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Immunosuppressive niches
In colorectal cancer
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Colorectal cancer (CRC) develops within a mucosal ecosystem in which epithelial
barrier function, colonizing microbes, inflammatory signaling, and immune cell
composition are closely interdependent. Immune checkpoint inhibitors have
significantly altered treatment outcomes in patients with mismatch repair-defi-
cient or microsatellite instability-high (dAMMR/MSI-H) CRC, but most microsatel-
lite-stable (MSS) tumors still respond poorly, and this is not solely due to lower
antigenicity. This article explains this gap mechanistically: gut microbiota
dysbiosis weakens the mucosal barrier, promotes microbial translocation, ampli-
fies cytokine and eicosanoid signaling, and remodels the tumor microenviron-
ment into an immunosuppressive state dominated by myeloid cells. We focus on
Fusobacterium nucleatum and enterotoxigenic Bacteroides fragilis, microbial
metabolites, tight junction disruption, and the IL-6/STAT3, NF-xB, TNF-alpha,
and COX-2/PGE2 pathways that link epithelial stress with innate immune remod-
eling. Downstream processes include tumor-associated macrophages, myeloid-
derived suppressor cells, neutrophil polarization, dendritic cell dysfunction, reg-
ulatory T cells, cancer-associated fibroblasts, CXCL12-mediated T-cell exclusion,
and hypoxia. These processes collectively create a spatially structured drug-
resistance niche, preventing effector T cells from functioning effectively, rather
than simply resulting in an immunologically “cold” tumor. We believe that
integrating this microbiota-barrier-myeloid axis into biomarker development
and mechanism-matched combination therapy design offers a more rational
and promising approach to overcoming immunotherapy resistance in CRC,
especially in MSS disease, compared to empirical drug combinations.
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colorectal cancer, gut microbiota, immunotherapy resistance, microsatellite stable
colorectal cancer, mucosal barrier, myeloid-derived suppressor cells, tumor-
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1 Introduction

Colorectal cancer (CRC) remains one of the most common
malignancies worldwide and a major cause of cancer-related death
(1). Its clinical behavior cannot be explained solely by epithelial
mutations or anatomical staging. CRC occurs on long-exposed
mucosal surfaces where diet, microbiome, epithelial barrier integrity,
inflammatory status, matrix remodeling, and immune surveillance
continuously interact (2). This ecological perspective is particularly
important in the era of immunotherapy. Antibodies targeting PD-1
have generated durable responses in mismatch repair-deficient or
microsatellite instability-high (IMMR/MSI-H) CRC, making check-
point blockade the standard treatment option for this molecular
subgroup (3, 4). In contrast, most microsatellite-stable (MSS) CRCs,
even with seemingly targetable immune and inflammatory features,
rarely benefit from single-agent checkpoint inhibition (5). A useful
way to understand this gap is to differentiate between immune
visibility and immune permission. Consensus molecular subtypes,
matrix enrichment, inflammatory signals, and immune cell organi-
zation patterns collectively determine whether antigen-specific T cells
can enter, survive, and function in CRC tissues (6). In many tumors,
immune tolerance is not merely a lack of antigenicity, but reflects a
spatially organized inhibitory niche that blocks effective T-cell
immunity. This article focuses on an interconnected mechanism:
gut microbiota dysbiosis driving mucosal barrier disruption, micro-
bial translocation, amplification of chronic inflammation, and mye-
loid-dominated immune remodeling. Our goal is to integrate these
processes into a CRC-specific immune escape model, with a focus on
MSS, a disease with the greatest therapeutic need.

2 Gut microbiota dysbiosis in
colorectal cancer

Metagenomic studies have repeatedly identified CRC-related
microbial signatures, although the specific microbial taxa and effect
sizes vary depending on the cohort, region, diet, sampling method,
and tumor location. Two large-scale fecal metagenomic meta-
analyses conducted by Wirbel et al. and Thomas et al. in 2019
independently converged on reproducible CRC-associated signa-
tures across cohorts and identified a link with choline degradation
(7, 8). These signatures should not be interpreted as evidence of a
single causal dysbiotic state that replaces a healthy microbiome. A
more plausible explanation is that CRC-related microbial dysbiosis
represents a functional shift, a change in the combination of
microbes and metabolites that favors epithelial stress, genotoxicity,
altered nutritional processing, and inflammatory states (9).

