMRG prognostic subset developed by Yu et al. demonstrated independent predictive
value for survival, TME characteristics, and immunotherapy responsiveness [67].

Similarly, the serine-glycine one-carbon (SGOC) metabolic network has acquired
relevance [68]. Alterations in amino acid metabolism, particularly involving glutamine
utilization and the SGOC pathway, reflect the metabolic state of CRC tumors and may serve
as indicators of disease progression. In CRC, enzymes involved in serine biosynthesis,
including phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1
(PSAT1), and phosphoserine phosphatase (PSPH), are frequently upregulated and correlate
with aggressive clinicopathological features. PHGDH-driven metabolic flux enhances
nucleotide synthesis, anabolic growth, and redox buffering, promoting tumor cell survival
and resistance to 5-FU [69]. PSAT1 upregulation supports proliferation and invasion
and correlates with advanced disease stage, identifying it as a potential marker of poor
prognosis [70], while PSPH has been implicated in CRC progression, where increased
expression supports tumor growth through autophagy-dependent mechanisms and may
influence antitumor immunity [71,72].

Among the pathways that establish a direct link between amino acid metabolism
and therapeutic response, particularly in the context of immunotherapy, there is tryp-
tophan catabolism through kynurenine. Indoleamine 2,3-dioxygenases (IDO1/2) and
tryptophan 2,3-dioxygenase 2 (TDO2) catalyze the rate-limiting steps of this pathway,
generating kynurenine and downstream immunoregulatory metabolites [73]. Elevated IDO
expression correlates with immune tolerance, metastatic progression, and poor prognosis,
while an increased serum kynurenine/tryptophan ratio has been proposed as a screening
marker [74]. Gene-based models derived from tryptophan metabolism pathways have
been validated across independent CRC cohorts, supporting their potential as predictive
metabolic biomarkers [75]. However, their clinical applicability in MSS CRC requires
rigorous prospective validation.

Tumor metabolic flexibility is further supported by upregulation of amino acid trans-
porters, which increases substrate availability for protein synthesis, nucleotide biosynthesis,
redox balance, and activation of oncogenic pathways, such as mTOR [76]. Among these,
L-type amino acid transporter 1 (LAT1; SLC7A5 gene) has emerged as a clinically rel-
evant candidate. LAT1 functions as a sodium-independent antiporter of large neutral
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amino acids. It forms a heterodimer with 4F2hc (SLC3A2 gene), enabling plasma mem-
brane localization and efficient amino acid uptake. High expression of LAT1 correlates
with tumor aggressiveness, metastatic potential, and reduced OS in patients undergoing
surgical resection [77]. Stage-specific analyses further suggest a stronger association in
early-stage disease, indicating that amino acid transport pathways may have translational
relevance [78].

We can summarize that amino acid metabolism supports CRC adaptation to energetic
stress and therapy-induced damage by coordinating the regulation of metabolic enzymes
and transport systems (Table 1). Alterations in these pathways correlate with tumor
aggressiveness, survival outcomes, and therapeutic response, supporting their potential
role as prognostic biomarkers. Their integration into clinical practice will require validation
in large prospective cohorts and the development of standardized assessment strategies.

2.4. Lipid Metabolism

CRC exhibits marked metabolic adaptability, with lipid metabolism emerging as one
of the most consistently rewired programs. Beyond structural roles, lipids act as signaling
mediators and energy sources (e.g. oxidative stress tolerance and susceptibility to ferroptosis),
shaping the TME and influencing immune function and therapy response [79,80].

De novo lipogenesis represents a central axis of lipid metabolic configuration. Fatty
acid synthase (FASN) catalyzes the synthesis of palmitate from acetyl-CoA and malonyl-
CoA, providing substrates for membrane biosynthesis, protein acylation, and lipid-
mediated signaling. High levels of FASN correlate with aggressive tumor phenotypes
and adverse clinical outcomes. Increased phosphatidylcholine production driven by FASN
contributes to membrane remodeling and tumor progression [81]. FASN-dependent lipid
synthesis also influences therapeutic response. Enhanced lipogenesis has been linked
to oxaliplatin resistance, whereas combined treatment with FASN inhibitors and oxali-
platin increases cell cycle arrest and apoptosis through inhibition of MAPK/ERK and
PI3K/AKT signaling pathways [82]. FASN further regulates cancer stemness and ferrop-
tosis resistance through Sterol regulatory element-binding protein 2 (SREBP2)-dependent
mechanisms [83]. In addition, genetic polymorphisms in FASN have been associated
with clinical outcomes in patients receiving bevacizumab-based therapy, supporting a
link between lipid metabolism and resistance to anti-VEGF treatment [84]. These observa-
tions position FASN as a biomarker associated with aggressive disease behavior, reduced
ferroptotic susceptibility, and altered therapeutic responsiveness.

Analogously, Acyl-CoA synthetase long-chain family member 4 (ACSL4) links lipid
remodeling to ferroptosis sensitivity. This enzyme regulates the incorporation of arachi-
donic and adrenic acids into membrane phospholipids, generating substrates prone to
lipid peroxidation. ACSL4 is mechanistically relevant because it links lipid remodeling
to ferroptotic vulnerability, inflammatory signaling, immune regulation, and therapy re-
sponse. By enriching cellular membranes with polyunsaturated phospholipids, ACSL4
increases the availability of lipid substrates prone to iron-dependent peroxidation, thereby
acting as a major determinant of ferroptosis sensitivity [85]. ACSL4-dependent lipid per-
oxidation can modulate oxaliplatin sensitivity in CRC. Indeed, the abnormal activation
of cyclin-dependent kinase 1 induces ACSL4 phosphorylation and promotes its polyu-
biquitination and degradation via Ubiquitin protein ligase E3 component N-recognin 5.
Down-regulation of ACSL4 decreases polyunsaturated fatty acid (FA) biosynthesis, inhibits
lipid peroxidation and ferroptosis, and increases oxaliplatin resistance [86]. On the other
hand, an increase in the levels of ACSL4 correlates with unfavorable clinical outcomes.
Experimental depletion of ACSL4 reduces tumor growth and alters immune cell infiltration
in immunocompetent models, highlighting the interplay between lipid metabolism and
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antitumor immunity [87]. Therefore, ACSL4-dependent lipid remodeling influences both
ferroptotic vulnerability and immune-mediated tumor control, supporting its potential as a
biomarker of response to therapies that rely on oxidative stress or immune activation [88].

Other phospholipid remodeling enzymes such as lysophosphatidylcholine acyltrans-
ferase 1 (LPCAT1) further regulate ferroptosis susceptibility by shaping membrane lipid
composition. LPCAT1 increases phospholipid saturation, promoting resistance to lipid
peroxidation and enabling tumor cells to evade ferroptotic cell death in CRC and other
malignancies [89]. This function has direct therapeutic implications, as LPCAT1 expression
may influence sensitivity to ferroptosis-inducing strategies currently explored to overcome
chemoresistance. LPCAT1, either considered a single marker or within lipid peroxidation
gene signatures, may help identify tumors with reduced susceptibility to cell death. Despite
strong biological plausibility and growing translational evidence, ACSL4 and LPCAT1 are
not yet clinically validated.

Lipid uptake and transport pathways provide an additional layer of metabolic flexibil-
ity in CRC. Tumor, stromal, and immune cells within the TME can acquire exogenous FAs
and cholesterol through specific transporters and scavenger receptors, allowing tumors
to bypass de novo synthesis under metabolic stress or therapeutic pressure [90]. Cluster
of differentiation 36 (CD36) is among the most extensively studied lipid uptake recep-
tors and has been linked to metastatic dissemination and therapy resistance in several
tumor types, including CRC [91]. CD36-mediated lipid acquisition influences both tumor
progression and therapeutic sensitivity, although CRC-specific clinical evidence remains
heterogeneous [92,93].

FA oxidation (FAO)-related enzymes are increasingly recognized as important medi-
ators of metabolic plasticity. In CRC, they contribute to energy production, redox home-
ostasis, metastatic adaptation, and therapy resistance. Mechanistically, FAO provides
ATP through mitochondrial β-oxidation of FA, thereby supporting tumor cell survival
under nutrient deprivation, oxidative stress, and therapeutic pressure. Among the prin-
cipal FAO-related enzymes, carnitine palmitoyltransferase 1A (CPT1A), the rate-limiting
enzyme controlling mitochondrial FA transport, has emerged as a major regulator of tu-
mor progression and metabolic adaptation. Increased CPT1A expression promotes CRC
cell proliferation, stemness, EMT, and metastatic dissemination by inhibiting anoikis [94].
Moreover, FAO activity functionally interacts with PI3K/AKT/mTOR signaling and lipid
remodeling pathways, affecting survival and therapeutic stress [95]. The activation of
FAO-related pathways within immune cell subsets of the CRC microenvironment has been
linked to immunosuppressive phenotypes. Increased FAO activity in tumor-associated
plasmacytoid dendritic cells (DCs) promotes immune suppression, whereas pharmacologi-
cal FAO inhibition restores antitumor activity and delays tumor progression [96,97]. These
findings indicate that FAO-related gene expression reflects both tumor-intrinsic metabolic
states and immune metabolic adaptation, influencing responsiveness to immunotherapy.
Transcriptomic models based on mitochondrial lipid metabolism further support this con-
cept, linking FAO signatures to immune infiltration patterns and immunosuppressive TME
features in high-risk CRC patients [98].

Other transcriptomic studies have demonstrated that gene signatures associated with
FA metabolism can be useful to stratify patients affected by CRC or colorectal adenocar-
cinoma (COAD) [99–101], further confirming that integrated lipid metabolic signatures
could better predict prognosis and therapy response than individual biomarkers.

Lipid metabolism is transitioning from a descriptive hallmark of CRC biology to a
source of clinically relevant biomarkers. Alterations in de novo lipogenesis, ferroptosis-
associated lipid remodeling, and FAO-related pathways delineate distinct metabolic states
linked to tumor aggressiveness and therapeutic resistance (Table 1). Defining these states
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within well-annotated patient cohorts and integrating lipid metabolic markers with estab-
lished molecular classifiers, including MSI status and RAS/BRAF alterations, will determine
their clinical utility in refining patient stratification and guiding treatment selection.

2.5. TCA Cycle and OXPHOS Metabolism

Beyond glycolysis, mitochondrial metabolism and the TCA cycle remain function-
ally active and critically support tumor growth, redox balance, and biosynthetic pro-
cesses [102,103]. Oxidative metabolism is frequently reprogrammed in CRC to sustain
anabolic demands and confer metabolic flexibility promoting cell spread and metasta-
sis [104]. Increasing evidence suggests that alterations in TCA cycle enzymes, including
citrate synthase (CS), isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH), and
fumarate hydratase (FH), are consistently associated with clinical outcomes and represent
prognostic candidates.

CS catalyzes the condensation of acetyl-CoA and oxaloacetate to form citrate, initiating
the TCA cycle. CS overexpression correlates with tumor progression and metastatic poten-
tial across multiple cancer types [105]. In CRC, alterations in CS expression and splicing
emerged as clinically relevant features. A CRC-specific splice variant, CS-∆Ex4, is markedly
upregulated in tumor tissues compared with full-length CS, and its expression correlates
with increased recurrence rates and poorer survival outcomes. This isoform promotes
metabolic rewiring, leading to accumulation of oncometabolites and epigenetic alterations
that support oncogenic gene expression [102]. Functional studies further indicate that CS
activity influences proliferation, apoptosis, mitochondrial function, and ATP production.
CS knockdown reduces proliferation, increases apoptosis, and impairs mitochondrial mem-
brane potential in several cancer cells, including CRC [106]. In addition, post-translational
regulation of CS through SIRT5-mediated desuccinylation enhances colon cancer cell prolif-
eration and migration, indicating that CS activity is regulated at multiple levels, such as
alternative splicing and post-translational modifications [105]. These findings suggest CS,
and particularly the CRC-specific CS-∆Ex4 isoform, as a promising biomarker linking TCA
cycle alterations to clinical outcomes and therapeutic susceptibility.

Considering alterations of other TCA cycle enzymes, although IDH mutations are
uncommon in CRC compared with gliomas or cholangiocarcinomas, dysregulation of IDH
expression and α-KG metabolism has been reported [107]. Upregulation of IDH2 in CRC
tissues and cell lines correlates with enhanced tumor growth and adverse clinical outcomes,
supporting its role as a tumor-promoting metabolic factor [108,109]. Post-translational
modification of IDH1 also appears to influence tumor behavior. For example, hyperacetyla-
tion of IDH1 at lysine 224 (K224) correlates with distant metastasis and reduced survival in
patients, whereas IDH1 deacetylation suppresses invasion and migration in experimental
models [110]. In addition, exosomal IDH1 has been shown to enhance resistance to 5-FU,
suggesting a role in mediating chemotherapy resistance [111]. These features converge in
promoting tumor aggressiveness and reducing sensitivity to chemotherapy.

Focusing on SDH and FH, SDH is unique among TCA cycle enzymes because it partic-
ipates in both the TCA cycle and the electron transport chain as complex II, while FH exerts
important tumor-suppressive functions. Dysregulation of either enzyme promotes accumu-
lation of oncometabolites that favor cancer progression through HIF signaling, epigenetic
remodeling, and broader metabolic rewiring [112,113]. Specifically, SDH impairment leads
to succinate accumulation, a recognized oncometabolite that sustains pro-tumorigenic
signaling and aggressive tumor behavior [114]. Deficiency of the SDH subunit C has been
linked to worse prognosis in CRC, metastatic dissemination, and metabolic reprogramming
that supports tumor progression [115]. On the other hand, reduced FH activity has likewise
been associated with adverse prognosis [116]. Loss of FH function and fumarate accumula-
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tion promote EMT and invasive phenotypes through epigenetic mechanisms, including
inhibition of α-KG-dependent dioxygenases [117]. Conversely, increased FH expression
enhances the efficacy of anti-programmed cell death protein 1 (PD-1) treatment in CRC
models by improving antitumor immune responses [116–118]. These observations support
the idea that downregulation of SDH and FH marks biologically aggressive CRC subsets
and may influence both prognosis and therapeutic response.

Transcriptomic analyses have identified CRC subsets characterized by elevated mito-
chondrial respiration and increased expression of TCA cycle-related genes. High OXPHOS
activity correlates with enhanced metastatic potential, resistance to chemotherapy, and
reduced OS [119]. CRC tumors with increased mitochondrial metabolic activity also display
resistance to 5-FU in experimental models, linking OXPHOS dependence to therapeutic
vulnerability [120].

Increased expression of Peroxisome proliferator-activated receptor gamma coactivator
1 alpha (PGC-1α) is associated with enhanced mitochondrial biogenesis and OXPHOS
activity in CRC, promoting metastatic potential and unfavorable clinical outcomes. PGC-1α
functions as a transcriptional coactivator that interacts with multiple transcription factors to
coordinate metabolic remodeling [121]. Its upregulation supports an OXPHOS-dependent
survival program, which is further enhanced by Sirtuin 1 (SIRT1)-mediated deacetylation
of PGC-1α forming an axis that overcomes chemotherapy resistance [122].

An elevated expression of NADH dehydrogenase 1 alpha subcomplex subunit 4-like 2
(NDUFA4L2) has been associated with a decrease in OS, disease progression, metastatic dis-
semination, and resistance to 5-FU [123,124], and high levels of this enzyme correlate with
immune cell infiltration patterns, and receiver operating characteristic analyses support its
potential as a candidate biomarker [125].

Although aerobic glycolysis is a dominant feature of CRC metabolism, increasing
evidence indicates that OXPHOS-dependent phenotypes may identify clinically relevant
tumor states characterized by cancer stemness, metastatic potential, immune modulation,
and resistance to chemotherapy or targeted therapy. This suggests that TCA/OXPHOS-
related markers may have greater prognostic and predictive value when evaluated as
integrated mitochondrial or energy-metabolism signatures. Interestingly, many studies
have developed OXPHOS- and TCA cycle/carbon-related signatures in CRC, COAD, and
other malignancies that stratify patients according to survival, metastatic potential, tumor
immune microenvironment features, and therapeutic vulnerabilities [126–129].

Alterations in TCA cycle enzymes and mitochondrial metabolism define an important
axis of metabolic plasticity. Dysregulation of CS, IDH1/2, SDH, and FH, together with
activation of OXPHOS-related programs, is consistently linked to tumor progression and
adverse clinical outcomes (Table 1). These findings support the use of mitochondrial
metabolic signatures as complementary biomarkers of CRC aggressiveness, metabolic
adaptation, and treatment response.

2.6. Autophagy

Autophagy is a conserved lysosomal degradation pathway that maintains cellular
homeostasis by recycling proteins and organelles under conditions of hypoxia, nutrient de-
privation, and chemotherapy exposure. In CRC, autophagy exerts a context-dependent role:
it may suppress malignant transformation during early tumorigenesis, while supporting tu-
mor cell survival, invasion, and therapeutic resistance in advanced disease. These features
provide a strong rationale for investigating autophagy-related pathways as biomarkers of
prognosis and drug response, as well as potential therapeutic targets [130].

Canonical autophagy markers, including microtubule-associated protein 1 light chain
3 B (MAP1LC3B), Beclin-1 (BECN1), and Sequestosome-1 (p62/SQSTM1) have been exten-
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sively studied in CRC. BECN1 overexpression correlates with reduced survival in patients
receiving chemotherapy, while MAP1LC3B upregulation has been linked to decreased OS,
particularly in KRAS-mutant CRC [131,132]. Conversely, reduced expression of BECN1 and
MAP1LC3B has also been associated with aggressive tumor phenotypes and metastatic
progression [133]. These seemingly discordant findings likely reflect differences in tumor
stage, molecular context, and methodological variability across studies [134,135]. Evaluat-
ing combined autophagy markers rather than individual proteins may therefore improve
predictive accuracy and generate more robust prognostic models.

Additional autophagy-related genes, including Autophagy-related gene 2B (ATG2B),
ATG4B, and ATG16L2, have been investigated as potential biomarkers. ATG2B, a lipid
transfer protein required for autophagosome formation, has been linked to clinical out-
comes in CRC, with the rs17094017 polymorphism associated with improved OS in patients
undergoing chemotherapy [136]. ATG4B, a cysteine protease involved in MAP1LC3B pro-
cessing and autophagosome maturation, promotes autophagic flux and tumor cell survival
under stress conditions, contributing to chemoresistance. Elevated ATG4B expression
correlates with tumor aggressiveness and unfavorable survival outcomes, supporting its
relevance as a potential therapeutic target [137]. ATG16L2, a component of the autophagy
elongation complex, has been associated with CRC prognosis and its increase correlates
with more favorable clinical outcomes, suggesting that specific ATGs may distinguish
biologically distinct CRC subgroups with divergent prognostic trajectories [138].

Multi-gene signatures based on autophagy-related genes have been developed using
datasets from The Cancer Genome Atlas (TCGA), Human Autophagy-dedicated Database,
and Gene Expression Omnibus (GEO) and validated across independent cohorts. These
transcriptomic datasets show strong associations with OS, disease-free survival, early
relapse, tumor immune infiltration, and chemotherapy sensitivity [139–146]. Such findings
indicate that ATG signatures may outperform single-marker approaches, particularly when
integrated with clinical staging systems and molecular classifiers.

Because autophagy requires lysosomal fusion for cargo degradation, lysosome-
associated membrane proteins (LAMPs) provide additional insight beyond upstream
autophagy markers. Expression of LAMP1 and LAMP2, in combination with MAP1LC3B
and BECN1, correlates with tumor invasiveness, tumor budding, and patient survival,
supporting their role as composite biomarkers [147]. The chaperone-mediated autophagy
regulator LAMP2A has been implicated in chemoresistance, and its elevated expression
promotes tumor progression and resistance to cisplatin through autophagy-dependent
mechanisms [148].

Autophagy-related biomarkers, particularly multi-gene and pathway-based models,
provide a framework for improved patient stratification and prediction of therapeutic
response in CRC (Table 1). Their clinical implementation will depend on prospective vali-
dation and methodological standardization. Integration of autophagy-related signatures
with molecular and clinical parameters may enhance risk assessment and support more
personalized therapeutic strategies in CRC.

2.7. Metabolic Hormones in CRC

Although metabolic hormone signaling is generally considered secondary to the
core cell-intrinsic metabolic pathways previously described, hormones such as insulin,
Insulin-like growth factor (IGF-1), leptin, adiponectin, and glucagon-like peptides play
an important modulatory role in CRC by influencing systemic energy balance, nutrient
availability, inflammation, and TME interactions.

CRC progression is closely intertwined with systemic metabolic regulation. In addition
to cell-intrinsic metabolic rewiring, tumor cells respond to circulating endocrine signals

https://doi.org/10.3390/cells15121074

https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 14 of 73

that govern nutrient utilization, inflammation, and energy homeostasis. Metabolic hor-
mones including pancreatic hormones, components of the IGF axis, adipose-derived factors
and glucagon-related signaling converge on pathways that regulate glucose metabolism,
mitochondrial function, lipogenesis, oxidative stress responses, and immune stromal in-
teractions. Because many of these factors are readily measurable in circulation, metabolic
hormones represent attractive candidates for biomarker development in CRC.

Hyperinsulinemia and IGF signaling promote proliferative and anti-apoptotic pro-
grams through receptor tyrosine kinases and downstream PI3K/AKT and MAPK pathways,
thereby supporting anabolic metabolism and tumor cell survival under stress conditions.
Elevated circulating IGF-1 levels have been associated with increased risk, supporting a
potential causal role of the IGF axis in colorectal carcinogenesis [149]. However, other stud-
ies have reported no significant association, while increased plasma levels of Insulin-like
growth factor binding protein (IGFBP) 2 correlate with higher tumor grade [150]. Clinical
investigations have further explored the prognostic relevance of IGF-related factors. In
mCRC, plasma levels of IGF-1, IGFBP3, IGFBP7, C-peptide, and adiponectin have been
analyzed in relation to OS and PFS. While IGF-1, C-peptide, and adiponectin showed no
significant association with OS, higher IGFBP3 and lower IGFBP7 levels were associated
with improved survival [151]. In addition, tumor tissue analyses revealed IGF-1 expression
in CRC compared with normal mucosa, while IGFBP3 upregulation correlated with lymph
node metastasis and reduced five-year survival [152]. Also, the components of the IGF axis
may hold clinical relevance, particularly in advanced disease.

Leptin and adiponectin are key adipose-derived hormones with partially opposing
metabolic and inflammatory functions. In CRC, these adipokines modulate tumor biol-
ogy through receptors expressed in tumor and stromal compartments. Increased leptin
expression and reduced adiponectin receptor levels have been associated with metastatic
progression [153]. Experimental studies further demonstrate that these hormones directly
influence gene expression programs and malignant phenotypes in colon cancer cells, link-
ing obesity-associated endocrine signaling to tumorigenesis [154]. Circulating adipokines
show potential clinical relevance. Elevated serum leptin and non-high-molecular-weight
(non-HMW) adiponectin have been associated with increased CRC risk, whereas high
levels of HMW adiponectin have been observed following chemotherapy [155]. Additional
studies suggest that markers of nutritional status and adipokines, including visfatin and
resistin, correlate with chemotherapy response in advanced CRC. Higher albumin and
pre-albumin levels are associated with improved outcomes, whereas elevated visfatin and
resistin levels correlate with reduced treatment efficacy [156]. Visfatin has also been shown
to promote chemoresistance through upregulation of multidrug resistance protein 1, linking
metabolic signaling to drug resistance mechanisms [157].

Glucagon-related signaling is emerging as a potential endocrine–metabolic axis in CRC,
linking systemic metabolic alterations, T2DM-associated hyperglucagonemia, nutrient
availability, and intracellular signaling pathways. Experimental evidence indicates that
glucagon promotes colon cancer cell proliferation, whereas glucagon receptor (GCGR)
silencing attenuates cell growth. Mechanistically, these effects appear to involve GCGR-
dependent modulation of AMPK and MAPK signaling, supporting a role for glucagon in
CRC progression under metabolically altered conditions [158]. Given the central role of
AMPK and MAPK in coordinating cellular energetics, stress adaptation, and proliferative
responses, glucagon signaling may influence multiple biological processes relevant to
tumor development. Other members of the glucagon family, particularly glucagon-like
peptide-1 (GLP-1), have also been associated with immune infiltration, MSI, TMB, and
immunotherapy-related features in pan-cancer and CRC-focused analyses, suggesting that
endocrine signaling may contribute to both tumor behavior and immune contexture [159].
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Although findings regarding individual endocrine biomarkers are sometimes in-
consistent across studies, a common theme emerges in which endocrine–metabolic sig-
naling influences CRC progression primarily through modulation of nutrient sensing,
inflammation, immune regulation, and metabolic adaptation rather than through isolated
hormone-specific effects. Within the hierarchical framework proposed in this review,
metabolic hormones should be considered systemic modulators of CRC biology rather
than primary determinants of cellular metabolic activity. Hormone-dependent pathways,
including insulin/IGF signaling, leptin, adiponectin, glucagon/GLP-1 signaling, and other
adipokine networks, integrate obesity, T2DM, nutrient availability, inflammation, and
tumor–microenvironment interactions with disease progression (Table 1). Although these
pathways operate downstream of the core bioenergetic programs that sustain tumor growth,
they substantially influence cellular signaling, mitochondrial activity, immune regulation,
metastatic potential, and treatment response. Consequently, their clinical value may be
greater when assessed as components of integrated endocrine–metabolic signatures rather
than as isolated circulating or tissue biomarkers. Emerging evidence supports the prognos-
tic relevance of insulin/IGF-axis components, adipokines, and glucagon-related genes in
CRC; however, clinically validated hormone-based signatures remain limited and require
further prospective evaluation.

Table 1. Putative prognostic and drug response metabolic biomarkers for CRC.

Gene
Acronym Protein Functional

Category
Expression
Activation Prognosis Drug

Response Functional State References

PIK3CA; PAK1

Phosphatidylinositol-
4,5-bisphosphate
3-kinase catalytic
subunit α; P21 (RAC1)
activated kinase 1

PI3K/PAK1 axis High Poor
Patient selection
for copanlisib
treatment

Oncogenic
nutrient-sensing/anabolic
state

[22]

MTOR Mechanistic target of
rapamycin mTOR pathway High Poor NA Anabolic growth and

immune-modulatory state [23]

PRKAA1 and
related genes

Protein kinase
AMP-activated catalytic
subunit alpha 1 (AMPK)

Energy sensor Low/high Good/Poor
(debated) NA Energy-stress adaptive

state [24–26]

PDK4 Pyruvate
dehydrogenase kinase 4

Glucose and fatty
acid metabolism High Poor Resistance to

chemotherapy
Glycolytic–oxidative
switch/resistant state [28,29]

SLC2A1 Solute carrier family 2
member 1

Glucose
transporter
(GLUT1)

High Poor Resistance to
chemotherapy

Glycolytic proliferative
state [34,35,40,41]

HK2 Hexokinase 2 Glycolysis High Poor Multidrug
resistance

Glycolytic
survival/resistant state [42]

PKM Pyruvate kinase M1/2 Glycolysis High Poor Resistance to
chemotherapy

Glycolytic proliferative
and EMT-associated state [44,48,49]

LDH Lactate dehydrogenase Glycolysis High Poor
Resistance to
anti-angiogenic
agents

Lactate-driven
immunosuppressive state [51–56]

Glycolysis-
related genes
(ENO3, GPC1,
P4HA1, SPAG4,
and STC2)

Enolase 3, Glypican-1,
Prolyl 4-hydroxylase
subunit alpha-1,
Sperm-associated
antigen 4,
Stanniocalcin-2

Glycolysis High Poor NA
Glycolytic
aggressive/prognostic
state

[61]

Amino acid
metabolism-
related genes

Amino acid
metabolism Low Poor Resistance to

immunotherapy
Amino acid-depleted
immunosuppressive state [64]

Glutamine
metabolism-
related genes

ND Amino acid
metabolism

Differentially
expressed Poor/good

Resistance to
chemo- and
immuno-therapy

Glutamine-dependent
adaptive/resistant state [65–67]

PHGDH Phosphoglycerate
dehydrogenase

Serine
biosynthesis High Poor Resistance to

chemotherapy
Serine/one-carbon
stress-resistant state [69]

PSAT1 Phosphoserine
aminotransferase 1

Serine
biosynthesis High Poor NA Serine biosynthesis

proliferative/invasive state [70]
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Table 1. Cont.

Gene
Acronym Protein Functional

Category
Expression
Activation Prognosis Drug

Response Functional State References

PSPH Phosphoserine
Phosphatase

Serine
biosynthesis High Poor

Antitumor
immunity
modulator

Serine-autophagy
immune-modulatory state [71,72]

IDO1/2 Indoleamine
2,3-dioxygenase 1/2

Tryptophan
catabolism High Poor NA Tryptophan-kynurenine

immunosuppressive state [74]

Tryptophan
metabolism-
related genes

ND Tryptophan
catabolism High Poor

Antitumor
immunity
modulator

Tryptophan-driven
immune-tolerant state [75]

SLC7A5 Solute carrier family 7
member 5

Amino acid
transporter High Poor NA Amino acid

uptake/anabolic state [77,78]

FASN Fatty acid synthase lipogenesis High Poor

Resistance to
chemotherapy and
anti-angiogenic
agents

Lipogenic
proliferative/resistant state [81,82,84]

ACSL4
Acyl-CoA synthetase
long chain family
member 4

Lipid metabolism High Poor
Immune
cytotoxicity
modulator

Ferroptosis-linked
lipid-remodeling state [87]

LPCAT1 Lysophosphatidylcholine
Acyltransferase 1

Membrane
remodeling High Poor NA

Ferroptosis-resistant
membrane-remodeling
state

[89]

CD36 Cluster of
differentiation 36

lipid uptake
receptor High Poor Resistance to

chemotherapy
Lipid uptake
metastatic/resistant state [92,93]

CPT1A and
FAO-related
genes

Carnitine
palmitoyltransferase-1A Lipid metabolism High Poor Resistance to

immunotherapy
FAO-dependent
immunosuppressive state [96–98]

Lipid
metabolism-
related genes

ND Lipid metabolism Differentially
expressed Poor Resistance to

immunotherapy
Lipid-adaptive
immune-resistant state [99–101]

CS Citrate synthase Krebs cycle High Poor Therapy resistance TCA-rewired aggressive
state [102,105]

IDH1/2 Isocitrate
dehydrogenase 1/2 Krebs cycle High Poor Resistance to

chemotherapy

Oncometabolic
chemotherapy-resistant
state

[108,109,
111]

SDH Succinate
dehydrogenase Krebs cycle Low Poor NA Succinate-driven

invasive/metastatic state [115]

FH Fumarate hydratase Krebs cycle Low Poor Modulation of ICI
treatment

Fumarate/immune-
response modulatory state [116,117]

PPARGC1A

Peroxisome
proliferator-activated
receptor gamma
coactivator 1α

Mitochondrial
metabolic
remodeling

High Poor Resistance to
chemotherapy

OXPHOS-dependent
metastatic/resistant state [121,122]

NDUFA4L2
NADH dehydrogenase 1
alpha subcomplex
subunit 4-like 2

OXPHOS High Poor Resistance to
chemotherapy

Hypoxia-associated
OXPHOS-resistant state [123–125]

OXPHOS-
related genes ND OXPHOS Differentially

expressed Poor

Resistance to
chemotherapy and
better response to
immunotherapy

Mitochondrial
oxidative/resistant state [126–129]

BECN1 Beclin 1 Autophagy High Poor Resistance to
chemotherapy

Autophagy-dependent
survival/resistant state [131]

MAP1LC3B
Microtubule-associated
protein 1 light chain
3 beta

Autophagy High Poor NA Autophagy-associated
aggressive state [132]

BECN1;
MAP1LC3B

Beclin 1;
Microtubule-associated
protein 1 light chain
3 beta

Autophagy Low Poor NA Autophagy-defective
aggressive state [133]

ATG2B Autophagy related 2B Autophagy

ATG2B
rs17094017
polymor-
phism

Good
Increased
chemotherapy
efficacy

Autophagy-associated
chemosensitive state [136]

ATG4B Autophagy related 4B
Cysteine Peptidase Autophagy High Poor Resistance to

chemotherapy
Autophagy-driven
chemoresistant state [137]

ATG16L2 Autophagy related 16
like 2 Autophagy High Good NA Autophagy-associated

favorable state [138]
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Table 1. Cont.

Gene
Acronym Protein Functional

Category
Expression
Activation Prognosis Drug

Response Functional State References

Autophagy-
related genes ND Autophagy Differentially

expressed Poor/good
Chemo- and
immuno-therapy
predictors

Autophagy-dependent
prognostic/resistant state [139–146]

LAMP1/2;
BECN1;
MAP1LC3B

Lysosomal associated
membrane protein 1/2;
Beclin 1;
Microtubule-associated
protein 1 light chain 3
beta

Autophagy-
related pathway High Poor NA Lysosomal-autophagy

invasive state [147]

LAMP2A Lysosome-Associated
membrane protein 2A

Autophagy-
related pathway High Poor Resistance to

chemotherapy
Chaperone-mediated
autophagy resistant state [148]

IGF-1 Insulin-like growth
factor 1 metabolic factor High

(plasma)
CRC risk
(debated) NA Systemic insulin/IGF

anabolic state [149]

IGFBP2 Insulin growth factor
binding protein 2 metabolic factor High

(plasma)
Tumor
grade NA Endocrine metabolic

aggressive state [150]

IGFBP3 Insulin growth factor
binding protein 3 metabolic factor

High
(plasma);
high
mRNA
levels

Good
(plasma);
Poor
(mRNA)

NA Context-dependent
IGF-modulatory state [151,152]

IGFBP7 Insulin growth factor
binding protein 7 metabolic factor Low

(plasma) Good NA
IGF-axis
protective/modulatory
state

[151]

LEPR Leptin receptor Metabolic
homeostasis High Poor NA

Leptin-driven
inflammatory/pro-tumor
state

[153]

ADIPOR Adiponectin receptor Metabolic
homeostasis Low Poor NA Adiponectin-deficient

inflammatory state [153]

LEP; ADIPOQ Leptin and adiponectin Metabolic
homeostasis

High
(serum) Poor NA Adipokine-imbalanced

systemic state [155]

PBEF1; RETN
Pre-B-cell
colony-enhancing factor
1/visfatin and resistin

Metabolic
homeostasis

High
(serum) Poor Resistance to

chemotherapy

Adipokine-driven
chemoresistant
inflammatory state

[156,157]

GLP-1-related
genes ND metabolic

homeostasis Low Poor NA Endocrine metabolic
immune-modulatory state [159]

ND: not defined; NA: not available.

Taken together, the findings discussed in this section highlight the importance of
metabolic alterations in CRC while underscoring the gap that still separates biological
evidence from clinical implementation. At present, routine therapeutic decision-making
remains largely guided by established molecular biomarkers, including RAS and BRAF
mutations, MSI/MMR status, HER2 amplification, and selected gene fusions, which di-
rect the use of anti-EGFR therapies, ICIs, BRAF-targeted strategies, and HER2-directed
treatments [160,161]. By contrast, metabolism-associated biomarkers, including glycolytic
enzymes, OXPHOS regulators, amino acid- and lipid-metabolism pathways, nutrient-
sensing kinases, and autophagy-related proteins, remain largely investigational. Their most
immediate clinical utility may lie in prognostic stratification, particularly when incorpo-
rated into multidimensional molecular signatures. Indeed, several transcriptomic studies
have generated risk models associated with survival, immune-cell composition, metastatic
behavior, and therapeutic responsiveness. Nevertheless, most of these signatures have been
derived from retrospective TCGA- and GEO-based datasets and still require methodological
standardization, independent multicenter validation, and prospective clinical assessment
before they can be translated into routine clinical practice.

