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Abstract

Intratumor macrophage infiltration plays a crucial role in various aspects of tumor immunity in colorectal cancer
(CRC). However, the phenotypic heterogeneity, spatial distribution, and cellular interactions of these macrophages
remain elusive. To overcome the limitations, bulk, single-cell, and spatial transcriptomics were utilized synergistically.
We identified two distinct spatial patterns of macrophage infiltration: macrophage +and macrophage-.
MARCO + macrophages were found to accumulate intratumorally in the macrophage +infiltration. Notably, bulk and
spatial transcriptomics data revealed a consistent co-location of MARCO 4+ macrophages with SPOCK1 +fibroblasts,
which was further validated by multiplex immunofluorescence. The co-location of MARCO + macrophages

and SPOCKT +fibroblasts was associated with poor prognosis and undesirable immunotherapy response in

CRC. MARCO+macrophages and SPOCK1 +fibroblasts collectively established an immunosuppressive tumor
microenvironment. MARCO + macrophages promoted the proliferation of SPOCK1 +fibroblasts via SPP1 and EGF
signaling pathways. Meanwhile, SPOCK1 +fibroblasts contributed to the M2 polarization of MARCO +macrophages
through the C3-C3AR1 axis. Our findings suggest that targeting MARCO+macrophages, SPOCK1 +fibroblasts, or
their interaction could represent a promising therapeutic strategy for CRC.
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Introduction

Colorectal cancer (CRC) is the third most commonly
diagnosed malignancy and the second leading cause of
cancer-related mortality worldwide [1]. Although immu-
notherapy, with rapid development, has emerged as a
promising treatment for various cancers, its efficacy in
CRC remains limited [2]. Only a small subset of meta-
static CRC patients (approximately 5%) with mismatch
repair deficiency and high microsatellite instability (MSI-
H) benefit from anti-PD-1 therapy [3, 4]. Thus, there is an
urgent need to explore the factors that contribute to the
immunosuppressive tumor microenvironment (TME)
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in CRC, which could reveal new targets for improving
immunotherapy outcomes.

Macrophages are crucial regulators of the TME and
play diverse roles in tumor immunity [5]. Traditionally,
macrophages can polarize into two types, namely M1 or
M2 macrophages [6]. The M1 phenotype is characterized
by pro-inflammatory properties, while the M2 phenotype
features anti-inflammatory properties [7]. However, for
macrophages accumulating in tumor tissues, recognized
as tumor-associated macrophages (TAMs), there is great
heterogeneity and complex phenotypes [8]. For instance,
FABP5 +lipid-loaded macrophages suppress T-cell-
mediated anti-tumor immunity in hepatocellular carci-
noma by processing unsaturated fatty acids from tumor
cells [9]. NRF2-activated macrophages promote can-
cer invasiveness and metastatic potential by stabilizing
epithelial-mesenchymal transition in CRC [10]. Within
the TME, macrophages interact with other cells, such
as fibroblasts, to influence tumor progression. In gastric
cancer, CCL2 +fibroblasts and STAT3-activated macro-
phages collaborate to create an immunosuppressive TME
and drive tumor growth [11]. Similarly, crosstalk between
FAP +fibroblasts and SPP1+macrophages is associated
with CRC progression and resistance to immunotherapy
[12]. Beyond cellular heterogeneity, the spatial distribu-
tion (intratumoral and stromal) of TME components, is
linked to the clinical outcomes of cancer patients [13, 14].
Nevertheless, the spatial patterns of intratumor macro-
phage infiltration and their interactions with other cells
in CRC are not fully elucidated.

Bulk transcriptomics data provides a combined expres-
sion profile of distinct cell types in the specific tissue.
Single-cell RNA sequencing resolves gene expression
heterogeneity at the individual cell level, uncovering
complex cellular interactions within the TME [15, 16].
The development of spatial transcriptomics (ST) tech-
nology makes it possible to obtain the spatial location of
genes, allowing for the detailed capture of the molecular
and cellular characteristics of the TME [17]. Integrating
bulk, single-cell, and spatial transcriptomics data can
thus provide a comprehensive understanding of cellular
heterogeneity, cell-cell communication, and spatial orga-
nization in the CRC TME.