Fusobacterium nucleatum is the most well-studied example. In
2012, Castellarin et al. and Kostic et al. published two independent
papers in Genome Research, first demonstrating that F. nucleatum
was enriched in human CRC tissues (10, 11). Subsequently, Kostic
et al. further demonstrated that F. nucleatum could enhance
intestinal tumorigenesis and remodel the tumor immune microen-

vironment in ApcM’”/ * mice (12). The relevant mechanisms are now
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quite specific. FadA binding to E-cadherin activates beta-catenin
signaling in epithelial cells, while Fap2 binding to the inhibitory
receptor TIGIT weakens natural killer- and T-cell-mediated
cytotoxicity, thereby promoting tumor cell proliferation and
immune evasion (13, 14).

Evidence concerning F. nucleatum also suggests that dysbiosis
should be understood dynamically rather than as a static biomarker.
Yu et al. linked it to chemotherapy resistance mediated by autophagy
regulation; Bullman et al. showed that live Fusobacterium can persist
in patient-derived liver metastases and that antibiotic treatment can
reduce xenograft tumor growth, suggesting that tumor-associated
bacteria can disseminate with malignant ecosystems rather than
merely colonizing tumors at a late stage (15, 16). Recent studies have
further refined this picture: Zepeda-Rivera et al. found that CRC is
enriched in a specific F. nucleatum animalis clade, rather than the
entire species (17); Jiang et al. linked succinic acid from F. nucleatum
to immunotherapy resistance caused by weakened cGAS-STING
signaling (18). However, not all interactions go in the same direction.
Wang et al. reported that under certain conditions, F. nucleatum can
promote the response of MSS CRC to PD-1 therapy, reminding us
that strain, anatomical compartment, metabolic state, and host
background can all change the direction of the effect (19). These
findings indicate that F. nucleatum should not be regarded as
uniformly tumor-promoting; its effects are strain- and context-
dependent. Other microorganisms further extend this axis.
Enterotoxigenic Bacteroides fragilis (ETBF) can promote colonic
tumorigenesis through Th17-related inflammatory programs, as first
demonstrated by Wu et al. (20). Dejea et al. described an invasive
multimicrobial biofilm in familial adenomatous polyposis, support-
ing the idea that spatially organized communities, rather than
isolated species, influence mucosal damage (21). Chung et al. eluci-
dated how B. fragilis toxin triggers a pro-cancer inflammatory
cascade in the colonic epithelium, while Cao et al. linked ETBF to
malignant transformation mediated by altered exosomal miR-149-
3p signaling (22, 23). Microbial metabolites can have divergent
effects. As O’Keefe et al. showed in a comparison between African
American and rural African populations, short-chain fatty acids
derived from dietary fiber generally support epithelial homeostasis,
whereas Yang et al. demonstrated that high-fat-diet-induced changes
in the microbiota and bile acid profiles promote tumorigenesis (24,
25). Thus, microbiota-derived effects can be protective or harmful
depending on dietary and metabolic context.

3 Mucosal barrier disruption and
microbial translocation

The intestinal barrier is not a passive wall. As recently reviewed
by Neurath, Artis, and Becker, it is an active immunological
interface comprised of mucus, epithelial cells, tight junctions,
antimicrobial peptides, secretory IgA, matrix cues, and resident
immune cells (26). In CRC, barrier dysfunction can occur before or
during tumorigenesis and is subsequently amplified by tumor-
derived inflammation. Loss or redistribution of tight junction
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proteins such as ZO-1, claudins, and occludin increases permeabil-
ity, allowing intraluminal products to reach epithelial, matrix, and
immune compartments that are normally isolated from high
microbial loads. Thus, the mucosa is exposed to lipopolysaccha-
rides, flagellins, bacterial DNA, extracellular vesicles, and damage-
associated molecular patterns from stressed or dying cells. Barrier
disruption is important because it translates dysbiosis into immune
remodeling. Translocated microbial products activate pattern rec-
ognition receptors on epithelial cells, dendritic cells, macrophages,
neutrophils, endothelial cells, and fibroblasts. The result is not
necessarily effective antitumor immunity. Sustained low-level sens-
ing tends to promote stress-induced myelopoiesis, tolerogenic
antigen presentation, epithelial survival signals, and the recruitment
of suppressive innate immune cells. In early lesions, these signals
may support tissue-repair programs that limit acute injury; in
established CRC, the same programs protect malignant epithelium,
drive angiogenesis, and isolate cytotoxic lymphocytes. In other
words, the timing of barrier failure may determine whether micro-
bial sensing protects the host or the tumor.