Summarizing the clinical perspectives, among the biomarkers discussed, only a limited
number currently show evidence approaching clinical applicability. Serum LDH, metabolic
gene signatures, OXPHOS-related signatures, amino acid metabolism-related signatures
and selected immunometabolic transcriptomic models have demonstrated reproducible as-
sociations with prognosis or therapeutic response across independent cohorts. By contrast,
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many individual markers, including HK2, PKM2, ACSL4, LPCAT1, ATG4B, and several
endocrine–metabolic factors, remain exploratory and require prospective validation before
clinical implementation.

2.8. Convergence of Metabolic Programs into Functional Immunometabolic Configurations

Although the metabolic pathways discussed above are presented separately for clar-
ity, they do not operate as independent processes in CRC. Rather, glycolysis, amino
acid metabolism, lipid metabolism, mitochondrial function, autophagy, and endocrine
metabolic signaling are interconnected components of a dynamic immunometabolic net-
work. Through extensive metabolic crosstalk, these programs collectively regulate nutrient
availability, redox balance, biosynthetic activity, and cellular adaptation to environmental
stress. Importantly, the consequences of this metabolic reprogramming extend beyond
tumor cells and profoundly influence the TME through nutrient competition and the
accumulation of immunoregulatory metabolites such as lactate and kynurenine. These
mechanisms promote the expansion and functional reprogramming of immunosuppressive
cell populations, including regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and tumor-associated macrophages (TAMs), while impairing the activity of cyto-
toxic lymphocytes. As illustrated in Figure 2, the convergence of these metabolic programs
generates an integrated immunometabolic ecosystem that links tumor growth, immune
suppression, metastatic potential, and resistance to chemotherapy, targeted therapies,
and ICIs.

Figure 2. Convergence of metabolic programs into functional immunometabolic configurations in
CRC. Glycolysis, amino acid metabolism, lipid metabolism, mitochondrial function, autophagy, and
endocrine–metabolic signaling interact to generate distinct immunometabolic states associated with
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tumor progression, immune suppression, and therapeutic response. These configurations may influ-
ence sensitivity or resistance to chemotherapy, targeted therapies, and ICIs. Created with BioRender
(https://app.biorender.com). Abbreviations: AKT, protein kinase B; AMPK, AMP-activated protein
kinase; ATGs, autophagy-related genes; BECN1, Beclin 1; CD36, cluster of differentiation 36; CPT1A,
carnitine palmitoyltransferase 1A; CRC, colorectal cancer; FAO, fatty acid oxidation; FASN, fatty acid
synthase; GLS, glutaminase; GLUT1, glucose transporter 1; GPT2, glutamic pyruvate transaminase
2; HIF-1α, hypoxia-inducible factor 1 alpha; HK2, hexokinase 2; ICI, immune checkpoint inhibitor;
IDO1/2, indoleamine 2,3-dioxygenase 1/2; IL, interleukin; LAT1, L-type amino acid transporter 1;
LC3B, microtubule-associated protein 1 light chain 3 beta; LDHA, lactate dehydrogenase A; LPCAT1,
lysophosphatidylcholine acyltransferase 1; MDSC, myeloid-derived suppressor cell; mTOR, mecha-
nistic target of rapamycin; NDUFA4L2, NADH dehydrogenase 1 alpha subcomplex subunit 4-like 2;
NK, natural killer; NO, nitric oxide; OXPHOS, oxidative phosphorylation; PDK4, pyruvate dehydro-
genase kinase 4; PHGDH, phosphoglycerate dehydrogenase; PI3K, phosphoinositide 3-kinase; PKM2,
pyruvate kinase M2; PPARGC1A, peroxisome proliferator-activated receptor gamma coactivator
1 alpha; PRKAA1, protein kinase AMP-activated catalytic subunit alpha 1; PSAT1, phosphoserine
aminotransferase 1; PSPH, phosphoserine phosphatase; ROS, reactive oxygen species; TAM, tumor-
associated macrophage; TGF-β, transforming growth factor beta; TME, tumor microenvironment;
Tregs, regulatory T cells; VEGF, vascular endothelial growth factor.

From a therapeutic perspective, these immunometabolic configurations are not merely
descriptive metabolic phenotypes but may define distinct patterns of therapeutic vulnera-
bility and resistance. Consequently, specific metabolic states could inform treatment selec-
tion by identifying tumors more likely to respond to metabolism-targeted interventions,
immunotherapy combinations, or mitochondrial-directed approaches (Table 2). Glycolysis-
dominant tumors are frequently associated with aggressive behavior, lactate-mediated
immune suppression, and reduced sensitivity to chemotherapy. Adaptive states character-
ized by glutamine utilization, autophagy, and metabolic stress responses promote survival
under therapeutic pressure and may contribute to resistance to conventional treatments. In
contrast, lipid- and FAO-dependent configurations are increasingly linked to immune dys-
function and resistance to immune checkpoint blockade (ICB), suggesting that metabolic
interventions combined with immunotherapy may represent a rational strategy for these
tumors. Therefore, metabolic biomarkers may eventually contribute not only to prognostic
stratification but also to the identification of therapeutically actionable metabolic states.

Table 2. Immunometabolic configurations in colorectal cancer and their potential therapeutic implications.

Immunometabolic
Configuration

Dominant
Features Resistance Pattern Potential Therapeutic Opportunities

Glycolytic/proliferative GLUT1, HK2, PKM2, LDHA Chemotherapy resistance,
immune suppression

Glycolysis inhibitors, LDH inhibitors,
chemotherapy combinations

Stress-adaptive AMPK, PDK4, glutamine
metabolism, autophagy

Survival under metabolic
stress, chemoresistance

Autophagy inhibitors,
glutamine-targeting strategies

Lipid/FAO-
immunosuppressive CPT1A, FAO, FASN, IDO1 ICI resistance FAO inhibition, FASN targeting,

immunotherapy combinations

OXPHOS-dependent PGC-1α, NDUFA4L2 OXPHOS
signatures Chemotherapy resistance Mitochondrial/OXPHOS-targeted

therapies

Abbreviations: AMPK, AMP-activated protein kinase; CPT1A, carnitine palmitoyltransferase 1A; FAO, fatty acid
oxidation; FASN, fatty acid synthase; GLUT1, glucose transporter 1; HK2, hexokinase 2; ICI, immune checkpoint
inhibitor; IDO1, indoleamine 2,3-dioxygenase 1; LDH, lactate dehydrogenase; LDHA, lactate dehydrogenase A;
NDUFA4L2, NADH dehydrogenase 1 alpha subcomplex subunit 4-like 2; OXPHOS, oxidative phosphorylation;
PDK4, pyruvate dehydrogenase kinase 4; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator
1 alpha; PKM2, pyruvate kinase M2.
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3. Therapeutic Strategies for CRC
The gold-standard therapy for early-stage (I–II) CRC is surgical resection of the pri-

mary tumor. In more advanced stages, in addition to surgery, patients receive adjuvant
therapies, particularly those with metastatic disease. Conventional chemotherapy is based
on multiple factors, including disease extent, metastatic pattern, patient performance status,
comorbidities, and therapeutic goals (curative versus palliative intent). Equally impor-
tant is a comprehensive molecular tumor characterization, which has become an essential
prerequisite or optimal treatment planning [13,162].

3.1. Current Therapies

The first-line therapeutic approach in CRC is determined by tumor stage, molecular
characteristics, treatment tolerability, and overall clinical context. In mCRC, a broad range
of therapeutic options is available, administered either as monotherapy or in combination
regimens [15]. The primary goals of first-line systemic therapy include prolonging OS,
controlling tumor burden, alleviating symptoms, and, in selected cases, converting initially
unresectable metastases into resectable disease. This phase of treatment is particularly
critical, as it provides the highest response rates and the longest PFS, and represents the
only therapeutic opportunity accessible to all patients. Consequently, the selection of the
initial regimen has a substantial impact on subsequent treatment strategies and long-term
clinical outcomes [13].

Standard first-line chemotherapy for CRC stages II (high-risk T3 and T4), III, and IV
(with resectable metastases) relies on fluoropyrimidine-based regimens combined with
additional agents (Table 3). The most widely used combinations include folinic acid, fluo-
rouracil and oxaliplatin (FOLFOX) and capecitabine and oxaliplatin (CAPEOX). 5-FU and
capecitabine, a prodrug of 5-FU, exert their antitumor effects primarily through inhibition
of thymidylate synthase, whereas oxaliplatin is a platinum-based antineoplastic agent that
acts as a “non-classical” or pseudo-alkylating agent which interferes with DNA replica-
tion and transcription through the formation of intra- and inter-strand cross-links [9,163].
Leucovorin enhances the efficacy of 5-FU by stabilizing its interaction with thymidylate
synthase [164]. These regimens demonstrate comparable efficacy in terms of OS, and
treatment selection is guided by toxicity profiles, prior therapies, and patient-specific
considerations [165].

In stage IV CRC with unresectable metastases, systemic therapy is typically based
on combination chemotherapy, often integrated with targeted agents (Table 3). Treatment
selection is influenced by tumor-specific features, including primary tumor sidedness and
key molecular alterations such as RAS and BRAF mutations. Right- and left-sided CRC
differ substantially in embryologic origin, histopathology, carcinogenic pathways, and
molecular profiles. Right-sided tumors are more frequently characterized by high MSI-H,
CpG island methylator phenotype high, BRAF mutations, and increased immune cell
infiltration. In contrast, left-sided tumors more commonly exhibit chromosomal instability,
Adenomatous polyposis coli (APC) and TP53 mutations, EGFR pathway alterations, and
HER2 amplification. These biological differences translate into distinct clinical behaviors,
as patients with right-sided tumors generally experience poorer outcomes and reduced
OS in stage III and metastatic disease compared with those with left-sided tumors [166].
Activating RAS and BRAF mutations occur in approximately 45% and 10% of CRC cases,
respectively [167,168]. Constitutive activation of these oncogenes leads to persistent MAPK
pathway signaling, driving uncontrolled proliferation, tumor progression, and resistance to
therapy. Because the RAS/BRAF axis functions downstream of the EGFR, tumors harboring
these mutations do not benefit from EGFR-targeted therapies [169].
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Table 3. Clinical staging and standard first-line treatment for pMMR/MSS CRC.

Stage (AJCC/UICC) TNM Disease Setting Standard Treatment
Strategy Systemic Therapy Notes

Stage 0 Tis N0 M0 Carcinoma in situ Endoscopic resection or
local excision None Curative local treatment;

no systemic therapy

Stage I T1–T2 N0 M0 Localized early CRC Surgical resection None
Surveillance; adjuvant
therapy not
recommended

Stage II T3 N0 M0 Localized CRC, low-risk
subgroup Surgical resection Surveillance or capecitabine

or 5-FU/leucovorin Observation is preferred

Stage II T3–T4 N0 M0 Localized CRC, high-risk
subgroup Surgical resection

Surveillance or capecitabine
or 5-FU/leucovorin or
FOLFOX or CAPEOX

High-risk features: T4,
obstruction, perforation,
poor differentiation

Stage III (low- and
high-risk) Any T, N1–N2, M0 Locally advanced,

node-positive CRC

Surgical resection
followed by adjuvant
chemotherapy

FOLFOX or CAPEOX
(standard)

Adjuvant chemotherapy
improves disease-free
survival and OS

Stage IV (resectable
synchronous liver
and/or lung and
metachronous
metastases)

Any T, any N, M1
(limited)

Metastatic CRC with
potentially curable
disease

Surgery of primary
tumor and metas-
tases ± perioperative
therapy

FOLFOX or CAPEOX or
capecitabine or
5-FU/leucovorin

Multidisciplinary
approach essential

Stage IV (unresectable
synchronous liver
and/or lung metastases)

Any T, any N, M1
(unresectable)

Advanced metastatic
CRC

Systemic therapy
(palliative intent)

FOLFIRI or
FOLFOX ± panitumumab or
cetuximab

RAS/BRAF WT and
left-sided tumors

FOLFIRI or FOLFOX or
CAPEOX or FOLFIRI-
NOX ± bevacizumab

RAS/BRAF mutants

Stage IV (unresectable
metachronous
metastases)

Any T, any N, M1
(unresectable)

Advanced metastatic
CRC

Systemic therapy
(palliative intent)

FOLFIRI or
irinotecan ± panitumumab or
cetuximab

RAS/BRAF WT and
left-sided tumors

FOLFIRI or
irinotecan ± bevacizumab or
ziv-aflibercept or
ramucirumab

RAS/BRAF mutants

Rectal cancer (LARC) T3–T4 and/or N+ Locally advanced rectal
cancer

Total neoadjuvant
therapy or
chemoradiotherapy
followed by surgery

Fluoropyrimidine-based
chemotherapy ± oxaliplatin

Rectal cancer-specific
pathway
(ESMO/NCCN)

Abbreviation: CRC, colorectal cancer; FOLFOX, folinic acid, 5-FU and oxaliplatin; CAPEOX, capecitabine and
oxaliplatin; FOLRFIRI, folinic acid, 5-FU and irinotecan; FOLFORINOX, folinic acid, 5-FU, irinotecan and
oxaliplatin; Tis, carcinoma in situ.

The integration of targeted therapies has significantly improved outcomes in mCRC
and represents a central element of first-line treatment. Accordingly, management of unre-
sectable mCRC is based on combination chemotherapy, frequently combined with targeted
agents (Table 3). In patients with left-sided, RAS/BRAF wild-type tumors and unresectable
synchronous liver or lung metastases, first-line treatment typically includes FOLFOX or
folinic acid, 5-FU and irinotecan (FOLFIRI) in combination with anti-EGFR monoclonal
antibodies (mAbs) such as cetuximab or panitumumab. A similar approach is adopted
in patients with metachronous metastases, although irinotecan-based regimens are often
preferred in this setting. Irinotecan is a prodrug converted into its active metabolite SN-38,
which inhibits topoisomerase I, while cetuximab and panitumumab specifically target
EGFR [170,171]. In contrast, patients harboring RAS or BRAF mutations are generally
treated with chemotherapy backbones such as FOLFOX, FOLFIRI, CAPEOX, or folinic acid,
5-FU, irinotecan and oxaliplatin (FOLFOXIRI), administered either alone or in combina-
tion with anti-angiogenic agents. Bevacizumab targets VEGF-A and ziv-aflibercept is a
recombinant fusion protein that acts as a potent decoy receptor, targeting VEGF-A, VEGF-B,
and placental growth factor, whereas ramucirumab targets VEGF receptor 2 (VEGFR2) [9].
Treatment selection further depends on disease timing and prior therapy. Patients with
metachronous metastatic disease may receive irinotecan-based regimens alone or in com-
bination with VEGF pathway inhibitors, while oxaliplatin-based combinations can be
reintroduced after prior irinotecan exposure in selected cases.
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Bevacizumab can be combined with all standard chemotherapy backbones and is
applicable across molecular subtypes. Its addition to first-line chemotherapy provides
consistent improvements in PFS and modest gains in OS [172]. Anti-EGFR mAb, including
cetuximab and panitumumab, are restricted to patients with RAS wild-type tumors [13].
Extensive evidence indicates that RAS mutations are strong negative predictive biomarkers
for EGFR-targeted therapy, precluding clinical benefit in this subgroup [15].

Primary tumor sidedness further refines therapeutic decision-making in mCRC. Pa-
tients with left-sided, RAS wild-type tumors derive a clear benefit from EGFR-targeted
therapy in the first-line setting, whereas those with right-sided tumors generally do not,
despite occasional improvements in response rates. This differential efficacy reflects un-
derlying biological differences that influence treatment sensitivity. Combination regimens
may increase toxicity and should therefore be reserved for carefully selected patients. The
treatment strategies outlined above are primarily applicable to patients with pMMR/MSS
tumors. Additional details are available in the National Comprehensive Cancer Network
(NCCN) Guidelines (NCCN.org).

A distinct subset of mCRC cases (approximately 3.5–5%), more frequently arising
in right-sided tumors, is characterized by dMMR/MSI-H [15]. These tumors display
marked sensitivity to ICIs, which have become a key component of first-line treatment
in this setting. In patients with stage II (T4b) and stage III disease, fluoropyrimidine-
based chemotherapy regimens such as FOLFOX or CAPEOX may be administered either
alone or in combination with ICIs, including atezolizumab, a mAb targeting programmed
death ligand 1 (PD-L1) [173]. Patients with stage IV disease and resectable synchronous
metastases may undergo surgical resection followed by adjuvant chemotherapy with
FOLFOX or CAPEOX. Alternatively, neoadjuvant immunotherapy may be administered
before surgery, allowing both primary tumor and metastatic lesions to be resected in
selected cases. In the presence of unresectable metastatic disease, ICIs represent the favored
therapeutic approach. Nivolumab, an anti-PD-1 receptor mAb, is commonly used either
as monotherapy or in combination with ipilimumab, an anti-cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) mAb; similarly, pembrolizumab (also targeting PD-1) is
frequently employed as monotherapy in this setting [173]. These therapeutic strategies
reflect the high immunogenicity of MSI-H/dMMR tumors and underscore the importance
of integrating immunotherapy into treatment algorithms for this biologically distinct
CRC subgroup. Comprehensive recommendations are available in the NCCN Guidelines
(NCCN.org).

ICIs have substantially improved clinical outcomes in patients with MSI-H/dMMR
mCRC, establishing immunotherapy as a cornerstone of treatment in this molecularly
defined subgroup. These advances highlight the necessity of comprehensive molecular pro-
filing, which is essential to identify patients most likely to benefit from immune-based strate-
gies and for guiding therapeutic decision-making. Treatment options for MSI-H/dMMR
mCRC are summarized in Supplementary Table S1.

Second-line therapy is indicated for patients with mCRC who experience disease
progression after first-line treatment and aims to prolong survival, control symptoms,
and preserve quality of life. Treatment selection is highly individualized and depends
on prior therapy, molecular profile, tumor sidedness, performance status, and treatment-
related toxicities [15,174]. In most cases, management involves switching the chemotherapy
backbone and integrating targeted agents according to prior exposure and tolerability.
Following progression on oxaliplatin-based regimens (FOLFOX or CAPEOX), irinotecan-
based therapy (FOLFIRI) represents the standard second-line option. In RAS/BRAF wild-
type tumors, irinotecan-containing regimens are typically combined with anti-EGFR agents,
whereas in tumors harboring RAS or BRAF mutations, treatment relies on irinotecan-based
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therapy alone or in combination with VEGF pathway inhibitors. Conversely, oxaliplatin-
based combinations may be reintroduced after irinotecan failure in selected patients. When
both oxaliplatin and irinotecan have been previously administered, subsequent strategies
are guided by molecular status and prior exposure. In RAS/BRAF wild-type disease,
irinotecan alone or combined with anti-EGFR agents remains a preferred approach. In
contrast, patients with RAS/BRAF-mutated tumors may receive FOLFOX or CAPEOX,
either alone or with bevacizumab, as well as irinotecan-based regimens combined with
VEGF inhibitors, including bevacizumab, ziv-aflibercept or ramucirumab. More intensive
combinations, such as FOLFOXIRI with or without bevacizumab, may be considered
in selected cases. Detailed treatment algorithms are provided in the NCCN Guidelines
(NCCN.org).

Selected molecular subgroups may benefit from dedicated targeted strategies in later
treatment lines. Patients harboring the BRAF V600E mutation, HER2 amplification, or
Neurotrophic Tyrosine Receptor Kinase (NTRK) gene fusions may receive specific targeted
therapies [175,176]. In patients with dMMR/MSI-H, ICIs remain an effective option even
after prior systemic therapy. In cases of prior exposure to ICI monotherapy, a combination
of nivolumab and ipilimumab is preferred. An overview of second-line therapeutic options
is provided in Supplementary Table S2.

3.2. New Drugs in Progress

Despite significant progress, CRC remains a leading cause of cancer-related mortality
worldwide, mainly due to the development of metastatic disease and the biological hetero-
geneity that limits uniform treatment benefit [177]. To enhance therapeutic efficacy, one
of the main contemporary goals is the implementation of biomarker-matched approaches
and strategies aimed at converting “immunologically cold” MSS tumors into responsive
disease. Indeed, MSS CRC accounts for the most metastatic cases and is typically resistant
to PD-1/PD-L1 monotherapy, making it a central focus of experimental immunotherapy
research [178].

Here, we describe the most relevant clinical trials currently ongoing or recently com-
pleted, with potential implications for the development of novel drugs and combination
strategies in CRC, emphasizing mechanistic rationale, study design, and translational
considerations. As previously mentioned, several studies aim to convert “cold” MSS tu-
mors into a “hot” immune microenvironment that may respond to ICIs, particularly when
combined with chemotherapy or targeted agents.

Several phase I and II clinical trials are ongoing or have recently been completed
(Table 4). In particular, preliminary findings from combinations such as pembrolizumab
plus CAPOX plus bevacizumab (NCT04262687), sintilimab plus regorafenib (NCT04745130),
and regorafenib plus ipilimumab plus nivolumab (NCT04362839) have shown encourag-
ing clinical activity, supporting further evaluation in subsequent trial phases [179–182].
Moreover, additional trials investigating novel ICI agents, such as botensilimab (target-
ing CTLA-4) and balstilimab (targeting PD-1), administered either as monotherapy or in
combination and specifically designed for MSS CRC, are currently ongoing (NCT03860272,
NCT05571293, NCT07152821, and NCT05608044). Preliminary results suggest that the
combination of these ICIs provides significant and durable responses in heavily pretreated
MSS tumors compared with monotherapy or standard-of-care treatments, particularly in
patients without active liver metastases [183–185].
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Table 4. Clinical trials testing new therapies in CRC.

NCT Trial Name Phase Status Population/Setting Investigational Regimen Control Therapeutic
Response References

NCT04262687 FFCD 1703-POCHI II Completed
MSS/pMMR metastatic
colorectal cancer with high
immune infiltrate

Pembrolizumab + CAPOX +
Bevacizumab Single-arm NA [179,180]

NCT04745130
sintilimab plus
regorafenib phase II
study

II Completed MSS, previously treated
metastatic CRC Sintilimab + Regorafenib Single-arm

ORR 21.4%, DCR
63.1%, median OS
14.1 mo, median PFS
4.1 mo

[181]

NCT04362839 RIN trial I Completed Chemotherapy-resistant MSS
metastatic CRC

Regorafenib + Ipilimumab +
Nivolumab Single-arm

ORR ≈36.4%;
median PFS ~5.0 mo;
3-yr PFS ≈19.3%;
median OS ~27.5 mo

[182]

NCT03860272 C-800-01 I Active
Advanced solid tumors;
includes MSS mCRC
expansion cohorts

Botensilimab ± balstilimab Single-arm

Activity of
botensilimab +
balstilimab in MSS
mCRC cohorts.

[183,184]

NCT05571293 NEST-1 II Recruiting
Resectable CRC
(neoadjuvant) across pMMR
and dMMR cohorts

Botensilimab + balstilimab Single-arm Trial ongoing NA

NCT07152821 BATTMAN III Not yet recruiting Chemo-refractory,
unresectable COAD Botensilimab + balstilimab Best supportive care

(BSC) Unavailable NA

NCT05608044 BOT/BAL II Active Refractory MSS metastatic
CRC Botensilimab ± Balstilimab Standard of care NA [185]

NCT05425940 STELLAR-303 III Active
mCRC, refractory;
non-MSI-H/non-dMMR
(MSS/MSI-low)

Zanzalintinib (XL092) +
atezolizumab Regorafenib Median OS 10.9 vs.

9.4 months; HR 0.80 [186,187]

NCT04008030 CheckMate 8HW III Active

Unresectable or metastatic
CRC with dMMR/MSI-H
(immunotherapy-naïve
adults; multiple lines)

Nivolumab + ipilimumab
(and nivolumab
monotherapy arm)

Chemotherapy
Nivolumab+ipilimumab
improved outcomes
vs. nivolumab alone

[188,189]

NCT02997228 COMMIT (NRG-
GI004/SWOG-S1610) III Active

Previously untreated
dMMR/MSI-H metastatic
CRC

mFOLFOX6 + bevacizumab +
atezolizumab

Atezolizumab
monotherapy NA [190]

NCT02912559 ATOMIC III Active Stage III colon cancer after
surgery, dMMR

mFOLFOX6 + atezolizumab
(then atezolizumab
continuation)

mFOLFOX6 NA [191]
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Table 4. Cont.

NCT Trial Name Phase Status Population/Setting Investigational Regimen Control Therapeutic
Response References

NCT05723562 AZUR-1 II Active

Treatment-naïve, locally
advanced dMMR/MSI-H
rectal cancer (organ
preservation strategy)

Dostarlimab monotherapy Single arm Trial ongoing [192]

NCT04165772

Neoadjuvant
dostarlimab for
dMMR/MSI tumors
(includes rectal)

II Active

Locally advanced mismatch
repair-deficient/MSI solid
tumors (includes rectal
cancer)

Dostarlimab before standard
therapy; organ-sparing
approaches evaluated

Single arm

High clinical
complete response
and non-operative
management rates
reported across
dMMR tumors

[193]

NCT05855200 AZUR-2 III Recruiting Resectable T4N0 or stage III
colon cancer, dMMR/MSI-H

Perioperative dostarlimab
monotherapy Standard of care Trial ongoing [194]

NCT05961709 PHOENIX II Recruiting
Localized dMMR colon
cancer (organ-sparing
strategy)

Cemiplimab Single arm Trial ongoing NA

NCT06959550
Ivonescimab
(anti-PD-1/VEGF
bispecific) in mCRC

II Recruiting

Previously treated mCRC;
cohorts include
dMMR/MSI-H
post-anti-PD-1, MSS
with/without liver mets

Ivonescimab Single arm Trial ongoing NA

NCT05217446 SEAMARK II Active
Previously untreated
metastatic CRC with BRAF
V600E and MSI-H/dMMR

Encorafenib + cetuximab +
pembrolizumab Pembrolizumab Trial ongoing [195]

NCT04607421 BREAKWATER III Active Previously untreated BRAF
V600E-mutant mCRC

Encorafenib + cetuximab +
mFOLFOX6 (and other
EC ± chemo arms)

Chemotherapy ± be-
vacizumab

ORR improved with
EC+mFOLFOX6 vs.
control

[196,197]

NCT04017650 ECN trial I/II Active MSS BRAF V600E metastatic
CRC

Encorafenib + cetuximab +
nivolumab Single arm ORR ~50%; median

PFS ~7.4 mo [198]

NCT03388190 METIMMOX II Completed
First-line MSS metastatic
CRC (including BRAF
V600E)

Encorafenib + cetuximab +
nivolumab ± chemotherapy

Targeted +
immunotherapy
alone

ORR & PFS higher in
chemo-containing
arm; improved
outcomes vs.
non-chemo arm

[199]

https://doi.org/10.3390/cells15121074

https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 26 of 73

Table 4. Cont.

NCT Trial Name Phase Status Population/Setting Investigational Regimen Control Therapeutic
Response References

NCT05198934 CodeBreaK 300 III Active Chemorefractory KRAS
G12C-mutated mCRC Sotorasib + panitumumab

Investigator’s choice
(trifluridine–tipiracil
or regorafenib)

PFS improved vs.
standard therapies [200–202]

NCT04793958 KRYSTAL-10 III Active Second-line KRAS
G12C-mutated mCRC Adagrasib + cetuximab

Chemotherapy
(FOLFIRI or
mFOLFOX6)

Trial ongoing NA

NCT03785249 KRYSTAL-1 I/II Active
KRAS G12C-mutated
advanced solid tumors;
includes mCRC cohorts

Adagrasib ± cetuximab Single arm cohorts
Antitumor activity in
heavily pretreated
KRAS G12C mCRC

[203]

NCT04449874 GO42144 (divara-
sib ± combinations) I Recruiting

KRAS G12C-positive
advanced solid tumors;
includes CRC cohorts
(divarasib + cetuximab arm)

Divarasib (GDC-6036) +
cetuximab (CRC cohort) and
other combinations

Single arm

Divarasib +
cetuximab showed
encouraging activity
in KRAS G12C
mutated CRC
patients

[204]

NCT07020221 VS-7375 (KRAS G12D
inhibitor) I/II Recruiting

Advanced solid tumors with
KRAS G12D; includes CRC
KRAS G12D expansion with
cetuximab

VS-7375 ± cetuximab (CRC
cohort) Single arm Trial ongoing NA

NCT06917079 BBO-11818 (pan-KRAS
inhibitor) I Recruiting KRAS-mutant advanced

solid tumors (CRC eligible)
BBO-11818 (alone and
combinations per protocol)

Single-arm dose-
escalation/expansion Trial ongoing NA

NCT03043313 MOUNTAINEER II Completed First-line HER2+ metastatic
CRC (RAS wild-type) Tucatinib + trastuzumab Single arm

ORR: 39.3%; median
PFS: 8.1 mo; median
OS: 23.9 mo

[205]

NCT05253651 MOUNTAINEER-03 III Recruiting First-line HER2+ metastatic
CRC (RAS wild-type)

Tucatinib + trastuzumab +
mFOLFOX6

mFOLFOX6 ± beva-
cizumab or
cetuximab (SOC)

Trial ongoing [11]

NCT04744831 DESTINY-CRC02 II Completed HER2-overexpressing
metastatic CRC Trastuzumab deruxtecan Single arm

ORR ~45–46%; DCR
~75–80%; median
PFS ~7–9.3 mo

[206]

NCT06243393 TROPHIT1 II/III Recruiting Metastatic CRC refractory to
≥2 lines of SOC Sacituzumab govitecan (SG) Standard of care Trial ongoing [207]
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Table 4. Cont.

NCT Trial Name Phase Status Population/Setting Investigational Regimen Control Therapeutic
Response References

NCT05379595 OrigAMI-1 I/II Recruiting

Advanced/metastatic CRC;
cohorts include RAS/BRAF
WT (e.g.,
rechallenge/sidedness
cohorts)

Amivantamab monotherapy
and amivantamab + SOC
chemotherapy cohorts

Non-randomized
(multiple cohorts) Trial ongoing NA

NCT06750094 OrigAMI-3 III Recruiting

KRAS/NRAS & BRAF
wild-type recur-
rent/unresectable/mCRC
after prior chemotherapy

Amivantamab + FOLFIRI
Cetuximab or
bevacizumab +
FOLFIRI

Trial ongoing NA

NCT07023289
ABBV-400 ctDNA+
CRC (post-adjuvant
NED)

II Recruiting

Post-adjuvant
ctDNA-positive CRC with no
radiographic evidence of
disease (NED)

Telisotuzumab adizutecan
(ABBV-400) monotherapy Standard of care Trial ongoing NA

NCT04929223 INTRINSIC (umbrella) I Recruiting
Biomarker-selected
metastatic CRC (umbrella
arms)

Targeted
therapies/immunotherapy
(arm-specific; includes
divarasib combos)

Single arm Trial ongoing NA

Abbreviations: NA, not available; ORR, Objective response rate; PFS = Progression-free survival.

https://doi.org/10.3390/cells15121074

https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 28 of 73

Interestingly, the STELLAR-303 study (NCT05425940), which evaluated the multi-
target tyrosine kinase inhibitor (TKI) zanzalintinib in combination with atezolizumab
(targeting PD-L1), significantly improved OS compared with regorafenib in patients with
MSS mCRC refractory to prior treatments. These data indicate that STELLAR-303 represents
the first phase III immunotherapy-based study to demonstrate a survival benefit in this
setting. Therefore, the combination of zanzalintinib plus atezolizumab may potentially
represent a new standard of care for refractory MSS mCRC [186,187].

To further enhance the efficacy of immunotherapy in dMMR/MSI-H CRC patients,
several clinical trials investigating next-generation ICIs or combinations of currently avail-
able ICIs with chemotherapy and targeted agents have been designed (Table 4). Treatment
with nivolumab plus ipilimumab (NCT04008030) improved patient outcomes compared
with nivolumab monotherapy [188,189]. Moreover, combinations such as mFOLFOX6
plus bevacizumab plus atezolizumab (NCT02997228) and mFOLFOX6 plus atezolizumab
(NCT02912559) were associated with increased PFS and a reduced risk of disease recurrence,
respectively [190,191]. Novel ICIs, including dostarlimab and cemiplimab (anti-PD-1) and
ivonescimab (a first-in-class bispecific Ab that simultaneously targets PD-1 and VEGF), are
currently being evaluated in several ongoing clinical trials (NCT05723562, NCT04165772,
NCT05855200, NCT05961709, and NCT06959550). Treatment with dostarlimab has demon-
strated high rates of clinical complete response and has enabled nonoperative management
in patients with dMMR CRC. However, results from most of these trials are not yet avail-
able [192–194].

Additional clinical trials focus on CRC harboring mutations in KRAS, BRAF, and HER2,
with particular attention to the BRAF V600E mutation, which is associated with poor prog-
nosis (Table 4). To improve OS in these patients, several studies are evaluating the BRAF
inhibitor encorafenib in combination with cetuximab and ICIs, with or without chemother-
apy (NCT05217446, NCT04607421, NCT04017650, and NCT03388190). Preliminary data
suggest that these combinations may synergistically enhance antitumor activity, leading to
improvements in PFS and OS in patients with BRAF V600E-mutated CRC [195–199].

KRAS mutations are among the most common activating mutations in CRC, occur-
ring in approximately 40–50% of cases. Among these mutations affecting codon G12
are particularly relevant, although specific variants (e.g., G12C) occur in a smaller pro-
portion of patients. Some KRAS mutations have been associated with worse prognosis
compared with KRAS wild-type tumors or tumors harboring other KRAS variants [200].
Consequently, several clinical trials are evaluating KRAS inhibitors, administered either
as monotherapy or in combination with EGFR inhibitors (NCT05198934, NCT04793958,
NCT03785249, NCT04449874, NCT07020221, and NCT06917079). Preliminary results in-
dicate improvements in PFS, OS, and overall antitumor activity compared with standard
therapies [200–204].

HER2 amplification is detected in approximately 3–4% of mCRC cases. Several clinical
trials have been designed to improve survival and quality of life in this patient popula-
tion. The combination of tucatinib and trastuzumab demonstrated promising antitumor
activity in a phase II clinical trial (NCT03043313) [205], with phase III data are still pending
(NCT05253651) [11]. Similarly, trastuzumab deruxtecan has shown encouraging antitumor
activity with a favorable safety profile (NCT04744831) [206].

Other next-generation therapeutic strategies (Table 4) include antibody-drug conju-
gates such as sacituzumab govitecan and telisotuzumab adizutecan, as well as the bispecific
antibody amivantamab targeting EGFR and MET receptors. These agents are being evalu-
ated either alone or in combination with other therapies in ongoing clinical trials enrolling
mCRC patients (NCT06243393, NCT05379595, NCT06750094, and NCT07023289). As
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these studies are still ongoing, only trial design and preliminary information are currently
available [207].

