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Abstract

Colorectal cancer (CRC) remains a significant global health challenge, ranking among the leading causes of
cancer-related morbidity and mortality. Accumulating evidence indicates that disease progression and therapeutic
resistance in CRC are not solely tumor cells but are critically shaped by the tumor microenvironment (TME),
including immune and stromal compartments and the extracellular matrix. Recent advances in single-cell

RNA sequencing (scRNA-seq) and spatial transcriptomics (ST) have enabled the integration of cellular identity
with spatial context, thereby defining spatial niches and interaction networks that modulate both antitumor
immunity and tumor-promoting programs in CRC. This review synthesizes scRNA-seq and spatial transcriptomic
studies of CRC to characterize cellular heterogeneity and to delineate spatial niche organization and functional
crosstalk within the TME. Building on these insights, we summarize emerging therapeutic perspectives in CRC,
including rational combination immunotherapy strategies and promising targets such as SPP1* tumor-associated
macrophages.
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Background

Colorectal cancer (CRC) is the third most commonly
diagnosed malignancy and the second leading cause of
cancer-related deaths worldwide [1-3]. Recent advances
in immunotherapy have demonstrated clinical benefit in
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and immunosuppressive niche, encompassing immune
cells, stromal elements, vasculature, extracellular matrix,
and soluble factors [12, 13]. In CRC, the immunosup-
pressive TME can limit immunotherapy efficacy through
interconnected mechanisms, including the recruitment
and expansion of regulatory immune cell populations,
the formation of physical and metabolic barriers that
exclude effector T cells, and the secretion of inhibitory
cytokines that dampen anti-tumor responses. Therefore,
elucidating the cellular composition, spatial architecture,
and functional states of TME components is critical for
dissecting mechanisms of treatment resistance and iden-
tifying novel therapeutic targets in CRC.

Traditional bulk transcriptomic and flow cytometric
analyses have provided valuable insights into the TME.
However, these methods average signals across cell
populations, thereby obscuring the cellular diversity and
functional complexity of individual cell types [14, 15].
The advent of single-cell RNA sequencing (scRNA-seq),
which allows for the analysis of gene expression at the
resolution of single cells, has revolutionized our ability to
deconstruct this complexity by enabling high-resolution
analysis of individual cells within the TME [16—20]. More
recently, spatial transcriptomics (ST), which measures
gene expression while preserving tissue spatial context,
has emerged as a complementary technology. Through
mapping of cell-cell interactions and spatial gradients
of signaling activity within intact tissue sections, spatial
transcriptomics reveals how the spatial organization of
the TME influences tumor progression and immune eva-
sion [21].

This review synthesizes recent findings from scRNA-
seq and spatial transcriptomics studies in human CRC,
with an emphasis on the characterization of novel
immune and stromal cell subsets, their spatial interac-
tions and the key signaling pathways driving tumor pro-
gression and therapeutic resistance. These insights are
reshaping our understanding of CRC pathobiology. More
importantly, they provide a foundation for developing
innovative therapeutic strategies aimed at reprogram-
ming the TME to improve patient outcomes.

Search strategy and study selection

We searched the Gene Expression Omnibus (GEO) data-
base for human scRNA-seq and spatial transcriptomic
datasets relevant to CRC through 1 December 2025,
using CRC-related terms (“colorectal cancer’, “CRC”)
combined with technology-related terms (“single-cell
RNA sequencing’, “scRNA-seq’, “spatial transcrip-
tomics”). No restrictions were applied to publication
year or dataset release date, and searches were limited
to Homo sapiens. Studies were included if they profiled
human CRC tumors or matched normal tissue using
scRNA-seq or spatial transcriptomics. Mouse datasets
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were considered separately when offering complemen-
tary mechanistic insights. Studies focusing on non-CRC
malignancies, or lacking single-cell or spatial data, were
excluded.

Macrophages
Macrophages are sentinel immune cells that maintain tis-
sue homeostasis, defend against pathogens, and orches-
trate both innate and adaptive immune responses. In
physiological conditions, tissue-resident macrophages
carry out key functions such as phagocytosis (e.g., CIQA,
CIQB and CIQC), antigen presentation, and immune
regulation (e.g., IL1B, NR4A1, NR4A2 and NR3A3) [22].
In the TME, macrophages represent one of the most
abundant immune populations and are collectively
referred to as tumor-associated macrophages (TAMs).
TAMs have been implicated in tumor progression by reg-
ulating tumor cell proliferation, angiogenesis, immune
suppression, and metastatic dissemination [23, 24].
Recent scRNA-seq studies have greatly refined our
understanding of the macrophage landscape in human
CRC [25]. Rather than conforming to the classical M1
(pro-inflammatory) or M2 (anti-inflammatory) paradigm,
TAMs in CRC frequently co-express gene signatures
associated with both M1 and M2 phenotypes, reflecting
functional and transcriptional heterogeneity driven by
local microenvironmental cues. Based on gene expres-
sion profiles, functional states, and spatial localization,
TAMs can now be classified into distinct subpopulations
that contribute differentially to immune regulation and
tumor dynamics. The key characteristics of TAM sub-
populations in CRC are summarized in Table 1. However,
it is important to note that marker-based classifications
do not always predict function uniformly across disease
stages, MSS tumors, or anatomical sites, and emerging
evidence suggests context-dependent plasticity within
these subsets.

Functional subtypes of TAMs in CRC: immunosuppressive
vs. inflammatory vs. anti-tumor

SPP1* TAMs are among the most frequently observed
subsets, identified in hypoxic and necrotic regions of
human primary CRC by scRNA-seq analysis. They are
characterized by the expression of angiogenic and immu-
nomodulatory genes (e.g., VEGFA, VCAN, and CXCLS)
[26]. Their abundance increases progressively from nor-
mal to primary tumor to colorectal liver metastases
(CRLM) regions [27]. It is noteworthy that most SPP1*
TAMs originate from circulating classical monocytes
with pro-inflammatory properties, while a subset derives
from tissue-resident macrophages in CRC [28]. Further-
more, ICB therapy has been shown to reduce both the
proportion of monocyte-derived SPP1* TAMs and their
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Table 1 TAM subpopulations in CRC
Subset Key markers Platform Species Site Spatial niche Functions Clinical
association
SPP1*TAMs SPP1, VEGFA, scRNA-seq  Human Primary CRC,  Hypoxic or necrotic regions  Angiogenesis, im- Poor survival
VCAN, CXCL8 CRLM mune suppression
TREM2* TAMs  TREM2, MARCO,  scRNA-seq  Human Primary CRC  Intratumoral Immune suppression  Poor survival
APOE, MSR1
C1QC* TAMs C1QC,CIQA, scCRNA-seq, Human Primary CRC  Invasive front, peritumoral T cells recruitment and Better prog-
CD68, CD80 ST activation nosis and ICB
response
NLRP3*TAMs  NLRP3,IL18, scRNA-seq  Human Primary CRC  Diffuse or Pro-inflammatory Context-depen-
ICAM1,1DO1 neutrophil-clustered dent effects
MRC1*CCL18* MRCI,CCLI1S, scRNA-seq  Human Primary CRC,  metastatic niches Pro-inflammatory Poor survival
TAMs TNF,IL1B CRLM
IL411* TAMs L4l ST Human Primary CRC  Fibrotic and apoptotic mar- Phagocytosis of tumor  Favorable
gins (uppermost mucosa)  cells prognosis
FOLR2*TAMs  FOLR2 ST Human Normal Middle or lower mucosal Contribute to the Favorable
colon, CRC layers plasma cell niche prognosis
formation
LYVET*TAMs — LYVET,ILT0 ST Human Normal Submucosa, perivascular Anti-inflammatory, Unknown
colon, CRC fibrosis suppression

output of inflammatory cytokines, suggesting that they
may contribute to immune suppression [27].

SPP1* TAMs exert context-dependent immune-sup-
pressive effects through extensive interactions with other
cell types in the TME. Specifically, SPP1* TAMs activate
FOXP3" regulatory T cells (Tregs) in close proximity at
primary and metastatic sites. In addition, SPP1" TAMs
can secrete high levels of IL-10, sustaining their activated
state via autocrine feedback. Additionally, transcrip-
tomic profiling reveals that SPP1" TAMs exhibit elevated
expression of genes linked to tumor growth, metastasis,
and therapeutic resistance (e.g., SDC2, SI00A6, SI00A8,
S100A10, MT2A, MTIE, and MTIF). Notably, in human
CRLM, SPP1* TAMs show markedly increased ligand-
receptor interactions with tumor cells, including CD44-
HBEGF, CD74-MIF, CD47-SIRPA, and TNFRSF1B-GRN.
The crosstalk between SPP1* TAMs and tumor cells may
promote metastatic growth and immune evasion [29].
TCGA and GEO cohorts showed a positive correlation
between SPP1* TAMs and poorer survival outcomes, as
well as resistance to immunotherapies in CRC [30, 31].

Another immunosuppressive subset, TREM2* TAMs,
are characterized by high expression of TREM?2 and lipid
metabolism abnormalities [23]. The TREM2* macro-
phages are specifically enriched within tumor tissues and
highly express genes related to M2 macrophage activa-
tion (e.g., MARCO and TREM2), immune suppression
(e.g., HAVCR2), lipid metabolism (e.g., MSRI, APOCI,
APOE, and OLR1), and foam cell formation, all of which
associated with tumor progression [32]. Interestingly,
TREM2" TAMs range from small mononuclear cells to
large foam cells or multinuclear giant cells morphologi-
cally, reflecting its high degree of heterogeneity.

Chronic inflammation is a hallmark of TME. Inflam-
matory macrophage subsets have also been identified in
human primary CRC by scRNA-seq. Specifically, NLRP3*
TAMs were identified with high expression of inflam-
matory cytokines (e.g., IL-18, ICAM1, IDO1, and iNOS)
and the activation of inflammasomes in primary tumors.
These cells are typically found either diffusely distributed
throughout the tumor or clustered with neutrophils, sug-
gesting they may help establish inflammatory niches by
different mechanisms [33]. Notably, NLRP3 inflamma-
some activation exerts dual effects in CRC. IL-18 release
can enhance natural killer (NK) cell-mediated cytotox-
icity and has been linked to protective effects in colitis-
associated CRC, whereas sustained IL-1B production
promotes tumor-associated inflammation, facilitates
epithelial-mesenchymal transition, and is associated with
poor prognosis in sporadic CRC [34, 35]. The clinical rel-
evance of NLRP3* TAMs in human CRC and whether
their inflammasome activity represents an anti-tumor or
pro-tumor signal likely depend on disease stage, duration
of activation, and the balance between IL-18 and IL-1B
signaling.

Another notable inflammatory population is the
MRCI1*CCL18* TAM subset, present in both primary
CRC and CRLM. These macrophages upregulate pro-
inflammatory mediators (e.g., TNF, ILIB, CCL3, and
CCL4), amino acid metabolism genes (resembling
Kupffer cells), and M2 macrophage polarization-related
genes (e.g., APOE and MARCO) [30]. Importantly, this
subset interacts preferentially with metastatic tumor cells
via the CD47-SIRPA axis, which inhibits their phagocytic
capacity. Remarkably, both SPP1* and MRC1*CCL18*
TAM subsets decline significantly following neoadju-
vant chemotherapy (NAC), a shift accompanied by a
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concurrent increase in effector CD8* T cells, may helping
restore effective anti-tumor immunity [30]. Moreover,
whether the decline in these TAM subsets is a cause or
consequence of chemotherapy-induced tumor remodel-
ing remains unclear.

On the other hand, C1QC* TAMs represent a spe-
cific macrophage subset in human CRC, characterized
by expression of M1 macrophage polarization-related
markers (e.g., CD68, CD80, and MAF) and complement-
related genes (e.g., CIQA, TREM2, MERTK, and CD80).
However, their primary function appears to be the reg-
ulation of anti-tumor T cell responses. This popula-
tion facilitates recruitment and activation of diverse T
cell subsets, including CD8* effector T cells, Tregs, and
Thil-like cells, via extensive receptor-ligand interac-
tions. Through this immunostimulatory activity, C1QC*
TAMs may contribute to enhanced anti-tumor immunity
activity and have been associated with improved patient
outcomes in human CRC [5]. However, emerging and
conflicting evidence indicates the role of CIQC* TAMs
is context dependent. Clq-related programs have also
been linked to tumor cell adhesion, migration, angiogen-
esis, and disease progression in certain settings, which
correlate with unfavorable prognosis in multiple cancers,
including CRC [36, 37]. Together, available evidence sup-
ports functional heterogeneity among C1QC* TAMs and
suggests context-dependent roles shaped by tumor sub-
type, spatial niche, and microenvironmental cues, high-
lighting the need for validation in larger, MSI-stratified,
clinically annotated CRC cohorts.