The barrier also links histology and molecular typing. Tumor
ulceration, mucus depletion, biofilm localization, weakened tight
junction staining, and bacterial products in the tumor or
peritumoral matrix all indicate that microbial signals have escaped
the intestinal lumen. These features are not interchangeable.
Tumors rich in invasive bacteria may require a different treatment
logic than those dominated by soluble inflammatory mediators or

10.3389/fimmu.2026.1932590

ischemic hypoxia. Therefore, future CRC research should pair fecal
or tissue microbiome analysis with epithelial barrier markers,
spatial immunophenotypes, and blood-based translocation evi-
dence, rather than treating dysbiosis as a single compartmen-
tal measure.

This distinction is crucial for the microbiota-barrier-myeloid
axis. Acute microbial sensing may initiate antitumor immunity,
while persistent microbial translocation can promote both adaptive
and inhibitory responses: epithelial cells become less responsive to
danger signals, dendritic cells lose their co-stimulatory capacity, and
myeloid cells acquire tissue repair and immunomodulatory pheno-
types. In microsatellite-stable CRC, neoantigen-driven T-cell pres-
sure is typically weaker than in MSI-H disease, thus barrier-related
innate inflammation may shift the balance from tumor rejection to
immune suppression (Figure 1).

Importantly, microbiota-dependent modulation is not confined to
MSS CRC. In MSI-H/dMMR tumors, abundant frameshift
neoantigens and pre-existing T-cell inflammation usually provide
a substrate for checkpoint blockade, so microbial signals predomi-
nantly tune the magnitude and durability of an already primed
response. A longitudinal multi-omics study of 77 patients with MSI-
H/dMMR gastrointestinal cancers, validated in 39 patients, linked
Porphyromonadaceae and circulating arginine to primary resistance,
showing that favorable tumor genetics do not eliminate microbiome-
mediated resistance (27). Consistently, Peptostreptococcus anaerobius
induced resistance to anti-PD-1 therapy in the immunotherapy-
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responsive MC38 allograft model through CXCL1-CXCR2-dependent
MDSC recruitment (28). Conversely, Fusobacterium nucleatum has
been reported to increase STING/NF-kB signaling, PD-L1 expression,
and IFN-y+ CD8+ T-cell accumulation during PD-1/PD-L1 blockade
(29), whereas F. nucleatum-derived succinate can suppress cGAS-
STING signaling and promote resistance (18). These apparently
opposing observations support a strain-, metabolite-, compartment-,
and host-dependent model rather than a uniform species effect. In MSS
CRC, where neoantigen-driven priming is usually weaker and stromal/
myeloid exclusion more common, the same microbial inputs are less
likely to generate checkpoint-responsive immunity and more likely to
determine whether the tumor remains below or crosses the threshold
for productive T-cell activation. Thus, the difference between MSI-H
and MSS CRC is best viewed as a difference in baseline immune context
and effect size, not as the presence versus absence of microbiome
influence. However, direct head-to-head studies comparing the effects
of identical microbial taxa or metabolites on immune checkpoint
inhibitor responses in MSI-H versus MSS CRC remain scarce; this
comparison should therefore be regarded as a mechanistic synthesis
rather than an established subtype-specific causal hierarchy.