Finally, the umbrella trial (NCT04929223) adopts an umbrella design to evaluate
multiple experimental targeted therapies and immunotherapy combinations tailored to the
biomarker profile of each mCRC patient (Table 4). This study tests several investigational
regimens in parallel cohorts stratified according to specific genetic or molecular signatures.
Such a design enables the evaluation of personalized therapeutic strategies within a single
overarching protocol. The trial is currently ongoing, and results are not yet available.

Taken together, the data described above suggest that combinations including anti-
VEGF TKIs, novel immunomodulatory agents, and BRAF or KRAS inhibitors are effective
therapeutic strategies. These findings are particularly encouraging, as results obtained with
the combination of standard chemotherapy and ICIs in the first-line setting have shown
modest benefits, especially in MSS tumors [208]. Further research is needed to define the
most effective therapeutic strategies for patients with metastatic CRC.

4. Obesity and Adipose Tissue-Driven Immunometabolic Dysfunction
in CRC
4.1. Adipose Tissue as a Systemic Immunometabolic Driver

Adipose tissue is now recognized as a dynamic endocrine and immunometabolic organ
that contributes to CRC progression through inflammatory signaling, metabolic rewiring,
and adipokine-mediated effects [209]. In obesity, adipocyte dysfunction sustains chronic
low-grade inflammation, marked by increased interleukin-6 (IL-6), Tumor Necrosis factor
(TNF)-α, and IL-1β, which activate pro-tumorigenic pathways such as Nuclear factor kappa
B (NF-κB) and signal transducer and activator of transcription 3 (STAT3) in epithelial and
stromal compartments. Concurrently, hyperinsulinemia and activation of the insulin/IGF-
1 axis promote proliferative and anti-apoptotic signaling, fostering tumor growth and
survival. Adipose tissue also secretes adipokines with divergent functions, including
leptin and adiponectin, which influence tumor behavior through Janus kinase (JAK)/STAT,
PI3K/AKT, and AMPK pathways [210]. In parallel, enhanced lipolysis in dysfunctional
adipose tissue increases the release of free FAs (FFAs), which provide substrates for tumor
proliferation and metabolic adaptation [211]. Together, these adipose tissue-derived factors
act as central regulators of metabolic and immune processes linking obesity-associated
inflammation to CRC development, progression, and recurrence [212].

Visceral obesity is a major determinant of CRC risk because visceral adipose tissue
(VAT) exhibits a more metabolically active and pro-inflammatory phenotype than sub-
cutaneous fat [213]. It is associated with activation of oncogenic pathways, including
NF-κB and STAT3, that sustain tumor initiation and progression. Visceral adiposity is
also tightly linked to insulin resistance and hyperinsulinemia, leading to activation of the
insulin/IGF-1 axis and downstream PI3K/AKT and MAPK signaling, thereby promoting
proliferation and inhibiting apoptosis. In addition, dysregulated adipokine secretion and
increased lipolytic activity in VAT raise circulating FFAs, which tumor cells exploit to sup-
port metabolic adaptation and growth. Beyond these metabolic effects, visceral obesity is
associated with gut microbiota dysbiosis and increased intestinal permeability, facilitating
the translocation of bacterial products such as lipopolysaccharide (LPS) and sustaining
mucosal inflammation [214]. Visceral adiposity, therefore, integrates metabolic, inflamma-
tory, and microbiota-driven mechanisms that converge to promote CRC development and
progression [215,216].

The link between metabolic disorders and cancer is driven largely by insulin resistance,
which establishes a systemic pro-tumorigenic milieu [217]. Hyperglycemia and insulin
resistance sustain chronic inflammation, reinforce oncogenic signaling in the intestinal ep-
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ithelium, particularly through NF-κB and STAT3, and compromise barrier integrity, thereby
facilitating microbial translocation. In parallel, diabetes promotes immune remodeling
characterized by reduced cytotoxic T-cell activity and expansion of immunosuppressive
myeloid populations, weakening immune surveillance. These effects are further amplified
by diabetes-associated dysbiosis, which increases the production of pro-inflammatory
metabolites and microbial components, including secondary bile acids and endotoxins.
At the same time, hyperinsulinemia, IGF-1 activation, and oxidative stress converge with
microbiota-derived cues to sustain epithelial oncogenic pathways. Together, these pro-
cesses establish a metabolically and immunologically permissive microenvironment that
promotes colorectal tumorigenesis [218].

4.1.1. Diet–Microbiota–Inflammasome Axis in Obesity-Associated CRC

Dietary patterns and obesity-associated dysbiosis reinforce the role of adipose tissue
as an immunometabolic hub. The gut microbiome modulates metabolic outputs, epithelial
integrity, and immune responses in CRC [219]. Obesity-related dysbiosis alters microbial
metabolite production, reducing Short-chain FAs (SCFAs) and increasing pro-inflammatory
and genotoxic compounds, thereby promoting epithelial stress and tumorigenic signal-
ing [220]. These changes are accompanied by impaired barrier function and increased
translocation of microbial components, sustaining chronic immune activation and a pro-
tumorigenic microenvironment [220].

Innate immune sensing pathways link microbial signals to sustained inflammatory
responses. In particular, engagement of pattern recognition receptors such as Toll-like
receptor 4 (TLR4) by microbiota-derived components, including LPS, promotes NF-κB-
dependent priming of the NLR family pyrin domain containing 3 (NLRP3) inflammasome,
leading to the maturation and release of IL-1β and IL-18 [221]. This axis amplifies ep-
ithelial stress, impairs barrier integrity, and perpetuates inflammatory responses that
support tumor-promoting pathways. Sustained inflammasome activation also contributes
to immune dysregulation by fostering myeloid-driven inflammation and limiting effective
antitumor immunity [222]. The TLR4–NLRP3 inflammasome axis therefore represents a
central mechanistic node through which microbiota-derived signals, metabolic dysfunction,
and immune remodeling converge to promote colorectal tumorigenesis, and it may also
represent a therapeutic target [222].

4.1.2. Adipocyte–Tumor Crosstalk and Metabolic Reprogramming

Adipocytes and tumor cells exchange metabolic signals that shape local behavior.
Integrative transcriptomic analyses from murine models and the ColoCare patient cohort
indicate that obesity induces conserved inflammatory and metabolic gene expression
programs within colon tumors, including upregulation of immune-related genes such
as IL6, CXCL8 (IL-8), and CCL2, as well as pathways involved in metabolic adaptation
and lipid handling [223]. Network analyses further reveal enhanced ligand–receptor
interactions between adipose tissue and tumor cells, particularly along chemokine and
cytokine signaling axes that promote immune-cell recruitment and microenvironmental
remodeling. Obesity-associated transcriptional changes also include increased expression
of genes involved in extracellular matrix remodeling and tumor progression, such as MMP9
and CD44, further supporting the contribution of adipose-derived signals to invasive tumor
phenotypes. Together, these findings indicate that obesity-driven transcriptional rewiring
extends beyond systemic effects and reflects active, bidirectional communication between
adipose tissue and tumor cells that drives CRC progression.

This interaction also involves strong metabolic coupling. Adipose depots adjacent to
the tumor undergo extensive remodeling, including enhanced lipolysis, fibrosis, partial
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browning, and dedifferentiation into cancer-associated adipocytes (CAAs). These changes
promote the release of FAs and other metabolic substrates that fuel tumor growth and
support glycolytic reprogramming, EMT, and invasive behavior, underscoring the role
of adipose tissue as an active metabolic partner [224]. Lipid transfer further sustains this
interaction, as FA transporters such as CD36 [225,226] and lipid chaperones including
FA-binding protein 4 [227] facilitate the uptake and utilization of adipocyte-derived lipids
by tumor cells, thereby enhancing energy production and metastatic potential.

4.1.3. TME Remodeling and Intercellular Communication

Hypoxia is a defining feature of dysfunctional adipose tissue in obesity [228,229] and a
central driver of adipocyte–tumor crosstalk in CRC. As adipose depots expand, inadequate
vascularization reduces oxygen availability and stabilizes HIF-1α, thereby inducing tran-
scriptional programs associated with inflammation, angiogenesis, and metabolic adaptation.
In adipocytes, HIF-1α activation promotes the secretion of pro-inflammatory cytokines,
including IL-6 and TNF-α, as well as adipokines and extracellular matrix components,
reinforcing a tumor-supportive microenvironment [230].

Hypoxia-driven signaling also directly influences tumor cell behavior by enhancing
glycolytic flux, angiogenic pathways (e.g., VEGF), and EMT, thereby facilitating tumor
progression and adaptation to nutrient-deprived conditions. In parallel, hypoxic adipose
tissue promotes immune dysfunction by recruiting immunosuppressive cell populations
and reshaping cytokine gradients, further linking metabolic stress to tumor-promoting
inflammation. This crosstalk also extends to extracellular matrix remodeling and increased
tissue stiffness within peritumoral adipose depots, characterized by enhanced collagen
deposition and activation of Transforming growth factor beta (TGF-β)-related pathways
that promote tumor invasion and microenvironmental reorganization [231].

Peritumoral adipose tissue also contributes to immune evasion. Adipose-derived stromal
cells modulate immune-cell trafficking and function, in part through the CXCL12–CXCR4
signaling axis, leading to sequestration or exclusion of effector lymphocytes from the TME.
These stromal cells may acquire fibroblast-like features and give rise to adipose-derived
cancer-associated fibroblasts, thereby reinforcing an immunosuppressive, tumor-promoting
niche [232].

Extracellular vesicles and microRNAs further mediate adipocyte–tumor crosstalk
by enabling fine-tuned epigenetic regulation of tumor cells. Adipocyte-derived exo-
somes transfer specific miRNAs to CRC cells, including miR-21, miR-155, and miR-34a,
thereby modulating gene-expression programs involved in proliferation, invasion, and
metabolic adaptation. MiR-21 and miR-155 are associated with pro-inflammatory and
pro-tumorigenic signaling that enhances NF-κB activation and EMT, whereas miR-34a,
although classically considered tumor-suppressive, has also been implicated in metabolic
adaptation and adipocyte dysfunction in obesity. These miRNA-mediated interactions re-
shape pathways related to inflammation, lipid metabolism, and tumor progression, thereby
reinforcing tumor-promoting phenotypes. Tumor-derived signals can, in turn, reprogram
the miRNA profile of adipocytes, contributing to their dedifferentiation and conversion into
CAAs. This bidirectional exchange of non-coding RNAs adds another regulatory layer to
adipose-tumor communication and has potential implications for biomarker development
and therapeutic targeting [233]. Several of these miRNAs are also detectable in circulation,
supporting their potential use as minimally invasive biomarkers.

4.1.4. Adipokine Signaling and Systemic Inflammation

Adipokines provide clinically measurable indicators of the systemic metabolic imbalance
linking obesity to CRC. Rather than supporting a strict dichotomy, current evidence points
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to a context-dependent imbalance between pro-tumorigenic adipokines, such as leptin and
resistin, and protective mediators such as adiponectin [234]. Leptin and resistin promote
tumorigenic processes via JAK/STAT, PI3K/AKT, and NF-κB signaling, thereby enhancing
tumor growth, angiogenesis, and immune modulation, whereas adiponectin exerts protective
effects through AMPK-dependent pathways and anti-inflammatory signaling.

Meta-analytic evidence more consistently links reduced adiponectin levels to CRC
risk and progression, whereas the relationship between circulating leptin and CRC remains
heterogeneous and appears influenced by factors such as sex, fat distribution, and disease
stage. The relative balance between pro- and anti-tumor adipokines, rather than the
absolute level of any single molecule, therefore, emerges as a critical determinant of CRC
risk and progression [235].

This imbalance operates in concert with inflammatory mediators derived from adi-
pose tissue. TNFα and leptin, in particular, act synergistically to promote colorectal tu-
mor growth, reinforcing a pro-inflammatory microenvironment and amplifying tumor-
supportive signaling networks [236]. This interplay between adipokines and inflamma-
tory mediators illustrates how systemic metabolic dysfunction is translated into tumor-
promoting cues within the CRC microenvironment. Adipose tissue, therefore, emerges as a
central endocrine and immunometabolic hub in CRC, integrating chronic inflammation,
adipokine imbalance, insulin resistance, lipid mobilization, microbiota-driven signaling,
and direct adipocyte–tumor crosstalk into a coordinated network that sustains tumor
initiation, progression, and dissemination.

4.2. Visceral Obesity as a Major Risk Determinant of CRC

Visceral obesity is a biologically distinct and clinically relevant risk factor for CRC.
Early risk-stratification strategies for advanced colorectal neoplasia relied largely on body
mass index (BMI)-based models [237]. A large-scale systematic analysis conducted in
the United States between 2000 and 2019, which included CRC among BMI-associated
malignancies, evaluated cause-specific years of life lost (YLLs) attributable to non-optimal
BMI across counties, stratified by sex, race, and ethnicity. The study showed that elevated
BMI contributes substantially to premature mortality, with a measurable proportion of
CRC-related YLLs attributable to excess adiposity. Notably, the burden of BMI-associated
CRC mortality showed marked geographic and demographic variation, with higher YLL
rates in regions with greater obesity prevalence and among specific racial and ethnic groups.
These findings reinforce the role of obesity as a modifiable CRC risk factor and highlight
persistent disparities in its impact across populations.

A large, pooled cohort study from the Asia Cohort Consortium, comprising more
than 600,000 participants, examined the association between BMI and CRC incidence and
mortality in Asian populations. Individuals with a BMI > 30.0 showed a significantly
increased risk of CRC incidence and CRC-related mortality, with a clear dose–response
relationship compared with those within the reference range. The association was stronger
for colon cancer than for rectal cancer and more pronounced in men [238]. Prospective meta-
analyses are consistent with these findings and report a dose-dependent increase in CRC
risk with rising BMI, with stronger effects in colon cancer and in male individuals [239].

However, the anthropometric measures most closely associated with CRC risk remain
incompletely defined. A large cohort study including approximately 458,000 participants
from the UK Biobank compared BMI, as a measure of overall adiposity, with waist cir-
cumference (WC) and waist-to-hip ratio (WHR), which more accurately reflect central fat
distribution [214]. WC and WHR showed stronger associations with CRC incidence than
BMI, indicating that reliance on BMI alone may underestimate the contribution of excess
adiposity to tumorigenesis.
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These observations are further supported by studies using direct imaging-based
measures of visceral adiposity. A retrospective study evaluated whether quantitative
computed tomography (CT)-derived parameters, rather than BMI alone, could predict
short-term postoperative outcomes in one hundred patients undergoing colectomy for
stage I-III colon cancer. Visceral obesity, defined by visceral fat area (VFA) and visceral-
to-subcutaneous fat ratio (V/S), was associated with a higher prevalence of metabolic
comorbidities, including hypertension and diabetes, whereas BMI-based classification
showed no such associations [240]. Elevated VFA and, to a lesser extent, V/S were also
linked to significantly higher rates of postoperative complications, whereas BMI was not
associated with increased morbidity. These findings indicate that CT-derived measures of
visceral adiposity identify patients at increased risk for postoperative complications more
accurately and support their use in preoperative risk stratification for colon cancer.

The association between adiposity and CRC risk appears to be sex-dependent, reflect-
ing distinct contributions of overall and central obesity in men and women. In a cohort of
approximately 287,000 German individuals, overweight and obesity were associated with
an increased risk of gastrointestinal cancers, including CRC. However, these associations
were stronger and more consistent in men, whereas findings in women varied by cancer
type [241].

A Mendelian randomization study further examined the causal relationship between
obesity, fat distribution, and cancer risk using genetic variants as proxies for BMI and
central adiposity measures, including WHR. By leveraging large-scale genetic datasets, this
approach reduces confounding and reverse causation inherent in observational studies. The
analysis showed that genetically predicted BMI was more strongly associated with CRC risk
in women, whereas central adiposity, as reflected by WHR, was more strongly associated in
men. These findings indicate that both the amount and distribution of adiposity are critical
determinants of CRC risk and support the existence of sex-specific biological mechanisms
underlying these associations [242]. These studies consistently indicate that measures of
visceral adiposity outperform BMI in capturing CRC-associated metabolic risk, although
the relative contribution of sex-specific hormonal, genetic, and metabolic determinants
remains incompletely understood.

In women, the relationship between visceral obesity and CRC risk is further influenced
by endogenous sex hormones, particularly in the postmenopausal setting. A cohort of
approximately 1000 European subjects evaluated circulating levels of estrogens, androgens,
progesterone, and sex hormone-binding globulin, but did not identify clear associations
between most hormone levels and CRC risk. These data indicate that the protective effects
of hormone therapy are not explained solely by circulating hormone concentrations [243].

The role of estrogen in obesity-associated tumor development remains complex and
context-dependent. Although obesity supports tumor development through metabolic
and inflammatory mechanisms, estrogen signaling may exert both protective and pro-
tumorigenic effects. This apparent discrepancy may be explained in part by the differential
roles of estrogen receptor subtypes: estrogen receptor alpha (ERα) is associated with
proliferative signaling, whereas estrogen receptor beta (ERβ), which is predominantly
expressed in normal colonic epithelium, exerts anti-proliferative and pro-apoptotic effects.
During tumor progression, a shift from ERβ to ERα expression may occur, potentially
converting estrogen signaling from protective to tumor-promoting. This receptor-specific
balance may underlie inconsistent epidemiological findings and represents a potential
target for prevention and therapeutic intervention [244].

Environmental endocrine disruptors further modulate the relationship between vis-
ceral obesity and CRC. Bisphenol A (BPA), a xenoestrogen, can bind classical estrogen recep-
tors (ERs) and activate non-classical signaling pathways, including membrane-associated
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receptors such as G protein-coupled estrogen receptor (GPER), thereby influencing genomic
and non-genomic responses, including MAPK/ERK, PI3K/AKT, and PKA signaling [245].
In the colorectal context, BPA disrupts the balance between ERα and ERβ signaling. Al-
though ERβ generally exerts protective effects in the colonic epithelium, BPA may antag-
onize some of its functions while promoting pro-tumorigenic pathways, including ERK
activation, downregulation of E-cadherin, and upregulation of EMT markers such as Snail,
N-cadherin, and vimentin. These alterations promote proliferation, motility, invasion, and
resistance to apoptosis [246].

Experimental evidence from animal models further suggests that BPA exposure may
exacerbate CRC progression [247], particularly in the context of obesity, where it is asso-
ciated with worsened histopathological features, increased inflammatory signaling, and
systemic alterations without significantly affecting body weight. These effects have been
linked to pathways involved in tumor progression, including PI3K/AKT signaling. BPA
therefore emerges as a potential modulator of obesity-associated CRC susceptibility and
development, although further studies are needed to clarify its sex-specific and receptor-
mediated effects.

Evidence on GPER expression further highlights the complexity of estrogen signal-
ing in the gastrointestinal tract. A study investigating GPER expression in gastric and
colonic smooth muscle of male and female non-obese diabetic (NOD) mice demonstrated
sex-dependent differences associated with histone modifications, particularly H3K4me3
and H3K27ac [248]. Taken together, estrogen signaling may be dynamically regulated
at the epigenetic level, contributing to sex-related variability in receptor expression and
activity. Such mechanisms are particularly relevant in the context of endocrine disruptor
exposure, including BPA, and may help explain the context-dependent and sex-specific
effects observed during CRC pathogenesis. Epigenetic modulation of GPER and other
estrogen-related receptors may therefore represent a key determinant of differential suscep-
tibility to obesity-associated CRC and of heterogeneous responses to endocrine disruptors,
warranting further investigation.

A bioinformatic analysis further explored the molecular links between obesity and
colon cancer, with a specific focus on female patients. Integration of gene-expression
datasets identified 146 differentially expressed genes (DEGs) shared between obesity and
colon cancer [249]. Functional enrichment analysis indicated that these genes are involved
predominantly in inflammatory and immune-related pathways. Protein–protein interaction
network analysis further highlighted a subset of hub genes, including CD44, CXCR4, IL6,
MMP9, and IGF1, suggesting their central role in obesity-associated tumor-promoting net-
works. These genes also appear to be regulated by key transcription factors and microRNAs,
pointing to a multilayered regulatory framework linking metabolic dysfunction.

Visceral obesity should therefore be regarded not simply as excess body fat, but as
a biologically distinct condition associated with increased CRC risk and adverse clinical
outcomes. Compared with BMI alone, measures of central and visceral adiposity more
accurately capture the pathogenic fat distribution underlying colorectal tumorigenesis.
This relationship is further shaped by sex-specific hormonal and receptor-dependent mech-
anisms, as well as by endocrine-disrupting exposures and obesity-associated inflammatory
signaling networks. Within this framework, visceral obesity emerges as a major deter-
minant of CRC risk, integrating anthropometric, metabolic, hormonal, and molecular
dimensions into a unified biological model.
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4.3. Metabolic Dysregulation as Systemic Drivers of CRC Risk and Tumorigenesis
4.3.1. Metabolic Syndrome and Diabetes

Diabetogenic processes underlying insulin resistance-associated hyperinsulinemia are
increasingly linked to CRC [217], supporting a direct contribution of metabolic dysregula-
tion to tumorigenesis [250]. A comprehensive analysis conducted in China from 1990 to
2021 indicates that metabolic dysfunction has progressively contributed to the growing
burden of CRC. Type 2 diabetes mellitus (T2DM) and elevated fasting glucose emerged
as major drivers, with a substantial increase in disability-adjusted life years over time.
The study also reported higher incidence rates in men and older individuals, alongside
concerning upward trends in younger populations. These findings highlight a sustained
increase in CRC incidence associated with metabolic risk factors, paralleling rapid lifestyle
and socioeconomic changes, and underscore the need for targeted metabolic prevention
strategies [251].

Yau et al. examined how multiple clinical and demographic factors interact to influence
CRC risk in individuals with T2DM, adopting an integrative rather than single-factor
approach [252]. Using a survival tree model, age emerged as the primary determinant of
CRC risk, with individuals aged ≥65 years representing the highest-risk group. In younger
patients, CRC risk was strongly influenced by metabolic control and disease duration, as
poor glycemic control and longer-standing T2DM were associated with markedly increased
risk. Additional factors, including male sex and comorbidities such as cardiovascular
disease, further contributed to risk stratification. These findings indicate that CRC risk in
T2DM arises from complex, non-linear interactions among clinical and metabolic variables
rather than from individual risk factors alone.

Further evidence supports metabolic dysfunction as a key determinant of CRC initia-
tion and progression, including at earlier ages [253]. Metabolic syndrome and its associated
comorbidities are significantly linked to an increased risk of early-onset colorectal can-
cer (EOCRC). Among its components, T2DM, obesity, hypertension, and dyslipidemia
all contribute to elevated risk, with the strongest effects generally attributed to diabetes
and excess adiposity. CRC risk increases with the number of metabolic abnormalities,
indicating a cumulative, potentially synergistic effect. These findings reinforce that not
only the presence of T2DM, but also the broader context and severity of metabolic im-
balance, critically shape CRC risk across age groups, including individuals traditionally
considered at lower risk. Emerging evidence further suggests that EOCRC may, at least
in part, represent a metabolically driven disease rather than solely an age-related condi-
tion [254]. Individuals with EOCRC frequently exhibit metabolic abnormalities, including
obesity, insulin resistance, and T2DM, defining a clinical and biological profile distinct
from that of traditional, age-related CRC. Real-world data from large population-based
cohorts indicate that younger CRC patients often present with a higher burden of metabolic
comorbidities [255], reinforcing the contribution of systemic metabolic alterations to early
tumor development. These observations support a paradigm shift in which EOCRC is
increasingly viewed as a manifestation of underlying metabolic dysfunction, highlighting
the need for risk stratification strategies that extend beyond chronological age.

The extent and progression of T2DM, rather than the diagnosis alone, are key determi-
nants of colorectal carcinogenesis and clinical outcomes [256]. A machine learning-based
analysis of 10,749 CRC patients with T2DM demonstrated improved predictive accuracy
for OS compared with conventional models. By integrating variables such as age, tumor
stage, comorbidity burden, and metabolic status, these models enabled more precise risk
stratification and outcome prediction. These findings highlight the value of integrative
approaches in capturing the complex interplay between clinical and metabolic factors and
improving prognostic assessment in CRC patients with T2DM [257].
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Several interconnected biological mechanisms underpin the link between metabolic
dysfunction and tumorigenesis. Chronic hyperinsulinemia and insulin resistance enhance
insulin and IGF-1 signaling, promoting cell proliferation and inhibiting apoptosis. These
effects are accompanied by persistent low-grade inflammation and alterations in adipokine
profiles, which further sustain tumor-promoting pathways. Hyperglycemia contributes to
tumor development by providing metabolic substrates for cancer cells and inducing oxida-
tive stress [258]. These processes establish a pro-tumorigenic environment characterized by
sustained proliferative, inflammatory, and anti-apoptotic signaling.

4.3.2. Metabolic Modulators and Therapeutic Implications

Therapeutic strategies targeting insulin signaling and metabolic homeostasis, includ-
ing incretin-based therapies, are increasingly investigated as modulators of CRC risk.
Glucagon-like peptide-1 receptor agonists (GLP-1RAs), widely used in the treatment of
type 2 diabetes and obesity, reduce hyperinsulinemia and improve insulin sensitivity, while
exerting indirect effects on inflammatory and metabolic pathways implicated in tumor
progression, including the IGF-1 and PI3K/AKT axes.

Mendelian randomization analyses have suggested a potential increase in CRC risk
associated with GLP-1 receptor activation [259]; however, these findings have not been
consistently supported by clinical or real-world data and should be interpreted with
caution [260]. In contrast, observational studies generally report a neutral or potentially
reduced CRC risk associated with GLP-1RAs [261–263].

Mechanistically, GLP-1RAs may act as host-directed modulators of the endocrine–
metabolic axis, influencing systemic metabolism, inflammation, and immune responses.
Through these effects, they may contribute to reshaping the TME and potentially enhanc-
ing responses to ICIs, supporting their role as adjunctive modulators in CRC within an
integrated immuno-oncological framework [264].

Metformin is also considered a potential metabolic modulator, improving insulin
sensitivity and reducing hyperinsulinemia, while exerting additional effects through inhi-
bition of mitochondrial complex I and activation of AMPK. Through these mechanisms,
metformin may counteract key pro-tumorigenic processes associated with metabolic dys-
function, including altered energy metabolism, chronic inflammation, and oxidative stress.
Current evidence remains largely indirect, and its role in CRC should therefore be inter-
preted as modulatory rather than definitively protective [265].

Alterations in gamma-glutamyl transferase (GGT), a marker of oxidative stress and
hepatic metabolic dysfunction, have been associated with the combined impact of obesity
and T2DM on CRC risk in the Saudi population [266].

Beta-hydroxybutyrate (BHB), a key ketone body produced under conditions of reduced
glucose availability, has recently been proposed as a potential metabolic modulator with
anti-tumorigenic properties. Evidence from in vitro and preclinical models indicates that
BHB may inhibit cell proliferation, attenuate inflammation, and regulate gene expression
through epigenetic mechanisms, including histone deacetylase (HDAC) inhibition [267].
Although these findings require further validation, they support a potential role for BHB in
modulating tumor-promoting metabolic pathways.

Circadian rhythm disruption represents an additional layer linking obesity, metabolic
dysfunction, and pathogenesis of CRC. Disruption of the biological clock, driven by irregu-
lar feeding patterns, sleep disturbances, and light exposure, can promote insulin resistance,
chronic low-grade inflammation, and adipose tissue dysfunction, all of which contribute to
tumor development. At the molecular level, circadian dysregulation affects key pathways
involved in cell cycle control, DNA repair, and metabolic signaling, thereby influencing
both cancer initiation and progression. Circadian rhythms also modulate gut microbiota

https://doi.org/10.3390/cells15121074

https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 37 of 73

composition and function, further shaping host metabolism and immune responses. Epi-
demiological studies consistently report an increased CRC risk in populations exposed to
chronic circadian disruption, such as shift workers, suggesting that temporal factors may
represent an additional dimension in CRC prevention and therapeutic strategies [268].

Metabolic syndrome and T2DM should therefore be regarded not merely as comorbid
conditions, but as systemic drivers of this type of cancer. Through hyperinsulinemia,
insulin resistance, hyperglycemia, chronic inflammation, oxidative stress, and broader
metabolic dysregulation, these disorders establish a pro-tumorigenic environment that
contributes to tumor initiation, shapes disease onset, including at younger ages, and
influences progression, prognosis, and therapeutic responses.

4.4. Diet–Microbiota Axis and Metabolic Inflammation in CRC
4.4.1. Dietary Patterns, Microbiota, and Metabolic Outputs

Dietary patterns characterized by high consumption of ultra-processed foods (UPFs)
are increasingly recognized as key contributors to CRC risk, particularly in the context of
obesity. Beyond excess caloric intake, UPFs influence tumorigenesis through combined
metabolic, inflammatory, and microbiota-mediated mechanisms. Evidence from a large
prospective EPIC cohort study [269] indicates that higher UPF intake is associated with an
increased risk of several cancers, including CRC. These associations persist after adjustment
for BMI, physical activity, and other lifestyle factors, suggesting that the impact of UPFs is
not solely mediated by adiposity and that food processing itself represents an independent
dimension of dietary risk.

UPFs often contain additives (e.g. emulsifiers, artificial sweeteners, ASs), neo-formed
contaminants generated during high-temperature processing (such as acrylamide), and
packaging-related chemicals (including bisphenols), all of which are implicated in oxidative
stress, chronic inflammation, and endocrine disruption. These effects converge on pathways
central to obesity-driven carcinogenesis, including activation of the insulin/IGF-1 axis and
persistent low-grade inflammation.

AS, including aspartame, have not been consistently associated with increased cancer
risk in the general population. However, some evidence suggests a potential association
in metabolically vulnerable subgroups, such as individuals with T2DM, although it re-
mains unclear whether this reflects direct effects of AS or underlying metabolic alterations,
including insulin resistance and chronic inflammation [270].

A dose–response relationship between UPF consumption and cancer risk has been
reported and is only partially explained by obesity, indicating the involvement of addi-
tional biological mechanisms. UPFs are typically low in dietary fiber and high in refined
carbohydrates and unhealthy fats, leading to alterations in gut microbiota composition
and reduced production of protective metabolites such as SCFAs, particularly butyrate.
Reduced SCFA availability compromises epithelial integrity and anti-inflammatory signal-
ing. Food additives such as emulsifiers can disrupt the mucus layer and increase intestinal
permeability, facilitating microbial translocation and activation of pro-inflammatory path-
ways that contribute to a tumor-promoting microenvironment. In contrast, fiber-rich diets
support SCFA production and mucosal homeostasis, whereas Western dietary patterns
rich in fat and red or processed meat promote the generation of harmful metabolites, in-
cluding secondary bile acids, hydrogen sulfide, and N-nitroso compounds, which drive
inflammation, DNA damage, and tumorigenesis [271]. The physicochemical properties
of dietary fiber, including solubility, fermentability, viscosity, and molecular complexity,
critically influence gut microbiota composition and function. By promoting the production
of beneficial metabolites such as SCFAs, particularly butyrate, specific fiber types enhance
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epithelial barrier integrity and modulate inflammatory responses, supporting the potential
for personalized dietary interventions [272].

Primary bile acids synthesized in the liver are extensively modified by the gut mi-
crobiota into secondary bile acids, which act as signaling molecules through receptors
such as farnesoid X receptor and G protein-coupled bile acid receptor (TGR5), regulating
lipid and glucose metabolism, intestinal barrier integrity, and immune responses. Dys-
biosis disrupts this network, leading to an altered bile acid pool enriched in cytotoxic
and pro-inflammatory secondary bile acids. Such alterations have been implicated in the
pathogenesis of gastrointestinal disorders, including CRC, as well as systemic metabolic
diseases such as obesity and type 2 diabetes. Precision nutritional interventions, such
as fiber-rich diets, prebiotics, or targeted modulation of microbial taxa may reshape bile
acid profiles and downstream signaling pathways, influencing metabolic and relevant
inflammatory processes [273].

A relevant clinical trial is currently evaluating the effects of a high-fiber legume-
enriched diet in overweight and obese individuals with a history of noncancerous ade-
nomatous polyps, a population at increased risk for CRC. The intervention assesses its
impact on gut microbiota composition and metabolic outputs, including the production of
SCFAs such as butyrate, which support epithelial integrity and exert anti-inflammatory
and antiproliferative effects. The intervention is expected to accelerate intestinal transit,
reducing mucosal exposure to potential carcinogens, while improving systemic parameters
linked to obesity-driven carcinogenesis, including insulin sensitivity and chronic low-grade
inflammation. Although ongoing, this study may provide important insights into the role
of fiber-rich dietary interventions in modulating CRC risk [274].

Dietary patterns enriched in fiber, polyphenols, omega-3 FAs, and selected vitamins
may counteract obesity-driven carcinogenesis by modulating key metabolic and inflam-
matory pathways. Among these, resveratrol exerts beneficial effects on metabolic and
inflammatory processes; however, clinical evidence remains heterogeneous and limited by
small sample sizes, short intervention durations, and variability in dosing. Its anticancer
efficacy in humans therefore remains inconclusive [275].

4.4.2. Microbiota, Host Interactions, and CRC Susceptibility

Microbiota-driven metabolic and immune alterations represent a central interface
linking environmental exposures to CRC initiation and progression.

Population-based analyses indicate that obesity-driven tumorigenesis in the colorec-
tum is shaped not only by dietary and metabolic factors but also by host genetic suscepti-
bility. Population-specific genomic alterations and immune signatures interact with the gut
microbiome, contributing to distinct tumor-associated microbial profiles enriched in pro-
carcinogenic bacteria. These features suggest that CRC disparities arise from the interplay
between host genetics, microbiota composition, and inflammatory signaling rather than
from socioeconomic factors alone [276].

Metagenomic analyses indicate that individuals with unfavorable lifestyle patterns,
characterized by high intake of red and processed meat, low fiber consumption, and excess
body weight, exhibit a gut microbiome with reduced diversity and increased abundance
of bacteria associated with CRC-promoting processes, including species involved in toxin
production, mucin degradation, and pro-inflammatory signaling. In contrast, healthier
lifestyle patterns are associated with microbial communities enriched in fiber-fermenting
bacteria and metabolic pathways related to SCFA production, particularly butyrate. These
shifts are not only compositional but functional, with high-risk profiles linked to increased
microbial pathways involved in amino acid fermentation, secondary bile acid metabolism,
and the generation of pro-inflammatory and genotoxic metabolites. These alterations
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contribute to epithelial damage, immune activation, and the establishment of a tumor-
promoting microenvironment [277].

Chronic infections further illustrate how microbially driven immune modulation influ-
ences tumor initiation and progression in the colorectum. Longitudinal data indicate that
intestinal Clostridioides difficile infection is associated with an increased subsequent risk of
CRC, likely reflecting persistent mucosal inflammation, toxin-mediated epithelial damage,
and long-term disruption of microbial metabolic balance [278]. Similarly, epidemiologi-
cal evidence suggests that Helicobacter pylori infection correlates with increased CRC risk,
supporting the concept that chronic infection-induced immune activation and systemic in-
flammatory responses may extend beyond the primary site of colonization [279]. Helminth
infections provide an additional model of host–microbiota–immune interaction, as their
ability to modulate immune responses and inflammatory tone may influence epithelial
homeostasis and cancer susceptibility [280].