In this study, we utilized ST to investigate the intra-
tumor macrophage infiltration patterns in CRC, which
was delineated as macrophage+and macrophage-.
Notably, MARCO + macrophages accumulated intra-
tumorally in the macrophage+sample. Furthermore,
SPOCKI + fibroblasts were consistently co-localized with
MARCO + macrophages in both bulk transcriptomics
and ST data, a finding confirmed by multiplex immuno-
fluorescence (MIF) in 30 CRC samples. MARCO + mac-
rophages and SPOCKI +fibroblasts collectively shaped
an immunosuppressive TME. The co-existence of
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MARCO + macrophages and SPOCKI1 + fibroblasts was
linked to worse survival and immunotherapy response.
Together, our study provides new insights into intra-
tumor macrophage infiltration in CRC and high-
lights the co-location of MARCO +macrophages and
SPOCKI +fibroblasts as a key determinant of immune
suppression.

Materials and methods

Data collection

The ST data of three CRC samples was collected from
the study by Sibai et al. [18]. Two CRC single-cell data-
sets, GSE205506 (17 tumor samples) and GSE132465 (23
tumor samples), were obtained from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov
/geo/), and the corresponding clinical data were obtained
from the original studies [19, 20]. The GSE205506 dataset
contained CRC patients who underwent immunotherapy;,
with pathological complete response (pCR) and non-pCR
distinguished according to the treatment outcomes. The
bulk transcriptomics data of 591 CRC samples and rel-
evant clinical information were downloaded from the
Cancer Genome Atlas (TCGA) database (https://port
al.gdc.cancer.gov/). The unit for bulk expression data
was log(TPM + 1), while ST or single-cell data was UMI
count. The summary of all the data used in this study was
shown in Table S1.

Patient samples

Formalin-fixed paraffin-embedded (FFPE) tissues were
collected from 30 patients with CRC at the Fourth Affili-
ated Hospital of School of Medicine, Zhejiang University.
The study was approved by the Ethics Committee of the
Fourth Affiliated Hospital of School of Medicine, Zhe-
jiang University (No: K2025019) and was in compliance
with the Declaration of Helsinki. Informed written con-
sent from all patients involved was obtained.

Analysis of ST data

The ST data were analyzed using the R package SpaCET
[21]. The SpaCET.quality.control function was utilized to
filter out spots with low gene detection. We assessed the
abundance of malignant cells using the SpaCET.identify.
interface function. The SpaCET.GeneSetScore function
was used to calculate the score of gene sets in each spot.
We employed the SpaCET.visualize.spatialFeature func-
tion to visualize the findings.

Single-cell data preprocessing

The R package Seurat was used for the analysis of single-
cell data. Cells expressing more than 300 genes, with the
ratio of mitochondrial genes less than 30% and ribosomal
genes less than 50%, were retained. The top 2000 most
variable genes were selected for the principal component
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analysis. The R package Harmony was utilized for batch
effect correction within the dataset. We performed the
clustering analysis using the FindNeighbors and Find-
Clusters functions of the R package Seurat. Cells were
annotated based on classical cell markers, including
epithelial cells (EPCAM, KRTS8, KRT18), fibroblasts
(DCN, COL1A1, ACTAZ2), endothelial cells (PLVAP,
VWE, PECAM1), T cells (CD3D, CD3E, TRAC), B cells
(MS4A1, CD79A, CD79B), myeloid cells (CD14, CD68,
FCGR3A), and plasma cells (JCHAIN, MZB1). The
AggregateExpression function of the R package Seurat
was used to obtain the pseudo-bulk expression matrix of
specific cells.