4 Inflammatory amplification loops

Once the barrier weakens, inflammatory signals can become
amplified. IL-6/STATS3 is a key node because it connects microbial
and cytokine sensing with epithelial survival, proliferation, angio-
genesis, and immunosuppression. Grivennikov et al. demonstrated
in a colitis-associated cancer model that IL-6 and STAT3 maintain
the survival of precancerous epithelial cells, showing how repair
signals can be transformed into pro-tumorigenic signals (30). NF-
KB provides a second bridge between innate immune activation and
carcinogenesis. Greten et al.’s classic study showing that IKKP links
inflammation and tumorigenesis remains important because it
distinguishes the contributions of epithelial and myeloid cells to
tumor initiation and growth (31). TNF-alpha, IL-1 family cytokines,
chemokines, and COX-2/PGE2 further stabilize this circuit. Wang
and DuBois elucidated how eicosanoid signaling promotes prolif-
eration, angiogenesis, immunosuppression, and resistance to apo-
ptosis in CRC (32). These pathways do not operate in isolation.
Microbial ligands induce epithelial and myeloid NF-xB activity;
NF-xB and STAT3 increase cytokine and chemokine output;
cytokines recruit more myeloid cells; these myeloid cells then
produce more IL-6, TNF-alpha, prostaglandins, reactive oxygen
species, arginase, and matrix-remodeling enzymes. The feedback
loop is both biochemical and spatial, concentrated at the invasion
front, ulcerated mucosa, hypoxic areas, and microbial biofilms.

Recent microbiome-immunotherapy studies have further rein-
forced this model, and more importantly, they have shown that
microbial effects can be bidirectional. Liu et al. found that
Peptostreptococcus anaerobius drives anti-PD-1 resistance and ex-
acerbates CRC through myeloid-derived suppressor cells in mice
(28). Conversely, Xie et al. showed that tumor-resident Clostridium
butyricum can enhance anti-PD-1 efficacy by inhibiting IL-6-
mediated immunosuppression (33). Van Baarle et al. added an
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unexpected axis, showing that IL-1R-driven enteric glia-macro-
phage interactions enhance pro-tumor inflammation (34). Overall,
these studies suggest that inflammatory amplification is not back-
ground noise in CRC; it can determine whether microbial signals

ultimately translate into immune rejection or immune tolerance.

5 Myeloid-dominant immune
reprogramming

Myeloid cells are the primary interpreters of the disrupted mucosal
ecosystem. Zhang et al. used single-cell analysis of colon cancer to show
that therapy targeting myeloid cells can remodel the state of tumor
macrophages and monocytes, demonstrating that these populations are
plastic rather than fixed (35). In CRC, tumor-associated macrophages
(TAMs), monocytic and polymorphonuclear MDSCs, tumor-associ-
ated neutrophils, immature myeloid cells, and dysfunctional dendritic
cells synergistically suppress adaptive immunity through the expression
of arginase, nitric oxide, reactive oxygen species, indoleamine 2,3-
dioxygenase, IL-10, TGF-beta, VEGF, prostaglandins, adenosine, and
checkpoint ligands.

MDSCs are particularly important for MSS CRC because they
can suppress T-cell priming and effector function even in the
presence of tumor antigens. As Veglia, Sanseviero, and
Gabrilovich have highlighted, MDSCs are heterogeneous and over-
lap with inflammatory monocyte and neutrophil-like states at the
transcriptional level, thus functional experiments and spatial con-
text are crucial before labeling a cell as suppressive (36). Neutrophils
are also plastic. Jaillon et al. reviewed evidence showing that pro-
tumor neutrophilic programs can support angiogenesis, matrix
remodeling, metastasis, and T-cell suppression, while other states
contribute to acute tumor control (37). The phrase “myeloid-
dominated niche” should not imply a single cell type; it describes
an ecosystem in which innate immune cells outnumber or func-
tionally suppress effective antitumor lymphocyte responses.
Dendritic cell dysfunction is another often-underestimated link.
Barrier leakage and chronic cytokine exposure can impair effective
antigen presentation, type I interferon tone, and co-stimulation.
Dendritic cells may fail to effectively prime cytotoxic T cells, adopt
tolerogenic states, or become spatially separated from tumor
antigens and T cells. This can create a bottleneck upstream of
checkpoint blockade. If T cells are under-activated, excluded,
subjected to metabolic stress, or surrounded by suppressive myeloid
cells, PD-1/PD-L1 blockade lacks a suitable substrate. Therefore,
myeloid reprogramming provides a concrete explanation for why
microbial and inflammatory CRC features are often associated with
poor responses to immunotherapy.