Cross-trait genetic association analyses based on genome-wide association study
datasets have provided further insight into the shared genetic architecture linking obesity,
CRC, and inflammatory bowel disease [281]. Integrative analyses identified pleiotropic loci
contributing to the overlap among these conditions, supporting a common biological basis
underlying their epidemiological association. Variants mapped to established CRC suscepti-
bility regions, including loci near SMAD7 (18q21), TCF7L2 (10q25), CCND1 (11q13), and the
8q24 region linked to MYC regulation, along with genes involved in immune modulation
(e.g., IL23R, Human leukocyte antigen, HLA, loci) and metabolic traits (e.g., Fat Mass and
Obesity-Associated protein, Melanocortin 4 receptor) [282–284]. These shared genetic sig-
nals converge on key pathways, including inflammatory signaling, insulin resistance, lipid
metabolism, gut barrier function, and host microbiome interactions, collectively promoting
colorectal tumorigenesis in genetically susceptible individuals. These findings underscore
the importance of integrating genetic susceptibility with metabolic and microbial factors
for risk stratification and therapeutic targeting.

5. Immune Landscapes and Metabolic Constraints in CRC: Shaping the
TME and Response to Immunotherapy
5.1. Hot and Cold Tumors: Immune Landscapes of Colorectal Cancer Across Microsatellite Status

CRC exhibits distinct TMEs defined by MSI and MMR status, which shape immune
composition and responsiveness to ICIs. MSI-H/dMMR tumors display an immune-
inflamed “hot” phenotype, whereas MSS/pMMR tumors are typically immune-suppressed
or immune-excluded “cold” tumors [285,286].

MSI-H/dMMR CRC arises from defective DNA MMR, leading to high TMB and
neoantigen generation that drives CD8+ T-cell activation [287]. These tumors are char-
acterized by dense infiltration of tumor-infiltrating lymphocytes (TILs), particularly cy-
totoxic CD8+ T cells in the tumor core and invasive margins, with high expression of
granzyme A, granzyme B, perforin, and cytokines such as Interferon gamma (IFN-γ)
and TNF-α [288,289]. Notably, CD8+ T-cell infiltration correlates with improved survival
independently of MMR status, Polymerase ε (POLE) mutation, or chromosomal instabil-
ity [289,290]. Persistent antigen exposure in MSI-H tumors induces adaptive immune
resistance through upregulation of inhibitory checkpoints such as PD-1, CTLA-4, and
Lymphocyte Activation Gene 3 on T cells and PD-L1 on tumor and antigen-presenting
cells. Nevertheless, a subset of progenitor-like exhausted CD8+ T cells retains proliferative
potential and can be reinvigorated by checkpoint blockade, supporting the clinical efficacy
of ICIs in this subtype [291].

Beyond CD8+ T cells, MSI-H CRCs are enriched in T helper (Th)1-polarized CD4+ T
cells, natural killer (NK) cells, and functionally active DCs, which often localize at invasive

https://doi.org/10.3390/cells15121074

https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 40 of 73

margins and contribute to tertiary lymphoid structure (TLS) formation, sustaining antigen
presentation and local immune priming [288]. Immunosuppressive populations, includ-
ing MDSCs and M2-like TAMs, are comparatively limited [289]. A prominent feature of
MSI-H CRC is the enrichment of B cells, particularly proliferating Ki67+ CD79a+ cells, IgG+

memory B cells, and plasma cells expressing CD27, CD38, and CD138, organized within
TLS-like structures at invasive margins, supporting antigen presentation, Ab production,
and coordination of T-cell responses. Accordingly, TLS presence correlates with improved
prognosis and responsiveness to ICIs [292–294]. Nevertheless, tumor-intrinsic alterations
can undermine this immunogenicity: defects in antigen presentation (e.g. β2-microglolin
or HLA loss) impair T-cell recognition [295] and disruption of IFN-γ signaling (e.g. JAK1/2
mutations) promotes immune escape [296]. Moreover, oncogenic pathways such as Wnt/β-
catenin, MAPK, and PI3K limit DC recruitment, alter chemokine production, and promote
immunosuppressive myeloid populations, contributing to T-cell exclusion or dysfunc-
tion [297,298]. In parallel, TGF-β-driven stromal remodeling can physically exclude T
cells. At the same time, chronic IFN-γ exposure sustains checkpoint molecule expression,
resulting in a “hot but exhausted” phenotype that is yet therapeutically targetable [299,300].
In contrast, MSS/pMMR CRC is largely defined by low immunogenicity and resistance
to immunotherapy, a concept further refined by the consensus molecular subtype (CMS)
classification, which integrates tumor-intrinsic and immune features into 4 groups [301,302].

CMS1 (“immune subtype”) overlaps with MSI-H tumors and is characterized by high
TMB, strong neoantigen-driven immune activation, and infiltration by Th1, CD8+ T cells,
NK cells, and DCs. In contrast, CMS2 (“canonical”) and CMS3 (“metabolic”) tumors are
typically MSS, poorly infiltrated, and display immune-desert phenotypes with limited DC
presence and weak T-cell activation. CMS3 additionally exhibits metabolic rewiring and
frequent KRAS mutations. CMS4 (“mesenchymal”) tumors, although often infiltrated, are
dominated by stromal activation, TGF-β signaling, and immunosuppressive populations
such as Tregs and MDSCs, resulting in poor prognosis. Notably, many CRCs do not fit neatly
into a single CMS category, reflecting substantial biological heterogeneity. Mechanistically,
MSS/pMMR tumors exhibit low TMB and limited neoantigen availability, resulting in
insufficient priming of tumor-specific T cells. CD8+ T cells are sparse, often confined to
the tumor periphery, and functionally impaired by checkpoint signaling, metabolic stress,
suppressive cytokines, and inhibitory myeloid interactions [289]. Single-cell analyses
reveal that most infiltrating CD8+ T cells are bystander rather than tumor-specific clones,
with limited clonal expansion and reduced exhaustion marker expression associated with
effective reinvigoration [291,303].

The CD4+ T-cell compartment is skewed toward immunosuppressive phenotypes,
with Tregs and Th17 cells promoting immune evasion via IL-10 and TGF-β secretion and
recruitment of suppressive myeloid cells. IL-17A further drives tumor progression and
angiogenesis through IL-6/STAT3 signaling, whereas IL-17F may exert anti-tumoral effects;
however, the overall cytokine milieu remains tolerogenic [289,304–306]. Additional CD4+

subsets, including Th2, Th22, and T follicular helper (Tfh) cells, play context-dependent
roles, with Tfh cells supporting beneficial B-cell responses, while IL-22 has been linked to
chemoresistance [307].

The γδ T cell role appears to evolve dynamically during tumor development, con-
tributing to early tumor surveillance independently of MHC, and exerting either anti-tumor
(IFN-γ producing) or pro-tumor (IL-17 producing) effects. Notably, these cells may mediate
responses to immunotherapy even in MHC class I-deficient dMMR CRC [308,309], chal-
lenging the paradigm that only highly mutated tumors respond to ICB. Tumor-intrinsic
pathways further reinforce immune exclusion in MSS CRC, particularly the WNT/β-
catenin signaling, which impairs the recruitment of CD103+ DCs and subsequent CD8+
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T-cell priming [310,311]. TGF-β signaling also plays a critical role, promoting stromal fibro-
sis, extracellular matrix deposition, and direct suppression of cytotoxic T-cell differentiation
while stabilizing Tregs and polarizing macrophages toward an M2-like phenotype [312].

The innate immune compartment amplifies this suppression, with MDSCs inhibiting
T and NK cells via arginase-1 activity and nitric oxide (NO) production, TAMs adopting
predominantly M2-like pro-tumorigenic phenotypes, and DCs remaining scarce and func-
tionally impaired due to VEGF, prostaglandin E2, and TGF-β [289]. B-cell responses are
also diminished, with reduced proliferation, plasma cell differentiation, and TLS formation,
reflecting impaired humoral immunity [292,293]. Collectively, MSS/pMMR CRC repre-
sents an immune-excluded, low-antigenicity state driven by oncogenic signaling, stromal
barriers, and multilayered immunosuppressive networks, in contrast to the inflamed but
checkpoint-restrained MSI-H/dMMR phenotype. Intermediate tumor states also exist,
characterized by either immune infiltration with suppression or T-cell exclusion at the
invasive margin, further underscoring the complexity of CRC immune landscapes and the
need for rational combination strategies to overcome primary resistance to immunotherapy.
The main immunological features of MSS and MMR CRC are depicted in Figure 3.

Figure 3. Immune landscape of CRC according to microsatellite status. Comparison of the immune
composition and immunological features of MSI-H/dMMR (“hot”) and MSS/pMMR (“cold”) CRC.
MSI-H/dMMR tumors are characterized by increased neoantigen load, immune-cell infiltration, and
responsiveness to ICIs, whereas MSS/pMMR tumors display immune exclusion or immune suppres-
sion associated with reduced responsiveness to immunotherapy. Major molecular mechanisms con-
tributing to immune evasion are also shown. Created with BioRender (https://app.biorender.com).
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Abbreviations: CD8, cluster of differentiation 8; CRC, colorectal cancer; DC, dendritic cell; dMMR,
deficient mismatch repair; GrzA/B, granzyme A/B; HLA, human leukocyte antigen; ICI, immune
checkpoint inhibitor; IFN-γ, interferon gamma; IL-10, interleukin 10; JAK1/2, Janus kinase 1/2;
MAPK, mitogen-activated protein kinase; MDSC, myeloid-derived suppressor cell; MSI-H, mi-
crosatellite instability-high; MSS, microsatellite stable; NK, natural killer; PD-L1, programmed death
ligand 1; PI3K, phosphoinositide 3-kinase; pMMR, proficient mismatch repair; PRF-1, perforin 1;
TGF-β, transforming growth factor beta; Th17, T helper 17 cell; Tfh, T follicular helper cell; TIL,
tumor-infiltrating lymphocyte; TLS, tertiary lymphoid structure; TMB, tumor mutational burden;
TME, tumor microenvironment; TNF-α, tumor necrosis factor alpha; Treg, regulatory T cell; WNT,
Wingless/Integrated.

5.2. Metabolic Reprogramming of Immune Cells Within the TME of CRC and Immunological
Determinants of Response to Icis

During tumorigenesis, cancer cells undergo metabolic rewiring to sustain proliferation
and adapt to the complex, often hostile TME [313,314]. Because tumor and immune cells
coexist within a confined space, they compete for essential nutrients, including glucose,
amino acids, lipids, and oxygen, required for both tumor growth and immune effector
function. In CRC, this competition is particularly pronounced, generating a nutrient-
depleted, hypoxic, and acidic TME. Tumor cells display high glucose uptake through
aerobic glycolysis, driven by GLUT1 overexpression and oncogenic signaling, creating steep
intratumoral glucose gradients associated with advanced stage, lymph node metastasis,
and reduced OS [31–35]. This metabolic pressure severely restricts immune cell fitness,
as effector CD8+ T cells and NK cells depend on glycolysis for proliferation, cytokine
production (e.g., IFN-γ), and cytotoxicity.

At the tumor level, CRC cells display enhanced glycolysis (PKM2, HK2, GLUT1),
increased glutamine uptake (ASCT2/SLC1A5), and active one-carbon metabolism, all
associated with proliferation, metastasis, and poor prognosis [31,315–318]. These metabolic
programs are shaped by genetic and epigenetic alterations, including APC/β-catenin
activation, TP53 loss, and KRAS mutations, which collectively reinforce metabolic addiction
and immune evasion [319]. A hallmark consequence is a persistent lactate accumulation
and extracellular acidification, which broadly suppress anti-tumor immunity [320].

Recent reviews have provided a comprehensive overview of how metabolic reprogram-
ming within the TME influences CRC progression, immune evasion, and responsiveness to
immunotherapy [321,322]. Beyond glucose restriction, CRC tumors deplete amino acids
and lipids while generating immunosuppressive metabolites. Activated T cells require
ASCT2-mediated glutamine uptake to sustain proliferation and cytokine production (IL-
2/IFN-γ) [323]. Glutamine depletion impairs CD8+ T cell and NK cell proliferation while
promoting Treg differentiation [324]. Arginine depletion, driven by tumor uptake [325]
and arginase activity in myeloid cells [326], impairs TCR signaling, cytokine production,
and immune synapse formation [322]. Similarly, tryptophan depletion and kynurenine
accumulation via IDO/TDO pathways induce T-cell exhaustion and apoptosis through
Aryl hydrocarbon receptor signaling and promote immunosuppressive cell expansion [327].
Additional amino acid deprivation, including methionine, alanine, and cystine limita-
tion [328–330], further induces metabolic stress and epigenetic reprogramming in immune
cells [331].

A defining feature of CRC metabolism is lactate accumulation, which acidifies the
TME and acts as both a metabolic byproduct and signaling molecule. Lactate suppresses
Nuclear factor of activated T cells signaling and IFN-γ production in CD8+ T cells, while
promoting Treg differentiation and PD-1 expression [332]. It also induces NK cell dys-
function and immune escape mechanisms [333,334]. Mechanistically, lactate promotes
immune suppression via G protein-coupled receptor 81 signaling, PD-L1 induction, and
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antigen presentation impairment [335–337]. Emerging evidence further highlights histone
lactylation as an epigenetic mechanism linking metabolic configuration to immune sup-
pression [338]. Hypoxia reinforces these effects via HIF-1α, which integrates oncogenic
signaling (PI3K/AKT/mTOR, MAPK) to regulate glycolysis, angiogenesis, and pH control,
thereby amplifying immune suppression [339–341].

Lipid metabolic reprogramming is another key feature of CRC. Increased FA synthesis
and uptake create a lipid-rich environment that supports Treg and TAM survival via FAO.
Lipid overload induces CD8+ T cell dysfunction, ER stress, and exhaustion, while choles-
terol metabolites enhance immune checkpoint expression [342,343]. Prostaglandin E2 and
other lipid mediators further suppress cytotoxic immunity and promote the expansion
of immunosuppressive cells [344]. Immune subsets display distinct metabolic programs.
Effector T cells rely primarily on glycolysis, whereas Tregs depend on FAO and OXPHOS,
allowing persistence in nutrient-deprived environments [345–347]. Lactate exposure fur-
ther enforces this dichotomy by suppressing effector T-cell function and favoring Treg
survival [348,349].

Myeloid cell populations are likewise reprogrammed to support immune escape.
TAMs adopt an M2-like phenotype driven by lactate, lipid availability, and cytokines
such as IL-4 and TGF-β, relying on FAO and OXPHOS for their function [337,344,350].
MDSCs further exploit FAO, glutaminolysis, and HIF-1α signaling to suppress T-cell and
NK-cell activity through arginase-1, NO, reactive oxygen species (ROS), and PD-L1 upreg-
ulation [351–356]. DCs are similarly metabolically constrained, leading to impaired antigen
presentation and a tolerogenic phenotype under lipid and glucose stress [342,343,357]. In
addition, B-cell responses are markedly reduced in MSS CRC, particularly at invasive mar-
gins. These tumors exhibit limited B-cell proliferation, reduced plasma cell differentiation,
and poor formation of TLS, reflecting an impaired humoral immune response. Spatial
analyses confirm the absence of organized immune niches typical of immunologically
active tumors [292,293].

Overall, these mechanisms establish an immunometabolic network in CRC in which
immune cells are nutrient-deprived, exposed to inhibitory metabolites, and reprogrammed
into dysfunctional states, promoting immune escape and therapy resistance [321].

5.3. Immunological Determinants of Response to ICIs

Response to ICIs in CRC is largely driven by tumor immunogenicity, particularly
the presence of dMMR or MSI-H status. Hallmarks of responsiveness include high TMB,
abundant CD8+ TILs, PD-L1 expression, and a “hot” TME. Conversely, immunosuppressive
components, such as Tregs, MDSCs, and specific gut microbiome profiles, can impair thera-
peutic efficacy. As recently reported [358], numerous biomarkers have been investigated
to predict response to ICB in CRC, including TME characteristics, genomic alterations,
CMS, and microbiota composition. While the clinical benefit of ICB in dMMR/MSI CRC is
well established in prospective trials [359–361], identifying reliable predictive markers in
proficient MMR (pMMR)/MSS) CRC, which represents the majority of cases, remains a
major unmet need.

TILs are widely recognized as predictors of ICB response across several tumor types,
although their role in CRC is less consistent [362]. In CRC, high densities of CD3+, CD4+,
CD8+, and CD20+ TILs generally reflect effective antitumor immunity, whereas Fork-
head box P3 (FOXP3)+ Tregs are associated with immunosuppression and poorer out-
comes [363,364]. Moreover, not only the density but also the spatial distribution of TILs,
particularly CD3+, CD8+, and FOXP3+ cells within the tumor core and invasive margin,
correlates with disease-free and OS [365], consistent with meta-analytic data [366]. High
immune infiltration has been linked to increased PD-L1 expression and favorable progno-
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sis [367] and, in some contexts, Treg infiltration has paradoxically correlated with improved
outcomes in chemo-immunotherapy settings [368]. Conversely, post-hoc analyses of the
atezoTRIBE study suggest that higher TIL levels may be associated with reduced benefit
from atezolizumab in metastatic CRC [369]. This variability likely reflects substantial
heterogeneity in TIL composition, indicating that quantitative assessment alone, without
functional characterization, may be insufficient, particularly in pMMR/MSS CRC [369].

The Immunoscore, based on CD3+ and CD8+ T-cell densities in the tumor core and
invasive margin, is a validated prognostic tool in stage I-III CRC [370] that generates a score
from 0 to 4 predicting recurrence risk and supporting clinical decision-making in resected
disease [370]. Its predictive value for ICB response is still being defined; however, higher
Immunoscore values or T-cell densities have been associated with improved outcomes in
dMMR CRC treated with pembrolizumab and in neoadjuvant ICI trials (e.g., NICHE and
NICHE-2), where most dMMR tumors, and a subset of pMMR tumors, achieved major
pathological responses [371]. These results suggest a potential role for Immunoscore in
patient selection. However, limitations include interobserver variability in immunohisto-
chemistry (IHC), the need for adequate sampling, and intratumoral heterogeneity [370].
Importantly, ICI efficacy depends on the broader immune context, including Tregs, NK
cells, DCs, and B cells, rather than CD8+ T cells alone [370].

PD-L1 expression, routinely used as a predictive biomarker in other malignancies, has
a more limited and controversial role in CRC [372]. Approximately half of CRCs show
PD-L1 expression at a 1% cutoff [373], particularly in metastatic lesions and in association
with MSI, BRAF mutations, medullary histology, and cytotoxic TILs [374]. However, its
clinical utility is limited by spatial heterogeneity [375], dynamic regulation during disease
progression [376], and lack of assay standardization [377]. Notably, pembrolizumab demon-
strates durable efficacy in dMMR/MSI CRC regardless of PD-L1 status [360]. Combined
assessment of PD-L1 and TILs may improve predictive accuracy, although prospective
validation is still needed [378,379]. Overall, MSI-H and dMMR remain the most robust
predictive biomarkers for ICB response in CRC, reflecting high neoantigen load and im-
mune activation [380]. Their predictive value has been consistently demonstrated in both
metastatic and localized settings treated with immunotherapy [188,189,360,361,381,382]. In
clinical practice, MMR IHC is more widely used than next-generation sequencing-based
MSI testing due to accessibility. Overall, current evidence suggests that no single biomarker
is sufficient to predict ICI responsiveness across all CRC subtypes, supporting the develop-
ment of integrated models that combine genomic, immune, and immunometabolic features.

TMB has shown predictive value in melanoma and non-small-cell lung cancer. Still,
its role in CRC is less clear [383]. Although a subset of pMMR/MSS tumors with high
TMB may respond to ICB [384], other studies report limited benefit, reducing its value as a
standalone biomarker [385,386]. POLE mutations, present in approximately 1% of CRCs
and typically mutually exclusive with MSI [387], generate hypermutated tumors with
strong immunogenicity [388,389]. These tumors are associated with favorable prognosis,
increased checkpoint expression, and improved responses to ICB [359,390,391]. However,
response may vary depending on the specific mutation [392].

BRAF V600E mutations, typically associated with right-sided tumors and poor prog-
nosis [393], do not appear to negatively affect ICB responsiveness in MSI-H/dMMR CRC.
Subgroup analyses from KEYNOTE-177 and CheckMate 142 showed comparable outcomes
between BRAF-mutant and wild-type tumors [360,361]. Although not a direct predictive
biomarker [394], its association with inflammatory phenotypes suggests indirect relevance.
In contrast, activation of the WNT/β-catenin pathway is associated with immune exclusion
and reduced ICB efficacy [395].
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As reported above, CMS integrates genomic, transcriptomic, and immune features into
four groups: CMS1 (immune), CMS2 (canonical), CMS3 (metabolic), and CMS4 (mesenchy-
mal) [301,396]. CMS1 tumors are enriched for MSI, immune infiltration, and inflammatory
signaling, making them the most responsive to ICB [397]. CMS4 tumors, despite immune
infiltration, are characterized by stromal activation and immunosuppression, suggesting a
need for combination strategies rather than ICB monotherapy, whereas CMS2 and CMS3
are generally immune “cold.” Notably, CMS1 encompasses a broader subset of metastatic
CRC than MSI/dMMR alone [398].

Emerging transcriptomic data further refine this framework, showing that stromal-
high and proliferation-low signatures are associated with poorer ICB outcomes even in
MSI-H CRC [399]. Overall, CMS classification provides a promising multidimensional
approach to patient stratification, although standardization and prospective validation
remain necessary [358,396].

5.4. Dietary Modulation of Antitumor Immunity: The Diet/Immune/Microbiota Axis and Its
Impact on Intratumoral Immunity and Response to ICIs in CRC

CRC development reflects a complex interplay among diet, vitamin D status, BMI, mi-
crobiota composition, inflammation, and adipokine signaling, although these relationships
remain only partially understood [400]. Among these factors, diet plays a central role by
shaping gut microbiota composition and, consequently, modulating tumor immunity and
responses to immunotherapy.

Dietary patterns exert distinct immunological effects. Fiber-rich diets, such as the
Mediterranean diet, promote beneficial microbial taxa, including Bacteroidetes and SCFA-
producing bacteria. In contrast, Western diets, characterized by high fat and low fiber
intake, induce dysbiosis, chronic inflammation, and immune dysfunction [401]. A key
mechanistic link between diet and immunity is the production of microbial metabolites.
SCFAs modulate immune responses by promoting Treg expansion, enhancing CD8+ T-cell
activation, and reinforcing epithelial barrier integrity, thereby limiting systemic inflam-
mation [402]. However, SCFAs exert context-dependent effects in CRC. While butyrate
is widely recognized for its anti-inflammatory and tumor-suppressive properties, acting
as a HDAC inhibitor and promoting regulatory immune responses that help counteract
the inflammation driving CRC development [267], it can, under certain conditions, also
exert pro-inflammatory or even tumor-promoting effects. These opposing outcomes may
arise in the presence of altered metabolic states or changes in receptor expression. SCFAs
exert their effects primarily through G protein coupled receptors, such as Free Fatty Acid
Receptor 2/3 and Hydroxycarboxylic acid receptor 2, with downstream responses shaped
by cell type, receptor availability, and the tumor context. In addition, dysbiotic conditions
characterized by excessive or imbalanced metabolite production may further shift their
role, amplifying inflammation rather than resolving it [403]. Notably, in preclinical models,
butyrate enhances anti-tumor immunity by promoting both the generation and function of
effector CD8+ T cells in vitro [404].

Additional microbial metabolites, such as tryptophan derivatives, further influence
immune-cell epigenetic programming and cytokine signaling, contributing to a more
immunogenic TME [405]. Conversely, dysbiosis supports tumor-supportive immune en-
vironments. Pathobionts such as Fusobacterium nucleatum are associated with reduced
CD3+/CD8+ T-cell infiltration, increased recruitment of immunosuppressive myeloid cells,
and elevated pro-inflammatory cytokines (IL-1β, IL-6, TNF-α), collectively facilitating
immune evasion [401,406]. These effects are further amplified by the recruitment of MDSCs
and M2-like macrophages, along with activation of TLR-NF-κB signaling pathways, which
sustain chronic inflammation and immune escape [403].
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Diet-induced alterations in the microbiota also shape innate immunity. Balanced
microbial ecosystems limit MDSC expansion and M2 macrophage polarization, whereas
high-fat diets promote M2 polarization and tumor progression [407]. At the interface of
innate and adaptive immunity, beneficial microbiota enhances DC maturation and antigen
presentation, thereby improving T-cell priming and increasing CD8+ T-cell infiltration [406].
Consistently, responders to ICB often exhibit greater microbiome diversity, enriched in
SCFA-producing and immunostimulatory taxa such as Bifidobacterium and Clostridiales [402].
In particular, Akkermansia muciniphila has been linked to increased IL-12 production and
enhanced recruitment and priming of cytotoxic T cells [408]. Importantly, microbiota-
driven immune modulation extends beyond metabolite production and includes direct
microbe–host interactions, such as adhesion molecules and signaling pathways that influ-
ence epithelial integrity and immune activation [403].

These findings support dietary interventions to improve immunotherapy efficacy.
High-fiber diets are associated with increased T-cell activation and interferon-related gene
signatures during ICB, while ketogenic diets show preclinical potential in enhancing effector
T-cell responses and reducing PD-L1-mediated immunosuppression [409]. Furthermore,
fecal microbiota transplantation from responders can restore sensitivity to ICIs in preclinical
and early clinical settings, supporting a causal role of the microbiome [406]. Nevertheless,
these effects are highly context-dependent. Variability in baseline microbiota composition,
host metabolism, and dietary patterns likely explains inconsistent findings across studies,
including reports showing no uniform benefit of dietary fiber on ICB efficacy [410].

Clinically, although microbiome diversity and specific bacterial signatures are asso-
ciated with improved immunotherapy responses across multiple cancers, CRC remains
relatively less responsive, except in MSI-H or dMMR subgroups [411]. Consequently, cur-
rent research is focusing on dietary modulation strategies, including prebiotics, high-fiber
interventions, and defined dietary patterns, to enhance ICB efficacy through microbiome
remodeling [409]. Precision nutrition approaches integrating microbiome and immune
profiling may further enable personalized interventions [412].

Targeted nutritional interventions may further potentiate immunotherapy. Methionine
restriction, for instance, increases PD-L1 expression via IFN-γ signaling and modulates
MHC-I expression through cGAS-STING pathways, ultimately enhancing ICI efficacy in
preclinical CRC models, with sex- and age-dependent effects [413]. Similar immunomodu-
latory effects have been observed with caloric restriction mimetics such as metformin and
resveratrol. In preclinical CRC models, caloric restriction and related metabolic interven-
tions slow tumor growth and reshape the TME through immune-mediated mechanisms.
These strategies reduce systemic glucose levels and insulin/IGF-1 signaling, leading to
decreased tumor proliferation and a more immunostimulatory environment. Such changes
are associated with increased CD8+ T-cell infiltration and reduced immunosuppressive
populations, including MDSCs and Tregs, supporting an immune-mediated component of
tumor control [402].

Metabolic rewiring of T cells has been observed in CRC, often in the context of di-
etary interventions rather than classical dietary restriction alone. For example, ketogenic
diets or fasting-mimicking interventions increase circulating ketone bodies, which serve
as alternative energy sources for T cells. This enhances mitochondrial function, OXPHOS,
and effector differentiation, ultimately improving CD8+ T-cell activity and reducing ex-
haustion phenotypes [409]. Overall, methionine restriction appears to enhance anti-tumor
immune responses and improve immunotherapy efficacy, with potential sex-specific differ-
ences [413]. In parallel, diet-induced metabolic changes influence macrophage polarization:
high-fat diets promote M2-like macrophage phenotypes and tumor progression, whereas
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metabolic interventions can reverse this effect and restore antitumor immunity, indirectly
supporting CD8+ T-cell function [407].

Although direct evidence of ketolysis-dependent CD8+ T-cell reprogramming under
dietary restriction in CRC remains limited, multiple studies support a broader framework
in which metabolic interventions enhance mitochondrial fitness, promote effector differen-
tiation, reduce T-cell exhaustion, and synergize with ICIs, particularly anti-PD-1/PD-L1
therapies. This is further supported by evidence that microbiota-derived metabolites,
including SCFAs, and diet-induced metabolic shifts enhance CD8+ T-cell activation and
persistence in CRC [401]. The field is increasingly moving toward integrating dietary
restriction, ketogenic strategies, and targeted metabolic interventions as adjuvants to im-
munotherapy. However, more CRC-specific mechanistic studies are needed to fully validate
these approaches. Notably, such interventions may shift macrophage polarization from
pro-tumor M2-like states to antitumor phenotypes, thereby indirectly enhancing CD8+

T-cell function and counteracting high-fat diet-driven tumor progression [407]. From a
translational perspective, microbiome-based biomarkers show promising diagnostic and
predictive potential. While traditional CRC screening models achieve accuracies of 66–
85% [414], combined microbiome–lifestyle models can exceed 90% accuracy [415]. However,
current evidence is limited by small cohort sizes, a lack of external validation, reliance on
single-time-point sampling, and biases inherent to dietary assessment tools [416,417].

In summary, diet, microbiota, and immunity form an interconnected axis that influ-
ences CRC risk and response to immunotherapy. Although CRC-specific randomized
evidence remains limited, multiple strategies, including high-fiber diets, ketogenic in-
terventions, caloric and methionine restriction, and microbiome-targeted therapies, are
actively under investigation. Collectively, these approaches aim to enhance ICB efficacy
by coordinating metabolic and microbial reprogramming, paving the way for precision
nutrition in cancer care.

6. An Integrative Immunometabolic Model of CRC: From Risk to
Precision Therapy

In this review, we propose a comprehensive and integrative framework for CRC,
conceptualizing the disease as a dynamic network of reciprocal interactions between
tumor and immune compartments, embedded within systemic and environmental layers.
Specifically, tumor-intrinsic programs, systemic alterations, adipose tissue biology, and
diet–microbiota interactions are integrated within a shared immunometabolic continuum.

These layers do not operate in isolation but are functionally interdependent, collec-
tively shaping both cancer cell behavior and immune cell function. Tumor-driven rewiring,
through nutrient competition, metabolite accumulation, and microenvironmental condi-
tioning, actively suppresses or reprograms immune cell metabolism. In turn, immune cells
adapt their functional states in ways that can either restrain or promote tumor progression.

This coordinated network ultimately determines immune contexture and contributes
to the establishment and maintenance of immunologically “cold” tumors. Within this
perspective, CRC can be viewed as a dynamically evolving immunometabolic ecosystem in
which tumor metabolic activity, host systemic conditions, adipose signaling, microbiota-
derived cues, and the TME co-evolve rather than function as isolated drivers [322,418].

At the tumor level, coordinated rewiring across CMSs, including glycolysis, glutamine
and one-carbon metabolism, lipid synthesis, FAO, and autophagy, establishes a nutrient-
depleted yet metabolite-rich TME. This environment suppresses CD8+ T cells and NK
cells while promoting Tregs, MDSCs, and M2-like macrophages. In parallel, mitochondrial
OXPHOS programs and FASN-dependent ferroptosis resistance define “high-power” tumor
states associated with immune exclusion and therapeutic resistance [83,419,420].
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These effects are subtype-specific: MSI-H tumors retain immune infiltration but ex-
hibit constrained effector function, whereas MSS tumors display coordinated suppres-
sion coupled with immune exclusion. This tumor–immune interface reveals multiple
actionable vulnerabilities. Inhibition of Wnt/β-catenin or TGF-β signaling restores DC
recruitment [311,312], while targeting immunometabolic checkpoints such as arginase,
IDO1, and related pathways alleviates immunosuppression [421,422]. These approaches
support combinatorial strategies aimed at enhancing tumor antigenicity while relieving
constraints within the TME. Cytotoxic chemotherapy induces immunogenic cell death
(ICD) and promotes T-cell priming [423], whereas pharmacological xenogenization using
alkylating agents such as dacarbazine and temozolomide increases TMB [424,425] and
sensitizes CRC to ICIs, as demonstrated in the ARETHUSA trial [426].

Targeted interventions further potentiate these effects. Inhibition of LDHA or IDO1
restores T-cell effector function [422], modulation of the kynurenine pathway (e.g., via
caffeine) enhances antitumor immunity [427], and targeting serine biosynthesis or HIF-1α
signaling integrates hypoxia, redox homeostasis, and immune regulation [428]. Lipid
metabolism emerges as a central hub linking tumor progression, immune suppression,
and systemic conditions. Lipid accumulation promotes immunosuppressive phenotypes,
whereas inhibition of FAO or FASN enhances chemosensitivity and responsiveness to
ICIs [429–432].

Adipose tissue extends this axis at the systemic level. Adipocyte-derived FAs fuel
tumor FAO via CD36, supporting metabolic flexibility, particularly in KRAS-mutant CRC
through CPT1A-dependent OXPHOS [430,433]. At the same time, this lipid-rich envi-
ronment sustains FAO-dependent Tregs and MDSCs and contributes to CD8+ T-cell dys-
function [434]. Obesity amplifies these effects through IL-6, TNF-α, and leptin signal-
ing, activating STAT3/NF-κB pathways that promote immune evasion, mesenchymal
CMS4 phenotypes, and resistance to immunotherapy [301,434,435]. Its impact is context-
dependent: obesity disrupts TLSs in MSI-H tumors, while reinforcing immune exclusion
and Th17/IL-17-driven progression in MSS disease [436,437]. Notably, dietary interventions
can partially restore CD8+ T-cell function and improve immunotherapy efficacy [438].

The gut microbiota provides an additional integrative layer linking diet, host
metabolism, and immunity. Dysbiosis alters key metabolites such as short-chain FAs,
bile acids, and indoles, which regulate both immune responses and cellular programs,
while pathobionts such as Fusobacterium nucleatum promote tumorigenesis and immune
evasion [322,403,418,439].

Together, these dimensions converge into an “immunometabolic–adipose therapeu-
tic triangle,” in which tumor biology, immune contexture, and systemic factors are co-
targeted through multimodal strategies, including chemotherapy, metabolic inhibitors,
microbiota modulation, epigenetic therapies, and lifestyle interventions [403,440–443].
Within this framework, the therapeutic landscape of CRC is defined by the need to ad-
dress immunometabolic complexity through rational combinations. Cytotoxic regimens
(FOLFOX, FOLFIRI, CAPEOX) remain foundational, not only for their cytotoxic effects but
also for their ability to induce ICD, enhance antigen presentation, and reshape systemic
inflammation. ICIs are highly effective in MSI-H CRC; however, their limited efficacy in
MSS tumors underscores the necessity of overcoming metabolic suppression and immune
exclusion. Accordingly, emerging strategies aim to convert “cold” tumors into immunologi-
cally responsive states through coordinated immunometabolic adaptation. This perspective
supports a shift toward integrated stratification combining tumor markers (GLUT1, PKM2,
LDHA), immune parameters (Immunoscore, CMS, TILs), and host-related features (visceral
adiposity, metabolic comorbidities, microbiota composition), alongside longitudinal moni-
toring and computational modeling approaches. Figure 4 highlights key actionable nodes
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linking metabolic rewiring to immune dysfunction, providing a rationale for combinatorial
therapeutic strategies.