Differential expression analysis and gene set enrichment
analysis

The FindMarkers function of the R package was used to
identify differentially expressed genes (DEGs) between
two groups at the single-cell and ST level (logfc.thresh-
old=0.25 and min.pct=0.1). In the bulk transcriptomics
data, the R package limma was utilized to screen DEGs
between two groups. We used the R package fgsea to per-
form gene set enrichment analysis (GSEA) to assess the
enrichment of hallmark pathways based on identified
DEGs.

MIF

Co-staining of two antigens was performed using a Four
color mIHC Fluorescence kit (Recordbio Biological Tech-
nology, Shanghai, China) based on the tyramide signal
amplification (TSA) technology according to the manu-
facture’s instruction. Paraffin sections of tumor tissues
were first subjected to dewaxing, antigen recovery, and
antigen blocking, followed by incubation with primary
antibodies overnight at 4 °C. After washing three times,
the sections were incubated with secondary antibody
from the mIHC Fluorescence kit for 50 min at room tem-
perature, followed by the corresponding fluorescent dyes
for 4 min at room temperature. Subsequently, the sec-
tions were stained with DAPI for 5 min at room tempera-
ture and then photographed using a microscope. Primary
antibodies: MARCO (abcam, ab314646), CD163 (abcam,
ab182422), DCN (abcam, ab277636), SPOCKI1 (Protein-
tech, 28203-1-AP).

Survival analysis

We used the survival R package to perform survival
analysis. Survival curves were generated using the
Kaplan—Meier (KM) method and the statistical signifi-
cance was evaluated based on the log-rank test. High and
low groups divided in the survival analysis were deter-
mined using the surv_cutpoint function of the R package
survminer.
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Prediction of immunotherapy response of CRC patients in
the bulk transcriptomics data

The tumor immune dysfunction and exclusion (TIDE)
algorithm (http://tide.dfci.harvard.edu/) was used to pre
dict the immunotherapy response of CRC patients in the
bulk transcriptomics data [22]. A high TIDE score sug-
gested an undesirable immunotherapy response.

InferCNV analysis

The R package InferCNV was used to deduce large-scale
copy number variations (CNVs) of cells in the single-
cell data with parameters cutoff=0.1 and cluster_by_
groups = TRUE. B cells and plasma cells were selected as
reference cells. We identified epithelial cells with a high
level of CN'Vs as malignant cells.

Cell-cell communication analysis

The R package CellChat was used to infer cell-cell com-
munication according to CellChatDB.human, a database
for ligand-receptor interactions. The likelihood of com-
munication interactions between cells was calculated
based on the average expression of ligands and receptors
in those cells.

Statistical analysis

The statistical analysis and visualization were performed
using R software (version 4.4.1). The Mann—Whitney
U test or Student’s two-sided t-test was employed to
evaluate the significance of the differences between the
two groups. Correlations between two variables were
assessed using Spearman’s correlation test. The Chi-
squared test was used for the analysis of categorical
variables. A two-sided P-value <0.05 was considered sta-
tistically significant.

Results

The intratumor infiltration landscape of macrophages in
CRC

To investigate the intratumor macrophage infiltration
patterns in CRC, we first used the R package SpaCET to
identify the tumor, interface, and stroma regions in three
CRC samples in the ST data, with over 4,700 spots for
each sample (Fig. 1A). To evaluate the accuracy of iden-
tified tumor regions, the spatial distribution of epithelial
markers, namely EPCAM, KRT8, and KRT18, was then
explored. As anticipated, spots within tumor regions
had higher expression levels of epithelial markers than
other regions in three CRC samples, which confirmed
that tumor regions were correctly divided (Fig. S1A).
Next, the “Macro score” was calculated using three mac-
rophage markers, including CD68, CD163, and CD86,
to assess the mean degree of macrophage infiltration
within each spot. Compared to Patient 2 (P2) and Patient
3 (P3), Patient 1 (P1) showed higher Macro scores in the
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Fig. 1 The intratumor macrophage infiltration landscape in colorectal cancer (CRC). A The identification of tumor, stroma, and interface regions in three
CRC samples in the spatial transcriptomics (ST) data. B The distribution of Macro score in three CRC samples in the ST data. C The differentially expressed
genes (DEGs) of intratumor macrophage infiltration in P1. D The role of intratumor macrophage infiltration of P1 in the survival of CRC patients