Spatial organization of TAMs

Beyond transcriptomic heterogeneity, the spatial local-
ization of TAMs is closely linked to their functional spe-
cialization [38]. Under physiological conditions, TAMs
exhibit a zonated distribution across mucosal layers [33].
For example, IL411* TAMs are found in the uppermost
mucosal layer and retain their phagocytic capacity even
in the tumor microenvironment. These cells preferen-
tially localize to fibrotic or apoptotic tumor margins,
where they phagocytose tumor cells, correlating with
favorable prognosis. Their activity may be modulated by
the CD274-CD47 axis. In the middle and lower layers,
FOLR2" TAMs contribute to the formation of the plasma
cell niche. Additionally, the LYVE1* TAM subpopula-
tion located in the submucosa of the colon, surrounding
blood vessels, resembles murine perivascular macro-
phages. The subpopulation specifically expresses IL-10
and LYVEI and may contribute to suppress inflammation
and fibrosis [38, 39].

Within tumors, TAMs display pronounced spatial
heterogeneity. Macrophages at the invasive front often
display anti-tumor features, whereas those located
deeper in the tumor core adopt immunosuppressive
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or pro-metastatic functions [24]. A ST study using 10x
Genomics Visium revealed that immunomodulatory
TAMs (Reg-TAMs) localize primarily to stromal and
peritumoral regions, regulating immune cell infiltration
[21]. Conversely, tumor-core TAMs engage in direct cell-
cell interactions that may promote invasion and metasta-
sis [24]. Further supporting this differential localization,
transcriptome profiling revealed that CD68* macro-
phages infiltrate and tightly surround tumor cells, while
CD163" macrophages are preferentially located further
from the tumor nests [33].

In colorectal liver metastasis, two morphological sub-
classes have been described: large TAMs (L-TAMs),
which display a foam cell-like morphology with high
cholesterol metabolism and phagocytic gene expression
(e.g., CIQA, CIQB, C1QC, MERTK, MSRI, and MRC?2),
and small TAMs (S-TAMs), which express inflammatory
markers. Notably, L-TAMs are particularly associated
with poor prognosis, highlighting the potential clinical
significance of TAM diversity in metastatic CRC [40].

Spatial transcriptomics has also facilitated mechanistic
insights into TAM function. For example, SPP1* TAMs,
initially identified by scRNA-seq, have been found to co-
localize with FAP* fibroblasts by spatial transcriptomics,
which contribute to immune exclusion by constructing
fibrotic barriers that physically impede T cell infiltration
[41]. These interactions are regulated by chemerin, TGE-
B, and IL-1p, which may underlie resistance to PD-L1
blockade in patients expressing high levels of FAP and
SPP1(23).

A recent study employed spatially resolved multi-
omics approaches, including imaging mass spectrom-
etry, spatial proteomics, and spatial transcriptomics,
to elucidate the spatial TME of human metastatic CRC
patients receiving immunotherapy. The study revealed
that, regardless of microsatellite status, C1QC" TAMs
are more abundant in responders, where they co-localize
with CD4" T cells and the expression of MHC-II facili-
tates their interaction. In contrast, in non-responders,
cancer-associated fibroblasts can inhibit this interaction
[42].

These spatial distinctions highlight the importance of
context-dependent TAM phenotypes and underscore the
complexity of macrophage-mediated regulation within
the CRC microenvironment.

Therapeutic targeting of TAMs in CRC

Given their central role in shaping tumor immunity,
TAMs represent attractive therapeutic targets in CRC.
However, clinical efforts have encountered several chal-
lenges. For instance, CSF1R inhibitors, while effective at
depleting proliferative, inflammatory macrophages, have
shown limited clinical efficacy in CRC. This may be due
to their inability to eliminate immunosuppressive subsets
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such as SPP1* TAMs [28]. More promising strategies
have focused on intracellular signaling pathways. SHP2,
a phosphatase that negatively regulates type I interferon
(IEN-I) signaling, has emerged as a viable target. SHP2
inhibition enhances anti-tumor immune responses and
synergizes with immune checkpoint blockade in pre-
clinical CRC models [43]. Additionally, dual blockade of
TREM2 and PD-1 has demonstrated efficacy in murine
CRC models. This approach depletes M2-like TAMs,
promotes neutrophil expansion, and reprograms the
remaining TAM populations toward a pro-inflammatory
phenotype. These findings collectively highlight the need
for more precise, subset-specific macrophage-targeting
strategies in CRC, which are ideally guided by scRNA-seq
and spatial transcriptomic profiling, to overcome immu-
notherapy resistance and improve clinical outcomes (Fig.
1).

Neutrophils

Neutrophils, traditionally conceptualized as short-
lived first responders within the innate immune system,
mediate rapid host defense via phagocytosis, degranu-
lation, and the generation of reactive oxygen species
(ROS). The N1/N2 framework proposed by Fridlender
[44] was subsequently extended to tumors, depicting
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tumor-associated neutrophils (TANs) as either antitumor
(N1, IEN-B-induced) or protumor (N2, TGF-B-driven)
[45-47]. However, this simplistic binary dichotomy has
been fundamentally challenged by the advent of scRNA-
seq. Rather than conforming to strictly polarized states,
TANs in CRC span a broad transcriptional continuum.
Within this landscape, multiple functionally divergent
subsets emerge, exhibiting unexpected capacities such as
antigen presentation and metabolic regulation [48-50],
positioning them as context-dependent orchestrators of
the TME. These insights recast neutrophils not as mere
terminally differentiated innate effectors, but rather as
dynamic lineages that integrate and respond to complex
microenvironmental cues.

This functional heterogeneity is exemplified by the
four distinct TAN subsets identified by Bai et al., which
arise from a progressive differentiation cascade orches-
trated by spatially defined microenvironmental cues
[48]. In normal colonic mucosa, NANs preferentially
express MS4A6A, AREG, and GPR183 and are regulated
by TFs such as RFX5, CREB1, SRF, STAT4, and REL.
These cells facilitate immune regulation, differentiation,
and controlled inflammation to maintain tissue homeo-
stasis. As tumorigenesis progresses, a stepwise differ-
entiation path is initiated, wherein NANs transfer to
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Fig. 1 Dissection of major tumor-associated macrophage subpopulations in the tumor microenvironment using multi-omics approaches. IL411* TAMs,
primarily involved in phagocytosis, retain their function in the tumor microenvironment. FOLR2* TAMs contribute to plasma cell niche formation, while
LYVE1" TAMs, localized around blood vessels, specifically express /L-10 and LYVET to regulate inflammation and tissue fibrosis. C1QC* TAMs are associated
with complement activation and enhance antigen presentation to T cells. SPP1* TAMs, located in the ischemic and necrotic regions of tumors, express
inhibitory receptors, induce physical barrier formation, activate suppressive cells and limit the infiltration and function of cytotoxic cells. NLRP3* TAMs are
macrophages contribute to the inflammatory milieu within tumors. TREM2* TAMs mediate immunosuppression, lipid metabolism through scavenging
modified lipoproteins and foam cell formation, while also promoting Treg activation and complement activation
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TAN-1. This subset exhibits a highly pro-inflammatory,
matrix-degrading phenotype characterized by the secre-
tion of matrix metalloproteinases (MMPs), potentially
facilitating tumor cell invasion. Subsequently, TAN-3
emerges, primarily involved in immune activation and
regulation, presumably through direct interactions with
T cells. Concurrently, TAN-4 integrates metabolic and
inflammatory programs to maintain immune balance
within the TME, collectively contributing to an antitu-
mor response. Finally, TAN-2 represents a terminally
differentiated state, exhibiting a pronounced stress-tol-
erant phenotype that enables survival under hypoxic and
nutrient-deprived TME conditions. This subset correlates
with inferior overall survival, reflecting its pivotal role in
shaping an immunosuppressive TME. Consequently, the
abundance and functional characteristics of TAN-2 serve
as a reliable proxy for the degree of immunosuppres-
sion within the TME. Targeting TAN-2 and its intrinsic
stress-response machinery may disrupt neutrophil-medi-
ated adaptation, enhance treatment efficacy, and prolong
patient survival. Consistent with this concept of context-
dependent plasticity, Wang et al. using spatial transcrip-
tomics revealed that C3-TANs preferentially localize at
the normal-adenoma interface and exhibit strong cross-
talk with fibroblasts. This subset exhibited a functional
shift from degranulation-dependent cytotoxicity toward
protumorigenic, pro-angiogenic, and immunomodula-
tory activities along the normal-adenoma-carcinoma
sequence, mirroring the emergence of stress-tolerant,
immunosuppressive TAN states [51].

In addition, a newly identified subpopulation of CTCF*
TAN:Ss, enriched in hypoxic tumor regions, orchestrates
tumor progression and metastasis via the hypoxia-
induced CTCF-MIENI1-IL-1B axis. These pro-tumori-
genic neutrophils are strongly associated with inferior
clinical outcomes and primary resistance to ICB. Tar-
geting the CTCF-MIEN1-IL-1p signaling in the mouse
model of CRLM enhanced the efficacy of anti-PD-L1
therapy, suggesting this pathway as a promising thera-
peutic target [52]. Moreover, neutrophils also play special
roles in metastatic CRC. Preclinical orthotopic murine
models of CRLM show an early Prok2* neutrophil expan-
sion during pre-metastatic niche formation. However,
the clinical relevance of analogous Prok2* neutrophil
dynamics in human CRC patients remains to be rigor-
ously determined [53].

Beyond their cellular heterogeneity, neutrophils exac-
erbate CRC pathogenesis through the formation of
neutrophil extracellular traps (NETs), composed of
decondensed chromatin decorated with antimicrobial
proteins (histones, elastase, myeloperoxidase). In CRC,
NETs are enriched at tumor invasive fronts, perivascu-
lar niches, and metastatic foci, triggered by pro-inflam-
matory cytokines (IL-8, TNF-a) and ROS. Consistently,
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TAN- related transcriptional signatures correlate with
disease aggressiveness and patient outcomes [49, 54].
Collective insights from scRNA-seq and spatial tran-
scriptomic technologies have highlighted neutrophil het-
erogeneity in CRC and their roles in TME remodeling,
immune suppression and metastasis, but their spatio-
temporal plasticity is still not fully defined. Mechanistic
studies and neutrophil-based biomarkers could facilitate
therapeutic targeting and improve patient stratification.

Dendritic cells

Dendritic cells (DCs) are pivotal antigen-presenting cells
that play a critical role in inducing and maintaining anti-
tumor immunity. Although they constitute a relatively
small fraction of immune cells in the TME, they exert
substantial immunomodulatory functions. Tradition-
ally, DCs are categorized into classical dendritic cells
(cDCs) and plasmacytoid dendritic cells (pDCs) [55-59].
¢DCs can be further subdivided into CD141" ¢DCl1s and
CDl1c" ¢DC2s. While ¢DCls are primarily responsible
for activating CD8* cytotoxic T cells, cDC2s are more
involved in the activation of CD4* helper T cells. In con-
trast, pDCs are primarily involved in antiviral responses
and the modulation of other immune cells, such as T cells
and cDCs [60-62].