 

Figure 4. Integrated immunometabolic framework of colorectal cancer (CRC). Schematic overview of
the bidirectional interactions among tumor-intrinsic metabolism, immune-cell metabolism, systemic
metabolic dysfunction, and the diet–microbiota axis, highlighting potential therapeutic reprogram-
ming strategies targeting metabolic and immune determinants of tumor progression and treatment
response. Created with BioRender. Abbreviations: CRC, colorectal cancer; CSM, consensus molec-
ular subtype; FAO, fatty acid oxidation; FFAs, free fatty acids; GLUT1, glucose transporter 1; HK2,
hexokinase 2; ICD, immunogenic cell death; IDO, indoleamine 2,3-dioxygenase; LDHA, lactate
dehydrogenase A; MDSC, myeloid-derived suppressor cell; mTOR, mechanistic target of rapamycin;
OXPHOS, oxidative phosphorylation; PKM2, pyruvate kinase M2; SCFAs, short-chain fatty acids;
TIL, tumor-infiltrating lymphocyte; TME, tumor microenvironment; Treg, regulatory T cell; VAT,
visceral adipose tissue.

7. Conclusions
This review supports a conceptual shift, positioning CRC as a dynamic immunometabolic

ecosystem in which tumor progression and therapeutic response emerge from continuous
interactions among cellular metabolism, immune function, and systemic metabolic context.
CRC emerges as a dynamic immunometabolic system in which metabolic constraints shape
immune responsiveness.

This perspective implies that successful clinical translation will require moving beyond
single-pathway targeting toward adaptive, multi-layered interventions stratified accord-
ing to metabolic–immune phenotypes rather than purely genetic alterations. It further
suggests that future CRC management will increasingly rely on real-time monitoring of
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immunometabolic states, enabling dynamic treatment adaptation and early identification of
resistance trajectories. In this context, metabolic alterations, whether at the level of enzymes,
transporters, signaling kinases, transcriptomic signatures, or circulating hormones, emerge
as increasingly relevant biomarkers that capture functional tumor–host interactions beyond
static molecular classifications. Importantly, glycolytic, mitochondrial, lipid, amino acid,
and autophagy-related programs should not be viewed as independent biomarkers. Rather,
their coordinated activation generates distinct immunometabolic states that determine
tumor fitness, immune exclusion, and therapeutic vulnerability. Accordingly, integrating
these metabolic features with established molecular classifiers and clinical parameters
may substantially refine patient stratification and uncover context-specific therapeutic
vulnerabilities, thereby enabling more precise and mechanistically informed treatment
selection.

Ultimately, this framework positions immunometabolic reprogramming as a unifying
principle for precision oncology, with the potential to transform CRC from a largely refrac-
tory disease in advanced stages into a condition amenable to durable immune-mediated
control. In this context, therapeutic success depends on coordinated, patient-specific re-
programming of metabolism, immunity, and systemic influences, enabling the rational
conversion of resistant “cold” tumors into treatment-responsive states and advancing
precision oncology toward a truly predictive and actionable paradigm.
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CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DC Dendritic cell
dMMR Deficient mismatch repair
EGFR Epidermal growth factor receptor
EMT Epithelial–mesenchymal transition
EOCRC Early-onset colorectal cancer
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
FA Fatty acid
FAO Fatty acid oxidation
FASN Fatty acid synthase
FH Fumarate hydratase
FOXP3 Forkhead box P3
FOLFIRI Folinic acid, fluorouracil and irinotecan
FOLFOX Folinic acid, fluorouracil and oxaliplatin
FOLFOXIRI Folinic acid, fluorouracil, irinotecan and oxaliplatin
FXR Farnesoid X receptor
GCGR Glucagon receptor
GEO Gene Expression Omnibus
GLP-1 Glucagon-like peptide-1
GLP-1RA Glucagon-like peptide-1 receptor agonist
GLUT1 Glucose transporter 1
GMRGs Glutamine metabolism-related genes
GPER G protein-coupled estrogen receptor
HDAC Histone deacetylase
HER2 Human epidermal growth factor receptor 2
HIF-1α Hypoxia-inducible factor 1 alpha
HK2 Hexokinase 2
HLA Human leukocyte antigen
HMW High molecular weight
ICB Immune checkpoint blockade
ICD Immunogenic cell death
ICI Immune checkpoint inhibitor
IDO Indoleamine 2,3-dioxygenase
IDH Isocitrate dehydrogenase
IFN-γ Interferon gamma
IGF Insulin-like growth factor
IGFBP Insulin-like growth factor binding protein
IHC Immunohistochemistry
IL Interleukin
JAK Janus kinase
KRAS Kirsten rat sarcoma viral oncogene homolog
LAMP Lysosome-associated membrane protein
LAT1 L-type amino acid transporter 1
LDH Lactate dehydrogenase
LPCAT1 Lysophosphatidylcholine acyltransferase 1
LPS Lipopolysaccharide
mAb Monoclonal antibody
MAP1LC3 Microtubule-associated protein 1 light chain 3
MAPK Mitogen-activated protein kinase
mCRC Metastatic colorectal cancer
MDSC Myeloid-derived suppressor cell
MMR Mismatch repair
mTOR Mechanistic target of rapamycin
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MSI Microsatellite instability
MSI-H Microsatellite instability-high
MSS Microsatellite stable
NCCN National Comprehensive Cancer Network
NDUFA4L2 NADH dehydrogenase 1 alpha subcomplex subunit 4-like 2
NF-κB Nuclear factor kappa B
NK Natural killer
NLRP3 NLR family pyrin domain containing 3
NO nitric oxide
ORR Objective response rate
OS Overall survival
OXPHOS Oxidative phosphorylation
PAK1 P21 (RAC1) activated kinase 1
PD-1 Programmed cell death protein 1
PD-L1 Programmed death ligand 1
PDK Pyruvate dehydrogenase kinase
PFS Progression-free survival
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha
PHGDH Phosphoglycerate dehydrogenase
PI3K Phosphoinositide 3-kinase
PKM2 Pyruvate kinase M2
POLE Polymerase epsilon
PSAT1 Phosphoserine aminotransferase 1
PSPH Phosphoserine phosphatase
RAS Rat Sarcoma
ROS Reactive oxygen species
SCFAs Short-chain fatty acids
SDH Succinate dehydrogenase
SGOC Serine–glycine one-carbon metabolism
SIRT1 Sirtuin 1
SLC2A1 Solute carrier family 2 member 1
STAT3 Signal transducer and activator of transcription 3
T2DM Type 2 diabetes mellitus
TAM Tumor-associated macrophage
TCA Tricarboxylic acid cycle
TDO tryptophan 2,3-dioxygenase
TCGA The Cancer Genome Atlas
TGF-β Transforming growth factor beta
Th T helper
TIL Tumor infiltrating lymphocyte
TLS Tertiary lymphoid structure
TLR4 Toll-like receptor 4
TMB Tumor mutational burden
TME Tumor microenvironment
TNF-α Tumor Necrosis Factor alpha
Treg Regulatory T cell
UPF Ultra-processed food
VAT Visceral adipose tissue
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
VFA Visceral fat area
WHR Waist-to-hip ratio
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Clinical Implications, and Novel Therapeutic Approaches. Medicina 2025, 61, 1202. [CrossRef] [PubMed]
169. Miao, R.; Yu, J.; Kim, R.D. Targeting the KRAS Oncogene for Patients with Metastatic Colorectal Cancer. Cancers 2025, 17, 1512.

[CrossRef] [PubMed]
170. Bao, X.; Wu, J.; Kim, S.; LoRusso, P.; Li, J. Pharmacometabolomics Reveals Irinotecan Mechanism of Action in Cancer Patients. J.

Clin. Pharmacol. 2019, 59, 20–34. [CrossRef] [PubMed]
171. García-Foncillas, J.; Sunakawa, Y.; Aderka, D.; Wainberg, Z.; Ronga, P.; Witzler, P.; Stintzing, S. Distinguishing Features of

Cetuximab and Panitumumab in Colorectal Cancer and Other Solid Tumors. Front. Oncol. 2019, 9, 849. [CrossRef] [PubMed]
172. Baraniskin, A.; Buchberger, B.; Pox, C.; Graeven, U.; Holch, J.W.; Schmiegel, W.; Heinemann, V. Efficacy of Bevacizumab in

First-Line Treatment of Metastatic Colorectal Cancer: A Systematic Review and Meta-Analysis. Eur. J. Cancer 2019, 106, 37–44.
[CrossRef] [PubMed]

173. Kooshkaki, O.; Derakhshani, A.; Hosseinkhani, N.; Torabi, M.; Safaei, S.; Brunetti, O.; Racanelli, V.; Silvestris, N.; Baradaran, B.
Combination of Ipilimumab and Nivolumab in Cancers: From Clinical Practice to Ongoing Clinical Trials. Int. J. Mol. Sci. 2020,
21, 4427. [CrossRef] [PubMed]

174. Xu, Z.; Peng, X.; Kong, Y.; Cui, Y.; Li, Y.; Guo, Y. The Best Strategy for Metastatic Colorectal Cancer (Mcrc) Patients in Second-Line
Treatment: A Network Meta-Analysis. Cancer Treat. Res. Commun. 2021, 29, 100455. [CrossRef] [PubMed]

175. Kopetz, S.; Grothey, A.; Yaeger, R.; Van Cutsem, E.; Desai, J.; Yoshino, T.; Wasan, H.; Ciardiello, F.; Loupakis, F.; Hong, Y.S.; et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E-Mutated Colorectal Cancer. N. Engl. J. Med. 2019, 381, 1632–1643.
[CrossRef] [PubMed]

176. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; De Baere, T.; Osterlund, P.; Yoshino, T.;
et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. ESMO Guidelines
Committee. Ann. Oncol. 2023, 34, 10–32. [CrossRef] [PubMed]

177. Eng, C.; Yoshino, T.; Ruíz-García, E.; Mostafa, N.; Cann, C.G.; O’Brian, B.; Benny, A.; Perez, R.O.; Cremolini, C. Colorectal Cancer.
Lancet 2024, 404, 294–310. [CrossRef] [PubMed]

178. Kawazoe, A.; Xu, R.H.; García-Alfonso, P.; Passhak, M.; Teng, H.W.; Shergill, A.; Gumus, M.; Qvortrup, C.; Stintzing, S.; Towns,
K.; et al. LEAP-017 Investigators. Lenvatinib Plus Pembrolizumab versus Standard of Care for Previously Treated Metastatic
Colorectal Cancer: Final Analysis of the Randomized, Open-Label, Phase III LEAP-017 Study. J. Clin. Oncol. 2024, 42, 2918–2927.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1007/s00384-024-04791-9
https://www.ncbi.nlm.nih.gov/pubmed/39873770
https://doi.org/10.1007/s00280-017-3365-y
https://www.ncbi.nlm.nih.gov/pubmed/28667355
https://doi.org/10.18632/oncotarget.24367
https://www.ncbi.nlm.nih.gov/pubmed/29535833
https://doi.org/10.3389/fphar.2024.1387243
https://www.ncbi.nlm.nih.gov/pubmed/39104385
https://doi.org/10.1016/j.annonc.2026.03.005
https://www.ncbi.nlm.nih.gov/pubmed/41990853
https://doi.org/10.3390/metabo14120708
https://www.ncbi.nlm.nih.gov/pubmed/39728489
https://doi.org/10.46883/ONC.2020.3409.0352
https://www.ncbi.nlm.nih.gov/pubmed/32965665
https://doi.org/10.3747/co.v18i1.708
https://www.ncbi.nlm.nih.gov/pubmed/21331278
https://doi.org/10.3389/fphar.2024.1450418
https://www.ncbi.nlm.nih.gov/pubmed/39234107
https://doi.org/10.6004/jnccn.2018.0038
https://www.ncbi.nlm.nih.gov/pubmed/29784738
https://doi.org/10.3390/jpm13071114
https://www.ncbi.nlm.nih.gov/pubmed/37511727
https://doi.org/10.3390/cancers13092201
https://www.ncbi.nlm.nih.gov/pubmed/34063682
https://doi.org/10.3390/medicina61071202
https://www.ncbi.nlm.nih.gov/pubmed/40731832
https://doi.org/10.3390/cancers17091512
https://www.ncbi.nlm.nih.gov/pubmed/40361439
https://doi.org/10.1002/jcph.1275
https://www.ncbi.nlm.nih.gov/pubmed/30052267
https://doi.org/10.3389/fonc.2019.00849
https://www.ncbi.nlm.nih.gov/pubmed/31616627
https://doi.org/10.1016/j.ejca.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30476731
https://doi.org/10.3390/ijms21124427
https://www.ncbi.nlm.nih.gov/pubmed/32580338
https://doi.org/10.1016/j.ctarc.2021.100455
https://www.ncbi.nlm.nih.gov/pubmed/34619647
https://doi.org/10.1056/NEJMoa1908075
https://www.ncbi.nlm.nih.gov/pubmed/31566309
https://doi.org/10.1016/j.annonc.2022.10.003
https://www.ncbi.nlm.nih.gov/pubmed/36307056
https://doi.org/10.1016/S0140-6736(24)00360-X
https://www.ncbi.nlm.nih.gov/pubmed/38909621
https://doi.org/10.1200/JCO.23.02736
https://www.ncbi.nlm.nih.gov/pubmed/38833658
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 61 of 73

179. Gallois, C.; Emile, J.F.; Kim, S.; Monterymard, C.; Gilabert, M.; Bez, J.; Lièvre, A.; Dahan, L.; Laurent-Puig, P.; Mineur, L.; et al.
Pembrolizumab with Capox Bevacizumab in Patients with Microsatellite Stable Metastatic Colorectal Cancer and a High Immune
Infiltrate: The FFCD 1703-POCHI Trial. Dig. Liver Dis. 2021, 53, 1254–1259. [CrossRef] [PubMed]

180. Tougeron, D.; Emile, J.F.; Bodere, A.; Barbier, E.; Bez, J.; Dourthe, L.M.; Perrier, H.; Corbinais, S.; Le Brun-Ly, V.; Bideau, K.; et al.
Pembrolizumab in Combination with CAPOX and Bevacizumab in Patients with Microsatellite Stable Metastatic Colorectal
Cancer and a High Immune Infiltrate: Preliminary Results of FFCD 1703 POCHI Trial. Ann. Oncol. 2024, 35, S428. [CrossRef]

181. Liu, R.; Ji, Z.; Wang, X.; Zhu, L.; Xin, J.; Ma, L.; Zhang, J.; Ge, S.; Zhang, L.; Yang, Y.; et al. Regorafenib Plus Sintilimab as a Salvage
Treatment for Microsatellite Stable Metastatic Colorectal Cancer: A Single-Arm, Open-Label, Phase II Clinical Trial. Nat. Commun.
2025, 16, 1481. [CrossRef] [PubMed]

182. Xiao, A.; Li, X.; Wang, C.; Ye, J.; Fakih, M. Updated Survival Outcome of Regorafenib, Ipilimumab, and Nivolumab in Refractory
Microsatellite Stable Non-Liver Metastatic Colorectal Cancer: A Phase I Nonrandomized Clinical Trial. Eur. J. Cancer. 2024, 213,
115111. [CrossRef] [PubMed]

183. Bullock, A.J.; Schlechter, B.L.; Fakih, M.G.; Tsimberidou, A.M.; Grossman, J.E.; Gordon, M.S.; Wilky, B.A.; Pimentel, A.;
Mahadevan, D.; Balmanoukian, A.S.; et al. Botensilimab Plus Balstilimab in Relapsed/Refractory Microsatellite Stable Metastatic
Colorectal Cancer: A Phase 1 Trial. Nat. Med. 2024, 30, 2558–2567. [CrossRef] [PubMed]

184. Bengala, E.; Santini, D.; Picone, V. Refractory Microsatellite-Stable Metastatic Colorectal Cancer: A Comparison Between
Botensilimab + Balstilimab and Current Standard of Care. Immunooncol. Technol. 2025, 29, 101558. [CrossRef] [PubMed]

185. Fakih, M.; Segal, N.H.; Schlechter, B.L.; Andre, T.; Pietrantonio, F.; Johnson, B.; Vasilyev, A.; Krishnamurthi, S.S.; Siena, S.;
Messersmith, W.A.; et al. Preliminary Results from a Randomized, Open-Label, Phase 2 Study of Botensilimab (BOT) With or
Without Balstilimab (BAL) in Refractory Microsatellite Stable Metastatic Colorectal Cancer with No Liver Metastases (MSS Mcrc
NLM). J. Clin. Oncol. 2025, 43, 23. [CrossRef]

186. Bando, H.; Yoshino, T. STELLAR-303: Breaking the Immunotherapy Wall in MSS Colorectal Cancer. Med 2026, 7, 100957.
[CrossRef] [PubMed]

187. Hecht, J.R.; Park, Y.S.; Tabernero, J.; Lee, M.A.; Lee, S.; Virgili, A.C.; Van den Eynde, M.; Fontana, E.; Fakih, M.; Asghari, G.;
et al. Zanzalintinib Plus Atezolizumab versus Regorafenib in Refractory Colorectal Cancer (STELLAR-303): A Randomised,
Open-Label, Phase 3 Trial. STELLAR-303 Study Investigators. Lancet 2025, 406, 2360–2370. [CrossRef] [PubMed]

188. Andre, T.; Elez, E.; Van Cutsem, E.; Jensen, L.H.; Bennouna, J.; Mendez, G.; Schenker, M.; de la Fouchardie, C.; Limon, M.L.;
Yoshino, T.; et al. Checkmate 8HW Investigators. Nivolumab Plus Ipilimumab in Microsatellite-Instability-High Metastatic
Colorectal Cancer. N. Engl. J. Med. 2024, 391, 2014–2026. [CrossRef] [PubMed]

189. André, T.; Elez, E.; Lenz, H.J.; Jensen, L.H.; Touchefeu, Y.; Van Cutsem, E.; Garcia-Carbonero, R.; Tougeron, D.; Mendez, G.A.;
Schenker, M.; et al. Nivolumab Plus Ipilimumab versus Nivolumab in Microsatellite Instability-High Metastatic Colorectal Cancer
(Checkmate 8HW): A Randomised, Open-Label, Phase 3 Trial. Lancet 2025, 405, 700. [CrossRef] [PubMed]

190. Sao Pedro Rocha Lima, C.M.; Yothers, G.; George, T.J.; Hochster, H.S.; Sanoff, H.K.; Cohen, D.J.; Guthrie, K.A.; Jacobs, S.A.; Saeed,
A.; Kopetz, S.; et al. Colorectal Cancer Metastatic Dmmr Immunotherapy (COMMIT) Study: A Randomized Phase III Study of
Atezolizumab (Atezo) Monotherapy versus Mfolfox6/Bevacizumab/Atezo (FFX/Bev) in the First-Line Treatment of Patients (Pts)
with Deficient DNA Mismatch Repair (Dmmr) or Microsatellite Instability-High (MSI-H) Metastatic Colorectal Cancer (Mcrc)—
NRG-GI004/SWOG-S1610. J. Clin. Oncol. 2026, 44, 14. [CrossRef]

191. Sinicrope, F.A.; Ou, F.-S.; Arnold, D.; Peters, W.; Behrens, R.J.; Lieu, C.H.; Matin, K.; Cohen, D.J.; Potter, S.L.; Frankel, W.L.; et al.
Randomized Trial of Standard Chemotherapy Alone or Combined With Atezolizumab as Adjuvant Therapy for Patients with
Stage III Deficient DNA Mismatch Repair (Dmmr) Colon Cancer (Alliance A021502; ATOMIC). J. Clin. Oncol. 2025, 43, LBA1.
[CrossRef]

192. Cercek, A.; Bachet, J.B.; Capdevila, J.; Starling, N.; Chen, E.; Salvatore, L.; Bando, H.; O’Donnell, S.; Harfst, L.; Szijgyarto, Z.;
et al. A Phase Two, Single-Arm, Open-Label Study with Dostarlimab Monotherapy in Participants with Untreated Stage II/III
Dmmr/MSI-H Locally Advanced Rectal Cancer (AZUR-1). Clin. Color. Cancer 2025, 24, 325–330. [CrossRef] [PubMed]

193. Cercek, A.; Foote, M.B.; Rousseau, B.; Smith, J.J.; Shia, J.; Sinopoli, J.; Weiss, J.; Lumish, M.; Temple, L.; Patel, M.; et al.
Nonoperative Management of Mismatch Repair-Deficient Tumors. N. Engl. J. Med. 2025, 392, 2297–2308. [CrossRef] [PubMed]

194. Starling, N.; Elez, E.; Strickler, J.H.; Benson, A.; Oki, E.; Mendez, G.; Ferreiro, R.; Lau, Y.L.; Kawazoe, A.; Tian, M.; et al. A Phase
III Study of Perioperative Dostarlimab in Patients with Dmmr/MSI-H Resectable Colon Cancer: AZUR-2 Study Design. Future
Oncol. 2026, 22, 137–145. [CrossRef] [PubMed]

195. Elez, E.; Kopetz, S.; Tabernero, J.; Bekaii-Saab, T.; Taieb, J.; Yoshino, T.; Manji, G.; Fernandez, K.; Abbattista, A.; Zhang, X.; et al.
SEAMARK: Phase II Study of First-Line Encorafenib and Cetuximab Plus Pembrolizumab for MSI-H/Dmmr BRAF V600E-Mutant
Mcrc. Future Oncol. 2024, 20, 653–663. [CrossRef] [PubMed]

196. Elez, E.; Yoshino, T.; Shen, L.; Lonardi, S.; Van Cutsem, E.; Eng, C.; Kim, T.W.; Wasan, H.S.; Desai, J.; Ciardiello, F.; et al.
Encorafenib, Cetuximab, and Mfolfox6 in BRAF-Mutated Colorectal Cancer. BREAKWATER Trial Investigators. N. Engl. J. Med.
2025, 392, 2425–2437. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1016/j.dld.2021.06.009
https://www.ncbi.nlm.nih.gov/pubmed/34215534
https://doi.org/10.1016/j.annonc.2024.08.571
https://doi.org/10.1038/s41467-025-56748-3
https://www.ncbi.nlm.nih.gov/pubmed/39929851
https://doi.org/10.1016/j.ejca.2024.115111
https://www.ncbi.nlm.nih.gov/pubmed/39504677
https://doi.org/10.1038/s41591-024-03083-7
https://www.ncbi.nlm.nih.gov/pubmed/38871975
https://doi.org/10.1016/j.iotech.2025.101558
https://www.ncbi.nlm.nih.gov/pubmed/41502912
https://doi.org/10.1200/JCO.2025.43.4_suppl.23
https://doi.org/10.1016/j.medj.2025.100957
https://www.ncbi.nlm.nih.gov/pubmed/41519113
https://doi.org/10.1016/S0140-6736(25)02025-2
https://www.ncbi.nlm.nih.gov/pubmed/41130252
https://doi.org/10.1056/NEJMoa2402141
https://www.ncbi.nlm.nih.gov/pubmed/39602630
https://doi.org/10.1016/S0140-6736(24)02848-4
https://www.ncbi.nlm.nih.gov/pubmed/39874977
https://doi.org/10.1200/JCO.2026.44.2_suppl.14
https://doi.org/10.1200/JCO.2025.43.17_suppl.LBA1
https://doi.org/10.1016/j.clcc.2025.02.003
https://www.ncbi.nlm.nih.gov/pubmed/40107952
https://doi.org/10.1056/NEJMoa2404512
https://www.ncbi.nlm.nih.gov/pubmed/40293177
https://doi.org/10.1080/14796694.2025.2606910
https://www.ncbi.nlm.nih.gov/pubmed/41492912
https://doi.org/10.2217/fon-2022-1249
https://www.ncbi.nlm.nih.gov/pubmed/37815847
https://doi.org/10.1056/NEJMoa2501912
https://www.ncbi.nlm.nih.gov/pubmed/40444708
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 62 of 73

197. Kopetz, S.; Yoshino, T.; Van Cutsem, E.; Eng, C.; Kim, T.W.; Wasan, H.S.; Desai, J.; Ciardiello, F.; Yaeger, R.; Maughan, T.S.; et al.
Encorafenib, Cetuximab and Chemotherapy in BRAF-Mutant Colorectal Cancer: A Randomized Phase 3 Trial. Nat. Med. 2025, 31,
901–908. [CrossRef] [PubMed]

198. Morris, V.K.; Parseghian, C.M.; Bahrambeigi, V.; Abdelfattah, N.; Xiao, L.; Agrawal, A.; Lin, K.; Raghav, K.P.S.; Wolff, R.A.; Dasari,
A.; et al. Phase 1/2 Trial of Encorafenib, Cetuximab, and Nivolumab in Microsatellite Stable BRAFV600E Metastatic Colorectal
Cancer. Cancer Cell 2025, 43, 2106–2118.e3. [CrossRef] [PubMed]

199. Ree, A.H.; Høye, E.; Esbensen, Y.; Beitnes, A.R.; Negård, A.; Bernklev, L.; Tetlie, L.K.; Fretland, Å.A.; Hamre, H.M.; Kersten,
C.; et al. Complete Response of Metastatic Microsatellite-Stable BRAF V600E Colorectal Cancer to First-Line Oxaliplatin-Based
Chemotherapy and Immune Checkpoint Blockade. Oncoimmunology 2024, 13, 2372886. [CrossRef] [PubMed]

200. Modest, D.P.; Fakih, M.; Salvatore, L.; Esaki, T.; Lopez-Bravo, D.P.; Taieb, J.; Karamouzis, M.; Ruiz-Garcia, E.; Kim, T.W.; Kuboki,
Y.; et al. Health-Related Quality of Life In Patients with KRASG12C-Mutated Chemorefractory Metastatic Colorectal Cancer
Treated with Sotorasib Plus Panitumumab or Standard of Care (Codebreak 300): Results From a Phase 3, Randomised Clinical
Trial. Lancet Oncol. 2025, 26, 1240–1251. [CrossRef] [PubMed]

201. Fakih, M.G.; Salvatore, L.; Esaki, T.; Modest, D.P.; Lopez-Bravo, D.P.; Taieb, J.; Karamouzis, M.V.; Ruiz-Garcia, E.; Kim, T.W.;
Kuboki, Y.; et al. Sotorasib Plus Panitumumab in Refractory Colorectal Cancer with Mutated KRAS G12C. N. Engl. J. Med. 2023,
389, 2125–2139. [CrossRef] [PubMed]

202. Pietrantonio, F.; Salvatore, L.; Esaki, T.; Modest, D.P.; Lopez-Bravo, D.P.; Taieb, J.; Karamouzis, M.V.; Ruiz-Garcia, E.; Kim,
T.W.; Kuboki, Y.; et al. Overall Survival Analysis of the Phase III Codebreak 300 Study of Sotorasib Plus Panitumumab Versus
Investigator’s Choice in Chemorefractory KRAS G12C Colorectal Cancer. J. Clin. Oncol. 2025, 43, 2147–2154. [CrossRef] [PubMed]

203. Yaeger, R.; Weiss, J.; Pelster, M.S.; Spira, A.I.; Barve, M.; Ou, S.I.; Leal, T.A.; Bekaii-Saab, T.S.; Paweletz, C.P.; Heavey, G.A.;
et al. Adagrasib with or Without Cetuximab in Colorectal Cancer with Mutated KRAS G12C. N. Engl. J. Med. 2023, 388, 44–54.
[CrossRef] [PubMed]

204. Desai, J.; Alonso, G.; Kim, S.H.; Cervantes, A.; Karasic, T.; Medina, L.; Shacham-Shmueli, E.; Cosman, R.; Falcon, A.; Gort, E.; et al.
GO42144 Investigator and Study Group. Divarasib Plus Cetuximab in KRAS G12C-Positive Colorectal Cancer: A Phase 1b Trial.
Nat. Med. 2024, 30, 271–278. [CrossRef] [PubMed]

205. Strickler, J.H.; Cercek, A.; Siena, S.; André, T.; Ng, K.; Van Cutsem, E.; Wu, C.; Paulson, A.S.; Hubbard, J.M.; Coveler, A.L.; et al. Tu-
catinib Plus Trastuzumab for Chemotherapy-Refractory, HER2+, RAS Wild-Type Metastatic Colorectal Cancer (MOUNTAINEER):
Final Analysis. Nat. Commun. 2026, 17, 1068. [CrossRef] [PubMed]

206. Raghav, K.; Siena, S.; Takashima, A.; Kato, T.; Van den Eynde, M.; Pietrantonio, F.; Komatsu, Y.; Kawakami, H.; Peeters, M.; Andre,
T.; et al. Trastuzumab Deruxtecan in Patients with HER2-Positive Advanced Colorectal Cancer (DESTINY-CRC02): Primary
Results from a Multicentre, Randomised, Phase 2 Trial. Lancet Oncol. 2024, 25, 1147–1162. [CrossRef] [PubMed]

207. Köhler, B.C.; Haag, G.M.; Le Cornet, L.; Hoffmeister-Wittmann, P.; Schmidt, M.; Manjunath, A.; Vaquero-Siguero, N.; Jenzer, M.;
Gimmel, M.; Stahler, A.; et al. TROPHIT1-A Randomized, Open-Label, Multicenter, Phase II/III Trial Of Sacituzumab Govitecan
Compared to Standard of Care in Metastatic Colorectal Cancer Patients. ESMO Gastrointest. Oncol. 2025, 7, 100118. [CrossRef]
[PubMed]

208. Guven, D.C.; Kavgaci, G.; Erul, E.; Syed, M.P.; Magge, T.; Saeed, A.; Yalcin, S.; Sahin, I.H. The Efficacy of Immune Checkpoint
Inhibitors in Microsatellite Stable Colorectal Cancer: A Systematic Review. Oncologist 2024, 29, e580–e600. [CrossRef] [PubMed]

209. Park, J.; Morley, T.S.; Kim, M.; Clegg, D.J.; Scherer, P.E. Obesity and Cancer-Mechanisms Underlying Tumour Progression and
Recurrence. Nat. Rev. Endocrinol. 2014, 10, 455–465. [CrossRef] [PubMed]

210. Kershaw, E.E.; Flier, J.S. Adipose Tissue as an Endocrine Organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [CrossRef]
[PubMed]

211. Trayhurn, P. Adipokines: Inflammation and the Pleiotropic Role of White Adipose Tissue. Br. J. Nutr. 2022, 127, 161–164.
[CrossRef] [PubMed]

212. Allott, E.H.; Hursting, S.D. Obesity and cancer: Mechanistic insights from transdisciplinary studies. Endocr. Relat. Cancer 2015, 22,
R365–R386. [CrossRef] [PubMed]

213. Chaplin, A.; Rodriguez, R.M.; Segura-Sampedro, J.J.; Ochogavía-Seguí, A.; Romaguera, D.; Barceló-Coblijn, G. Insights Behind
the Relationship Between Colorectal Cancer and Obesity: Is Visceral Adipose Tissue the Missing Link? Int. J. Mol. Sci. 2022, 23,
13128. [CrossRef] [PubMed]

214. Safizadeh, F.; Mandic, M.; Hoffmeister, M.; Brenner, H. Colorectal Cancer and Central Obesity. JAMA Netw. Open. 2025, 8,
e2454753. [CrossRef] [PubMed]

215. Bardou, M.; Barkun, A.N.; Martel, M. Obesity and Colorectal Cancer. Gut 2013, 62, 933–947. [CrossRef] [PubMed]
216. Miranda, B.C.J.; Tustumi, F.; Nakamura, E.T.; Shimanoe, V.H.; Kikawa, D.; Waisberg, J. Obesity and Colorectal Cancer: A Narrative

Review. Medicina 2024, 60, 1218. [CrossRef] [PubMed]
217. Subedi, B.K.; Bhimineni, C.; Modi, S.; Jahanshahi, A.; Quiza, K.; Bitetto, D. The Role of Insulin Resistance in Cancer. Curr. Oncol.