6 Suppressive immune niche
formation

In colorectal cancers (CRCs), inhibitory niches are not only
compositionally determined but also spatially organized. Two
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landmark spatial studies from 2020 to 2021 exemplified this: Pelka
et al. mapped the spatially organized multicellular immune hubs in
human CRCs, and Schurch et al. showed that coordinated cellular
neighborhoods at the invasion front are associated with antitumor
or inhibitory programs (38, 39). In favorable conditions, dendritic
cells, activated T cells, and antigen-presenting macrophages form
immune hubs; in resistant conditions, T cells are excluded from
epithelial nests or trapped behind the stromal and myeloid barriers.
This is precisely why overall immune markers can be misleading:
two tumors with similar CD8-positive cell densities can differ
drastically in whether these cells actually contact the malignant
glands, receive co-stimulation, or encounter inhibitory macro-
phages and fibroblasts.

Cancer-associated fibroblasts (CAFs) are key organizers of T-
cell exclusion. Qi et al. used single-cell and spatial analysis to reveal
a reinforcing interaction between FAP-positive fibroblasts and
SPP1-positive macrophages in CRC, suggesting that the matrix
and myeloid programs can form a stable immunosuppressive
structure (40). A matrix rich in TGF-beta is particularly important.
Tauriello et al. showed that TGF-beta drives immune escape in a
genetically reconstituted CRC metastasis model; Calon et al. previ-
ously demonstrated that a matrix TGF-beta program supports
metastasis initiation (41, 42). In other words, microbes and inflam-
matory cues do not stop at immune cells; they also activate
fibroblast and matrix remodeling programs, thereby physically
restricting T-cell entry.

Spatial transcriptomic data strengthen this architectural inter-
pretation. Qi et al. integrated Visium spatial transcriptomics with
single-cell RNA sequencing and demonstrated co-localization of
FAP-positive fibroblasts and SPP1-positive macrophages in fibrotic
tumor regions, with relative depletion of cytotoxic lymphocytes; this
program was linked to predicted chemerin, TGF-beta, and IL-1
signaling. High FAP or SPP1 expression was additionally associated
with poorer anti-PD-L1 outcomes in the external IMvigor210
bladder cancer cohort, providing cross-tumor rather than CRC-
specific supportive evidence (40). Valdeolivas et al. analyzed 14
sections from seven patients and showed that CRC contains
intratumoral mixtures of consensus molecular subtype programs
rather than spatially uniform subtypes. In CMS2-dominant tumors,
immune cells were concentrated mainly in the stroma, while SPP1-
positive macrophages and myofibroblasts were enriched in fibrotic
regions; spatial ligand-receptor analysis also implicated PLAU-
PLAUR communication between myofibroblasts and macrophages
or conventional dendritic cells at tumor-stroma interfaces (43).
Together with the immune hubs and cellular neighborhoods
identified by Pelka et al. and Schurch et al. (38, 39), these data
support a model in which suppressive myeloid and fibroblast states
are arranged as physical and signaling barriers around malignant
glands. However, direct co-mapping of microbial taxa, barrier
injury, and host transcripts in the same CRC section remains
sparse, and spatial evidence for transcriptionally defined MDSC
and neutrophil states is less mature than that for TAM-fibroblast
niches. The microbiota-barrier-myeloid axis should therefore be
presented as a testable spatial model rather than a fully established
causal sequence.
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Hypoxia adds another layer of complexity. Abnormal angio-
genesis and rapid growth stabilize HIF-lalpha, increase VEGEF,
drive lactate accumulation, and decrease extracellular pH. These
changes impair cytotoxic T-cell function while supporting TAMs,
MDSCs, Tregs, angiogenesis, and matrix remodeling. Tregs further
suppress immunity through IL-10, TGF-beta, CTLA-4, CD39/
CD73-mediated adenosine, and metabolic competition. The result-
ing niche is not simply inflammatory or cold; it is an inflammatory
state aimed at protecting the tumor. This distinction is crucial for
MSS CRC. The problem may not lie in increasing nonspecific
immune stimulation, but in dismantling spatial barriers, metabolic
restrictions, and myeloid-stromal loops that prevent existing or
induced T cells from functioning effectively.