In CRC, the distribution of DC subsets is notably
altered: pDCs are significantly increased and c¢DCls
markedly reduced [28]. While pDCs contribute to both
inflammatory responses and anti-cancer immunity, their
immunosuppressive effects are frequently more pro-
nounced in human CRC [63]. In particular, pDCs have
been shown to promote the expansion and differentiation
of Tregs, a process associated with immunosuppression
and unfavorable clinical outcomes [64] However, recent
evidence from Kiefller et al., based on immunohisto-
chemical analyses of large human colon cancer cohorts,
has challenged this monolithic view. They reported that
elevated pDC infiltration, specifically when pDCs spa-
tially co-localize with CD8* T cells within mature tertiary
lymphoid structures (TLSs), correlates with significantly
improved overall survival [65]. These divergent findings
underscore that pDC function is strictly contingent upon
their transcriptional activation state and precise spatial
localization, highlighting the context-dependent com-
plexity of their role in the CRC landscape. In contrast,
¢DC2s in CRC exhibit functional heterogeneity, giving
rise to multiple subpopulations with distinct roles [31].
For instance, a distinct cDC2 subpopulation found in
human CRLM is characterized by the expression of pro-
inflammatory genes (e.g., CIQA, CD68, CD163, CD14,
VSIG4, CCL3, and MAFB). This subpopulation closely
resembles the recently described DC3 population in both
human and murine models, and its enrichment is associ-
ated with poor prognosis in CRC. Additionally, TIMP1*
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c¢DC2 cells, identified in peritumoral liver metastases and
mesenteric lymph nodes, express maturation markers
like CCR7 and participate in regulating angiogenesis (e.g.,
EREG, CREM, and VEGFA) [31].

A specialized subset of DCs, termed LAMP3* DCs,
which are also referred to as mature regulatory DCs
(mregDCs), has been identified in both human primary
CRC lesions and CRLM [66]. LAMP3* DCs are defined
by high expression of maturation markers (e.g., CD40,
CD80 and CD86), regulatory molecules (e.g., PD-L1 and
BTLA), migration-related genes (e.g., CCR7), and low
expression of Toll-like receptor (TLR) signaling genes
[25]. Lineage tracing and transcriptomic profiling have
revealed that LAMP3* DCs originate from both c¢DC1
and c¢DC2 populations, with a predominance of cDC1-
derived cells [25, 67]. However, the functional differences
between cDC1- derived and cDC2-derived LAMP3* DCs
remain unexplored, and direct functional studies are
lacking.

LAMP3*" DCs contribute to priming naive CD8* T
cells. High-resolution spatial profiling reveals their co-
localization with CD8* T cells and CXCL13* helper T
cells in TLS. Intriguingly, these TLS-resident DCs exhibit
significantly increased IL12B and reduced CD274 (PD-
L1I) expression compared to their counterparts localized
within stromal regions. However, these cells also possess
immunosuppressive properties, including the induc-
tion of Tregs via upregulation of BTLA, contributing to
immune tolerance [68]. This dual-functionality mirrors
the behavior of LAMP3* DCs observed in lung cancer,
which similarly promote Treg differentiation [67].

Recent studies highlight that LAMP3* DCs are core
components of a specialized immune triad, compris-
ing CD8* T cells, CXCL13"* helper T cells and LAMP3*
DCs. This spatial organization, driven by IL-15 signaling,
correlates with improved response to immune check-
point blockade and may serve as a predictive marker for
immunotherapy efficacy [69]. Mechanistically, LAMP3*
DCs enhance anti-tumor immunity through IL-12 pro-
duction and may modulate immune responses via PD-L1
expression, depending on their activation state. Simi-
lar immunoregulatory dynamics have been observed in
hepatocellular carcinoma, where LAMP3* DCs and CD4*
T cell niches support effective CD8* T cell differentiation
following PD-1 blockade [70]. A study using Stereo-seq
revealed that the spatial architecture of LAMP3* DCs and
their intercellular interactions with T cells distinguish-
ing immunotherapy responders from non-responders.
In responders, LAMP3* DCs form cohesive niches with
CXCL13* T cells at the tumor-stroma invasive boundary,
exhibiting higher spatial co-localization and interaction
frequencies than in non-responders. Conversely, in non-
responders, LAMP3* DCs are spatially segregated from
T cells by an intervening barrier of CXCL14* CAFs [71].

Page 7 of 19

Despite the robust association between these immuno-
spatial niches and ICB outcomes [28], prospective vali-
dation and mechanistic studies are needed to establish
causality and define CRC-specific functional plasticity of
LAMP3* DCs.

T cells

T cells are central mediators of anti-tumor immunity and
a focal point of immunotherapy research. Over the past
decade, the advent of ICIs has deepened our understand-
ing of the intricate regulation of T cell differentiation,
governed by factors such as antigen exposure intensity
and duration [72, 73]. Nevertheless, strategies to reverse
dysfunctional or exhausted T cell states remain elusive.
ScRNA-seq and ST now offer unprecedented resolution
to map T cell heterogeneity and guide therapeutic inno-
vation [73, 74].

Exhausted T Cell
T-cell exhaustion is a state of functional impairment that
occurs in both chronic infections and tumors and repre-
sents a significant challenge to sustaining effective T-cell
responses in cancer therapy [75, 76]. Exhausted T cells
are typically characterized by co-expression of inhibitory
receptors (e.g., TIGIT, PD-1, LAG3, and CXCL13) [77].
In CRC, exhausted T cells also exhibit high proliferative
activity and express angiogenesis- and immunosuppres-
sion-associated genes (e.g., CCL15, CXCL1,and CXCL12)
[73, 78]. Furthermore, these exhausted T cell populations
accumulate to a greater extent in MSI-H patients, who
tend to have a better response to immunotherapy.
Exhaustion is not a binary state but rather a contin-
uum. Specifically, during the development of exhausted T
cells, their transcriptional profile shifts from high expres-
sion of effector molecules (e.g., [FNG, GZMB, GZMH,
and PRFI) to the accumulation of exhaustion markers
and dysregulated lipid metabolism [73, 74, 78]. Given
the continuous and heterogeneous nature of the T cell
exhaustion process, it is challenging to comprehensively
capture their dysfunctional state at a single time point.
Recent scRNA-seq analyses introduced the concept of
tumor-reactive CD8* T cells, which span from precursor
exhausted T cells (Tpex) to terminally exhausted states
[79]. It is particularly encouraging that effective ICB ther-
apy can partially reverse the process of tumor-reactive
CD8* T cells exhaustion and reactivate their anti-tumor
function. In particular, the baseline infiltration level of
this subpopulation can be a potential predictor of dis-
ease progression and outcome. Notably, recent studies
have shown that reversing the reprogramming of lipid
metabolism in failing T cells restores their cytotoxicity,
and transcription factors such as PPARG and SREBF?2 are
expected to be potential therapeutic targets [80].
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In the intestinal mucosa, tissue-resident memory T
cells (TRMs), another subset of exhausted T cells, have
garnered particular interest. These cells show high
expression of tissue-residency markers (e.g., CD69 and
CDI103) and immune checkpoint molecule (e.g., PD-1 )
[81]. Unlike conventional exhausted T cells (CD8* Tex),
TRMs still recover their immune function upon re-
encountering the corresponding antigen, thus mediating
a rapid immune response. The characteristics of TRMs in
CRC have been associated with favorable clinical prog-
nosis and highly effective therapeutic outcomes [22].
Interestingly, a recent study identified a subset of CD8*
T cells expressing GZMK, but not GZMB. These GZMK*
CD8" T cells exhibit minimal or no expression of typical
exhaustion markers and have been shown to exert anti-
tumor effects in CRC and other cancer types. This under-
scores the functional and origin-related heterogeneity
among exhausted T cell populations and highlights the
complexity of T cell-mediated immunity in cancer.

Regulatory T Cells
Tregs represent a key immunosuppressive population
within the TME, complementing the role of exhausted
T cells in shaping immune evasion. The accumulation of
Tregs in the TME has been associated with poor prog-
nosis and reduced sensitivity to treatment. Furthermore,
anti-PD-1 therapy has been shown to reduce Treg cell
numbers in responsive tumors [82]. The development
and function of Tregs are primarily governed by the tran-
scription factors FOXP3 and TCF-1. In murine models
of polyposis, deletion of Tcf-1 impairs CD4* T cell polar-
ization and promotes local inflammation, which exacer-
bates tumor progression in CRC [83]. In CRC patients,
the majority of Tregs infiltrating the TME originate from
peripheral circulation, driven by chemokine receptors
such as CCR4, CCR7, and CCR8 [84]. Thus, CCR4 and
CCRS represent targetable pathways for limiting Treg
recruitment; however, CCR4 inhibition carries a risk of
broader immune toxicity, whereas CCR8-directed strat-
egies remain in early stage of development with limited
clinical evidence in CRC [85]. However, a distinct subset
arises from local PRDM1* TRM CD4* T cells, highlight-
ing a dual origin [82]. Local inflammation within the
tumor milieu provides critical cues for Treg activation.
Mechanistically, Tregs suppress anti-tumor immunity
through multiple pathways. These include the secretion
of inhibitory cytokines (e.g., IL-10, TGF-p), and contact-
dependent engagement of immune checkpoint recep-
tors, both of which contribute to the formation of an
immunosuppressive barrier. Using 10x Genomics Visium
spatial transcriptomics, Hashimoto demonstrated that
tumor cells at the adenoma-carcinoma interface exploit
the MDK-SDC4 axis to engage Tregs and promote
immune suppression. Moreover, functional assays using
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MDXK-knockdown tumor cells and SDC4-deficient Treg-
like cells demonstrated reduced Treg chemotaxis, pro-
viding causal evidence that this axis actively drives Treg
recruitment. In alignment with its functional role, an
elevated ratio of MDK/SDC4 is clinically associated with
poor overall survival in CRC patients. Thus, the MDK-
SDC4 axis contributes to the formation of the Treg-
enriched immunosuppressive microenvironment that
fuels tumor progression [86]. Interestingly, another study
identified a unique niche, termed the Treg-mregDC-
lymphatic niche, in which LAMP3* DCs around lym-
phatic vessels recruit and activate Tregs via chemotactic
signals. In Villin®® Apc* mice, multiplex immunofluo-
rescence delineated a peritumoral lymphatic stromal
compartment enriched for spatially co-localized Tregs
and mregDCs. Functional intervention experiments fur-
ther indicated a suppressive role for this axis, as CCR4
blockade or selective Treg depletion increased antigen
trafficking to draining lymph nodes. Consistently, spatial
transcriptomic analyses suggested analogous perilym-
phatic immune niches in human CRC, and their presence
was associated with inferior patient survival, underscor-
ing that immune-cell localization is a key determinant of
function within the TME [87].

Tissue-specific heterogeneity of Tregs is also evident
when comparing primary CRC tumors with liver metas-
tases. In primary intestinal tumors, both IL10* and
CTLA4* Treg subpopulations coexist and exhibit an acti-
vated and tissue-resident phenotype. By contrast, meta-
static lesions in the liver predominantly harbor only the
CTLA4* Treg subsets [31]. Notably, the CTLA4" Tregs
from both sites share extensive TCR repertoire overlap
with FOXP3* Tregs in the peripheral blood, indicating
potential clonal relationships between tissue-infiltrating
and circulating Tregs [86].

In addition to classical FOXP3* Tregs, CRC tissues
also harbor a subset of EOMES* type 1 regulatory T
(Tr1) -like cells. These unconventional regulatory T cells
undergo clonal expansion in both primary and meta-
static lesions and exhibit suppressive activity comparable
to FOXP3* Tregs. They are characterized by the expres-
sion of GZMK and chitinase-3-like protein 2 (CHI3L2).
Importantly, their accumulation has been associated with
advanced disease progression and resistance to immuno-
therapy, underscoring their potential as novel therapeutic
targets in CRC.

Conventional T cells

Compared to Tregs, conventional T cells (Tconvs) dem-
onstrate significantly greater heterogeneity in both gene
expression and T cell receptor (TCR) repertoires across
various cancer types . In CRC, scRNA-seq has identi-
fied a distinct subpopulation of CXCL13* Thl-like T
cells expressing BHLHE40 and effector molecules such as
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IFNG and GZMB. These cells are preferentially enriched
in MSI-H patients and have been associated with
improved responses to ICB, suggesting their potential
utility as biomarkers for immunotherapy outcomes. Fur-
thermore, CXCL13* Thl-like T cells promote the activa-
tion of CD4* memory T cells and facilitate robust IFNG
production via IGFLRI, a costimulatory receptor recently
identified to augment T-cell activation and effector cyto-
kine production. These findings indicate that /GFLRI
may serve as a promising therapeutic target to potentiate
anti-tumor immune responses in CRC [84].