2025, 32, 477. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1038/s41591-024-03443-3
https://www.ncbi.nlm.nih.gov/pubmed/39863775
https://doi.org/10.1016/j.ccell.2025.08.002
https://www.ncbi.nlm.nih.gov/pubmed/40882637
https://doi.org/10.1080/2162402X.2024.2372886
https://www.ncbi.nlm.nih.gov/pubmed/38952672
https://doi.org/10.1016/S1470-2045(25)00352-3
https://www.ncbi.nlm.nih.gov/pubmed/40812325
https://doi.org/10.1056/NEJMoa2308795
https://www.ncbi.nlm.nih.gov/pubmed/37870968
https://doi.org/10.1200/JCO-24-02026
https://www.ncbi.nlm.nih.gov/pubmed/40215429
https://doi.org/10.1056/NEJMoa2212419
https://www.ncbi.nlm.nih.gov/pubmed/36546659
https://doi.org/10.1038/s41591-023-02696-8
https://www.ncbi.nlm.nih.gov/pubmed/38052910
https://doi.org/10.1038/s41467-025-67824-z
https://www.ncbi.nlm.nih.gov/pubmed/41526345
https://doi.org/10.1016/S1470-2045(24)00380-2
https://www.ncbi.nlm.nih.gov/pubmed/39116902
https://doi.org/10.1016/j.esmogo.2024.100118
https://www.ncbi.nlm.nih.gov/pubmed/41646480
https://doi.org/10.1093/oncolo/oyae013
https://www.ncbi.nlm.nih.gov/pubmed/38309719
https://doi.org/10.1038/nrendo.2014.94
https://www.ncbi.nlm.nih.gov/pubmed/24935119
https://doi.org/10.1210/jc.2004-0395
https://www.ncbi.nlm.nih.gov/pubmed/15181022
https://doi.org/10.1017/S0007114521003962
https://www.ncbi.nlm.nih.gov/pubmed/35016740
https://doi.org/10.1530/ERC-15-0400
https://www.ncbi.nlm.nih.gov/pubmed/26373570
https://doi.org/10.3390/ijms232113128
https://www.ncbi.nlm.nih.gov/pubmed/36361914
https://doi.org/10.1001/jamanetworkopen.2024.54753
https://www.ncbi.nlm.nih.gov/pubmed/39820694
https://doi.org/10.1136/gutjnl-2013-304701
https://www.ncbi.nlm.nih.gov/pubmed/23481261
https://doi.org/10.3390/medicina60081218
https://www.ncbi.nlm.nih.gov/pubmed/39202500
https://doi.org/10.3390/curroncol32090477
https://www.ncbi.nlm.nih.gov/pubmed/41002547
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 63 of 73

218. Gutiérrez-Salmerón, M.; Lucena, S.R.; Chocarro-Calvo, A.; García-Martínez, J.M.; Martín Orozco, R.M.; García-Jiménez, C.
Remodelling of Colorectal Cancer Cell Signalling by Microbiota and Immunity in Diabetes. Endocr. Relat. Cancer 2021, 28,
R173–R190. [CrossRef] [PubMed]

219. Hills, R.D., Jr.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, S.C.; Theberge, C.R. Gut Microbiome: Profound Implications
for Diet and Disease. Nutrients 2019, 11, 1613. [CrossRef] [PubMed]

220. Cadungog, M.E.G.T.; Tayo, L.L. Microinflammation-Driven Gene Expression Dynamics in the Pathogenesis of Metabolic Disorders
and Cancer. Biology 2025, 15, 19. [CrossRef] [PubMed]

221. Pazhouhesh Far, N.; Hajiheidari Varnousafaderani, M.; Faghihkhorasani, F.; Etemad, S.; Abdulwahid, A.R.R.; Bakhtiarinia, N.;
Mousaei, A.; Dortaj, E.; Karimi, S.; Ebrahimi, N.; et al. Breaking the Barriers: Overcoming Cancer Resistance by Targeting the
NLRP3 Inflammasome. Br. J. Pharmacol. 2025, 182, 3–25. [CrossRef] [PubMed]

222. Modak, M.; Singh, S. Deciphering the TLR4 And NLRP3 Inflammasome Crosstalk for Therapeutic Restoration of Intestinal and
Systemic Immunity. Dig. Dis. Sci. 2026. online ahead of print. [CrossRef] [PubMed]

223. Glenny, E.M.; Lin, T.; Bandera, V.M.; Mirminachi, B.; Khumukcham, S.S.; Gigic, B.; Warby, C.A.; Aksonova, O.; Coleman, M.F.;
Carpanese, A.; et al. Obesity Promotes Conserved Inflammatory and Metabolic Transcriptional Programs in Colon Tumors:
Evidence from Mouse Models and the Colocare Study Patient Cohort. Am. J. Clin. Nutr. 2025, 122, 1545–1556. [CrossRef]
[PubMed]

224. Holowatyj, A.N.; Haffa, M.; Lin, T.; Scherer, D.; Gigic, B.; Ose, J.; Warby, C.A.; Himbert, C.; Abbenhardt-Martin, C.; Achaintre,
D.; et al. Multi-Omics Analysis Reveals Adipose-Tumor Crosstalk in Patients with Colorectal Cancer. Cancer Prev. Res. 2020, 13,
817–828. [CrossRef] [PubMed]

225. Yao, Y.; Fang, Y.; Yuan, B.; Yang, J. The Dual Role of CD36 In Cancer: From Lipid Metabolism to Tumor Microenvironment
Regulation. Mol. Biol. Rep. 2025, 52, 787. [CrossRef] [PubMed]

226. Terry, A.R.; Nogueira, V.; Rho, H.; Ramakrishnan, G.; Li, J.; Kang, S.; Pathmasiri, K.C.; Bhat, S.A.; Jiang, L.; Kuchay, S.; et al.
CD36 Maintains Lipid Homeostasis via Selective Uptake of Monounsaturated Fatty Acids During Matrix Detachment and Tumor
Progression. Cell Metab. 2023, 35, 2060–2076.e9. [CrossRef] [PubMed]

227. Tian, W.; Zhang, W.; Zhang, Y.; Zhu, T.; Hua, Y.; Li, H.; Zhang, Q.; Xia, M. FABP4 Promotes Invasion and Metastasis of Colon
Cancer by Regulating Fatty Acid Transport. Cancer Cell Int. 2020, 20, 512. [CrossRef] [PubMed]

228. Hosogai, N.; Fukuhara, A.; Oshima, K.; Miyata, Y.; Tanaka, S.; Segawa, K.; Furukawa, S.; Tochino, Y.; Komuro, R.; Matsuda, M.;
et al. Adipose Tissue Hypoxia in Obesity and Its Impact on Adipocytokine Dysregulation. Diabetes 2007, 56, 901–911. [CrossRef]
[PubMed]

229. Trayhurn, P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol. Rev. 2013, 93, 1–21. [CrossRef] [PubMed]
230. Jing, X.; Yang, F.; Shao, C.; Wei, K.; Xie, M.; Shen, H.; Shu, Y. Role of Hypoxia in Cancer Therapy by Regulating the Tumor

Microenvironment. Mol. Cancer 2019, 18, 157. [CrossRef] [PubMed]
231. Pesapane, A.; Capasso, L.; Del Sorbo, M.R.; Scisciola, L.; Troiani, T.; Mele, D.; Franzese, M.; Puocci, A.; Tortorella, G.; Surina, S.;

et al. Adipose-Tumor Crosstalk in Colorectal Cancer: Identifying (Epi)Genetic Biomarkers for Tumor Progression and Cachexia.
Cell Death Dis. 2025, 16, 675. [CrossRef] [PubMed]

232. Wang, J.H.; Zheng, Y.Q.; Qian, Z.Y.; Pan, Y.Q.; Tian, T.; Duan, X.T.; Wang, R.B.; Wang, L.Y.; Peng, J.H.; Mo, H.-Y.; et al. Peritumoural
Adipose Tissue Drives Immune Evasion in Colorectal Cancer via Adipose-Mesenchymal Transformation. Nat. Cell Biol. 2026, 28,
581–595. [CrossRef] [PubMed]

233. Tait, S.; Baldassarre, A.; Masotti, A.; Calura, E.; Martini, P.; Varì, R.; Scazzocchio, B.; Gessani, S.; Del Cornò, M. Integrated
Transcriptome Analysis of Human Visceral Adipocytes Unravels Dysregulated Microrna-Long Non-Coding RNA-mRNA
Networks in Obesity and Colorectal Cancer. Front. Oncol. 2020, 10, 1089. [CrossRef] [PubMed]

234. Vahed, I.E.; Moshgelgosha, M.; Kor, A.; Minadi, M.; Ebrahimi, F.; Azhdarian, A.; Arjmandi, M.; Alamdar, A.; Zare, M.; Shabani,
N.; et al. The Role of Adiponectin and Leptin in Colorectal Cancer and Adenoma: A Systematic Review and Meta-Analysis. BMC
Cancer 2025, 25, 968. [CrossRef] [PubMed]

235. Macleod, A.; Scheurlen, K.M.; Burton, J.F.; Parks, M.A.; Sumy, M.S.A.; Gaskins, J.T.; Galandiuk, S. Systemic Adiponectin Levels in
Colorectal Cancer and Adenoma: A Systematic Review and Meta-Analysis. Int. J. Obes. 2023, 47, 911–921. [CrossRef] [PubMed]

236. Singh, S.; Mayengbam, S.S.; Chouhan, S.; Deshmukh, B.; Ramteke, P.; Athavale, D.; Bhat, M.K. Role of TNFα and Leptin Signaling
in Colon Cancer Incidence and Tumor Growth Under Obese Phenotype. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165660.
[CrossRef] [PubMed]

237. Tandon, K.; Imam, M.; Ismail, B.E.; Castro, F. Body Mass Index and Colon Cancer Screening: The Road Ahead. World J.
Gastroenterol. 2015, 21, 1371–1376. [CrossRef] [PubMed]

238. Paragomi, P.; Zhang, Z.; Abe, S.K.; Islam, M.R.; Rahman, M.S.; Saito, E.; Shu, X.O.; Dabo, B.; Pham, Y.T.; Chen, Y.; et al. Body Mass
Index and Risk of Colorectal Cancer Incidence and Mortality in Asia. JAMA Netw. Open 2024, 7, e2429494. [CrossRef] [PubMed]

239. Larsson, S.C.; Wolk, A. Obesity and Colon and Rectal Cancer Risk: A Meta-Analysis of Prospective Studies. Am. J. Clin. Nutr.
2007, 86, 556–565. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1530/ERC-20-0315
https://www.ncbi.nlm.nih.gov/pubmed/33852432
https://doi.org/10.3390/nu11071613
https://www.ncbi.nlm.nih.gov/pubmed/31315227
https://doi.org/10.3390/biology15010019
https://www.ncbi.nlm.nih.gov/pubmed/41514860
https://doi.org/10.1111/bph.17352
https://www.ncbi.nlm.nih.gov/pubmed/39394867
https://doi.org/10.1007/s10620-025-09655-y
https://www.ncbi.nlm.nih.gov/pubmed/41518448
https://doi.org/10.1016/j.ajcnut.2025.09.031
https://www.ncbi.nlm.nih.gov/pubmed/40998019
https://doi.org/10.1158/1940-6207.CAPR-19-0538
https://www.ncbi.nlm.nih.gov/pubmed/32655010
https://doi.org/10.1007/s11033-025-10885-6
https://www.ncbi.nlm.nih.gov/pubmed/40751831
https://doi.org/10.1016/j.cmet.2023.09.012
https://www.ncbi.nlm.nih.gov/pubmed/37852255
https://doi.org/10.1186/s12935-020-01582-4
https://www.ncbi.nlm.nih.gov/pubmed/33088219
https://doi.org/10.2337/db06-0911
https://www.ncbi.nlm.nih.gov/pubmed/17395738
https://doi.org/10.1152/physrev.00017.2012
https://www.ncbi.nlm.nih.gov/pubmed/23303904
https://doi.org/10.1186/s12943-019-1089-9
https://www.ncbi.nlm.nih.gov/pubmed/31711497
https://doi.org/10.1038/s41419-025-07982-6
https://www.ncbi.nlm.nih.gov/pubmed/41053099
https://doi.org/10.1038/s41556-026-01885-0
https://www.ncbi.nlm.nih.gov/pubmed/41714703
https://doi.org/10.3389/fonc.2020.01089
https://www.ncbi.nlm.nih.gov/pubmed/32714872
https://doi.org/10.1186/s12885-025-14362-y
https://www.ncbi.nlm.nih.gov/pubmed/40448255
https://doi.org/10.1038/s41366-023-01358-6
https://www.ncbi.nlm.nih.gov/pubmed/37626126
https://doi.org/10.1016/j.bbadis.2019.165660
https://www.ncbi.nlm.nih.gov/pubmed/31891805
https://doi.org/10.3748/wjg.v21.i5.1371
https://www.ncbi.nlm.nih.gov/pubmed/25663756
https://doi.org/10.1001/jamanetworkopen.2024.29494
https://www.ncbi.nlm.nih.gov/pubmed/39196559
https://doi.org/10.1093/ajcn/86.3.556
https://www.ncbi.nlm.nih.gov/pubmed/17823417
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 64 of 73

240. Ozoya, O.O.; Siegel, E.M.; Srikumar, T.; Bloomer, A.M.; DeRenzis, A.; Shibata, D. Quantitative Assessment of Visceral Obesity
and Postoperative Colon Cancer Outcomes. J. Gastrointest. Surg. 2017, 21, 534–542. [CrossRef] [PubMed]

241. Loosen, S.H.; Roderburg, C.; Jördens, M.S.; Fluegen, G.; Luedde, T.; Kostev, K. Overweight and Obesity Determine the Risk for
Gastrointestinal Cancer in A Sex-Dependent Manner: A Retrospective Cohort Study of 287,357 Outpatients in Germany. Cancers
2022, 14, 931. [CrossRef] [PubMed]

242. Loh, N.Y.; Wang, W.; Noordam, R.; Christodoulides, C. Obesity, Fat Distribution and Risk of Cancer in Women and Men: A
Mendelian Randomisation Study. Nutrients 2022, 14, 5259. [CrossRef] [PubMed]

243. Mori, N.; Keski-Rahkonen, P.; Gicquiau, A.; Rinaldi, S.; Dimou, N.; Harlid, S.; Harbs, J.; Van Guelpen, B.; Aune, D.; Cross, A.J.;
et al. Endogenous Circulating Sex Hormone Concentrations and Colon Cancer Risk in Postmenopausal Women: A Prospective
Study and Meta-Analysis. JNCI Cancer Spectr. 2021, 5, pkab084. [CrossRef] [PubMed]

244. Chen, J.; Iverson, D. Estrogen in Obesity-Associated Colon Cancer: Friend or Foe? Protecting Postmenopausal Women but
Promoting Late-Stage Colon Cancer. Cancer Causes Control 2012, 23, 1767–1773. [CrossRef] [PubMed]

245. Sonavane, M. Chapter 1: Classical and Non-Classical Estrogen Receptor Effects of Bisphenol A. In Bisphenol A: A Multi-Modal
Endocrine Disruptor; Free, Special Collection: 2022 Ebook Collection, Series: Issues in Toxicology; Royal Society of Chemistry: London,
UK, 2022. [CrossRef]

246. Iessi, E.; Cittadini, C.; Maranghi, F.; Tassinari, R.; Iorio, E.; Puglisi, R.; Mattia, G.; Frustagli, G.; Coppola, L.; Lori, G.; et al. Role
of Bisphenol A in the Development and Progression of Colorectal Cancer: Possible Sex-Specific Effects of Endogenous and
Exogenous Estrogens. Biomedicines 2025, 13, 2717. [CrossRef] [PubMed]

247. Saad, M.F.S.; Abdullah, M.N.H.; Lim, V.; Bahari, H.; Khoo, B.Y.; Tan, J.J.; Yong, Y.K. Exploring the Role of Bisphenol A In
Obesity-Driven Colorectal Cancer Progression: Network Toxicology and Multi-Organ Pathology in Animal Models. Toxicol. Appl.
Pharmacol. 2025, 495, 117227. [CrossRef] [PubMed]

248. Hixon, J.C.; Rivas Zarete, J.I.; White, J.; Hilaire, M.; Muhammad, A.; Yusuf, A.P.; Adu-Addai, B.; Yates, C.C.; Mahavadi, S.
Epigenetic Modulation of Gper Expression in Gastric and Colonic Smooth Muscle of Male and Female Non-Obese Diabetic
(NOD) Mice: Insights into H3k4me3 And H3k27ac Modifications. Int. J. Mol. Sci. 2024, 25, 5260. [CrossRef] [PubMed]

249. Zhang, X.L.; Zhang, X.F.; Fang, Y.; Li, M.L.; Shu, R.; Gong, Y.; Luo, H.Y.; Tian, Y. A Possible Genetic Association Between Obesity
and Colon Cancer in Females. Front. Endocrinol. 2023, 14, 1189570. [CrossRef] [PubMed]

250. Zhou, X.; Sevilla-Gonzalez, M.; Phipps, A.I.; Udler, M.; Castellví-Bel, S.; Chan, A.T.; Pellatt, A.J.; Schoen, R.E.; Giovannucci, E.;
Gunter, M.J.; et al. Diabetogenic Processes for Insulin Resistance-Linked Hyperinsulinaemia Are Associated with Colorectal
Cancer. Diabetologia 2026, 69, 942–952. [CrossRef] [PubMed]

251. Zhan, Z.; Zheng, H.; Chen, C.; Yu, J.; Zheng, L.; Yang, C.; Guo, Z.; Chen, B. Impact of Metabolic Risk Factors on Colorectal Cancer
Burden in China: A Comprehensive Analysis of Trends From 1990 to 2021. Front. Nutr. 2026, 12, 1694231. [CrossRef] [PubMed]

252. Yau, S.T.Y.; Hung, C.T.; Leung, E.Y.M.; Lee, A.; Yeoh, E.K. Survival Tree Analysis of Interactions Among Factors Associated with
Colorectal Cancer Risk in Patients with Type 2 Diabetes: Retrospective Cohort Study. JMIR Public Health Surveill. 2025, 11, e62756.
[CrossRef] [PubMed]

253. Chen, H.; Zheng, X.; Zong, X.; Li, Z.; Li, N.; Hur, J.; Fritz, C.D.; Chapman, W., Jr.; Nickel, K.B.; Tipping, A.; et al. Metabolic
Syndrome, Metabolic Comorbid Conditions and Risk of Early-Onset Colorectal Cancer. Gut 2021, 70, 1147–1154. [CrossRef]
[PubMed]

254. Du, M.; Drew, D.A.; Goncalves, M.D.; Cao, Y.; Chan, A.T. Early-Onset Colorectal Cancer as an Emerging Disease of Metabolic
Dysregulation. Nat. Rev. Endocrinol. 2025, 21, 686–702. [CrossRef] [PubMed]

255. Abu-Freha, N.; Beshara, A.; Winberg, J.; Weissmann, S.; Cohen, B.; Kopelman, Y.; Lerner, Z.; Gordon, M. Early Onset Colorectal
Cancer, not Just the Age: Data from a large health organization. J. Investig. Med. 2025, 73, 261–267. [CrossRef] [PubMed]

256. Mäkinen, E.; Heikkinen, S.; Pitkäniemi, J.; Seppä, K. The Association of Type 2 Diabetes and Its Complications with the Risk of
Colorectal Cancer. Cancer Epidemiol. 2025, 98, 102879. [CrossRef] [PubMed]

257. Huang, J.; Zhong, C.C.; Li, Z.; Jiang, Y.; Yang, Z.; Yuan, J.; Poon, J.; Dou, Q.; Wong, M.C.S. Machine Learning Predictive Models for
Survival in Colorectal Cancer Patients with Diabetes: A Cohort Study of 10 749 Subjects. J. Dig. Dis. 2025, 26, 477–491. [CrossRef]
[PubMed]

258. Fernandez, C.J.; George, A.S.; Subrahmanyan, N.A.; Pappachan, J.M. Epidemiological Link Between Obesity, Type 2 Diabetes
Mellitus and Cancer. World J. Methodol. 2021, 11, 23–45. [CrossRef] [PubMed]

259. Sun, Y.; Liu, Y.; Dian, Y.; Zeng, F.; Deng, G.; Lei, S. Association of Glucagon-Like Peptide-1 Receptor Agonists with Risk of
Cancers-Evidence from a Drug Target Mendelian Randomization and Clinical Trials. Int. J. Surg. 2024, 110, 4688–4694. [CrossRef]
[PubMed]

260. Zhang, G.; Wang, Z.; Yu, H.; Liu, X. A Commentary on ‘Association of Glucagon-Like Peptide-1 Receptor Agonists with Risk of
Cancers-Evidence from a Drug Target Mendelian Randomization and Clinical Trials’. Int. J. Surg. 2024, 110, 6034–6035. [CrossRef]
[PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1007/s11605-017-3362-9
https://www.ncbi.nlm.nih.gov/pubmed/28101721
https://doi.org/10.3390/cancers14040931
https://www.ncbi.nlm.nih.gov/pubmed/35205678
https://doi.org/10.3390/nu14245259
https://www.ncbi.nlm.nih.gov/pubmed/36558416
https://doi.org/10.1093/jncics/pkab084
https://www.ncbi.nlm.nih.gov/pubmed/34805742
https://doi.org/10.1007/s10552-012-0066-z
https://www.ncbi.nlm.nih.gov/pubmed/23011535
https://doi.org/10.1039/9781839166495-00001
https://doi.org/10.3390/biomedicines13112717
https://www.ncbi.nlm.nih.gov/pubmed/41301810
https://doi.org/10.1016/j.taap.2025.117227
https://www.ncbi.nlm.nih.gov/pubmed/39788208
https://doi.org/10.3390/ijms25105260
https://www.ncbi.nlm.nih.gov/pubmed/38791299
https://doi.org/10.3389/fendo.2023.1189570
https://www.ncbi.nlm.nih.gov/pubmed/37711894
https://doi.org/10.1007/s00125-025-06631-z
https://www.ncbi.nlm.nih.gov/pubmed/41398395
https://doi.org/10.3389/fnut.2025.1694231
https://www.ncbi.nlm.nih.gov/pubmed/41586238
https://doi.org/10.2196/62756
https://www.ncbi.nlm.nih.gov/pubmed/40300170
https://doi.org/10.1136/gutjnl-2020-321661
https://www.ncbi.nlm.nih.gov/pubmed/33037055
https://doi.org/10.1038/s41574-025-01159-z
https://www.ncbi.nlm.nih.gov/pubmed/40781551
https://doi.org/10.1177/10815589241296022
https://www.ncbi.nlm.nih.gov/pubmed/39417410
https://doi.org/10.1016/j.canep.2025.102879
https://www.ncbi.nlm.nih.gov/pubmed/40675088
https://doi.org/10.1111/1751-2980.70019
https://www.ncbi.nlm.nih.gov/pubmed/41309105
https://doi.org/10.5662/wjm.v11.i3.23
https://www.ncbi.nlm.nih.gov/pubmed/34026577
https://doi.org/10.1097/JS9.0000000000001514
https://www.ncbi.nlm.nih.gov/pubmed/38701500
https://doi.org/10.1097/JS9.0000000000001725
https://www.ncbi.nlm.nih.gov/pubmed/38814292
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 65 of 73

261. Kuo, C.C.; Chuang, M.H.; Li, C.H.; Tsai, Y.W.; Huang, P.Y.; Kuo, H.T.; Lai, C.C. Glucagon-Like Peptide-1 Receptor Agonists and
Gastrointestinal Cancer Risk in Individuals with Type 2 Diabetes. Diabetologia 2025, 68, 1924–1936. [CrossRef] [PubMed]

262. Wang, L.; Wang, W.; Kaelber, D.C.; Xu, R.; Berger, N.A. GLP-1 Receptor Agonists and Colorectal Cancer Risk in Drug-Naive
Patients with Type 2 Diabetes, with and without Overweight/Obesity. JAMA Oncol. 2024, 10, 256–258. [CrossRef] [PubMed]

263. Guo, M.; Liu, Y.; Zeng, Y.; Chen, J.; Zeng, C.; Huang, L.L.; Wang, J.Y.; Wu, Y.H.; Wu, Q.; Teng, F.Y.; et al. Association Between
GLP-1 Receptor Agonists and the Risk of Colon Cancer in Adults with Type 2 Diabetes or Obesity: A Systematic Review and
Network Meta-Analysis. Diabetes Metab. Res. Rev. 2026, 42, e70134. [CrossRef] [PubMed]

264. Saghafi, S.; Yaghoubi, M.A.; Safarpour, H.; Raeisi, H.; Mousavi, Z. Protecting the Endocrine Axis in Immuno-Oncology: GLP-1
Receptor Agonists as Host-Directed Modulators in Colorectal Cancer. Biomed. Pharmacother. 2026, 194, 118948. [CrossRef]
[PubMed]

265. Lv, Z.; Guo, Y. Metformin and Its Benefits for Various Diseases. Front. Endocrinol. 2020, 11, 191. [CrossRef] [PubMed]
266. Alasiri, G.; Almohandes, A.M.; Almutairi, R.H.; Busaid, N.F.; Allahem, H.H.; Aldali, J.A.; Aljehani, A.M.; Alrfaei, B.M. Impact of

Obesity and Diabetes on Colorectal Cancer in Saudi Arabia Is Associated with Liver Γ-Glutamyl Transferase Abnormality. Exp.
Ther. Med. 2024, 29, 23. [CrossRef] [PubMed]

267. Gonzatti, M.B.; Goldberg, E.L. Ketone Bodies as Chemical Signals for the Immune System. Am. J. Physiol. Cell Physiol. 2024, 326,
C707–C711. [CrossRef] [PubMed]

268. Miro, C.; Docimo, A.; Barrea, L.; Verde, L.; Cernea, S.; Sojat, A.S.; Marina, L.V.; Docimo, G.; Colao, A.; Dentice, M.; et al. “Time”
for Obesity-Related Cancer: The Role of the Circadian Rhythm in Cancer Pathogenesis and Treatment. Semin. Cancer Biol. 2023,
91, 99–109. [CrossRef] [PubMed]

269. Kliemann, N.; Rauber, F.; Bertazzi Levy, R.; Viallon, V.; Vamos, E.P.; Cordova, R.; Freisling, H.; Casagrande, C.; Nicolas, G.; Tsilidis,
K.K.; et al. Food Processing and Cancer Risk in Europe: Results from the Prospective EPIC Cohort Study. Lancet Planet. Health
2023, 7, e219–e232. [CrossRef] [PubMed]

270. Palomar-Cros, A.; Straif, K.; Romaguera, D.; Aragonés, N.; Castaño-Vinyals, G.; Martin, V.; Moreno, V.; Gómez-Acebo, I.;
Guevara, M.; Aizpurua, A.; et al. Consumption of Aspartame and Other Artificial Sweeteners and Risk of Cancer in the Spanish
Multicase-Control Study (MCC-Spain). Int. J. Cancer 2023, 153, 979–993. [CrossRef] [PubMed]

271. O’Keefe, S.J. Diet, Microorganisms and Their Metabolites, and Colon Cancer. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 691–706.
[CrossRef] [PubMed]

272. Wang, C.; Qin, S.; Shi, J.; Zhu, J.; Ju, X.; Wang, W.; Yang, L. Ideal Dietary Fiber Model: Personalized Gut Microbiota Modulation
Based on Structure-Function Relationships. Carbohydr. Polym. 2025, 368, 124097. [CrossRef] [PubMed]

273. Kang, S.; Jeong, D.Y.; Seo, J.; Daily, J.W.; Park, S. Microbiota-Mediated Bile Acid Metabolism as a Mechanistic Framework for
Precision Nutrition in Gastrointestinal and Metabolic Diseases. Cells 2025, 15, 23. [CrossRef] [PubMed]

274. Hartman, T.J.; Christie, J.; Wilson, A.; Ziegler, T.R.; Methe, B.; Flanders, W.D.; Rolls, B.J.; Loye Eberhart, B.; Li, J.V.; Huneault, H.;
et al. Fibre-Rich Foods to Treat Obesity and Prevent Colon Cancer Trial Study Protocol: A Randomised Clinical Trial of Fibre-Rich
Legumes Targeting the Gut Microbiome, Metabolome and Gut Transit Time of Overweight And Obese Patients with a History Of
Noncancerous Adenomatous Polyps. BMJ Open 2024, 14, e081379. [CrossRef] [PubMed]

275. Prakash, V.; Bose, C.; Sunilkumar, D.; Cherian, R.M.; Thomas, S.S.; Nair, B.G. Resveratrol as a Promising Nutraceutical:
Implications in Gut Microbiota Modulation, Inflammatory Disorders, and Colorectal Cancer. Int. J. Mol. Sci. 2024, 25, 3370.
[CrossRef] [PubMed]

276. Chow, Z.; Liu, J.; He, D.; Wang, C.; Gan, T.; Mansour, A.; Shaker, N.; Dravillas, C.; Hoyd, R.; Durbin, E.; et al. Colon Cancer in
Appalachian Kentucky: Unique Genetic, Microbiome and Obesity Findings in a Cohort Comparison. HGG Adv. 2026, 7, 100527.
[CrossRef] [PubMed]

277. Tammi, R.; Maukonen, M.; Kaartinen, N.E.; Koponen, K.; Niiranen, T.; Méric, G.; Albanes, D.; Eriksson, J.G.; Jousilahti, P.;
Koskinen, S.; et al. Interplay Between Colorectal Cancer-Related Lifestyles and the Gut Microbiome: An Exploratory Analysis of
Metagenomic Data. Cancer Causes Control. 2026, 37, 58. [CrossRef] [PubMed]

278. Geier, D.A.; Geier, M.R. Colon Cancer Risk Following Intestinal Clostridioides difficile Infection: A Longitudinal Cohort Study. J.
Clin. Med. Res. 2023, 15, 310–320. [CrossRef] [PubMed]

279. Engelsberger, V.; Gerhard, M.; Mejías-Luque, R. Effects of Helicobacter Pylori Infection on Intestinal Microbiota, Immunity and
Colorectal Cancer Risk. Front. Cell Infect. Microbiol. 2024, 14, 1339750. [CrossRef]

280. Li, H.; Shan, C.; Zhu, Y.; Yao, X.; Lin, L.; Zhang, X.; Qian, Y.; Wang, Y.; Xu, J.; Zhang, Y.; et al. Helminth-Induced Immune
Modulation in Colorectal Cancer: Exploring Therapeutic Applications. Front. Immunol. 2025, 16, 1484686. [CrossRef] [PubMed]

281. Gholami, M. Novel Genetic Association Between Obesity, Colorectal Cancer, and Inflammatory Bowel Disease. J. Diabetes Metab.
Disord. 2023, 23, 739–744. [CrossRef] [PubMed]

282. Tomlinson, I.P.; Webb, E.; Carvajal-Carmona, L.; Broderick, P.; Howarth, K.; Pittman, A.M.; Spain, S.; Lubbe, S.; Walther, A.;
Sullivan, K.; et al. A Genome-Wide Association Study Identifies Colorectal Cancer Susceptibility Loci on Chromosomes 10p14
and 8q23.3. Nat. Genet. 2008, 40, 623–630. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1007/s00125-025-06453-z
https://www.ncbi.nlm.nih.gov/pubmed/40471238
https://doi.org/10.1001/jamaoncol.2023.5573
https://www.ncbi.nlm.nih.gov/pubmed/38060218
https://doi.org/10.1002/dmrr.70134
https://www.ncbi.nlm.nih.gov/pubmed/41668634
https://doi.org/10.1016/j.biopha.2025.118948
https://www.ncbi.nlm.nih.gov/pubmed/41496347
https://doi.org/10.3389/fendo.2020.00191
https://www.ncbi.nlm.nih.gov/pubmed/32425881
https://doi.org/10.3892/etm.2024.12773
https://www.ncbi.nlm.nih.gov/pubmed/39650774
https://doi.org/10.1152/ajpcell.00478.2023
https://www.ncbi.nlm.nih.gov/pubmed/38189135
https://doi.org/10.1016/j.semcancer.2023.03.003
https://www.ncbi.nlm.nih.gov/pubmed/36893964
https://doi.org/10.1016/S2542-5196(23)00021-9
https://www.ncbi.nlm.nih.gov/pubmed/36889863
https://doi.org/10.1002/ijc.34577
https://www.ncbi.nlm.nih.gov/pubmed/37323037
https://doi.org/10.1038/nrgastro.2016.165
https://www.ncbi.nlm.nih.gov/pubmed/27848961
https://doi.org/10.1016/j.carbpol.2025.124097
https://www.ncbi.nlm.nih.gov/pubmed/40947184
https://doi.org/10.3390/cells15010023
https://www.ncbi.nlm.nih.gov/pubmed/41511307
https://doi.org/10.1136/bmjopen-2023-081379
https://www.ncbi.nlm.nih.gov/pubmed/38316601
https://doi.org/10.3390/ijms25063370
https://www.ncbi.nlm.nih.gov/pubmed/38542344
https://doi.org/10.1016/j.xhgg.2025.100527
https://www.ncbi.nlm.nih.gov/pubmed/41063459
https://doi.org/10.1007/s10552-026-02144-1
https://www.ncbi.nlm.nih.gov/pubmed/41811526
https://doi.org/10.14740/jocmr4919
https://www.ncbi.nlm.nih.gov/pubmed/37434772
https://doi.org/10.3389/fcimb.2024.1339750
https://doi.org/10.3389/fimmu.2025.1484686
https://www.ncbi.nlm.nih.gov/pubmed/40297577
https://doi.org/10.1007/s40200-023-01343-w
https://www.ncbi.nlm.nih.gov/pubmed/38932827
https://doi.org/10.1038/ng.111
https://www.ncbi.nlm.nih.gov/pubmed/18372905
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 66 of 73

283. Laskar, R.S.; Qu, C.; Huyghe, J.R.; Harrison, T.; Hayes, R.B.; Cao, Y.; Campbell, P.T.; Steinfelder, R.; Talukdar, F.R.; Brenner, H.;
et al. Genome-wide association studies and Mendelian randomization analyses provide insights into the causes of early-onset
colorectal cancer. Ann. Oncol. 2024, 35, 523–536. [CrossRef] [PubMed]

284. Yang, B.; Thrift, A.P.; Figueiredo, J.C.; Jenkins, M.A.; Schumacher, F.R.; Conti, D.V.; Lin, Y.; Win, A.K.; Limburg, P.J.; Berndt, S.I.;
et al. Common Variants in the Obesity-Associated Genes FTO and MC4R Are Not Associated with Risk of Colorectal Cancer.
Cancer Epidemiol. 2016, 44, 1–4. [CrossRef] [PubMed]

285. Yang, Y.; Meng, W.J.; Wang, Z.Q. Immunotherapy with Immune Checkpoint Inhibitors for Advanced Colorectal Cancer: A
Promising Individualized Treatment Strategy. Front. Biosci. 2023, 28, 69. [CrossRef] [PubMed]

286. Yan, S.; Wang, W.; Feng, Z.; Xue, J.; Liang, W.; Wu, X.; Tan, Z.; Zhang, X.; Zhang, S.; Li, X.; et al. Immune Checkpoint Inhibitors in
Colorectal Cancer: Limitation and Challenges. Front. Immunol. 2024, 15, 1403533. [CrossRef] [PubMed]

287. Heregger, R.; Huemer, F.; Steiner, M.; Gonzalez-Martinez, A.; Greil, R.; Weiss, L. Unraveling Resistance to Immunotherapy in
MSI-High Colorectal Cancer. Cancers 2023, 15, 5090. [CrossRef] [PubMed]

288. Lin, A.; Zhang, J.; Luo, P. Crosstalk Between the MSI Status and Tumor Microenvironment in Colorectal Cancer. Front. Immunol.
2020, 11, 2039. [CrossRef] [PubMed]

289. Wang, Q.; Yu, M.; Zhang, S. The Characteristics of The Tumor Immune Microenvironment in Colorectal Cancer with Different
MSI Status and Current Therapeutic Strategies. Front. Immunol. 2025, 15, 1440830. [CrossRef] [PubMed]

290. Bruni, D.; Angell, H.K.; Galon, J. The Immune Contexture and Immunoscore in Cancer Prognosis and Therapeutic Efficacy. Nat.
Rev. Cancer 2020, 20, 662–680. [CrossRef] [PubMed]

291. Borràs, D.M.; Verbandt, S.; Ausserhofer, M.; Sturm, G.; Lim, J.; Verge, G.A.; Vanmeerbeek, I.; Laureano, R.S.; Govaerts, J.; Sprooten,
J.; et al. Single Cell Dynamics of Tumor Specificity vs Bystander Activity in CD8+ T Cells Define the Diverse Immune Landscapes
in Colorectal Cancer. Cell Discov. 2023, 9, 114. [CrossRef] [PubMed]

292. Pelka, K.; Hofree, M.; Chen, J.H.; Sarkizova, S.; Pirl, J.D.; Jorgji, V.; Bejnood, A.; Dionne, D.; Ge, W.H.; Xu, K.H.; et al. Spatially
Organized Multicellular Immune Hubs in Human Colorectal Cancer. Cell 2021, 184, 4734–4752.e20. [CrossRef] [PubMed]

293. Liu, R.X.; Wen, C.; Ye, W.; Li, Y.; Chen, J.; Zhang, Q.; Li, W.; Liang, W.; Wei, L.; Zhang, J.; et al. Altered B Cell Immunoglobulin
Signature Exhibits Potential Diagnostic Values in Human Colorectal Cancer. iScience 2023, 26, 106140. [CrossRef] [PubMed]

294. Fagarasan, G.; Fagarasan, V.; Bintintan, V.V.; Dindelegan, G.C. The Role of Tumor-Infiltrating B Lymphocytes in Colorectal Cancer
Patients: A Systematic Review of Immune Landscape Evolution. Cancers 2025, 17, 2996. [CrossRef] [PubMed]

295. Yamamoto, H.; Watanabe, Y.; Arai, H.; Umemoto, K.; Tateishi, K.; Sunakawa, Y. Microsatellite Instability: A 2024 Update. Cancer
Sci. 2024, 115, 1738–1748. [CrossRef] [PubMed]

296. Ambrosini, M.; Manca, P.; Nasca, V.; Sciortino, C.; Ghelardi, F.; Seligmann, J.F.; Taieb, J.; Pietrantonio, F. Epidemiology, Patho-
genesis, Biology and Evolving Management of MSI-H/dMMR Cancers. Nat. Rev. Clin. Oncol. 2025, 22, 385–407. [CrossRef]
[PubMed]

297. Luke, J.J.; Bao, R.; Sweis, R.F.; Spranger, S.; Gajewski, T.F. WNT/B-Catenin Pathway Activation Correlates with Immune Exclusion
Across Human Cancers. Clin. Cancer Res. 2019, 25, 3074–3083. [CrossRef] [PubMed Central]