7 Clinical implications and
immunotherapy resistance

The comparison between MSI-H and MSS CRC illustrates why
mechanism-matched combination therapy is needed. MSI-H CRC
is more likely to respond to PD-1 blockade due to mismatch repair
defects generating abundant neoantigens and is often accompanied
by an inflammatory T-cell microenvironment (3, 4). MSS CRC
typically combines lower immunogenicity with stromal exclusion,
suppressive myeloid infiltration, altered antigen presentation, an-
giogenesis and hypoxic stress, and microbiota-associated inflam-
mation (5). The activity of nivolumab in dMMR/MSI-H CRC in
CheckMate 142 and the superiority of pembrolizumab in MSI-H
metastatic disease in KEYNOTE-177 demonstrate the value of
checkpoint inhibition in the right immune context (3, 44). Results
from broader combination-therapy trials have been less encouraging.
REGONIVO reported an objective response rate of 36% with
regorafenib in combination with nivolumab in a small CRC cohort,
but this study is exploratory and should be interpreted with caution
(45). Subsequently, IMblaze370 showed that atezolizumab combined
with cobimetinib failed to outperform regorafenib in previously
treated metastatic CRC (46). The message is clear: empirical combi-
nation therapies lacking niche screening are often disappointing, and
even small, positive single-arm trials in favorable populations can be
seriously misleading.

The microbiota-barrier-myeloid framework suggests specific
directions for therapeutic conversion strategies. First, biomarkers
should integrate multiple compartments rather than measuring a
single indicator in isolation. A composite biomarker incorporating
F. nucleatum abundance, the ETBF signature, microbial metabolite
profiles, tight-junction damage, circulating microbial products, IL-
6/PGE2 activity, myeloid signatures, CAF/TGF-beta programs,
hypoxia markers, and spatial T-cell exclusion may define resistance
ecotypes more effectively than PD-L1 alone. Second, timing is
crucial. Interventions that reduce harmful microbial translocation
or dampen pathogenic inflammation may need to be implemented
before or alongside checkpoint blockade, and broad-spectrum
antibiotics, which risk depleting beneficial microbes, should not
be used as crude immune adjuvants.
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TABLE 1 Components of the microbiota-barrier-myeloid axis in CRC.

Representative
features

Component

Immune effect

10.3389/fimmu.2026.1932590

Translational

Candidate biomarkers . .
considerations

F. nucleatum, ETBF,

Epithelial stress, immune evasion,

Avoid one-size-fits-all microbiome

signaling T-cell priming

Microbiota . K i K X Microbial profiling, strain-level i R L.
dysbiosis Peptostreptococcus anaerobius; genotoxic or inflammatory signaling, assavs. and metabolomics intervention; context and timing
2k altered SCFAs and bile acids and variable ICI effects ¥S: matter
Barrier Loss of ZO-1, claudins, and Pattern-recognition receptor Tight-junction and permeability | Barrier repair may need to
disruption occludin; increased permeability; activation and chronic mucosal markers; microbial products in accompany immunotherapy rather
P PAMP/DAMP leakage inflammation tissue or blood than replace it
Inflammator IL-6/STAT3, NF-kB, TNF-alpha, Epithelial survival, angiogenesis, Cytokine panels, PGE2 Targeted anti-inflammatory
cytoki Y COX-2/PGE2, and IL-1R myeloid recruitment, and suppressed | signatures, phospho-STAT3, and | strategies require toxicity-aware
okines

spatial inflammation maps patient selection

TAMs, MDSCs, neutrophils,
immature myeloid cells, and
dysfunctional dendritic cells