Overcoming T cell exhaustion and selectively elimi-
nating immunosuppressive T cell subsets remain major
obstacles in advancing effective anti-tumor immunity.
Although scRNA-seq has provided unprecedented
insights into the transcriptional states of tumor-infil-
trating T cells, current spatial transcriptomic technolo-
gies have yet to fully resolve their spatial localization,
functional states, and interactions within the TME
[87]. Future studies should prioritize mapping spatially
resolved signaling networks and cell-cell interactions that
contribute to T cell dysfunction. Such efforts will be criti-
cal for the development of precise, TME-aware immuno-
therapies aimed at restoring the durability and cytotoxic
functionality of tumor-reactive T cells within the immu-
nosuppressive landscape of CRC [76].

B cells

In recent years, ICB and chimeric antigen receptor T-cell
(CAR-T) immunotherapy have garnered significant clini-
cal attention, underscoring the critical role of T cells in
anti-tumor immunity. Despite their success, these ther-
apies have also highlighted the inherent limitations and
vulnerabilities of T cell-mediated responses against can-
cer. An increasing number of studies have shed light on
the essential synergistic role of tumor-infiltrating B cells
and plasma cells, collectively referred to as tumor-infil-
trating B cells (TIBs) [88, 89].

CCL19
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TIBs have been found to have diverse functions (Fig. 2).
As antigen-presenting cells (APCs), B cells interact with
CD4" T helper cells via the CD40-CD40LG axis, further
activating cytotoxic T lymphocytes (CTLs) to eliminate
tumor cells [27]. This interaction is notably enhanced
in treatment-responsive groups, and similar findings
have been observed in mouse models. In addition to
antigen presentation, TIBs play a pivotal role in orches-
trating the initiation and maintenance of adaptive immu-
nity through chemokine pairs such as CCL19-CCR?7,
CXCL13-CXCR5, and CCL28-CCR10 [90]. Beyond those
functions, TIBs can secrete cytokines that promote the
formation and maturation of TLSs in tumors [26]. How-
ever, within tumor tissues, a simultaneous decrease in
the number of TIBs, their proliferation index and MHC
II expression suggests impaired antigen-presenting func-
tion and reduced immune cell recruitment, ultimately
impairing their anti-tumor efficacy [26]. Moreover,
another distinct subset, regulatory B cells (Bregs), is
characterized by its ability to produce potent inhibitory
cytokines, primarily IL-10 and TGEF-f, which attenuate
antitumor immunity by suppressing T-cell effector func-
tions and promoting Treg expansion.

On the other hand, following antigenic stimulation, B
cells differentiate into plasma cells (PCs), which clonally
expand and secrete IgG or IgA antibodies. These anti-
bodies exert their effects through antibody-dependent
cellular cytotoxicity (ADCC), a mechanism in which
immune effector cells, including NK cells and mac-
rophages, recognize antibodies bound to target cells
through Fc-y receptors (FcyRs), which triggers the release
of cytotoxic granules or facilitates phagocytosis. Spatial
transcriptomics has underscored that B-cell-mediated
humoral responses in CRC are governed by spatially
driven functional compartmentalization. Specifically,
TLS-associated IgG* plasma cells and class-switched
B cells are more often linked to anti-tumor immunity,
whereas IgA* PCs enriched in TLS-poor regions tend
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Fig. 2 The role of B cells in tumor microenvironment. B cells express various immune-regulatory molecules and participate in anti-tumor immunity.
Upon antigen stimulation, B cells proliferate, differentiate and mature into PCs to exert anti-tumor functions. However, tumor-infiltrating B cells exhibit
a reduced anti-tumor immune response, manifested as impaired proliferative capacity, along with compromised antigen presentation and recruitment
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Fig. 3 ILCs participate in tumor progression through multiple mechanisms. Under the stimulation of inflammatory cytokines such as IL-23 and IL-18,
ILC3s secrete inflammatory cytokines that can exert either anti-tumor or pro-tumor effects, depending on the stage of tumor progression. ILC3s also
express immune-regulatory molecules, regulating adaptive immunity. Furthermore, under the influence of environmental factors, ILC3s exhibit functional

plasticity, undergoing remodeling to various extents in the TME

to support immunosuppressive and pro-tumor niches
[90]. Additionally, a study reported that elevated levels of
IgA*IGLC2" plasma cells are associated with poor prog-
nosis [91]. Notably, Erbin knockout reduces the secretion
of TGF-B by IgA* PCs, hindering tumor cell migration
and inhibiting STAT6-mediated PD1 expression. These
findings are consistent with previous research in lung
cancer, where Erbin is shown to promote tumor progres-
sion [27].

ScRNA-seq has enabled the identification of spe-
cific TIB clonotypes and their associated phenotypes,
shedding light on their antigen recognition and effec-
tor functions. However, B -cell-based immunotherapies
encounter obstacles, such as the complexity of B-cell
differentiation and the difficulty of selectively target-
ing tumor-associated B cells without affecting normal
humoral immunity [92]. While the link between B-cell
clonotype tracking and CRC prognosis is still underex-
plored, integrating multi-omics technologies could facili-
tate a more precise characterization of B-cell clonotypes,
offering promising insights for the development of B-cell-
targeted immunotherapies.

Innate lymphoid cells

Innate lymphoid cells (ILCs) is an important part of
innate immunity, specifically located on the mucosal sur-
face. While ILCs share a common lymphoid origin with
B cells and T cells, they are inability to undergo RAG-
mediated antigen receptor rearrangement, resulting in a
lack of the specificity and diversity characteristic of TCR
and BCR receptors [93, 94]. Based on the transcriptional

profile and cytokines production, ILCs are classified into
five groups: natural killer (NK) cells, ILC1s, ILC2s, ILC3s
and lymphoid tissue inducer (LTi) cells. Their non-redun-
dant roles in regulating intestinal physiology, immune
tolerance, and mucosal homeostasis have been increas-
ingly recognized [95, 96].

ILC3s are the major subsets in the intestinal mucosa
and exhibit a wide range of homeostatic functions,
including coordination of lymphoid tissue develop-
ment, regulation of commensal bacteria, support of host
defenses, modulation of adaptive immune responses and
promotion of tissue repair. However, significant dysregu-
lation of ILC3 occurs in response to a variety of microbial
exposures and human diseases, including inflammatory
bowel disease (IBD), food allergies, chronic infections
and gastrointestinal cancers [97, 98]. During different
stages of tumor progression and the various phases of
adaptive immune defenses, ILC3s show diverse molecu-
lar expression patterns and participate in CRC devel-
opment (Fig. 4). As innate analogs of Th17 cells, ILC3s
can produce IL-22, which promotes intestinal epithelial
regeneration, activates DNA damage response pathways
and restrains inflammation during early tumorigen-
esis. While chronic inflammation persists, ILC3s can
become a driver of cancer progression [94, 97]. In addi-
tion to participating in inflammatory regulation, ILC3s
have been reported to regulate microbiota composition
and support anti-tumor type 1 immunity through MHC
molecules [99]. In the DSS-induced colitis mouse model,
loss of PD-1 disrupts ILC3 homeostasis, dysregulates gut
microbiota composition, reduces STAT3 activation, and
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Fig. 4 Major functions of tumor-infiltrating fibroblasts in TME. SCRNA-seq revealed the diversity of CAF phenotypes, characterized by their involvement
in various processes: supporting malignant epithelial growth, angiogenesis, immunosuppression, and participation in the epithelial-mesenchymal transi-

tion (EMT) process, contributing to tumor cell invasion

reshapes their metabolic programming. ILC3s have also
been shown to express several co-stimulatory molecules
(e.g., OX40L, CTLA4, and ICOS), though their relevance
in immunotherapy remain unclear [97]. ILC3s are also
crucial contributors to the formation and maturation
of TLS within TME. These cells express TLS-induc-
ing factors (e.g., LTA, LTB, and TNF) and MHC-II and
selectively localize to the tumor microenvironment, par-
ticularly at the invasive edges, as observed in the AOM/
DSS mouse model of inflammatory colorectal cancer.
Interestingly, an inverse correlation was found between
ILC3 abundance and TLS density, a complex spatially
organized regulatory relationship that warrants further
investigation [99, 100]. ILC3s exhibit significant plasticity
in TME. In the Apc™™* mouse model, TGF-f signaling
has been shown to drive the transdifferentiation of intes-
tinal ILC3s into regulatory ILCs (ILCregs), which acquire
immunosuppressive functions by secreting cytokines
such as interleukin-10 (IL-10). These ILCregs, marked by
IL10 and Id3, retain the expression of several ILC-associ-
ated surface markers (e.g., Cd25, Il-2r, Sca-1, and Cd90),
but notably lack key transcriptional markers characteris-
tic of Tregs (e.g., Cd4 and Foxp3). Importantly, depletion
of ILCregs has been shown to reverse their pro-tumori-
genic effects, underscoring their potential as a therapeu-
tic target. Additionally, tumor-infiltrating ILC3s exhibit
a dynamic phenotypic shift during CRC progression.
Specifically, these cells gradually increase the expression
of ILC1-related markers (e.g., CD39, CD244, and SIRPy),
along with cytotoxicity-associated genes (e.g., TIGIT,
CD247, PRF1, GNLY, GZMA, GZMB, and GZMK), while
losing their characteristic ILC3 markers (e.g., KIT and
CD127). This phenomenon is conserved in mice. Gregory
E. et al. reported similar shifts in ILC phenotypes in the
APC™"* mouse model. This transition suggests a func-
tional reprogramming of ILC3s in the evolving tumor
microenvironment, but the molecular mechanisms

governing this plasticity remain largely unresolved and
require further investigation [100].

Subpopulations of ILC1-like (marked by KLRDI
and TBX2I) and ILC2 cells (markered by PTGDR2 and
BCL11B) have also been identified in human CRC tis-
sues, which are notably absent in normal colonic mucosa,
suggesting a tumor-associated expansion or differentia-
tion of these subsets. A study revealed that ILC1-like cells
undergo a functional shift as the disease progresses, from
an activated phenotype characterized by high expres-
sion of activating receptors (e.g., Klrd1, Ncrl, Klrc2, and
Kirbic), toward an immunosuppressive state marked by
the upregulation of inhibitory receptors (e.g., Kirel and
Klra?7) in the AOM/DSS mouse model of inflammatory
colorectal cancer. ILC1-like cells induce T cell dysfunc-
tion through the expression of the immune checkpoint
TIGIT. Concurrently, ILC2-like cells upregulate multiple
genes associated with immune suppression (e.g., Hs3st1,
Ctla2a, Ltb4rl, Pdcdl, Tnfrsf18, and HesI) and promote
tumor growth through PTGDR2 and IL-13, indicating a
potential role in shaping a tumor-permissive microenvi-
ronment [100]. Notably, evidence from non-colorectal
tumor types has revealed additional functional programs
within the ILC2 that may provide conceptual insights for
CRC. In lung cancer, a subset of ILC2s that specifically
express granzyme B (GZMB has been identified, play-
ing a distinct role in anti-tumor immunity [101, 102]. A
recent study in pancreatic cancer also revealed that IL-
33-activated ILC2s can induce the formation of TLSs
[103].

NK cells play a critical role in immune surveillance, but
their function is significantly suppressed by the TME in
CRC. Zhang et al. identified two major heterogeneous
NK cell populations: NK-KLRC1 cells and NK-GZMH
cells. The former expresses KLRC1, NKG2A, FCGR3A,
and FGFBP2, while secreting XCL1 and XCL2 to recruit
XCR1* DCs. In contrast, NK-GZMH cells, enriched for
GZMH and PRFI, represent a more cytotoxic-leaning
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subset. Despite their distinct molecular profiles, both
subsets exhibit profound immune dysfunction in tumor.
This is characterized by the upregulation of inhibitory
molecules such as HAVCR2 and LAG3 [22], aligning with
functional studies that show impaired cytokine produc-
tion and increased inhibitory-receptor expression in
CRC-infiltrating NK cells [104]. In addition, a six-gene
NK-associated signature, including ADAMS, CTSD,
CCL4, IL2RB, TTC38 and PLEK, has been proposed to
predict prognosis and immunotherapy responsiveness in
CRC [105].