298. Wang, L.; Geng, H.; Liu, Y.; Liu, L.; Chen, Y.; Wu, F.; Liu, Z.; Ling, S.; Wang, Y.; Zhou, L. Hot and Cold Tumors: Immunological
Features and the Therapeutic Strategies. MedComm 2023, 4, e343. [CrossRef] [PubMed]

299. Zhao, T.; Li, Y.; Zhang, J.; Zhang, B. PD-L1 Expression Increased By IFN-γ via JAK2-STAT1 Signaling and Predicts Poor Survival
in Colorectal Cancer. Oncol. Lett. 2020, 20, 1127–1134. [CrossRef] [PubMed]

300. Tang, Y.; Wei, J.; Ge, X.; Yu, C.; Lu, W.; Qian, Y.; Yang, H.; Fu, D.; Fang, Y.; Zhou, X.; et al. Intratumoral Injection of Interferon
Gamma Promotes the Efficacy Of Anti-PD1 Treatment in Colorectal Cancer. Cancer Lett. 2024, 588, 216798. [CrossRef] [PubMed]

301. Guinney, J.; Dienstmann, R.; Wang, X.; de Reyniès, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat. Med. 2015, 21, 1350–1356. [CrossRef] [PubMed]

302. Zheng, Z.; Wieder, T.; Mauerer, B.; Schäfer, L.; Kesselring, R.; Braumüller, H. T Cells in Colorectal Cancer: Unravelling the
Function of Different T Cell Subsets in the Tumor Microenvironment. Int. J. Mol. Sci. 2023, 24, 11673. [CrossRef] [PubMed]

303. Watson, N.B.; Patel, R.K.; Kean, C.; Veazey, J.; Oyesola, O.O.; Laniewski, N.; Grenier, J.K.; Wang, J.; Tabilas, C.; Yee Mon, K.J.; et al.
The Gene Regulatory Basis of Bystander Activation in CD8+ T Cells. Sci. Immunol. 2024, 9, eadf8776. [CrossRef] [PubMed]

304. De Simone, V.; Pallone, F.; Monteleone, G.; Stolfi, C. Role of TH17 Cytokines in tThe Control of Colorectal Cancer. Oncoimmunology
2013, 2, e26617. [CrossRef] [PubMed]

305. Amicarella, F.; Muraro, M.G.; Hirt, C.; Cremonesi, E.; Padovan, E.; Mele, V.; Governa, V.; Han, J.; Huber, X.; Droeser, R.A.; et al.
Dual Role of Tumour-Infiltrating T Helper 17 Cells in Human Colorectal Cancer. Gut 2017, 66, 692–704. [CrossRef] [PubMed]

306. Li, J.; Zeng, M.; Yan, K.; Yang, Y.; Li, H.; Xu, X. IL-17 Promotes Hepatocellular Carcinoma through Inhibiting Apoptosis Induced
by IFN-γ. Biochem. Biophys. Res. Commun. 2020, 522, 525–531. [CrossRef] [PubMed]

307. Wu, T.; Cui, L.; Liang, Z.; Liu, C.; Liu, Y.; Li, J. Elevated Serum IL-22 Levels Correlate wWith Chemoresistant Condition of
Colorectal Cancer. Clin. Immunol. 2013, 147, 38–39. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1016/j.annonc.2024.02.008
https://www.ncbi.nlm.nih.gov/pubmed/38408508
https://doi.org/10.1016/j.canep.2016.07.003
https://www.ncbi.nlm.nih.gov/pubmed/27449576
https://doi.org/10.31083/j.fbl2804069
https://www.ncbi.nlm.nih.gov/pubmed/37114536
https://doi.org/10.3389/fimmu.2024.1403533
https://www.ncbi.nlm.nih.gov/pubmed/38919624
https://doi.org/10.3390/cancers15205090
https://www.ncbi.nlm.nih.gov/pubmed/37894457
https://doi.org/10.3389/fimmu.2020.02039
https://www.ncbi.nlm.nih.gov/pubmed/32903444
https://doi.org/10.3389/fimmu.2024.1440830
https://www.ncbi.nlm.nih.gov/pubmed/39877377
https://doi.org/10.1038/s41568-020-0285-7
https://www.ncbi.nlm.nih.gov/pubmed/32753728
https://doi.org/10.1038/s41421-023-00605-4
https://www.ncbi.nlm.nih.gov/pubmed/37968259
https://doi.org/10.1016/j.cell.2021.08.003
https://www.ncbi.nlm.nih.gov/pubmed/34450029
https://doi.org/10.1016/j.isci.2023.106140
https://www.ncbi.nlm.nih.gov/pubmed/36879799
https://doi.org/10.3390/cancers17182996
https://www.ncbi.nlm.nih.gov/pubmed/41008839
https://doi.org/10.1111/cas.16160
https://www.ncbi.nlm.nih.gov/pubmed/38528657
https://doi.org/10.1038/s41571-025-01015-z
https://www.ncbi.nlm.nih.gov/pubmed/40181086
https://doi.org/10.1158/1078-0432.CCR-18-1942
https://pmc.ncbi.nlm.nih.gov/articles/PMC6522301
https://doi.org/10.1002/mco2.343
https://www.ncbi.nlm.nih.gov/pubmed/37638340
https://doi.org/10.3892/ol.2020.11647
https://www.ncbi.nlm.nih.gov/pubmed/32724352
https://doi.org/10.1016/j.canlet.2024.216798
https://www.ncbi.nlm.nih.gov/pubmed/38467181
https://doi.org/10.1038/nm.3967
https://www.ncbi.nlm.nih.gov/pubmed/26457759
https://doi.org/10.3390/ijms241411673
https://www.ncbi.nlm.nih.gov/pubmed/37511431
https://doi.org/10.1126/sciimmunol.adf8776
https://www.ncbi.nlm.nih.gov/pubmed/38394230
https://doi.org/10.4161/onci.26617
https://www.ncbi.nlm.nih.gov/pubmed/24498548
https://doi.org/10.1136/gutjnl-2015-310016
https://www.ncbi.nlm.nih.gov/pubmed/26719303
https://doi.org/10.1016/j.bbrc.2019.11.134
https://www.ncbi.nlm.nih.gov/pubmed/31784083
https://doi.org/10.1016/j.clim.2013.02.007
https://www.ncbi.nlm.nih.gov/pubmed/23501837
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 67 of 73

308. Suzuki, T.; Hayman, L.; Kilbey, A.; Edwards, J.; Coffelt, S.B. Gut Γδ T Cells as Guardians, Disruptors, and Instigators of Cancer.
Immunol. Rev. 2020, 298, 198–217. [CrossRef] [PubMed]

309. de Vries, N.L.; van de Haar, J.; Veninga, V.; Chalabi, M.; Ijsselsteijn, M.E.; van der Ploeg, M.; van den Bulk, J.; Ruano, D.; van den
Berg, J.G.; Haanen, J.B.; et al. γδ T cells are effectors of immunotherapy in cancers with HLA class I defects. Nature 2023, 613,
743–750. [CrossRef] [PubMed]

310. Spranger, S.; Bao, R.; Gajewski, T.F. Melanoma-Intrinsic B-Catenin Signalling Prevents Anti-Tumour Immunity. Nature 2015, 523,
231–235. [CrossRef] [PubMed]

311. Pai, S.G.; Carneiro, B.A.; Mota, J.M.; Costa, R.; Leite, C.A.; Barroso-Sousa, R.; Kaplan, J.B.; Chae, Y.K.; Giles, F.J. Wnt/Beta-Catenin
Pathway: Modulating Anticancer Immune Response. J. Hematol. Oncol. 2017, 10, 101. [CrossRef] [PubMed]

312. Tauriello, D.V.F.; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;
Cañellas, A.; Hernando-Momblona, X.; et al. TGFβ Drives Immune Evasion in Genetically Reconstituted Colon Cancer Metastasis.
Nature 2018, 554, 538–543. [CrossRef] [PubMed]

313. Xia, L.; Oyang, L.; Lin, J.; Tan, S.; Han, Y.; Wu, N.; Yi, P.; Tang, L.; Pan, Q.; Rao, S.; et al. The Cancer Metabolic Reprogramming
and Immune Response. Mol. Cancer 2021, 20, 28. [CrossRef] [PubMed]

314. Wang, J.; He, Y.; Hu, F.; Hu, C.; Sun, Y.; Yang, K.; Yang, S. Metabolic Reprogramming of Immune Cells in the Tumor Microenviron-
ment. Int. J. Mol. Sci. 2024, 25, 12223. [CrossRef] [PubMed]

315. Witte, D.; Ali, N.; Carlson, N.; Younes, M. Overexpression of the Neutral Amino Acid Transporter ASCT2 in Human Colorectal
Adenocarcinoma. Anticancer Res. 2002, 22, 2555–2557. [PubMed]

316. Chan, E.C.; Koh, P.K.; Mal, M.; Cheah, P.Y.; Eu, K.W.; Backshall, A.; Cavill, R.; Nicholson, J.K.; Keun, H.C. Metabolic Profiling of
Human Colorectal Cancer Using High-Resolution Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy and Gas
Chromatography Mass Spectrometry. J. Proteome Res. 2009, 8, 352–361. [CrossRef] [PubMed]

317. Huang, F.; Zhao, Y.; Zhao, J.; Wu, S.; Jiang, Y.; Ma, H.; Zhang, T. Upregulated SLC1A5 Promotes Cell Growth and Survival in
Colorectal Cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 6006–6014. [PubMed]

318. Scalise, M.; Pochini, L.; Console, L.; Losso, M.A.; Indiveri, C. The Human SLC1A5 (ASCT2) Transporter: Role in Cell Biology.
Front. Cell Dev. Biol. 2018, 6, 96. [CrossRef] [PubMed]

319. Li, J.; Wang, R.; Zhou, X.; Wang, W.; Gao, S.; Mao, Y.; Wu, X.; Guo, L.; Liu, H.; Wen, L.; et al. Genomic and Transcriptomic Profiling
of Carcinogenesis in Patients with Familial Adenomatous Polyposis. Gut 2020, 69, 1283–1293. [CrossRef] [PubMed]

320. Ippolito, L.; Morandi, A.; Giannoni, E.; Chiarugi, P. Lactate: A Metabolic Driver in the Tumour Landscape. Trends Biochem. Sci.
2019, 44, 153–166. [CrossRef] [PubMed]

321. Nicolini, A.; Ferrari, P. Involvement of Tumor Immune Microenvironment Metabolic Reprogramming in Colorectal Cancer
Progression, Immune Escape, and Response to Immunotherapy. Front. Immunol. 2024, 15, 1353787. [CrossRef] [PubMed]

322. Hu, S.; Heng, H.; Yang, F.; Wang, M.; Liu, G.; Xiang, Y.; Miao, H. The Metabolism-Immune Axis in Colorectal Cancer: Remodeling
the Tumor Microenvironment through Metabolite Signaling. Front. Immunol. 2025, 16, 1735873. [CrossRef] [PubMed]

323. Carr, E.L.; Kelman, A.; Wu, G.S.; Gopaul, R.; Senkevitch, E.; Aghvanyan, A.; Turay, A.M.; Frauwirth, K.A. Glutamine Uptake and
Metabolism Are Coordinately Regulated by ERK/MAPK During T Lymphocyte Activation. J. Immunol. 2010, 185, 1037–1044.
[CrossRef] [PubMed]

324. Metzler, B.; Gfeller, P.; Guinet, E. Restricting Glutamine or Glutamine-Dependent Purine and Pyrimidine Syntheses Promotes
Human T Cells with High FOXP3 Expression and Regulatory Properties. J. Immunol. 2016, 196, 3618–3630. [CrossRef] [PubMed]

325. Gupta, N.; Miyauchi, S.; Martindale, R.G.; Herdman, A.V.; Podolsky, R.; Miyake, K. Upregulation of the Amino Acid Transporter
ATB0+ (SLC6A14) in Colorectal Cancer and Metastasis in Humans. Biochim. Biophys. Acta 2005, 174, 215–223. [CrossRef]
[PubMed]

326. Elliott, L.A.; Doherty, G.A.; Sheahan, K.; Ryan, E.J. Human Tumor-Infiltrating Myeloid Cells: Phenotypic and Functional Diversity.
Front. Immunol. 2017, 8, 86. [CrossRef] [PubMed]

327. Seo, S.K.; Kwon, B. Immune Regulation through Tryptophan Metabolism. Exp. Mol. Med. 2023, 55, 1371–1379. [CrossRef]
[PubMed]

328. Siska, P.J.; Kim, B.; Ji, X.; Hoeksema, M.D.; Massion, P.P.; Beckermann, K.E.; Wu, J.; Chi, J.T.; Hong, J.; Rathmell, J.C. Fluorescence-
Based Measurement of Cystine Uptake Through Xct Shows Requirement for ROS Detoxification in Activated Lymphocytes. J.
Immunol. Methods 2016, 438, 51–58. [CrossRef] [PubMed]

329. Bian, Y.; Li, W.; Kremer, D.M.; Sajjakulnukit, P.; Li, S.; Crespo, J.; Nwosu, Z.C.; Zhang, L.; Czerwonka, A.; Pawłowska, A.; et al.
Cancer SLC43A2 alters T cell methionine metabolism and histone methylation. Nature 2020, 585, 277–282. [CrossRef] [PubMed]

330. Roy, D.G.; Chen, J.; Mamane, V.; Ma, E.H.; Muhire, B.M.; Sheldon, R.D.; Shorstova, T.; Koning, R.; Johnson, R.M.; Esaulova, E.;
et al. Methionine Metabolism Shapes T Helper Cell Responses Through Regulation of Epigenetic Reprogramming. Cell Metab.
2020, 31, 250–266.e9. [CrossRef] [PubMed]

331. Ron-Harel, N.; Ghergurovich, J.M.; Notarangelo, G.; LaFleur, M.W.; Tsubosaka, Y.; Sharpe, A.H.; Rabinowitz, J.D.; Haigis, M.C. T
Cell Activation Depends on Extracellular Alanine. Cell Rep. 2019, 28, 3011–3021.e4. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1111/imr.12916
https://www.ncbi.nlm.nih.gov/pubmed/32840001
https://doi.org/10.1038/s41586-022-05593-1
https://www.ncbi.nlm.nih.gov/pubmed/36631610
https://doi.org/10.1038/nature14404
https://www.ncbi.nlm.nih.gov/pubmed/25970248
https://doi.org/10.1186/s13045-017-0471-6
https://www.ncbi.nlm.nih.gov/pubmed/28476164
https://doi.org/10.1038/nature25492
https://www.ncbi.nlm.nih.gov/pubmed/29443964
https://doi.org/10.1186/s12943-021-01316-8
https://www.ncbi.nlm.nih.gov/pubmed/33546704
https://doi.org/10.3390/ijms252212223
https://www.ncbi.nlm.nih.gov/pubmed/39596288
https://www.ncbi.nlm.nih.gov/pubmed/12529963
https://doi.org/10.1021/pr8006232
https://www.ncbi.nlm.nih.gov/pubmed/19063642
https://www.ncbi.nlm.nih.gov/pubmed/25337245
https://doi.org/10.3389/fcell.2018.00096
https://www.ncbi.nlm.nih.gov/pubmed/30234109
https://doi.org/10.1136/gutjnl-2019-319438
https://www.ncbi.nlm.nih.gov/pubmed/31744909
https://doi.org/10.1016/j.tibs.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30473428
https://doi.org/10.3389/fimmu.2024.1353787
https://www.ncbi.nlm.nih.gov/pubmed/39119332
https://doi.org/10.3389/fimmu.2025.1735873
https://www.ncbi.nlm.nih.gov/pubmed/41488637
https://doi.org/10.4049/jimmunol.0903586
https://www.ncbi.nlm.nih.gov/pubmed/20554958
https://doi.org/10.4049/jimmunol.1501756
https://www.ncbi.nlm.nih.gov/pubmed/27022197
https://doi.org/10.1016/j.bbadis.2005.04.002
https://www.ncbi.nlm.nih.gov/pubmed/15905073
https://doi.org/10.3389/fimmu.2017.00086
https://www.ncbi.nlm.nih.gov/pubmed/28220123
https://doi.org/10.1038/s12276-023-01028-7
https://www.ncbi.nlm.nih.gov/pubmed/37394584
https://doi.org/10.1016/j.jim.2016.08.013
https://www.ncbi.nlm.nih.gov/pubmed/27594594
https://doi.org/10.1038/s41586-020-2682-1
https://www.ncbi.nlm.nih.gov/pubmed/32879489
https://doi.org/10.1016/j.cmet.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/32023446
https://doi.org/10.1016/j.celrep.2019.08.034
https://www.ncbi.nlm.nih.gov/pubmed/31533027
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 68 of 73

332. Haas, R.; Smith, J.; Rocher-Ros, V.; Nadkarni, S.; Montero-Melendez, T.; D’Acquisto, F.; Bland, E.J.; Bombardieri, M.; Pitzalis,
C.; Perretti, M.; et al. Lactate Regulates Metabolic and Pro-Inflammatory Circuits in Control of T Cell Migration and Effector
Functions. PLoS Biol. 2015, 13, e1002202. [CrossRef] [PubMed]

333. Moriwaki, K.; Noda, K.; Furukawa, Y.; Ohshima, K.; Uchiyama, A.; Nakagawa, T.; Taniguchi, N.; Daigo, Y.; Nakamura, Y.;
Hayashi, N.; et al. Deficiency of GMDS Leads to Escape from NK Cell-Mediated Tumor Surveillance Through Modulation of
TRAIL Signaling. Gastroenterology 2009, 137, 188–198.e2. [CrossRef] [PubMed]

334. Brand, A.; Singer, K.; Koehl, G.E.; Kolitzus, M.; Schoenhammer, G.; Thiel, A.; Matos, C.; Bruss, C.; Klobuch, S.; Peter, K.; et al.
LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab. 2016, 24, 657–671.
[CrossRef] [PubMed]

335. Feng, J.; Yang, H.; Zhang, Y.; Wei, H.; Zhu, Z.; Zhu, B.; Yang, M.; Cao, W.; Wang, L.; Wu, Z. Tumor Cell-Derived Lactate Induces
TAZ-Dependent Upregulation of PD-L1 Through GPR81 in Human Lung Cancer Cells. Oncogene 2017, 36, 5829–5839. [CrossRef]
[PubMed]

336. Brown, T.P.; Bhattacharjee, P.; Ramachandran, S.; Sivaprakasam, S.; Ristic, B.; Sikder, M.O.F.; Ganapathy, V. The Lactate
Receptor GPR81 Promotes Breast Cancer Growth via a Paracrine Mechanism Involving Antigen-Presenting Cells in the Tumor
Microenvironment. Oncogene 2020, 39, 3292–3304. [CrossRef] [PubMed]

337. Yang, K.; Xu, J.; Fan, M.; Tu, F.; Wang, X.; Ha, T.; Williams, D.L.; Li, C. Lactate Suppresses Macrophage Pro-Inflammatory Response
to LPS Stimulation by Inhibition of YAP and NF-κB Activation via GPR81-Mediated Signaling. Front. Immunol. 2020, 11, 587913.
[CrossRef] [PubMed]

338. Dai, X.; Lv, X.; Thompson, E.; Ostrikov, K. Histone lactylation: Epigenetic mark of glycolytic switch. Trends Genet. 2022, 38,
124–127. [CrossRef] [PubMed]

339. Harris, A.L. Hypoxia—A Key Regulatory Factor in Tumour Growth. Nat. Rev. Cancer. 2002, 2, 38–47. [CrossRef] [PubMed]
340. Masoud, G.N.; Li, W. HIF-1α Pathway: Role, Regulation and Intervention for Cancer Therapy. Acta Pharm. Sin. B. 2015, 5, 378–389.

[CrossRef] [PubMed]
341. Kumar, V.; Stewart, J.H. Immunometabolic Reprogramming, Another Cancer Hallmark. Front. Immunol. 2023, 14, 1125874.

[CrossRef] [PubMed]
342. Herber, D.L.; Cao, W.; Nefedova, Y.; Novitskiy, S.V.; Nagaraj, S.; Tyurin, V.A.; Corzo, A.; Cho, H.I.; Celis, E.; Lennox, B.; et al.

Lipid Accumulation and Dendritic Cell Dysfunction in Cancer. Nat. Med. 2010, 16, 880–886. [CrossRef] [PubMed]
343. Zitvogel, L.; Kroemer, G. Targeting Dendritic Cell Metabolism in Cancer. Nat. Med. 2010, 16, 858–859. [CrossRef] [PubMed]
344. Kes, M.M.G.; Van den Bossche, J.; Griffioen, A.W.; Huijbers, E.J.M. Oncometabolites Lactate and Succinate Drive Pro-Angiogenic

Macrophage Response in Tumors. Biochim. Biophys. Acta Rev. Cancer. 2020, 1874, 188427. [CrossRef] [PubMed]
345. Michalek, R.D.; Gerriets, V.A.; Jacobs, S.R.; Macintyre, A.N.; MacIver, N.J.; Mason, E.F.; Sullivan, S.A.; Nichols, A.G.; Rathmell, J.C.

Cutting Edge: Distinct Glycolytic and Lipid Oxidative Metabolic Programs Are Essential for Effector and Regulatory CD4+ T Cell
Subsets. J. Immunol. 2011, 186, 3299–3303. [CrossRef] [PubMed]

346. Shi, L.Z.; Wang, R.; Huang, G.; Vogel, P.; Neale, G.; Green, D.R.; Chi, H. HIF1alpha-Dependent Glycolytic Pathway Orchestrates a
Metabolic Checkpoint for the Differentiation of TH17 and Treg Cells. J. Exp. Med. 2011, 208, 1367–1376. [CrossRef] [PubMed]

347. Peng, M.; Yin, N.; Chhangawala, S.; Xu, K.; Leslie, C.S.; Li, M.O. Aerobic Glycolysis Promotes T Helper 1 Cell Differentiation
through an Epigenetic Mechanism. Science 2016, 354, 481–484. [CrossRef] [PubMed]

348. Quinn, W.J.; Jiao, J.; TeSlaa, T.; Stadanlick, J.; Wang, Z.; Wang, L.; Akimova, T.; Angelin, A.; Schäfer, P.M.; Cully, M.D.; et al. Lactate
Limits T Cell Proliferation via the NAD(H) Redox State. Cell Rep. 2020, 33, 108500. [CrossRef] [PubMed]

349. Watson, M.J.; Vignali, P.D.A.; Mullett, S.J.; Overacre-Delgoffe, A.E.; Peralta, R.M.; Grebinoski, S.; Menk, A.V.; Rittenhouse, N.L.;
DePeaux, K.; Whetstone, R.D.; et al. Metabolic Support of Tumour-Infiltrating Regulatory T Cells by Lactic Acid. Nature 2021, 591,
645–651. [CrossRef] [PubMed]

350. Namgaladze, D.; Brüne, B. Fatty Acid Oxidation Is Dispensable for Human Macrophage IL-4-Induced Polarization. Biochim.
Biophys. Acta. 2014, 1841, 1329–1335. [CrossRef] [PubMed]

351. Husain, Z.; Huang, Y.; Seth, P.; Sukhatme, V.P. Tumor-Derived Lactate Modifies Antitumor Immune Response: Effect on
Myeloid-Derived Suppressor Cells and NK Cells. J. Immunol. 2013, 191, 1486–1495. [CrossRef] [PubMed]

352. Husain, Z.; Seth, P.; Sukhatme, V.P. Tumor-Derived Lactate and Myeloid-Derived Suppressor Cells: Linking Metabolism to Cancer
Immunology. Oncoimmunology 2013, 2, e26383. [CrossRef] [PubMed]

353. Kumar, V.; Patel, S.; Tcyganov, E.; Gabrilovich, D.I. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenviron-
ment. Trends Immunol. 2016, 37, 208–220. [CrossRef] [PubMed Central]

354. Patel, S.; Fu, S.; Mastio, J.; Dominguez, G.A.; Purohit, A.; Kossenkov, A.; Lin, C.; Alicea-Torres, K.; Sehgal, M.; Nefedova, Y.; et al.
Unique Pattern of Neutrophil Migration and Function During Tumor Progression. Nat. Immunol. 2018, 19, 1236–1247. [CrossRef]
[PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1371/journal.pbio.1002202
https://www.ncbi.nlm.nih.gov/pubmed/26181372
https://doi.org/10.1053/j.gastro.2009.04.002
https://www.ncbi.nlm.nih.gov/pubmed/19361506
https://doi.org/10.1016/j.cmet.2016.08.011
https://www.ncbi.nlm.nih.gov/pubmed/27641098
https://doi.org/10.1038/onc.2017.188
https://www.ncbi.nlm.nih.gov/pubmed/28604752
https://doi.org/10.1038/s41388-020-1216-5
https://www.ncbi.nlm.nih.gov/pubmed/32071396
https://doi.org/10.3389/fimmu.2020.587913
https://www.ncbi.nlm.nih.gov/pubmed/33123172
https://doi.org/10.1016/j.tig.2021.09.009
https://www.ncbi.nlm.nih.gov/pubmed/34627643
https://doi.org/10.1038/nrc704
https://www.ncbi.nlm.nih.gov/pubmed/11902584
https://doi.org/10.1016/j.apsb.2015.05.007
https://www.ncbi.nlm.nih.gov/pubmed/26579469
https://doi.org/10.3389/fimmu.2023.1125874
https://www.ncbi.nlm.nih.gov/pubmed/37275901
https://doi.org/10.1038/nm.2172
https://www.ncbi.nlm.nih.gov/pubmed/20622859
https://doi.org/10.1038/nm0810-858
https://www.ncbi.nlm.nih.gov/pubmed/20689548
https://doi.org/10.1016/j.bbcan.2020.188427
https://www.ncbi.nlm.nih.gov/pubmed/32961257
https://doi.org/10.4049/jimmunol.1003613
https://www.ncbi.nlm.nih.gov/pubmed/21317389
https://doi.org/10.1084/jem.20110278
https://www.ncbi.nlm.nih.gov/pubmed/21708926
https://doi.org/10.1126/science.aaf6284
https://www.ncbi.nlm.nih.gov/pubmed/27708054
https://doi.org/10.1016/j.celrep.2020.108500
https://www.ncbi.nlm.nih.gov/pubmed/33326785
https://doi.org/10.1038/s41586-020-03045-2
https://www.ncbi.nlm.nih.gov/pubmed/33589820
https://doi.org/10.1016/j.bbalip.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/24960101
https://doi.org/10.4049/jimmunol.1202702
https://www.ncbi.nlm.nih.gov/pubmed/23817426
https://doi.org/10.4161/onci.26383
https://www.ncbi.nlm.nih.gov/pubmed/24404426
https://doi.org/10.1016/j.it.2016.01.004
https://pmc.ncbi.nlm.nih.gov/articles/PMC4775398
https://doi.org/10.1038/s41590-018-0229-5
https://www.ncbi.nlm.nih.gov/pubmed/30323345
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 69 of 73

355. Tcyganov, E.; Mastio, J.; Chen, E.; Gabrilovich, D.I. Plasticity of Myeloid-Derived Suppressor Cells in Cancer. Curr. Opin. Immunol.
2018, 51, 76–82. [CrossRef] [PubMed]

356. Veglia, F.; Tyurin, V.A.; Blasi, M.; De Leo, A.; Kossenkov, A.V.; Donthireddy, L.; To, T.K.J.; Schug, Z.; Basu, S.; Wang, F.; et al. Fatty
Acid Transport Protein 2 Reprograms Neutrophils in Cancer. Nature 2019, 569, 73–78. [CrossRef] [PubMed]

357. O’Neill, L.A.; Pearce, E.J. Immunometabolism Governs Dendritic Cell and Macrophage Function. J. Exp. Med. 2016, 213, 15–23.
[CrossRef] [PubMed]

358. González-Montero, J.; Rojas, C.I.; Burotto, M. Predictors of Response to Immunotherapy in Colorectal Cancer. Oncologist 2024, 29,
824–832. [CrossRef] [PubMed]

359. Wang, F.; Zhao, Q.; Wang, Y.N.; Jin, Y.; He, M.M.; Liu, Z.X.; Xu, R.H. Evaluation of POLE and POLD1 Mutations as Biomarkers for
Immunotherapy Outcomes Across Multiple Cancer Types. JAMA Oncol. 2019, 5, 1504–1506. [CrossRef] [PubMed]

360. André, T.; Shiu, K.K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs, P.; et al.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207–2218. [CrossRef]
[PubMed]

361. Lenz, H.J.; Van Cutsem, E.; Limon, M.L.; Wong, K.Y.M.; Hendlisz, A.; Aglietta, M.; García-Alfonso, P.; Neyns, B.; Luppi, G.;
Cardin, D.B.; et al. First-Line Nivolumab Plus Low-Dose Ipilimumab for MSI-H/Dmmr Metastatic Colorectal Cancer: The Phase
II Checkmate 142 Study. J. Clin. Oncol. 2022, 40, 161–170. [CrossRef] [PubMed]

362. Presti, D.; Dall’Olio, F.G.; Besse, B.; Ribeiro, J.M.; Di Meglio, A.; Soldato, D. Tumor Infiltrating Lymphocytes (Tils) as a Predictive
Biomarker of Response to Checkpoint Blockers in Solid Tumors: A Systematic Review. Crit. Rev. Oncol. Hematol. 2022, 177, 103773.
[CrossRef] [PubMed]

363. Chen, C.C.; Wu, M.L.; Huang, K.C.; Huang, I.P.; Chung, Y.L. The Effects of Neoadjuvant Treatment on the Tumor Microenvi-
ronment in Rectal Cancer: Implications for Immune Activation and Therapy Response. Clin. Color. Cancer 2020, 19, e164–e180.
[CrossRef] [PubMed]

364. Bai, Z.; Zhou, Y.; Ye, Z.; Xiong, J.; Lan, H.; Wang, F. Tumor-Infiltrating Lymphocytes in Colorectal Cancer. Front. Immunol. 2022,
12, 808964. [CrossRef] [PubMed]

365. Liu, J.; Li, J.; Luo, F.; Wu, S.; Li, B.; Liu, K. Predictive Value of CD3+/CD8+ Lymphocytes in Colorectal Cancer. Curr. Oncol. 2023,
30, 9647–9659. [CrossRef] [PubMed]

366. Idos, G.E.; Kwok, J.; Bonthala, N.; Kysh, L.; Gruber, S.B.; Qu, C. The Prognostic Implications of Tumor Infiltrating Lymphocytes in
Colorectal Cancer: A Systematic Review and Meta-Analysis. Sci. Rep. 2020, 10, 3360. [CrossRef] [PubMed]

367. Li, J.; Wu, C.; Hu, H.; Qin, G.; Wu, X.; Bai, F.; Zhang, J.; Cai, Y.; Huang, Y.; Wang, C.; et al. Remodeling of the Immune and
Stromal Cell Compartment by PD-1 Blockade in Mismatch Repair-Deficient Colorectal Cancer. Cancer Cell 2023, 41, 1152–1169.e7.
[CrossRef] [PubMed]

368. Correale, P.; Rotundo, M.S.; Del Vecchio, M.T.; Remondo, C.; Migali, C.; Ginanneschi, C.; Tsang, K.Y.; Licchetta, A.; Mannucci, S.;
Loiacono, L.; et al. Regulatory T-Cell Infiltration in Colon Cancer. J. Immunother. 2010, 33, 435–441. [CrossRef] [PubMed]

369. Moretto, R.; Rossini, D.; Catteau, A.; Antoniotti, C.; Giordano, M.; Boccaccino, A.; Ugolini, C.; Proietti, A.; Conca, V.; Kassambara,
A.; et al. Dissecting Tumor Lymphocyte Infiltration to Predict Benefit from Immune-Checkpoint Inhibitors in Metastatic Colorectal
Cancer: Lessons from the Atezotribe Study. J. Immunother. Cancer 2023, 11, e006633. [CrossRef] [PubMed]

370. Angell, H.K.; Bruni, D.; Barrett, J.C.; Herbst, R.; Galon, J. The Immunoscore: Colon Cancer and Beyond. Clin. Cancer Res. 2020, 26,
332–339. [CrossRef] [PubMed]

371. El Sissy, C.; Kirilovsky, A.; Zeitoun, G.; Marliot, F.; Haicheur, N.; Lagorce-Pagès, C.; Galon, J.; Pagès, F. Therapeutic Implications
of the Immunoscore in Patients with Colorectal Cancer. Cancers 2021, 13, 1281. [CrossRef] [PubMed]

372. Munari, E.; Mariotti, F.R.; Quatrini, L.; Bertoglio, P.; Tumino, N.; Vacca, P.; Eccher, A.; Ciompi, F.; Brunelli, M.; Martignoni, G.;
et al. PD-1/PD-L1 in Cancer: Pathophysiological, Diagnostic and Therapeutic Aspects. Int. J. Mol. Sci. 2021, 22, 5123. [CrossRef]
[PubMed]

373. Secinti, I.E.; Ozgur, T.; Dede, I. PD-L1 Expression in Colorectal Adenocarcinoma Is Associated with the Tumor Immune
Microenvironment and Epithelial-Mesenchymal Transition. Am. J. Clin. Pathol. 2022, 158, 506–515. [CrossRef] [PubMed]

374. Srivastava, P.; Husain, N.; Shukla, S.; Chauhan, S.; Pandey, A.; Masood, S. PD-L1 Expression in Colorectal Carcinoma and Its
Correlation with Clinicopathological Parameters, Microsatellite Instability and BRAF Mutation. Indian J. Pathol. Microbiol. 2021,
64, 490–496. [CrossRef] [PubMed]

375. Xin, H.; Zhou, C.; Wang, G.; Liu, Y.; Zhang, J.; Liu, Y.; Li, B.; Zhang, J.; Su, M.; Li, Z.; et al. Heterogeneity of PD-L1 Expression
and CD8 Lymphocyte Infiltration in Metastatic Colorectal Cancer and Their Prognostic Significance. Heliyon 2023, 9, e13048.
[CrossRef] [PubMed]