tumor region, indicating higher infiltration of macro-
phages (Fig. 1B; Fig. S1B). Thus, we defined P1 as macro-
phage + patient while P2 and P3 as macrophage- patients.
To explore the specific composition of macrophages infil-
trating in the tumor region of CRC, DEGs of intratumor
macrophage infiltration in P1 were screened (Fig. 1C).
We noticed that CD68 and CD163 displayed high expres-
sion in P1, indicating that M2 macrophages might be
the main type of intratumor macrophage infiltration in
macrophage + patients with CRC. It has been demon-
strated that M2 macrophages play roles in the formation
of immunosuppressive TME and progression of tumor
angiogenesis [23]. Additionally, APOE and APOC1, lipid-
related genes, were also observed to highly express in
P1. These two genes have been found to be expressed by
immunosuppressive macrophages, contributing to tumor
metastasis [24]. To further assess the prognostic role

of intratumor macrophage infiltration in CRC, the top
50 DEGs were selected as signatures (Table S2), which
were used to calculate scores by ssGSEA methods in
the TCGA dataset in the bulk transcriptomics data. We
found that CRC patients with higher signature scores had
shorter overall survival (OS) (Fig. 1D).

MARCO + macrophages played an immunosuppressive role
in the intratumor macrophage infiltration

MARCO showed high expression in the intratumor
macrophage infiltration of P1, macrophage + patient.
Thus, we speculated that MARCO might be soured from
macrophages in CRC. Correlation analysis was then
performed. In the bulk transcriptomics data, a weak cor-
relation (R=0.105) was observed between MARCO and
CD68 (Fig. S3A), while a strong correlation (R=0.71)
was reached between MARCO and CD163 (Fig. 2A),
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Fig. 2 MARCO + macrophages accumulated in the intratumor macrophage infiltration having an immunosuppressive impact on the tumor microen-
vironment (TME). A The correlation between MARCO and CD163 in the bulk transcriptomics data. B The correlation between MARCO and CD163 in the
spatial transcriptomics (ST) data. C The single-cell dataset GSE205506 was divided into seven main clusters: B cell, endothelial cell, epithelial cell, fibroblast,
myeloid cell, plasma cell, and T cell. D The co-expression pattern of MARCO and CD163 in the single-cell dataset GSE205506. E The multiplex immuno-
fluorescence (MIF) performed on 30 patients with CRC exhibited the co-location between MARCO and CD163. F Colorectal cancer (CRC) patients with
high MARCO expression had shorter overall survival (OS). G The expression differences in 18 M2 signature genes between MARCO +macrophages and
MARCO- macrophages. H The difference in M2 score between MARCO + macrophages and MARCO- macrophages. | The top 10 genes upregulating in
MARCO + macrophages and MARCO- macrophages. J The upregulated pathways in MARCO + macrophages. K The differences in percentages of seven
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phages and with low MARCO + macrophages in the single-cell dataset GSE205506
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indicating that MARCO was a potential marker for
CD163 + macrophages. We further verified the positive
correlation (R=0.366) between MARCO and CD163 in
the spots of tumor region at the ST level (Fig. 2B). Subse-
quently, we explored the expression patterns of MARCO
and CD163 at the single-cell level. After analysis of
dimension reduction and clustering, seven main clus-
ters, namely B cell, endothelial cell, epithelial cell, fibro-
blast, myeloid cell, plasma cell, and T cell, were identified
in the single-cell dataset GSE205506, which contained a
total of 55,110 cells (Fig. S2A; Fig. 2C). Co-expression of
MARCO and CD163 was found in myeloid cells from the
GSE205506 dataset (Fig. 2D), which was consistent with
the result observed in another independent single-cell
dataset, GSE132465, that included a total of 46,128 cells
(Fig. S2B; Fig. S3B). At the protein level, we performed
MIF analysis on 30 CRC samples and found the co-loca-
tion of MARCO and CD163 (Fig. 2E; Fig. S3C). Together,
MARCO was a reliable marker for CD163 + macrophages
in CRC.