Unlike their cytotoxic counterparts, ILCs primarily
function as non-cytotoxic auxiliary sentinels that orches-
trate the immune landscape rather than exerting direct
tumoricidal effects. Consequently, the functional impact
of ILCs is inherently tied to their spatial proximity to
other immune and stromal constituents. Given the cur-
rent lack of in situ data, integrating high-resolution spa-
tial profiling is crucial to deciphering these intercellular
communication hubs, ultimately guiding the design of
ILC-targeted therapies that can effectively re-program
the CRC environment.

Fibroblasts

Cancer -associated fibroblasts (CAFs), a major stromal
component of the TME, play multifaceted roles in CRC
progression. Multiple studies have reported that CAFs
contribute to malignancy by promoting tumor prolifera-
tion, invasion, and therapeutic resistance through secre-
tion of immunomodulatory factors, direct interaction
with neighboring cells, and remodeling of the extracellu-
lar matrix (ECM) (Fig. 4) [69, 106, 107]. Advancements
in scRNA-seq, have enabled the identification of canoni-
cal CAF markers, including FAP, VCAN, and COLIA2
[108]. Recent studies have revealed critical functions of
CAFs in promoting tumor cell proliferation through the
secretion of a variety of factors, such as TGF-f, NRGI,
HGF, GDF15, AREG, PDGFRA, and BMP2 [66]. Beyond
their structural roles, CAFs are pivotal orchestrators of T
cell dysfunction in CRC. Specifically, a subset of MHC*
CAFs characterized by the expression of antigen-presen-
tation-related genes (e.g., CD74 and TAPI), yet lacks the
co-stimulatory molecules (e.g., CD40, CD80, and CD86)
essential for full T cell activation has been identified.
This incomplete antigen presentation may contribute to
T cell anergy and immune evasion [26]. This immune
evasion is further compounded by the subtype-specific
deployment of checkpoint ligands, such as the TIGIT-
NECTIN?2 axis between CAFS1* CAFs and CD8* T cells
and the LGALS9-HAVCR?2 axis between ecm-myCAFs
and GZMB* CD8* T cells [109]. However, emerging
studies have identified functionally distinct CAF subsets
with tumor-restraining or immune-permissive proper-
ties in CRC. For instance, NAC-enriched CAF_PI16 and
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CAF_SLIT2 subsets enhance anti-tumor immunity by
secreting CXCL12, SLIT2, and Decorin, which collec-
tively drive DC recruitment and bolster T-cell activity
[110]. Additionally, a putative tumor-restraining CAF
subset expressing ADAMDECI, CXCL14, EDNRB, and
PROCR has been associated with favorable prognosis and
enhanced immunotherapy responsiveness [111].

Complementing these transcriptomic studies, spatial
transcriptomics has provided crucial insights into the
tissue localization and functional specialization of CAF
subpopulations. For instance, CTHRC1* CAF subtype
displays significant spatial colocalization with a specific
malignant epithelial cell subset, with both residing within
an EMT-active spatial niche. Mechanistically, CTHRC1*
CAFs promote EMT and increase the invasiveness of
adjacent malignant epithelial cells via a WNT5A-MSLN
axis, as demonstrated in in vitro co-culture models [112].
CXCL12" fibroblasts, expressing mesenchymal mark-
ers (e.g., DCN, SLIT2, and CXCL12), are predominantly
located in the lamina propria. Notably, CAFs can recruit
CD8* effector memory T cells through the CXCL12-
CXCR4 axis, which could be enhanced by ICB or NAC
[110]. In addition, CCL2" fibroblasts, marked by F3,
WNTS5A, BMP2, POSTN, and HSD17B2, localize near
the epithelial layer [27]. Additional spatial analyses have
identified CAF subsets residing at the luminal margin
(LM) and dilated blood vessels, promote angiogenesis
and inflammation through the secretion of VEGFA and
NRG], particularly in MSI-H CRC tumors. Addition-
ally, a distinct CAF population enriched at the LM edge,
characterized by the expression of MCAM, was reported
to modulate the generation of CXCL13"* CD8 T cells
through the JAG1-NOTCH1 axis [66]. These treatment
responses-related CAF populations become activated
and amplified under the influence of prostaglandin (PG)
secreted by adjacent endothelial cells in the TME [110].

Given their immunosuppressive and tumor-support-
ive roles, CAFs have emerged as promising therapeutic
targets in CRC. Current strategies focus on eliminating
immunosuppressive CAFs or inhibiting CAF-derived fac-
tors in order to reprogram the CAF phenotype toward
a more quiescent or tumor-restraining state. However,
several challenges remain, including the absence of spe-
cific CAF biomarkers and the high degree of functional
and spatial heterogeneity across CAF subsets [113].
Although several CAF subsets have been reported and
systematically summarized (Table 2), further integration
of scRNA-seq and spatial transcriptomics will be critical
to resolve the functions of specific CAF population and
guide the development of more precise and effective stro-
mal-targeting therapies.
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Table 2 Systematic characterization of CAFs
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Subtype Markers Impact on TME Therapeutic hypothesis  Ref.
or strategy
ecm-myCAFs  GJB;ANTXR1,SDCT  Interact with GZMB* CD8* T cells via LGALS9-TIM-3 axis, inducing T cell Target LGALS9-TIM-3 axis [109]
exhaustion;
interact with TAMs via TGFB1-TGFBR1/2 pairings, promoting cancer
progression
MHC-II* CAFs  CD74, TAP1 Exhibit incomplete antigen presentation due to absent co-stimulatory mol-  Restore co-stimulatory [26]
ecules (CD40, CD80 and CD86), inducing T-cell anergy and tolerance. signaling
CAFS1* CAFs  CAFST Interact with CD8* T cells via TIGIT-NECTIN2 axis, inducing T-cell exhaustion Target TIGIT-NECTIN2 axis
[109]
CCL2* CAFs  F3,WNT5A, BMP2,  Participate in pro-inflammatory and tumor-promotion processes, and de- NA [27]
POSTN, HSD17B2 crease post-treatment.
MCAM*CAFs  MCAM Modulate generation of CXCL13* T cells via JAG1-NOTCH1 axis. Target JAG1-NOTCH1 axis  [66]
CAF_PI16 PI16, DCN, CXCL12, Enhance antigen processing and presentation in DCs, facilitating T-cell Preserve and enhance im-
SLIT2,C7,C3 infiltration and activation mune function afterNAC [110]
CAF_SLIT2 SLIT2, DCN, CXCL12, Enhance antigen processing and presentation in DCs, facilitating T-cell Preserve and enhance
SLIT2,C7,C3 infiltration and activation immune-activating [110]
function
ADAMDEC1*  ADAMDECT, Are associated with favorable prognosis, and T-cell infiltration Enhance function; serve as
CAFs CXCL14, EDNRB, a biomarker for immuno- [111]
PROCR therapy response
CTHRC1* CTHRC1 Promoting EMT and enhance tumor invasiveness through the WNT5A-MSLN  Target WNT5A-MSLN axis;
CAFs axis, driving CRC progression and metastasis inhibit EMT [112]

Spatial immune axes in CRC: characterizing
resistance-associated niches and future
combinatorial immunotherapy

The TME of CRC is defined by a strict spatial organized,
where the non-random positioning of immune and stro-
mal cells dictates the trajectory of ICB response. While
responders exhibit a transition toward permissive tis-
sue architectures that facilitate T-cell penetration, non-
responders are characterized by the maintenance of
resistance-associated niches that keep CD8* T cells
effectively locked at the invasive front [114]. This spatial
sequestration is enforced by a composite barrier system: a
physical scaffold of dense collagen and dysfunctional ves-
sels, coupled with a biochemical milieu rich in inhibitory
cytokines and checkpoint ligands secreted by CAFs and
myeloid cells. Such a perspective necessitates a paradigm
shift in our understanding of immunotherapy resistance:
ICB failure is not merely the product of cellular exhaus-
tion but is encoded within the spatial organization of the
stroma. Consequently, future interventions must priori-
tize the topographical reprogramming of these niches to
unleash anti-tumor immunity.

The most extensively characterized spatial resistance
axis in CRC is formed by FAP* CAFs and SPP1* TAMs.
These two populations tend to localize in the tumor
regions and may communicate via TGF-f, IL-1f, and
chemerin, where intratumoral CD8* T cell infiltration
is reduced. Consequently, the spatial architecture of
this FAP* CAFs-SPP1* TAMs serves as a robust histo-
logical signature of lymphocyte exclusion and is consis-
tently associated with worse clinical outcomes across

CRC cohorts [41, 42]. Beyond FAP* CAFs-SPP1* TAMs
axis, spatial transcriptomics has identified additional
CAF subtypes that construct distinct resistance niches
through spatially organized mechanisms (3). CTHRC1*
CAF displays significant spatial colocalization with a
specific malignant epithelial cell subset, with both resid-
ing within an EMT-active spatial niche, where it func-
tions as a primary driver of EMT and malignant invasion
through WNT5A-MSLN axis [112]. Simultaneously, the
COL10A1* CAF-M2 macrophage axis represents a criti-
cal immunosuppressive hub. COL10A1* CAFs orches-
trate immunosuppression by activating JAK1/STAT3
signaling to induce M2 polarization. In turn, M2 macro-
phages upregulate the expression of COLI0OAI in CAFs
via the TGF-B-RUNX2 pathway, forming the pro-tumor-
igenic COL10A1* CAFs-M2 macrophage axis [112].
Such spatially coordinated remodeling is even more pro-
nounced in the metastatic regions. CRLM is defined by
a unique recruitment of MRC1*CCL18* TAMs, which
establish an intercellular communication axis with tumor
cells via CD47-SIRPA signaling, thereby fostering an
environment conducive to metastatic outgrowth [29].

In stark contrast to these resistance-promoting hubs,
the presence of C1IQC* TAMs had emerged as a hallmark
of ICB responsiveness, regardless of microsatellite status.
However, the anti-tumor potential of these macrophages
is not cell-intrinsic but strictly contingent upon the for-
mation of structured spatial niches with CD4* T cells
[42]. Multimodal profiling reveals that while close spatial
proximity between C1QC* TAMs and CD4* T cells is a
strong predictor of therapeutic success, this productive
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Table 3 The summary of spatial immune axes and cell-cell interactions in CRC
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Spatial axis/Cell pair Key ligand-receptor/Signaling Spatial localization Functional effects Clinical Refs
correlation
SPP1*TAMs and tumor cells  CD44-HBEGF, CD74-MIF, CD47- Hypoxic and necrotic ~ Promote metastatic growth  Poor survival; [29]
SIRPA, TNFRSF1B-GRN regions; markedly and immune evasion resistance to
enriched in CRLM immunotherapy
SPP1* TAMs and FAP*CAFs Chemerin, TGF-B, IL-1 Co-localize in tumor Immune exclusion; physical-  Poor survival; [41]
regions; construct ly impede T cell infiltration  resistance to
fibrotic barriers immunotherapy
MRC1*CCL18* TAMs and CD47-SIRPA Primary CRC and CRLM  Pro-inflammatory Decline after NAC  [30]
tumor cells with a concurrent
increase in CD8*
T cells
C1QC* TAMs and CD4* T MHC-II-mediated interaction Co-localize in spatial T cell recruitment and Better ICB [42]
cells niches (responders); activation response
separated by CAFs in
non-responders
Tumor cells and Tregs MDK-SDC4 Adenoma-carcinoma  Treg recruitment and Poor survival [86]
interface chemotaxis
B cells and CD4* Th cells CD40-CD40LG Tumor Activate cytotoxic T Favorable [27]
lymphocytes prognosis
MHC* CAFs and T cells MHC-II, CD74, TAP1 (lacking CD40,  Stromal regions Incomplete antigen presen-  Poor survival [26]
CD80, CD86b) tation leads to T cell anergy
CAFS1* CAFs and CD8* T TIGIT-NECTIN2 Not specified Induce T cell exhaustion -
cells [109]
ecm-myCAF and GZMB* LGALS9-HAVCR2 - Induce T cell exhaustion -
CD8* T Cells [109]
CXCL12* CAFs and CD8* CXCL12-CXCR4 - Recruit CD8* T cells -
Effector Memory T Cells [110]
MCAM* CAFs and CXCL13*  JAG1-NOTCH1 Luminal margin edge ~ Modulate generation of - [66]
CD8T cells CXCL13*CD8T cells
CTHRC1* CAFs and tumor WNT5A-MSLN EMT-active spatial Promote EMT; increase Poor survival
cells niche invasiveness [112]

COL10A1* CAFs and M2

JAK1/STAT3; TGF-3-RUNX2

Tumor regions

Immunosuppression; pro-

Poor survival

Macrophages

tumorigenic axis

interaction is frequently thwarted in non-responders. In
these cases, CAFs physically interpose between the two
immune subsets, acting as a structural wedge that dis-
mantles the responsive niche and enforces a state of ther-
apeutic resistance.