376. Wang, H.B.; Yao, H.; Li, C.S.; Liang, L.X.; Zhang, Y.; Chen, Y.X.; Fang, J.Y.; Xu, J. Rise Of PD-L1 Expression During Metastasis of
Colorectal Cancer: Implications for Immunotherapy. J. Dig. Dis. 2017, 18, 574–581. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1016/j.coi.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29547768
https://doi.org/10.1038/s41586-019-1118-2
https://www.ncbi.nlm.nih.gov/pubmed/30996346
https://doi.org/10.1084/jem.20151570
https://www.ncbi.nlm.nih.gov/pubmed/26694970
https://doi.org/10.1093/oncolo/oyae152
https://www.ncbi.nlm.nih.gov/pubmed/38920285
https://doi.org/10.1001/jamaoncol.2019.2963
https://www.ncbi.nlm.nih.gov/pubmed/31415061
https://doi.org/10.1056/NEJMoa2017699
https://www.ncbi.nlm.nih.gov/pubmed/33264544
https://doi.org/10.1200/JCO.21.01015
https://www.ncbi.nlm.nih.gov/pubmed/34637336
https://doi.org/10.1016/j.critrevonc.2022.103773
https://www.ncbi.nlm.nih.gov/pubmed/35917885
https://doi.org/10.1016/j.clcc.2020.04.002
https://www.ncbi.nlm.nih.gov/pubmed/32387305
https://doi.org/10.3389/fimmu.2021.808964
https://www.ncbi.nlm.nih.gov/pubmed/35095898
https://doi.org/10.3390/curroncol30110699
https://www.ncbi.nlm.nih.gov/pubmed/37999119
https://doi.org/10.1038/s41598-020-60255-4
https://www.ncbi.nlm.nih.gov/pubmed/32099066
https://doi.org/10.1016/j.ccell.2023.04.011
https://www.ncbi.nlm.nih.gov/pubmed/37172580
https://doi.org/10.1097/CJI.0b013e3181d32f01
https://www.ncbi.nlm.nih.gov/pubmed/20386463
https://doi.org/10.1136/jitc-2022-006633
https://www.ncbi.nlm.nih.gov/pubmed/37085190
https://doi.org/10.1158/1078-0432.CCR-18-1851
https://www.ncbi.nlm.nih.gov/pubmed/31413009
https://doi.org/10.3390/cancers13061281
https://www.ncbi.nlm.nih.gov/pubmed/33805758
https://doi.org/10.3390/ijms22105123
https://www.ncbi.nlm.nih.gov/pubmed/34066087
https://doi.org/10.1093/ajcp/aqac077
https://www.ncbi.nlm.nih.gov/pubmed/35938631
https://doi.org/10.4103/IJPM.IJPM_521_20
https://www.ncbi.nlm.nih.gov/pubmed/34341259
https://doi.org/10.1016/j.heliyon.2023.e13048
https://www.ncbi.nlm.nih.gov/pubmed/36814622
https://doi.org/10.1111/1751-2980.12538
https://www.ncbi.nlm.nih.gov/pubmed/28851046
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 70 of 73

377. Martinez-Morilla, S.; Moutafi, M.; Rimm, D.L. Standardization of PD-L1 Immunohistochemistry. Mod. Pathol. 2022, 35, 294–295.
[CrossRef] [PubMed]

378. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef] [PubMed]

379. Noh, B.J.; Kwak, J.Y.; Eom, D.W. Immune Classification for the PD-L1 Expression and Tumour-Infiltrating Lymphocytes in
Colorectal Adenocarcinoma. BMC Cancer 2020, 20, 58. [CrossRef] [PubMed]

380. Mulet-Margalef, N.; Linares, J.; Badia-Ramentol, J.; Jimeno, M.; Sanz Monte, C.; Manzano Mozo, J.L.; Calon, A. Challenges and
Therapeutic Opportunities in the dMMR/MSI-H Colorectal Cancer Landscape. Cancers 2023, 15, 1022. [CrossRef] [PubMed]

381. Chalabi, M.; Fanchi, L.F.; Dijkstra, K.K.; Van den Berg, J.G.; Aalbers, A.G.; Sikorska, K.; Lopez-Yurda, M.; Grootscholten, C.;
Beets, G.L.; Snaebjornsson, P.; et al. Neoadjuvant Immunotherapy Leads to Pathological Responses in MMR-Proficient and
MMR-Deficient Early-Stage Colon Cancers. Nat. Med. 2020, 26, 566–576. [CrossRef] [PubMed]

382. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.; Sugarman,
R.; et al. PD-1 Blockade in Mismatch Repair-Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386, 2363–2376.
[CrossRef] [PubMed]

383. Jardim, D.L.; Goodman, A.; de Melo Gagliato, D.; Kurzrock, R. The Challenges of Tumor Mutational Burden as an Immunotherapy
Biomarker. Cancer Cell 2021, 39, 154–173. [CrossRef] [PubMed]

384. Fabrizio, D.A.; George, T.J., Jr.; Dunne, R.F.; Frampton, G.; Sun, J.; Gowen, K.; Kennedy, M.; Greenbowe, J.; Schrock, A.B.; Hezel,
A.F.; et al. Beyond Microsatellite Testing: Assessment of Tumor Mutational Burden Identifies Subsets of Colorectal Cancer Who
May Respond to Immune Checkpoint Inhibition. J. Gastrointest. Oncol. 2018, 9, 610–617. [CrossRef] [PubMed]

385. Rousseau, B.; Foote, M.B.; Maron, S.B.; Diplas, B.H.; Lu, S.; Argilés, G.; Cercek, A.; Diaz, L.A., Jr. The Spectrum of Benefit from
Checkpoint Blockade in Hypermutated Tumors. N. Engl. J. Med. 2021, 384, 1168–1170. [CrossRef] [PubMed]

386. Gaber, O.; Karan, C.; Walko, C.M.; Knepper, T.C.; Kim, R.D.; Sahin, I.H. Effect of Immunotherapy on the Survival Outcomes in
Tumor Mutational Burden-High (TMB-H) Microsatellite Stable (MSS) Metastatic Colorectal Cancer (mCRC): A Single-Institution
Experience. J. Clin. Oncol. 2023, 41, 239. [CrossRef]

387. Kawai, T.; Nyuya, A.; Mori, Y.; Tanaka, T.; Tanioka, H.; Yasui, K.; Toshima, T.; Taniguchi, F.; Shigeyasu, K.; Umeda, Y.; et al.
Clinical and Epigenetic Features of Colorectal Cancer Patients with Somatic POLE Proofreading Mutations. Clin. Epigenet. 2021,
13, 117. [CrossRef] [PubMed]

388. Garmezy, B.; Gheeya, J.; Lin, H.Y.; Huang, Y.; Kim, T.; Jiang, X.; Thein, K.Z.; Pilié, P.G.; Zeineddine, F.; Wang, W.; 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. [CrossRef] [PubMed]

389. Ma, X.; Dong, L.; Liu, X.; Ou, K.; Yang, L. POLE/POLD1 Mutation and Tumor Immunotherapy. J. Exp. Clin. Cancer Res. 2022, 41,
216. [CrossRef] [PubMed]

390. Guerra, J.; Pinto, C.; Pinto, D.; Pinheiro, M.; Silva, R.; Peixoto, A.; Rocha, P.; Veiga, I.; Santos, C.; Santos, R.; et al. POLE Somatic
Mutations in Advanced Colorectal Cancer. Cancer Med. 2017, 6, 2966–2971. [CrossRef] [PubMed]

391. Jiang, M.; Jia, Y.; Han, J.; Shi, J.; Su, C.; Zhang, R.; Xing, M.; Jin, S.; Zong, H. Distinct Clinical Pattern of Colorectal Cancer Patients
with POLE Mutations: A Retrospective Study on Real-World Data. Front. Genet. 2022, 13, 963964. [CrossRef] [PubMed]

392. Chen, J.; Lou, H. Complete Response to Pembrolizumab in Advanced Colon Cancer Harboring Somatic POLE F367S Mutation
with Microsatellite Stability Status: A Case Study. Onco Targets Ther. 2021, 14, 1791–1796. [CrossRef] [PubMed]

393. Ciombor, K.K.; Strickler, J.H.; Bekaii-Saab, T.S.; Yaeger, R. BRAF-Mutated Advanced Colorectal Cancer: A Rapidly Changing
Therapeutic Landscape. J. Clin. Oncol. 2022, 40, 2706–2715. [CrossRef] [PubMed]

394. Zhong, J.; Sun, Z.; Li, S.; Yang, L.; Cao, Y.; Bao, J. Immune Checkpoint Blockade Therapy for BRAF Mutant Metastatic Colorectal
Cancer: The Efficacy, New Strategies, and Potential Biomarkers. Discov. Oncol. 2023, 14, 94. [CrossRef] [PubMed]

395. Bortolomeazzi, M.; Keddar, M.R.; Montorsi, L.; Acha-Sagredo, A.; Benedetti, L.; Temelkovski, D.; Choi, S.; Petrov, N.; Todd, K.;
Wai, P.; et al. Immunogenomics of Colorectal Cancer Response to Checkpoint Blockade: Analysis of The KEYNOTE 177 Trial and
Validation Cohorts. Gastroenterology 2021, 161, 1179–1193. [CrossRef] [PubMed]

396. Valenzuela, G.; Canepa, J.; Simonetti, C.; Solo de Zaldívar, L.; Marcelain, K.; González-Montero, J. Consensus Molecular Subtypes
of Colorectal Cancer in Clinical Practice: A Translational Approach. World J. Clin. Oncol. 2021, 12, 1000–1008. [CrossRef] [PubMed]

397. Ten Hoorn, S.; de Back, T.R.; Sommeijer, D.W.; Vermeulen, L. Clinical Value of Consensus Molecular Subtypes in Colorectal
Cancer: A Systematic Review and Meta-Analysis. J. Natl. Cancer Inst. 2022, 114, 503–516. [CrossRef] [PubMed]

398. Peters, N.A.; Constantinides, A.; Ubink, I.; van Kuik, J.; Bloemendal, H.J.; van Dodewaard, J.M.; Brink, M.A.; Schwartz, T.P.;
Lolkema, M.P.J.K.; Lacle, M.M.; et al. Consensus Molecular Subtype 4 (CMS4)-Targeted Therapy in Primary Colon Cancer: A
Proof-Of-Concept Study. Front. Oncol. 2022, 12, 969855. [CrossRef] [PubMed]

399. Gallois, C.; Landi, M.; Taieb, J.; Sroussi, M.; Saberzadeh-Ardestani, B.; Cazelles, A.; Lonardi, S.; Bergamo, F.; Intini, R.; Maddalena,
G.; et al. Transcriptomic Signatures of MSI-High Metastatic Colorectal Cancer Predict Efficacy of Immune Checkpoint Inhibitors.
Clin. Cancer Res. 2023, 29, 3771–3778. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1038/s41379-021-00917-4
https://www.ncbi.nlm.nih.gov/pubmed/34508229
https://doi.org/10.1056/NEJMoa1500596
https://www.ncbi.nlm.nih.gov/pubmed/26559582
https://doi.org/10.1186/s12885-020-6553-9
https://www.ncbi.nlm.nih.gov/pubmed/31992245
https://doi.org/10.3390/cancers15041022
https://www.ncbi.nlm.nih.gov/pubmed/36831367
https://doi.org/10.1038/s41591-020-0805-8
https://www.ncbi.nlm.nih.gov/pubmed/32251400
https://doi.org/10.1056/NEJMoa2201445
https://www.ncbi.nlm.nih.gov/pubmed/35660797
https://doi.org/10.1016/j.ccell.2020.10.001
https://www.ncbi.nlm.nih.gov/pubmed/33125859
https://doi.org/10.21037/jgo.2018.05.06
https://www.ncbi.nlm.nih.gov/pubmed/30151257
https://doi.org/10.1056/NEJMc2031965
https://www.ncbi.nlm.nih.gov/pubmed/33761214
https://doi.org/10.1200/JCO.2023.41.4_suppl.239
https://doi.org/10.1186/s13148-021-01104-7
https://www.ncbi.nlm.nih.gov/pubmed/34034807
https://doi.org/10.1200/PO.21.00267
https://www.ncbi.nlm.nih.gov/pubmed/35108036
https://doi.org/10.1186/s13046-022-02422-1
https://www.ncbi.nlm.nih.gov/pubmed/35780178
https://doi.org/10.1002/cam4.1245
https://www.ncbi.nlm.nih.gov/pubmed/29072370
https://doi.org/10.3389/fgene.2022.963964
https://www.ncbi.nlm.nih.gov/pubmed/36479248
https://doi.org/10.2147/OTT.S300987
https://www.ncbi.nlm.nih.gov/pubmed/33727829
https://doi.org/10.1200/JCO.21.02541
https://www.ncbi.nlm.nih.gov/pubmed/35649231
https://doi.org/10.1007/s12672-023-00718-y
https://www.ncbi.nlm.nih.gov/pubmed/37302081
https://doi.org/10.1053/j.gastro.2021.06.064
https://www.ncbi.nlm.nih.gov/pubmed/34197832
https://doi.org/10.5306/wjco.v12.i11.1000
https://www.ncbi.nlm.nih.gov/pubmed/34909395
https://doi.org/10.1093/jnci/djab106
https://www.ncbi.nlm.nih.gov/pubmed/34077519
https://doi.org/10.3389/fonc.2022.969855
https://www.ncbi.nlm.nih.gov/pubmed/36147916
https://doi.org/10.1158/1078-0432.CCR-22-3964
https://www.ncbi.nlm.nih.gov/pubmed/37439810
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 71 of 73

400. Magalhaes, B.; Peleteiro, B.; Lunet, N. Dietary Patterns and Colorectal Cancer: Systematic Review and Meta-Analysis. Eur. J.
Cancer Prev. 2012, 21, 15–23. [CrossRef] [PubMed]

401. Wang, X.; Geng, S. Diet–Gut Microbial Interactions Influence Cancer Immunotherapy. Front. Oncol. 2023, 13, 1138362. [CrossRef]
[PubMed]

402. Tini, S.; Baima, J.; Pigni, S.; Antoniotti, V.; Caputo, M.; De Palma, E.; Cerbone, L.; Grosso, F.; La Vecchia, M.; Bona, E.; et al. The
Microbiota–Diet–Immunity Axis in Cancer Care: From Prevention to Treatment Modulation and Survivorship. Nutrients 2025, 17,
2898. [CrossRef] [PubMed]

403. Wong, C.C.; Yu, J. Gut Microbiota in Colorectal Cancer Development and Therapy. Nat. Rev. Clin. Oncol. 2023, 20, 429–452.
[CrossRef] [PubMed]

404. Gaskarth, A.; Fan, S.; Highto, A.J.; Kemp, R.A. The Microbial Metabolite Butyrate Enhances the Effector and Memory Functions
of Murine CD8+ T Cells and Improves Anti-Tumor Activity. Front. Med. 2025, 12, 1577906. [CrossRef] [PubMed]

405. Lei, W.; Zhou, K.; Lei, Y.; Li, Q.; Zhu, H. Gut Microbiota Shapes Cancer Immunotherapy Responses. npj Biofilms Microbiomes 2025,
11, 143. [CrossRef] [PubMed]

406. Perillo, F.; Amoroso, C.; Strati, F.; Giuffrè, M.R.; Díaz-Basabe, A.; Lattanzi, G.; Facciotti, F. Gut Microbiota Manipulation as a
Tool for Colorectal Cancer Management: Recent Advances in Its Use for Therapeutic Purposes. Int. J. Mol. Sci. 2020, 21, 5389.
[CrossRef] [PubMed]

407. Xu, L.; Zhang, J.; Xiao, Y.; Jin, P.; Zhang, J. High-Fat Diet Promotes Colorectal Tumorigenesis Through Gut Microbiota-Mediated
Metabolic Reprogramming and M2 Macrophage Polarization. Biochem. Biophys. Res. Commun. 2026, 794, 153014. [CrossRef]
[PubMed]

408. Sitthideatphaiboon, P.; Somlaw, N.; Zungsontiporn, N.; Ouwongprayoon, P.; Sukswai, N.; Korphaisarn, K.; Poungvarin, N.;
Aporntewan, C.; Hirankarn, N.; Vinayanuwattikun, C.; et al. Dietary Pattern and the Corresponding Gut Microbiome in Response
to Immunotherapy in Thai Patients with Advanced Non-Small Cell Lung Cancer (NSCLC). Sci. Rep. 2024, 14, 27791. [CrossRef]
[PubMed]

409. Li, Z.; Xiong, W.; Liang, Z.; Wang, J.; Zeng, Z.; Kołat, D.; Li, X.; Zhou, D.; Xu, X.; Zhao, L. Critical Role of the Gut Microbiota in
Immune Responses and Cancer Immunotherapy. J. Hematol. Oncol. 2024, 17, 33. [CrossRef] [PubMed]

410. Roichman, A.; Reyes-Castellanos, G.; Chen, Z.; Chen, Z.; Mitchell, S.J.; MacArthur, M.R.; Sawant, A.; Levett, L.; Powers, J.; Gomez,
M.; et al. Dietary Fiber Lacks a Consistent Effect on Immune Checkpoint Blockade Efficacy Across Diverse Murine Tumor Models.
Cancer Res. 2025, 85, 3335–3347. [CrossRef] [PubMed]

411. Huo, Z.; Liu, G.; Li, J. Recent Research Progress and Clinical Status of Immunotherapy for Colorectal Cancer. J. Adv. Res. 2025, 82,
729–750. [CrossRef] [PubMed]

412. Greathouse, K.L.; Wyatt, M.; Johnson, A.J.; Toy, E.P.; Khan, J.M.; Dunn, K.; Clegg, D.J.; Reddy, S. Diet–Microbiome Interactions
in Cancer Treatment: Opportunities and Challenges for Precision Nutrition in Cancer. Neoplasia 2022, 29, 100800. [CrossRef]
[PubMed]

413. Morehead, L.C.; Garg, S.; Wallis, K.F.; Simoes, C.C.; Siegel, E.R.; Tackett, A.J.; Miousse, I.R. Increased Response to Immune
Checkpoint Inhibitors with Dietary Methionine Restriction in a Colorectal Cancer Model. Cancers 2023, 15, 4467. [CrossRef]
[PubMed]

414. Helsingen, L.M.; Vandvik, P.O.; Jodal, H.C. Colorectal Cancer Screening with Faecal Immunochemical Testing, Sigmoidoscopy or
Colonoscopy: A Clinical Practice Guideline. BMJ 2019, 67, l5515. [CrossRef] [PubMed]

415. Thomas, A.M.; Manghi, P.; Asnicar, F.; Pasolli, E.; Armanini, F.; Zolfo, M.; Beghini, F.; Manara, S.; Karcher, N.; Pozzi, C.; et al.
Metagenomic Analysis of Colorectal Cancer Datasets Identifies Cross-Cohort Microbial Diagnostic Signatures and a Link with
Choline Degradation. Nat. Med. 2019, 25, 667–678. [CrossRef] [PubMed]

416. Kipnis, V.; Midthune, D.; Freedman, L. Bias in Dietary-Report Instruments and Its Implications for Nutritional Epidemiology.
Public Health Nutr. 2002, 5, 915–923. [CrossRef] [PubMed]

417. Gnagnarella, P.; Draga, D.; Misotti, A.M. Validation of a Short Questionnaire to Record Adherence to the Mediterranean Diet: An
Italian Experience. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 1140–1147. [CrossRef] [PubMed]

418. Guo, C.; Wang, C. Microbiota–Host Metabolism Reprogramming in Colorectal Cancer: From Pathogenesis to Precision Therapies.
Front. Oncol. 2025, 15, 1713614. [CrossRef] [PubMed]

419. Qiu, X.; Li, Y.; Zhang, Z. Crosstalk Between Oxidative Phosphorylation and Immune Escape in Cancer: A New Concept of
Therapeutic Targets Selection. Cell. Oncol. 2023, 46, 847–865. [CrossRef] [PubMed]

420. Chen, Z.; Wang, W.; Abdul Razak, S.R.; Han, T.; Ahmad, N.H.; Li, X. Ferroptosis as a Potential Target for Cancer Therapy. Cell
Death Dis. 2023, 4, 460. [CrossRef] [PubMed]

421. Sosnowska, A.; Chlebowska-Tuz, J.; Matryba, P.; Pilch, Z.; Greig, A.; Wolny, A.; Grzywa, T.M.; Rydzynska, Z.; Sokolowska,
O.; Rygiel, T.P.; et al. Inhibition of Arginase Modulates T-Cell Response in the Tumor Microenvironment of Lung Carcinoma.
Oncoimmunology 2021, 10, 1956143. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1097/CEJ.0b013e3283472241
https://www.ncbi.nlm.nih.gov/pubmed/21946864
https://doi.org/10.3389/fonc.2023.1138362
https://www.ncbi.nlm.nih.gov/pubmed/37035188
https://doi.org/10.3390/nu17172898
https://www.ncbi.nlm.nih.gov/pubmed/40944286
https://doi.org/10.1038/s41571-023-00766-x
https://www.ncbi.nlm.nih.gov/pubmed/37169888
https://doi.org/10.3389/fmed.2025.1577906
https://www.ncbi.nlm.nih.gov/pubmed/40630475
https://doi.org/10.1038/s41522-025-00786-8
https://www.ncbi.nlm.nih.gov/pubmed/40715107
https://doi.org/10.3390/ijms21155389
https://www.ncbi.nlm.nih.gov/pubmed/32751239
https://doi.org/10.1016/j.bbrc.2025.153014
https://www.ncbi.nlm.nih.gov/pubmed/41297516
https://doi.org/10.1038/s41598-024-79339-6
https://www.ncbi.nlm.nih.gov/pubmed/39537963
https://doi.org/10.1186/s13045-024-01541-w
https://www.ncbi.nlm.nih.gov/pubmed/38745196
https://doi.org/10.1158/0008-5472.CAN-24-4378
https://www.ncbi.nlm.nih.gov/pubmed/40540354
https://doi.org/10.1016/j.jare.2025.06.089
https://www.ncbi.nlm.nih.gov/pubmed/40619123
https://doi.org/10.1016/j.neo.2022.100800
https://www.ncbi.nlm.nih.gov/pubmed/35500546
https://doi.org/10.3390/cancers15184467
https://www.ncbi.nlm.nih.gov/pubmed/37760436
https://doi.org/10.1136/bmj.l5515
https://www.ncbi.nlm.nih.gov/pubmed/31578196
https://doi.org/10.1038/s41591-019-0405-7
https://www.ncbi.nlm.nih.gov/pubmed/30936548
https://doi.org/10.1079/PHN2002383
https://www.ncbi.nlm.nih.gov/pubmed/12633516
https://doi.org/10.1016/j.numecd.2018.06.006
https://www.ncbi.nlm.nih.gov/pubmed/30077491
https://doi.org/10.3389/fonc.2025.1713614
https://www.ncbi.nlm.nih.gov/pubmed/41415548
https://doi.org/10.1007/s13402-023-00801-0
https://www.ncbi.nlm.nih.gov/pubmed/37040057
https://doi.org/10.1038/s41419-023-05930-w
https://www.ncbi.nlm.nih.gov/pubmed/37488128
https://doi.org/10.1080/2162402X.2021.1956143
https://www.ncbi.nlm.nih.gov/pubmed/34367736
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 72 of 73

422. Guangzhao, L.; Xin, W.; Miaoqing, W.; Wenjuan, M.; Ranyi, L.; Zhizhong, P.; Rongxin, Z.; Gong, C. IDO1 Inhibitor Enhances the
Effectiveness of PD-1 Blockade in Microsatellite Stable Colorectal Cancer by Promoting Macrophage Pro-Inflammatory Phenotype
Polarization. Cancer Immunol. Immunother. 2025, 74, 71. [CrossRef] [PubMed]

423. Galluzzi, L.; Vitale, I.; Warren, S.; Adjemian, S.; Agostinis, P.; Martinez, A.B.; Chan, T.A.; Coukos, G.; Demaria, S.; Deutsch, E.;
et al. Consensus Guidelines for The Definition, Detection and Interpretation of Immunogenic Cell Death. J. Immunother. Cancer
2020, 8, e000337. [CrossRef] [PubMed]

424. Franzese, O.; Torino, F.; Fuggetta, M.P.; Aquino, A.; Roselli, M.; Bonmassar, E.; Giuliani, A.; D’Atri, S. Tumor Immunotherapy:
Drug-Induced Neoantigens (Xenogenization) and Immune Checkpoint Inhibitors. Oncotarget 2017, 8, 41641–41669. [CrossRef]
[PubMed]

425. Franzese, O.; Battaini, F.; Graziani, G.; Tentori, L.; Barbaccia, M.L.; Aquino, A.; Roselli, M.; Fuggetta, M.P.; Bonmassar, E.; Torino,
F. Drug-Induced Xenogenization of Tumors: A Possible Role in the Immune Control of Malignant Cell Growth in The Brain?
Pharmacol. Res. 2018, 131, 1–6. [CrossRef] [PubMed]

426. Crisafulli, G.; Sartore-Bianchi, A.; Lazzari, L.; Pietrantonio, F.; Amatu, A.; Macagno, M.; Barault, L.; Cassingena, A.; Bartolini,
A.; Luraghi, P.; et al. Temozolomide Treatment Alters Mismatch Repair and Boosts Mutational Burden in Tumor and Blood of
Colorectal Cancer Patients. Cancer Discov. 2022, 12, 1656–1675. [CrossRef] [PubMed]

427. Liu, Y.; Liu, Z.; Hu, Y.; Ling, Y.; Qing, S.; Liu, Y.; Zhan, Y.; Shen, Z.; Fang, Y.; Deng, H. Caffeine Enhances Antitumor T-Cell Activity
by Suppressing Kynurenine Pathway in Colorectal Cancer. Nat. Commun. 2025, 16, 5906. [CrossRef] [PubMed]

428. Su, P.; Yang, Y.; Zheng, H. The “Serine Code” of Metabolic Reprogramming: Multidimensional Roles of the Serine Synthesis
Pathway in Tumors and Novel Breakthroughs for Targeted Therapy. Front. Immunol. 2026, 17, 1779543. [CrossRef] [PubMed]

429. Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P.; et al.
PD-1 Alters T-Cell Metabolic Reprogramming by Inhibiting Glycolysis and Promoting Lipolysis and Fatty Acid Oxidation. Nat.
Commun. 2015, 6, 6692. [CrossRef] [PubMed]

430. Zaytseva, Y.Y.; Rychahou, P.G.; Gulhati, P.; Elliott, V.A.; Mustain, W.C.; O’Connor, K.; Morris, A.J.; Sunkara, M.; Weiss, H.L.; Lee,
E.Y.; et al. Inhibition of Fatty Acid Synthase Attenuates CD44-Associated Signaling and Reduces Metastasis in Colorectal Cancer.
Cancer Res. 2012, 72, 1504–1517. [CrossRef] [PubMed]

431. Ma, X.; Xiao, L.; Liu, L.; Ye, L.; Su, P.; Bi, E.; Wang, Q.; Yang, M.; Qian, J.; Yi, Q. CD36-Mediated Ferroptosis Dampens Intratumoral
CD8+ T Cell Effector Function and Impairs Their Antitumor Ability. Cell Metab. 2021, 33, 1001–1012.e5. [CrossRef] [PubMed]

432. Xu, S.; Chaudhary, O.; Rodríguez-Morales, P.; Sun, X.; Chen, D.; Zappasodi, R.; Xu, Z.; Pinto, A.F.M.; Williams, A.; Schulze, I.;
et al. Uptake of Oxidized Lipids by the Scavenger Receptor CD36 Promotes Lipid Peroxidation and Dysfunction in CD8+ T Cells
in Tumors. Immunity 2021, 54, 1561–1577.e7. [CrossRef] [PubMed]

433. Pascual, G.; Avgustinova, A.; Mejetta, S.; Martín, M.; Castellanos, A.; Attolini, C.S.; Berenguer, A.; Prats, N.; Toll, A.; Hueto, J.A.;
et al. Targeting Metastasis-Initiating Cells Through the Fatty Acid Receptor CD36. Nature 2017, 541, 41–45. [CrossRef] [PubMed]

434. Ringel, A.E.; Drijvers, J.M.; Baker, G.J.; Catozzi, A.; García-Cañaveras, J.C.; Gassaway, B.M.; Miller, B.C.; Juneja, V.R.; Nguyen,
T.H.; Joshi, S.; et al. Obesity Shapes Metabolism in the Tumor Microenvironment to Suppress Anti-Tumor Immunity. Cell 2020,
183, 1848–1866.e26. [CrossRef] [PubMed]

435. Kern, L.; Mittenbühler, M.J.; Vesting, A.J.; Ostermann, A.L.; Wunderlich, C.M.; Wunderlich, F.T. Obesity-Induced Tnfα and IL-6
Signaling: The Missing Link Between Obesity and Inflammation-Driven Liver and Colorectal Cancers. Cancers 2018, 11, 24.
[CrossRef] [PubMed]

436. Endo, Y.; Asou, H.K.; Matsugae, N.; Hirahara, K.; Shinoda, K.; Tumes, D.J.; Tokuyama, H.; Yokote, K.; Nakayama, T. Obesity
Drives Th17 Cell Differentiation by Inducing the Lipid Metabolic Kinase ACC1. Cell Rep. 2015, 12, 1042–1055. [CrossRef]
[PubMed]

437. Zhang, M.J.; Wen, Y.; Sun, Z.J. The Impact of Metabolic Reprogramming on Tertiary Lymphoid Structure Formation: Enhancing
Cancer Immunotherapy. BMC Med. 2025, 23, 217. [CrossRef] [PubMed]

438. Piening, A.; Ebert, E.; Gottlieb, C.; Khojandi, N.; Kuehm, L.M.; Hoft, S.G.; Pyles, K.D.; McCommis, K.S.; DiPaolo, R.J.; Ferris, S.T.;
et al. Obesity-Related T Cell Dysfunction Impairs Immunosurveillance and Increases Cancer Risk. Nat. Commun. 2024, 15, 2835.
[CrossRef] [PubMed]

439. Kostic, A.D.; Chun, E.; Robertson, L.; Glickman, J.N.; Gallini, C.A.; Michaud, M.; Clancy, T.E.; Chung, D.C.; Lochhead, P.; Hold,
G.L.; et al. Fusobacterium Nucleatumpotentiates Intestinal Tumorigenesis and Modulates the Tumor-Immune Microenvironment.
Cell Host Microbe 2013, 14, 207–215. [CrossRef] [PubMed]

440. Pedersen, L.; Idorn, M.; Olofsson, G.H.; Lauenborg, B.; Nookaew, I.; Hansen, R.H.; Johannesen, H.H.; Becker, J.C.; Pedersen,
K.S.; Dethlefsen, C.; et al. Voluntary Running Suppresses Tumor Growth Through Epinephrine- and IL-6-Dependent NK Cell
Mobilization and Redistribution. Cell Metab. 2016, 23, 554–562. [CrossRef] [PubMed]

441. Dang, T.; Guan, X.; Cui, L.; Ruan, Y.; Chen, Z.; Zou, H.; Lan, Y.; Liu, C.; Zhang, Y. Epigenetics and Immunotherapy in Colorectal
Cancer: Progress and Promise. Clin. Epigenet. 2024, 16, 123. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15121074

https://doi.org/10.1007/s00262-024-03925-w
https://www.ncbi.nlm.nih.gov/pubmed/39751692
https://doi.org/10.1136/jitc-2019-000337
https://www.ncbi.nlm.nih.gov/pubmed/32209603
https://doi.org/10.18632/oncotarget.16335
https://www.ncbi.nlm.nih.gov/pubmed/28404974
https://doi.org/10.1016/j.phrs.2018.03.005
https://www.ncbi.nlm.nih.gov/pubmed/29530602
https://doi.org/10.1158/2159-8290.CD-21-1434
https://www.ncbi.nlm.nih.gov/pubmed/35522273
https://doi.org/10.1038/s41467-025-60958-0
https://www.ncbi.nlm.nih.gov/pubmed/40595642
https://doi.org/10.3389/fimmu.2026.1779543
https://www.ncbi.nlm.nih.gov/pubmed/41816347
https://doi.org/10.1038/ncomms7692
https://www.ncbi.nlm.nih.gov/pubmed/25809635
https://doi.org/10.1158/0008-5472.CAN-11-4057
https://www.ncbi.nlm.nih.gov/pubmed/22266115
https://doi.org/10.1016/j.cmet.2021.02.015
https://www.ncbi.nlm.nih.gov/pubmed/33691090
https://doi.org/10.1016/j.immuni.2021.05.003
https://www.ncbi.nlm.nih.gov/pubmed/34102100
https://doi.org/10.1038/nature20791
https://www.ncbi.nlm.nih.gov/pubmed/27974793
https://doi.org/10.1016/j.cell.2020.11.009
https://www.ncbi.nlm.nih.gov/pubmed/33301708
https://doi.org/10.3390/cancers11010024
https://www.ncbi.nlm.nih.gov/pubmed/30591653
https://doi.org/10.1016/j.celrep.2015.07.014
https://www.ncbi.nlm.nih.gov/pubmed/26235623
https://doi.org/10.1186/s12916-025-04037-7
https://www.ncbi.nlm.nih.gov/pubmed/40223062
https://doi.org/10.1038/s41467-024-47359-5
https://www.ncbi.nlm.nih.gov/pubmed/38565540
https://doi.org/10.1016/j.chom.2013.07.007
https://www.ncbi.nlm.nih.gov/pubmed/23954159
https://doi.org/10.1016/j.cmet.2016.01.011
https://www.ncbi.nlm.nih.gov/pubmed/26895752
https://doi.org/10.1186/s13148-024-01740-9
https://www.ncbi.nlm.nih.gov/pubmed/39252116
https://doi.org/10.3390/cells15121074


Cells 2026, 15, 1074 73 of 73

442. Huang, Y.; Ma, N.; Ren, W. Investigating the Therapeutic Efficacy of Physical Exercise on Tumor Immunity in a Mouse Model of
Malignant Colon Cancer. Immunopharmacol. Immunotoxicol. 2026, 48, 34–42. [CrossRef] [PubMed]

443. Gandini, A.; Puglisi, S.; Pirrone, C.; Martelli, V.; Catalano, F.; Nardin, S.; Seeber, A.; Puccini, A.; Sciallero, S. The Role of
Immunotherapy in Microsatellite Stable Metastatic Colorectal Cancer: State of the Art and Future Perspectives. Front. Oncol. 2023,
13, 1161048. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15121074

https://doi.org/10.1080/08923973.2025.2600941
https://www.ncbi.nlm.nih.gov/pubmed/41431380
https://doi.org/10.3389/fonc.2023.1161048
https://www.ncbi.nlm.nih.gov/pubmed/37207140
https://doi.org/10.3390/cells15121074

	Introduction 
	Metabolic Biomarkers in CRC 
	Metabolic Signaling Kinases 
	Glucose Metabolism 
	Amino Acid Metabolism 
	Lipid Metabolism 
	TCA Cycle and OXPHOS Metabolism 
	Autophagy 
	Metabolic Hormones in CRC 
	Convergence of Metabolic Programs into Functional Immunometabolic Configurations 

	Therapeutic Strategies for CRC 
	Current Therapies 
	New Drugs in Progress 

	Obesity and Adipose Tissue-Driven Immunometabolic Dysfunction in CRC 
	Adipose Tissue as a Systemic Immunometabolic Driver 
	Diet–Microbiota–Inflammasome Axis in Obesity-Associated CRC 
	Adipocyte–Tumor Crosstalk and Metabolic Reprogramming 
	TME Remodeling and Intercellular Communication 
	Adipokine Signaling and Systemic Inflammation 

	Visceral Obesity as a Major Risk Determinant of CRC 
	Metabolic Dysregulation as Systemic Drivers of CRC Risk and Tumorigenesis 
	Metabolic Syndrome and Diabetes 
	Metabolic Modulators and Therapeutic Implications 

	Diet–Microbiota Axis and Metabolic Inflammation in CRC 
	Dietary Patterns, Microbiota, and Metabolic Outputs 
	Microbiota, Host Interactions, and CRC Susceptibility 


	Immune Landscapes and Metabolic Constraints in CRC: Shaping the TME and Response to Immunotherapy 
	Hot and Cold Tumors: Immune Landscapes of Colorectal Cancer Across Microsatellite Status 
	Metabolic Reprogramming of Immune Cells Within the TME of CRC and Immunological Determinants of Response to Icis 
	Immunological Determinants of Response to ICIs 
	Dietary Modulation of Antitumor Immunity: The Diet/Immune/Microbiota Axis and Its Impact on Intratumoral Immunity and Response to ICIs in CRC 

	An Integrative Immunometabolic Model of CRC: From Risk to Precision Therapy 
	Conclusions 
	References