Survival analysis revealed that CRC patients with
high MARCO expression had shorter OS, suggest-
ing its adverse impact on clinical outcomes (Fig. 2F).
Therefore, the phenotype of MARCO + macrophages
in CRC was further investigated in the GSE205506
dataset. As MARCO showed a strong correlation
and co-expressed with CD163, we surmised that
MARCO + macrophages had M2 characteristics. We
compared the expression differences in M2 signature
genes between MARCO +macrophages and MARCO-
macrophages [25]. Notably, TGFB1 and CD276 displayed
higher expression in MARCO + macrophages, indicat-
ing immunosuppressive characteristics (Fig. 2G) [26,
27]. Additionally, MARCO + macrophages had higher
M2 scores, which were calculated using the R pack-
age AUCell, than MARCO- macrophages (Fig. 2H).
Hence, MARCO + macrophages could be recognized as
M2 macrophages with the nature of immune inhibition
in CRC. Subsequently, DEGs between MARCO + mac-
rophages and MARCO- macrophages were screened
(Fig. 2I). We noticed that FN1, FBP1, and SPP1 showed
higher expression in MARCO + macrophages, which
contributed to tumor progression and inhibited immune
response [12, 28, 29]. Pathway analysis revealed that pro-
tumor pathways, including hypoxia and angiogenesis,
were more enriched in MARCO + macrophages (Fig. 2J).
Enhanced epithelial mesenchymal transition (EMT)
pathway, associated with tumor metastasis, was found
in MARCO + macrophages. Besides, MARCO + macro-
phages exhibited elevated levels of glycolysis and oxida-
tive phosphorylation. In the bulk transcriptomics data,
CRC patients with high MARCO expression also had
more activation of carcinogenic and EMT pathways
(Fig. S3C). Notably, TGFp signaling pathway, linked
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with immunosuppression, had more enrichment in CRC
patients with high MARCO expression. To explore the
impact of MARCO + macrophages on TME components,
we divided CRC patients with more than 200 macro-
phages into high and low MARCO groups based on the
median proportion of MARCO + macrophages among all
macrophages in the single-cell data. In the low MARCO
group, a higher percentage of T cells and plasma cells
with fewer epithelial cells was observed in both CRC
patients treated with immunotherapy (GSE205506,
Fig. 2K) and those untreated (GSE132465, Fig. S3D).
Besides, pathway analysis revealed that epithelial cells of
the high MARCO group showed more activation of pro-
tumor pathways (Fig. S3F). We further divided T cells
into 5 subsets: CD160+T cell, central memory T cell,
effector T cell, exhausted T cell, and regulatory T cell
(Fig. S3G,H). Compared to the high MARCO group, the
proportion of effector T cells was a little higher in the low
MARCO group (Fig. S31).

SPOCK1 +fibroblasts accumulating in the tumor region
with MARCO + macrophage infiltration contributed to the
immunosuppressive TME

TME, a complex structured ecosystem, contains cancer
cells, immune cells, fibroblasts, endothelial cells, and
other cells. The communication and interplay between
various cells of TME affect tumor progression [30].
Therefore, we further explored the differences in TME
between macrophage+and macrophage- patients to
uncover cell—cell interactions that could serve as promis-
ing targets for CRC immunotherapy.