Collectively, these observations indicate that immu-
notherapy response in CRC is encoded not simply by
cell-intrinsic features but by spatially organized immune-
stromal axes. Models that interrogate CAFs, myeloid cells
or lymphocytes in isolation fail to explain why tumors
with similar transcriptional programs show divergent
ICB responses. Spatial transcriptomics provides the
potential mechanistic explanation: resistance is sustained
by redundant, spatially organized multicellular programs
rather than any single suppressive cell type [115]. Fram-
ing the TME in terms of spatial axes elevates therapeutic
resistance from a sum of isolated pathways to an emer-
gent property of organized ecosystems. Spatial tran-
scriptomics thus reframes the therapeutic question from
“which cell to deplete” to “which niche-sustaining cir-
cuits to disrupt”

Preclinical evidence from murine CRC models under-
scores the transformative potential of deconstructing
spatially defined resistance niches. In MC38/NIH3T3-
FAP tumor-bearing mice, combining '7’Lu-labeled
FAP-targeted radioligands with anti-PD-L1 antibod-
ies achieves complete tumor eradication and durable
immunity, with treated mice rejecting tumor rechallenge.
Mechanistic analyses reveal that this combination ther-
apy disrupted the FAP" CAF-mediated physical barrier
and reprogrammed the TME by increasing CD8" T cell
infiltration, enhancing mature antitumor neutrophils,
reducing regulatory T cells [116]. These preclinical find-
ings provide proof-of-concept that dismantling spatially
organized stromal-immune barriers can restore ICB sen-
sitivity in otherwise refractory MSS colorectal cancer.

However, translating these spatial insights into clini-
cal benefit remains a key unmet challenge. Early-phase
trials targeting stromal or myeloid compartments in
CRC have shown limited efficacy, likely in part because
patients are enrolled without spatially informed stratifi-
cation. A central inference from spatial transcriptomics is
that response depends on aligning an intervention with
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Fig. 5 Spatial immune axes and cell-cell interactions in CRC. Schematic overview of spatially organized immune niches within the colorectal cancer
tumor microenvironment, illustrating how non-random positioning of stromal, myeloid, and lymphoid cells governs immune exclusion, dysfunction, or
responsiveness. Hypoxic and fibrotic regions are dominated by immunosuppressive CAFs and TAMs that establish physical and biochemical barriers to
T-cell infiltration, while invasive-edge niches engage EMT-associated stromal programs and spatially restricted immune interactions. In contrast, respon-
sive immune-permissive regions support productive antitumor immunity, whereas adjacent CAF-enriched niches drive CD8* T-cell exhaustion through

inhibitory checkpoint and chemokine signaling

the dominant spatial architecture of an individual tumor;
accordingly, future trials should prospectively enrich for
tumors harboring the target niche using baseline spatial
profiling and incorporate on-treatment readouts to verify
niche disruption while preserving productive immune
regions. Ultimately, the value of spatial transcriptomics is
not simply to catalog TME heterogeneity, but to opera-
tionalize spatially stratified therapy as a precision frame-
work in which treatment selection and sequencing are
guided by the spatial programs that encode resistance.
Realizing this goal will require prospective trials co-
developed with spatial profiling platforms to move spatial
omics from discovery to clinical decision-making in CRC
(Fig. 5).

Conclusion

Despite substantial progress in emerging neoadjuvant
therapies and immunotherapies [117], significant chal-
lenges persist in the treatment of CRC, primarily due to
the inherent heterogeneity of tumors and the complexity
of the TME. These factors continue to limit the effective-
ness of current therapeutic strategies and underscore the
need for more refined approaches.

Over the past decade, the advent of scRNA-seq and
spatial transcriptomics has revolutionized our under-
standing of the TME [118-121]. By integrating the
high-resolution transcriptomic profiling of scRNA-
seq with the spatial contextualization offered by spatial

transcriptomics, researchers have been able to precisely
localize distinct cell populations and map intercellular
interactions within the tumor niche. This dual approach
has overcome limitations of earlier methodologies and
provided unparalleled insights into the cellular compo-
sition, functional heterogeneity, and regulatory dynam-
ics of tumor, immune, and stromal cells. Together, these
technologies have significantly accelerated the discovery
of novel biomarkers and informed the development of
more effective, personalized cancer therapies.
Nonetheless, spatial transcriptomics remains an evolv-
ing discipline. Its broader adoption has been constrained
by high costs and the limited resolution of many existing
platforms, which often fall short in capturing the intri-
cate cell-cell interactions within the TME at true sin-
gle-cell resolution. Despite its transformative potential,
the clinical adoption of spatial transcriptomics remains
constrained by formidable economic barriers and the
intrinsic resolution limits of early-generation platforms.
Traditional capture-based technologies, exemplified by
the 10x Genomics Visium assay (55 um spot size), often
yield mixed signals from heterogeneous cell clusters,
obscuring the fine-scale cell-cell interactions within
the TME. To address this, high-density innovations like
Visium HD have pushed the boundaries toward near
single-cell granularity (2 x 2 pm), though their efficacy
remains contingent upon tissue integrity and mRNA dif-
fusion dynamics [122]. Simultaneously, imaging-based
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platforms, such as MERFISH, CosMx Spatial Molecu-
lar Imager and Xenium, leverage single-molecule RNA
detection to achieve subcellular resolution, albeit within
targeted gene panels [123-125]. By resolving the topo-
graphical intricacies of CAF-myeloid-lymphoid inter-
actomes, these advanced platforms are converting the
CRC TME from a static map into a dynamic blueprint for
precision immuno-oncology, paving the way for spatially-
defined biomarkers that guide combinatorial therapies.
Building on this foundation, the next frontier lies in cap-
turing the temporal evolution of these niches across dis-
ease stages. Integrating longitudinal spatial datasets will
be essential for linking TME dynamics to clinical resis-
tance, ultimately transforming these atlases into action-
able frameworks for patient stratification and the rational
design of next-generation CRC therapies.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512935-026-04245-y.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions

YG conceived the idea of compiling this review. SZ prepared the figures. All
authors performed the literature search, wrote the manuscript, and approved
the submission of the article.

Funding

This work was supported by the National Key R&D Program of China
(2021YFA0805703), the National Natural Science Foundation of China
(82370107), and Beijing Nova Program (20230484407).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 1 September 2025 / Accepted: 20 February 2026
Published online: 04 March 2026

References

1. BrayF, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, et al.
Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2024;74(3):229-63.

2. Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal cancer statistics,
2023. CA Cancer J Clin. 2023;73(3):233-54.

20.

21.

22.

23.

24.

25.

26.

Page 16 of 19

Morgan E, Arnold M, Gini A, LorenzoniV, Cabasag CJ, Laversanne M, et al.
Global burden of colorectal cancer in 2020 and 2040: incidence and mortality
estimates from GLOBOCAN. Gut. 2023;72(2):338-44.

Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al. Mismatch
repair deficiency predicts response of solid tumors to PD-1 blockade. Sci-
ence. 2017;357(6349):409-13.

Diaz LA Jr, Shiu KK, Kim TW, Jensen BY, Jensen LH, Punt C, et al. Pembroli-
zumab versus chemotherapy for microsatellite instability-high or mismatch
repair-deficient metastatic colorectal cancer (KEYNOTE-177): final analysis of
a randomised, open-label, phase 3 study. Lancet Oncol. 2022;23(5):659-70.
Williams CJM, Peddle AM, Kasi PM, Seligmann JF, Roxburgh CS, Middleton
GW, et al. Neoadjuvant immunotherapy for dMMR and pMMR colorectal
cancers: therapeutic strategies and putative biomarkers of response. Nat Rev
Clin Oncol. 2024;21(12):839-51.

Chamoto K, Yaguchi T, Tajima M, Honjo T. Insights from a 30-year journey:
function, regulation and therapeutic modulation of PD1. Nat Rev Immunol.
2023;23(10):682-95.

Sharma P, Goswami S, Raychaudhuri D, Siddiqui BA, Singh P, Nagarajan A, et
al. Immune checkpoint therapy-current perspectives and future directions.
Cell. 2023;186(8):1652-69.

Alexander PG, McMillan DC, Park JH. The local inflammatory response in
colorectal cancer - type, location or density? A systematic review and meta-
analysis. Cancer Treat Rev. 2020;83:101949.

Dienstmann R, Vermeulen L, Guinney J, Kopetz S, Tejpar S, Tabernero J.
Consensus molecular subtypes and the evolution of precision medicine in
colorectal cancer. Nat Rev Cancer. 2017;17(4):268.

Popat S, Hubner R, Houlston RS. Systematic review of microsatellite instability
and colorectal cancer prognosis. J Clin Oncol. 2005;23(3):609-18.

JiaQ Wang A, YuanY, Zhu B, Long H. Heterogeneity of the tumor

immune microenvironment and its clinical relevance. Exp Hematol Oncol.
2022;11(1):24.

de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer
initiation to metastatic outgrowth. Cancer Cell. 2023;41(3):374-403.

Stein CM, Weiskirchen R, Damm F, Strzelecka PM. Single-cell omics:
overview, analysis, and application in biomedical science. J Cell Biochem.
2021;122(11):1571-8.

LuoYY, Liang H. Single-cell dissection of tumor microenvironmental response
and resistance to cancer therapy. Trends Genet. 2023;39(10):758-72.

Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, et al. mRNA-Seq
whole-transcriptome analysis of a single cell. Nat Methods. 2009,6(5):377-82.
Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg

R. Full-length RNA-seq from single cells using Smart-seq2. Nat Protoc.
2014,9(1):171-81.

Hashimshony T, Senderovich N, Avital G, Klochendler A, de Leeuw Y, Anavy

L, et al. CEL-seq2: sensitive highly-multiplexed single-cell RNA-seq. Genome
Biol. 2016;17:77.

Ramskold D, Luo S, Wang YC, Li R, Deng Q, Faridani OR, et al. Full-length
mMRNA-seq from single-cell levels of RNA and individual circulating tumor
cells. Nat Biotechnol. 2012;30(8):777-82.

Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. Mas-
sively parallel digital transcriptional profiling of single cells. Nat Commun.
2017;8:14049.

Elhanani O, Ben-Uri R, Keren L. Spatial profiling technologies illuminate the
tumor microenvironment. Cancer Cell. 2023;41(3):404-20.

Zhang Q, Liu Y, Wang X, Zhang C, Hou M, Liu Y. Integration of single-cell RNA
sequencing and bulk RNA transcriptome sequencing reveals a heteroge-
neous immune landscape and pivotal cell subpopulations associated with
colorectal cancer prognosis. Front Immunol. 2023;14:1184167.

Rakina M, Larionova |, Kzhyshkowska J. Macrophage diversity in human
cancers: new insight provided by single-cell resolution and spatial context.
Heliyon. 2024;10(7):e28332.

Nasir |, McGuinness C, Poh AR, Ernst M, Darcy PK, Britt KL. Tumor macrophage
functional heterogeneity can inform the development of novel cancer thera-
pies. Trends Immunol. 2023;44(12):971-85.

Cheng S, Li Z, Gao R, Xing B, Gao Y, Yang Y, et al. A pan-cancer single-cell
transcriptional atlas of tumor infiltrating myeloid cells. Cell. 2021;184(3):792-
809.e23.

MeiY, Xiao W, Hu H, Lu G, Chen L, Sun Z, et al. Single-cell analyses reveal
suppressive tumor microenvironment of human colorectal cancer. Clin Trans!
Med. 2021;11(6):e422.


https://doi.org/10.1186/s12935-026-04245-y
https://doi.org/10.1186/s12935-026-04245-y

Zhang et al. Cancer Cell International

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

(2026) 26:162

LiJ,Wu C, Hu H, Qin G, Wu X, Bai F, et al. Remodeling of the immune and
stromal cell compartment by PD-1 blockade in mismatch repair-deficient
colorectal cancer. Cancer Cell. 2023;41(6):1152-€697.

Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O'Brien SA, et al. Single-
cell analyses inform mechanisms of myeloid-targeted therapies in colon
cancer. Cell. 2020;181(2):442 (- 59.e29).

WuY,Yang S, Ma J, Chen Z, Song G, Rao D, et al. Spatiotemporal immune
landscape of colorectal cancer liver metastasis at single-cell level. Cancer
Discov. 2022;12(1):134-53.

ZhangY, Song J, Zhao Z, Yang M, Chen M, Liu C, et al. Single-cell transcrip-
tome analysis reveals tumor immune microenvironment heterogenicity and
granulocytes enrichment in colorectal cancer liver metastases. Cancer Lett.
2020;470:84-94.

LiuY, Zhang Q Xing B, Luo N, Gao R, Yu K, et al. Immune phenotypic

linkage between colorectal cancer and liver metastasis. Cancer Cell.
2022;40(4):424-e375.

Che LH, Liu JW, Huo JP, Luo R, Xu RM, He C, et al. A single-cell atlas of liver
metastases of colorectal cancer reveals reprogramming of the tumor
microenvironment in response to preoperative chemotherapy. Cell Discov.
2021;7(1):80.

Matusiak M, Hickey JW, van Lu IDGP, Kidzinski G, Zhu L. Spatially Segregated
Macrophage Populations Predict Distinct Outcomes in Colon Cancer. Cancer
Discov. 2024;14(8):1418-39.

Hu B, Elinav E, Huber S, Booth CJ, Strowig T, Jin C, et al. Inflammation-induced
tumorigenesis in the colon is regulated by caspase-1 and NLRC4. Proc Natl
Acad SciU S A.2010;107(50):21635-40.

Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M, Kanneganti TD. The NLRP3
inflammasome protects against loss of epithelial integrity and mortality dur-
ing experimental colitis. Immunity. 2010;32(3):379-91.

Bulla R, Tripodo C, Rami D, Ling GS, Agostinis C, Guarnotta C, et al. C1q acts in
the tumour microenvironment as a cancer-promoting factor independently
of complement activation. Nat Commun. 2016;7:10346.

Mangogna A, Agostinis C, Bonazza D, Belmonte B, Zacchi P, Zito G, et al. Is the
complement protein C1q a pro- or anti-tumorigenic factor? Bioinformatics
analysis involving human carcinomas. Front Immunol. 2019;10:865.
Christofides A, Strauss L, Yeo A, Cao C, Charest A, Boussiotis VA. The complex
role of tumor-infiltrating macrophages. Nat Immunol. 2022;23(8):1148-56.
Lim HY, Lim SY, Tan CK, Thiam CH, Goh CC, Carbajo D, et al. Hyaluronan
receptor LYVE-1-expressing macrophages maintain arterial tone through
hyaluronan-mediated regulation of smooth muscle cell collagen. Immunity.
201849(2):326 (-41.e7).

Donadon M, Torzilli G, Cortese N, Soldani C, Di Tommaso L, Franceschini B, et
al. Macrophage morphology correlates with single-cell diversity and progno-
sis in colorectal liver metastasis. J Exp Med. 2020. https://doi.org/10.1084/jem
.20191847.

QiJ, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, et al. Single-cell and spatial analysis
reveal interaction of FAP(+) fibroblasts and SPP1(+) macrophages in colorec-
tal cancer. Nat Commun. 2022;13(1):1742.

Zhang H, Hong L, Dong Z, Xin S, Lin B, Cheng J, et al. Spatially resolved
C1QC(+) macrophage-CD4(+) T cell niche in colorectal cancer microenviron-
ment: implications for immunotherapy response. Cell Discov. 2025;11(1):60.
Gao J,Wu Z, Zhao M, Zhang R, Li M, Sun D, et al. Allosteric inhibition reveals
SHP2-mediated tumor immunosuppression in colon cancer by single-cell
transcriptomics. Acta Pharm Sin B. 2022;12(1):149-66.

Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization of
tumor-associated neutrophil phenotype by TGF-beta: N1 versus N2 TAN.
Cancer Cell. 2009;16(3):183-94.

Shaul ME, Fridlender ZG. Tumour-associated neutrophils in patients with
cancer. Nat Rev Clin Oncol. 2019;16(10):601-20.

Coffelt SB, Wellenstein MD, de Visser KE. Neutrophils in cancer: neutral no
more. Nat Rev Cancer. 2016;16(7):431-46.

Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A. Neu-
trophil diversity and plasticity in tumour progression and therapy. Nat Rev
Cancer. 2020;20(9):485-503.

Bai M, JinY, Jin Z, Xie Y, Chen J, Zhong Q et al. Distinct immunophenotypic
profiles and neutrophil heterogeneity in colorectal cancer. Cancer Lett.
2025;616:217570.

Wang L, Wu H, Chen Y, Wang G, Ren S, Zhang Y, et al. Single-cell RNA
sequencing reveals neutrophil differentiation-related genes for immuno-
therapy response prediction in colorectal cancer. BMC Cancer. 2025. https://d
0i.0rg/10.1186/512885-025-15355-7.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 17 of 19

Wu'Y, Ma J, Yang X, Nan F, Zhang T, Ji S, et al. Neutrophil profiling illuminates
anti-tumor antigen-presenting potency. Cell. 2024;187(6):1422-e3924.

Wang C, Lu M, Chen C, Chen J, Cai Y, Wang H, et al. Integrating scrna-seq and
Visium HD for the analysis of the tumor microenvironment in the progression
of colorectal cancer. Int Immunopharmacol. 2025;145:113752.

Li JB Liu'YJ, Zhang Y, Ye QW, Xu G, Chong JC, et al. Comprehensive analytical
approach identifies a subtype of CTCF+ tumor-associated neutrophils associ-
ated with CRC development and as a biomarker for immunotherapy. Int J
Biol Sci. 2025,21(12):5305-27.

Jiang Y, Long G, Huang X, Wang W, Cheng B, Pan W. Single-cell transcriptomic
analysis reveals dynamic changes in the liver microenvironment during
colorectal cancer metastatic progression. J Trans| Med. 2025;23(1):336.

Yin X, Jiang Y, Huang J, Luo J, Xu L, Yang Q. The prognostic model based on
tumor-associated neutrophils contributes to the stromal landscape and
influences metabolic reprogramming in colorectal cancer. Front Immunol.
2025;16:1587947.

Diao J, Winter E, Chen W, Cantin C, Cattral MS. Characterization of distinct
conventional and plasmacytoid dendritic cell-committed precursors in
murine bone marrow. J Immunol. 2004;173(3):1826-33.

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, et al. A clono-
genic bone marrow progenitor specific for macrophages and dendritic cells.
Science. 2006;311(5757):83-7.

Naik SH, Sathe P, Park HY, Metcalf D, Proietto Al, Dakic A, et al. Development of
plasmacytoid and conventional dendritic cell subtypes from single precursor
cells derived in vitro and in vivo. Nat Immunol. 2007;8(11):1217-26.

Onai N, Kurabayashi K, Hosoi-Amaike M, Toyama-Sorimachi N, Matsushima

K, Inaba K; et al. A clonogenic progenitor with prominent plasmacytoid
dendritic cell developmental potential. Immunity. 2013;38(5):943-57.
Murphy TL, Grajales-Reyes GE, Wu X, Tussiwand R, Brisefio CG, Iwata A, et al.
Transcriptional control of dendritic cell development. Annu Rev Immunol.
2016;34:93-119.

Suzuki S, Honma K, Matsuyama T, Suzuki K, Toriyama K, Akitoyo |, et al. Critical
roles of interferon regulatory factor 4 in CD11bhighCD8alpha- dendritic cell
development. Proc Natl Acad Sci U S A. 2004;101(24):8981-6.

Mildner A, Jung S. Development and function of dendritic cell subsets.
Immunity. 2014;40(5):642-56.

Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell lineage: ontog-
eny and function of dendritic cells and their subsets in the steady state and
the inflamed setting. Annu Rev Immunol. 2013;31:563-604.

Zhang, Ji S, Miao G, Du S, Wang H, Yang X, et al. The current role of dendritic
cells in the progression and treatment of colorectal cancer. Cancer Biol Med.
2024;21(9):769-83.

Gai XD, Song Y, Li C, Lei YM, Yang B. Potential role of plasmacytoid dendritic
cells for FOXP3+regulatory T cell development in human colorectal cancer
and tumor draining lymph node. Pathol Res Pract. 2013;209(12):774-8.
KieRler M, Plesca I, Sommer U, Wehner R, Wilczkowski F, Maller L, et al. Tumor-
infiltrating plasmacytoid dendritic cells are associated with survival in human
colon cancer. J Immunother Cancer. 2021. https://doi.org/10.1136/jitc-2020-0
01813.

Wang F, Long J, Li L, Wu ZX, Da TT, Wang XQ, et al. Single-cell and spatial
transcriptome analysis reveals the cellular heterogeneity of liver metastatic
colorectal cancer. Sci Adv. 2023;9(24)-eadf5464.

Maier B, Leader AM, Chen ST, Tung N, Chang C, LeBerichel J, et al. A con-
served dendritic-cell regulatory program limits antitumour immunity. Nature.
2020;580(7802):257-62.

Simon T, Bromberg JS. BTLA(+) dendritic cells: the regulatory T cell force
awakens. Immunity. 2016;45(5):956-8.

Chu X, Li X, Zhang Y, Dang G, Miao Y, Xu W, et al. Integrative single-cell
analysis of human colorectal cancer reveals patient stratification with distinct
immune evasion mechanisms. Nat Cancer. 2024;5(9):1409-26.

Magen A, Hamon P, Fiaschi N, Soong BY, Park MD, Mattiuz R, et al. Intratu-
moral dendritic cell-CD4(+) T helper cell niches enable CD8(+) T cell dif-
ferentiation following PD-1 blockade in hepatocellular carcinoma. Nat Med.
2023,;29(6):1389-99.

FengY,MaW, Zang Y, Guo Y, Li Y, Zhang Y, et al. Spatially organized tumor-
stroma boundary determines the efficacy of immunotherapy in colorectal
cancer patients. Nat Commun. 2024;15(1):10259.

Johnson DB, Nebhan CA, Moslehi JJ, Balko JM. Immune-checkpoint inhibi-
tors: long-term implications of toxicity. Nat Rev Clin Oncol. 2022;19(4):254-67.
Zheng L, Qin S, SiW, Wang A, Xing B, Gao R, et al. Pan-cancer single-cell
landscape of tumor-infiltrating T cells. Science. 2021,374(6574):abe6474.


https://doi.org/10.1084/jem.20191847
https://doi.org/10.1084/jem.20191847
https://doi.org/10.1186/s12885-025-15355-7
https://doi.org/10.1186/s12885-025-15355-7
https://doi.org/10.1136/jitc-2020-001813
https://doi.org/10.1136/jitc-2020-001813

Zhang et al. Cancer Cell International

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

(2026) 26:162

ChuY, DaiE, LiY,Han G, Pei G, Ingram DR, et al. Pan-cancer T cell atlas links

a cellular stress response state to immunotherapy resistance. Nat Med.
2023;29(6):1550-62.

Beltra JC, Manne S, Abdel-Hakeem MS, Kurachi M, Giles JR, Chen Z, et al.
Developmental Relationships of Four Exhausted CD8(+) T Cell Subsets
Reveals Underlying Transcriptional and Epigenetic Landscape Control
Mechanisms. Immunity. 2020;52(5):825-e418.

Chow A, Perica K, Klebanoff CA, Wolchok JD. Clinical implications of

T cell exhaustion for cancer immunotherapy. Nat Rev Clin Oncol.
2022;19(12):775-90.

Philip M, Schietinger A. CD8(+) T cell differentiation and dysfunction in
cancer. Nat Rev Immunol. 2022;22(4):209-23.

WuT, Zhang X, Liu X, Cai X, Shen T, Pan D, et al. Single-cell sequencing reveals
the immune microenvironment landscape related to anti-PD-1 resistance in
metastatic colorectal cancer with high microsatellite instability. BMC Med.
2023,21(1):161.