Myeloid cells
poor costimulation

Arginase, ROS, NO, IL-10, TGF-
beta, VEGF, checkpoint ligands, and

Single-cell or spatial myeloid
signatures; TAM or MDSC
enrichment state

Match repolarization or depletion
strategies to the dominant myeloid

Tregs, CAFs, CXCL12 barriers,
TGF-beta-rich stroma, hypoxia/
HIF-1lalpha, and lactate

Suppressive

niches ..
cytotoxicity

T-cell exclusion, metabolic stress,
ECM remodeling, and reduced

Consider stromal and vascular
barriers when sequencing

CAF/TGF-beta signatures,
hypoxia markers, and spatial

CD8 localization combinations before ICI escalation

Accordingly, the clinical use of microbiome biomarkers should
differ by MSI status: in MSI-H/dMMR CRC, they may refine
prediction of primary or acquired resistance among patients already
eligible for checkpoint blockade; in MSS CRC, they should be
combined with evidence of T-cell priming and spatial niche
disruption to identify tumors in which microbial or myeloid
intervention could create, rather than merely preserve, check-
point sensitivity.

Therefore, clinical trial design should shift towards resistance
niche enrichment. Tumors rich in myeloid cells and with high IL-6/
PGE?2 activity are better suited to a combination of anti-inflamma-
tory or myeloid repolarization strategies than T-cell-activating
strategies alone. Tumors with stromal exclusion may require
vascular or CAF-directed remodeling before checkpoint blockade
can elicit meaningful T-cell activity. Microbiome-associated tumors
should be evaluated through strain-level microbiome testing,
metabolomics, and careful documentation of antibiotics, diet,
bowel preparation, and prior treatments. These details, seemingly
operational, are mechanistically critical because each can alter the
microbiome and inflammatory baselines used to assess immuno-
therapy efficacy. The variability between REGONIVO and subse-
quent studies underscores the need to control these baseline factors
when assessing immunotherapy efficacy.

Third, myeloid and stromal targets should be tested in bio-
marker-enriched populations. TAM-directed strategies, MDSC in-
hibition, macrophage repolarization, STING activation, COX-2/
PGE2 modulation, IL-6 pathway inhibition, anti-angiogenic ther-
apy, and TGF-beta or CAF-related strategies are all valid, but each
carries inherent toxicity and context dependence. CRC-specific
evidence has begun to support this direction: Li et al. showed that
targeting MS4A4A on TAMs can restore CD8-positive T-cell-
mediated antitumor immunity; Deng et al. reported that a STING
agonist prodrug can reprogram TAMs and enhance CRC immuno-
therapy in preclinical models (47, 48). Table 1 summarizes the main
components of the proposed axis and its translational significance.
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Immunotherapy resistance in colorectal cancer (CRC) is best
viewed as an ecological problem. In MSS CRC, checkpoint blockade
failure typically reflects the combined effects of dysbiosis, weakened
mucosal barrier, chronic inflammatory circuits, suppressive myeloid
cell populations, stromal exclusion, and metabolic stress. These mech-
anisms are interconnected: dysbiosis can damage the barrier; barrier
damage allows translocation; microbial products amplify IL-6/STATS3,
NF-xB, TNF-alpha, and COX-2/PGE2 signaling; these signals, in turn,
recruit and educate myeloid cells, thereby limiting T-cell immunity.

Future research should move beyond simple tumor-fecal asso-
ciations to paired microbiomic, metabolomic, spatial, single-cell,
and clinical response datasets. The most useful biomarkers should
be informative both spatially and functionally, revealing the loca-
tion of microbes, barrier damage, inflammatory signaling, myeloid
cells, fibroblasts, and T cells relative to the malignant epithelium.
The therapeutic goal is not to sterilize the tumor or suppress all
inflammation, but to reshape the dominant resistance niche, en-
abling antigen presentation, T-cell migration, and cytotoxic func-
tion without unacceptable toxicity. Rational immunotherapy for
CRC requires mechanism-matched combination regimens, longi-
tudinal monitoring, and adaptive trials, and should treat the
microbiota-barrier-myeloid axis as a dynamic therapeutic target
rather than a descriptive context.
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