ChenY,Wang D, LiY, Qi L, SiW,BoY et al. Spatiotemporal single-cell analysis
decodes cellular dynamics underlying different responses to immunotherapy
in colorectal cancer. Cancer Cell. 2024;42(7):1268-85.e7.

Angela M, Endo Y, Asou HK, Yamamoto T, Tumes DJ, Tokuyama H, et al. Fatty
acid metabolic reprogramming via mTOR-mediated inductions of PPARy
directs early activation of T cells. Nat Commun. 2016;7:13683.

Zhou YJ, Lu XF, Chen H, Wang XY, Cheng W, Zhang QW, et al. Single-cell tran-
scriptomics reveals early molecular and immune alterations underlying the
serrated neoplasia pathway toward colorectal cancer. Cell Mol Gastroenterol
Hepatol. 2023;15(2):393-424.

Guo W, Zhang C,Wang X, Dou D, Chen D, Li J. Resolving the difference
between left-sided and right-sided colorectal cancer by single-cell sequenc-
ing. JCl Insight. 2022. https://doi.org/10.1172/jciinsight.152616.

Osman A, Yan B, Li Y, Pavelko KD, Quandt J, Saadalla A, et al. TCF-1 controls
T(reg) cell functions that regulate inflammation, CD8(+) T cell cytotoxicity
and severity of colon cancer. Nat Immunol. 2021,22(9):1152-62.

Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, et al. Lineage tracking

reveals dynamic relationships of T cells in colorectal cancer. Nature.
2018,564(7735):268-72.

WenY, XiaY, Yang X, Li H, Gao Q. CCR8: a promising therapeutic target against
tumor-infiltrating regulatory T cells. Trends Immunol. 2025;46(2):153-65.
Hashimoto M, Kojima Y, Sakamoto T, Ozato Y, Nakano Y, Abe T, et al. Spatial
and single-cell colocalisation analysis reveals MDK-mediated immunosup-
pressive environment with regulatory T cells in colorectal carcinogenesis.
EBioMedicine. 2024;103:105102.

You S, LiS, Zeng L, Song J, Li Z, LiW, et al. Lymphatic-localized Treg-mregDC
crosstalk limits antigen trafficking and restrains anti-tumor immunity. Cancer
Cell. 2024;42(8):1415-e3312.

Yang Y, Chen X, Pan J, Ning H, Zhang Y, Bo Y, et al. Pan-cancer single-

cell dissection reveals phenotypically distinct B cell subtypes. Cell.
2024;187(17):4790-e81122.

Downs-Canner SM, Meier J, Vincent BG, Serody JS. B cell function in the
tumor microenvironment. Annu Rev Immunol. 2022;40:169-93.

ZhangY, Liu G, Zeng Q Wu W, Lei K, Zhang C, et al. CCL19-producing
fibroblasts promote tertiary lymphoid structure formation enhancing
anti-tumor IgG response in colorectal cancer liver metastasis. Cancer Cell.
2024,42(8):1370-e859.

Wang W, Zhong Y, Zhuang Z, Xie J, Lu Y, Huang C, et al. Multiregion single-cell
sequencing reveals the transcriptional landscape of the immune microenvi-
ronment of colorectal cancer. Clin Transl Med. 2021;11(1):e253.

Shi X, Cheng X, Jiang A, ShiW, Zhu L, Mou W, et al. Immune checkpoints

in B cells: unlocking new potentials in cancer treatment. Adv Sci Weinh.
2024;11(47):€2403423.

Artis D, Spits H. The biology of innate lymphoid cells. Nature.
2015,517(7534):293-301.

Qi J, Crinier A, Escaliére B, Ye Y, Wang Z, Zhang T, et al. Single-cell transcrip-
tomic landscape reveals tumor specific innate lymphoid cells associated with
colorectal cancer progression. Cell Rep Med. 2021;2(8):100353.

Klose CS, Artis D. Innate lymphoid cells as regulators of immunity, inflamma-
tion and tissue homeostasis. Nat Immunol. 2016;17(7):765-74.

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells-a proposal for uniform nomenclature. Nat Rev Immunol.
2013;13(2):145-9.

Horn'V, Sonnenberg GF. Group 3 innate lymphoid cells in intestinal health
and disease. Nat Rev Gastroenterol Hepatol. 2024;21(6):428-43.

98.

99.

102.

104.

105.

106.

107.

108.

109.

112.

115.

120.

Page 18 of 19

Ruf B, Greten TF, Korangy F. Innate lymphoid cells and innate-like T cells in
cancer - at the crossroads of innate and adaptive immunity. Nat Rev Cancer.
2023;23(6):351-71.

Goc J, Lv M, Bessman NJ, Flamar AL, Sahota S, Suzuki H, et al. Dysregulation of
ILC3s unleashes progression and immunotherapy resistance in colon cancer.
Cell. 2021;184(19):5015-e3016.

. Ikeda A, Ogino T, Kayama H, Okuzaki D, Nishimura J, Fujino S, et al. Human

NKp44(+) group 3 innate lymphoid cells associate with tumor-associated
tertiary lymphoid structures in colorectal cancer. Cancer Immunol Res.
2020;8(6):724-31.

. LiZ,Ma R, Tang H, Guo J, Shah Z, Zhang J, et al. Therapeutic application of

human type 2 innate lymphoid cells via induction of granzyme B-mediated
tumor cell death. Cell. 2024;187(3):624-e4123.

Luo H, Xia X, Huang LB, An H, Cao M, Kim GD, et al. Pan-cancer single-cell
analysis reveals the heterogeneity and plasticity of cancer-associated fibro-
blasts in the tumor microenvironment. Nat Commun. 2022;13(1):6619.

. Amisaki M, Zebboudj A, Yano H, Zhang SL, Payne G, Chandra AK, et al. IL-

33-activated ILC2s induce tertiary lymphoid structures in pancreatic cancer.
Nature. 2025;638(8052):1076-84.

Tang F LiJ,QiL, LiuD,BoY,Qin S, et al. A pan-cancer single-cell panorama of
human natural killer cells. Cell. 2023;186(19):4235-e5120.

Qin X, XuW, Wu J, Li M. Integration of single-cell and bulk RNA-sequencing
data to construct and validate a signature based on NK cell marker genes

to predict immunotherapy response and prognosis in colorectal cancer.
Discover Oncol. 2025;16(1):134.

Chen X, Song E. Turning foes to friends: targeting cancer-associated fibro-
blasts. Nat Rev Drug Discov. 2019;18(2):99-115.

Chhabra Y, Weeraratna AT. Fibroblasts in cancer: unity in heterogeneity. Cell.
2023;186(8):1580-609.

Biffi G, Tuveson DA. Diversity and biology of cancer-associated fibroblasts.
Physiol Rev. 2021;101(1):147-76.

Khalig AM, Erdogan C, Kurt Z, Turgut SS, Grunvald MW, Rand T, et al. Refining
colorectal cancer classification and clinical stratification through a single-cell
atlas. Genome Biol. 2022;23(1):113.

. Qin P, Chen H, Wang Y, Huang L, Huang K, Xiao G, et al. Cancer-associated

fibroblasts undergoing neoadjuvant chemotherapy suppress rectal
cancer revealed by single-cell and spatial transcriptomics. Cell Rep Med.
2023;4(10):101231.

. Ku J, Jeong E, Gong JR, Cho KH, Sung CO, Kim SH. Identification of a unique

subpopulation of mucosal fibroblasts in colorectal cancer with tumor-
restraining characteristics. Mol Cells. 2025;48(10):100263.

LuY, ChenY,Wang Z, Shen H, Xu L, Huang C, et al. Single-cell and spatial
transcriptome profiling reveal CTHRC1 + fibroblasts promote EMT through
WNTS5A signaling in colorectal cancer. J Transl Med. 2025;23(1):282.

. Zhang H,Yue X, Chen Z, Liu C, Wu W, Zhang N, et al. Define cancer-associated

fibroblasts (CAFs) in the tumor microenvironment: new opportunities
in cancer immunotherapy and advances in clinical trials. Mol Cancer.
2023;22(1):159.

. Gao Q Ling X, Liao L, Tang F, Jiang Y, Qin S, et al. Remodeling of T and endo-

thelial cells during total neoadjuvant therapy in rectal cancer. Cancer Cell.
2025;43(12):2282-€979.

Garg P, Malhotra J, Kulkarni P, Horne D, Salgia R, Singhal SS. Emerging thera-
peutic strategies to overcome drug resistance in cancer cells. Cancers (Basel).
2024. https://doi.org/10.3390/cancers16132478.

. Chen J, Zhou Y, Pang Y, Fu K, Luo Q Sun L, et al. FAP-targeted radioligand

therapy with (68)Ga/(177)Lu-DOTA-2P(FAPI)(2) enhance immunogenicity and
synergize with PD-L1 inhibitors for improved antitumor efficacy. J Immuno-
ther Cancer. 2025. https://doi.org/10.1136/jitc-2024-010212.

. Sah N, Luna P, Mani C, Gmeiner W, Palle K. A novel fluoropyrimidine drug to

treat recalcitrant colorectal cancer. J Pharmacol Exp Ther. 2023;385:441.

. Conte MI, Fuentes-Trillo A, Dominguez Conde C. Opportunities and tradeoffs

in single-cell transcriptomic technologies. Trends Genet. 2024;40(1):83-93.

. Yuan CU, Quah FX, Hemberg M. Single-cell and spatial transcriptomics:

bridging current technologies with long-read sequencing. Mol Aspects Med.
2024,96:101255.

Wang J, Ye F, Chai H, Jiang Y, Wang T, Ran X, et al. Advances and applications
in single-cell and spatial genomics. Sci China Life Sci. 2024. https://doi.org/10.
1007/511427-024-2770-x.

. Szafata A, Hrovatin K, Becker S, Tejada-Lapuerta A, Cui H, Wang B, et al. Trans-

formers in single-cell omics: a review and new perspectives. Nat Methods.
2024;21(8):1430-43.


https://doi.org/10.1172/jci.insight.152616
https://doi.org/10.3390/cancers16132478
https://doi.org/10.1136/jitc-2024-010212
https://doi.org/10.1007/s11427-024-2770-x
https://doi.org/10.1007/s11427-024-2770-x

Zhang et al. Cancer Cell International (2026) 26:162

122.

123.

124.

Oliveira MF, Romero JP, Chung M, Williams SR, Gottscho AD, Gupta A, et al.
High-definition spatial transcriptomic profiling of immune cell populations in
colorectal cancer. Nat Genet. 2025;57(6):1512-23.

Marco Salas S, Kuemmerle LB, Mattsson-Langseth C, Tismeyer S, Avenel C, Hu
T, et al. Optimizing Xenium In Situ data utility by quality assessment and best-
practice analysis workflows. Nat Methods. 2025;22(4):813-23.

He S, Bhatt R, Brown C, Brown EA, Buhr DL, Chantranuvatana K, et al. High-
plex imaging of RNA and proteins at subcellular resolution in fixed tissue by
spatial molecular imaging. Nat Biotechnol. 2022;40(12):1794-806.

Page 19 of 19

125. Chen KH, Boettiger AN, Moffitt JR, Wang S, Zhuang X. RNA imaging.
Spatially resolved, highly multiplexed RNA profiling in single cells. Science.
2015;348(6233):aaa6090.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Reshaping the colorectal cancer immune microenvironment: insights from single-cell and spatial omics
	﻿Abstract
	﻿Background
	﻿Search strategy and study selection
	﻿Macrophages
	﻿Functional subtypes of TAMs in CRC: immunosuppressive vs. inflammatory vs. anti-tumor
	﻿Spatial organization of TAMs
	﻿Therapeutic targeting of TAMs in CRC

	﻿Neutrophils
	﻿Dendritic cells
	﻿T cells
	﻿Exhausted T Cell
	﻿Regulatory T Cells
	﻿Conventional T cells

	﻿B cells
	﻿Innate lymphoid cells
	﻿Fibroblasts
	﻿Spatial immune axes in CRC: characterizing resistance-associated niches and future combinatorial immunotherapy
	﻿Conclusion
	﻿References