DEGs of tumor regions between macrophage +and
macrophage- patients were then identified. We found
that markers for fibroblast, including DCN, LUM,
COL1A1, COL1A2 and COL3A1, were highly expressed
in P1, indicating that fibroblasts accumulated in macro-
phage + patients (Fig. 3A; Fig. S4A). Besides, we noticed
that SPOCK1 had high expression in P1. We then investi-
gated the spatial expression patterns of SPOCK1 in mac-
rophage + and macrophage- patients. SPOCK1 showed
significant expression in the tumor region of P1, with
the distribution similar to macrophage +spots, while
SPOCKI1 was lowly expressed in P2 and P3 (Fig. S4B;
Fig. 3B). Subsequently, the cellular source of SPOCK1
was explored. As the accumulation of fibroblasts in P1,
we speculated that SPOCK1 might be a marker for fibro-
blasts. Correlation analysis was then performed. The cor-
relation between SPOCK1 and DCN was 0.801 in the
bulk transcriptomics data (Fig. 3C), and in intratumor
spots, it was 0.365 at the ST level (Fig. 3D), suggesting
that SPOCK1 was a potential marker for fibroblasts. At
the single-cell level, SPOCK1 was mainly expressed in
fibroblasts in the GSE205506 (Fig. 3E) and GSE132465
(Fig. S4C) datasets. At the protein level, we performed
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Fig.3 SPOCK1 +fibroblasts played an immunosuppressive role in the tumor region with infiltrated MARCO + macrophages. A The differentially expressed
genes (DEGs) of tumor regions between macrophage +and macrophage- colorectal cancer (CRC) patients. B The distribution of SPOCKT1 in three CRC
samples in the spatial transcriptomics (ST) data. C The correlation between SPOCK1 and DCN in the bulk transcriptomics data. D The correlation between
SPOCK1 and DCN in the ST data. E The expression pattern of SPOCKT1 in seven main clusters: B cell, endothelial cell, epithelial cell, fibroblast, myeloid cell,
plasma cell, and T cell in the single-cell dataset GSE205506. F The multiplex immunofluorescence (MIF) performed on 30 patients with CRC exhibited the
co-location between SPOCK1 and DCN. G CRC patients with high SPOCK1 expression had shorter overall survival (OS). H The distribution of 19 proteins
from the OLINK immuno-oncology assay in SPOCK1 +fibroblasts and SPOCK1- fibroblasts. I The top 10 genes upregulating in SPOCK1 +fibroblasts and
SPOCK1- fibroblasts. J The upregulated pathways in SPOCK1 +fibroblasts. K The differences in SPOCK1 expression among four tumor microenvironment

(TME) subtypes

MIF analysis on 30 CRC samples and found the co-
location of SPOCK1 and DCN (Fig. 3F; Fig. S4D). These
results indicated that SPOCK]1 was a dependable marker
for fibroblasts.

Survival analysis revealed that CRC patients with high
SPOCKI1 expression had shorter OS, indicating that
SPOCK1 played an adverse role in clinical outcomes
(Fig. 3G). Thus, the phenotype of SPOCKI + fibroblasts in
CRC was further investigated in the GSE205506 dataset.
We collected proteins that participated in tumor immu-
nity, chemotaxis, vascular and tissue remodeling, apop-
tosis, and autophagy from the OLINK immuno-oncology
assay [31]. Compared to SPOCK1- fibroblasts, LGALSI,
TGFB1, and CCL2 were observed to have higher expres-
sion in SPOCKI +fibroblasts, suggesting their roles in
immune suppression and facilitating tumor progression
(Fig. 3H) [26, 32, 33]. Analysis of DEGs showed that the
expression of THBS2, FAP, and SFRP2 was higher in
SPOCKI + fibroblasts, contributing to tumor aggressive-
ness and immune-exclusive TME (Fig. 3I) [12, 34, 35].
Subsequently, we conducted pathway analysis (Fig. 3J).
Enhanced EMT pathway, promoting tumor metastasis,
was found in SPOCKI1 +fibroblasts. TNFa signaling via
NF-xB and hypoxia pathways, involved in tumor pro-
gression, had more enrichment in SPOCK]1 + fibroblasts.
Alterations in glycolysis and kras signaling pathways
in SPOCK1 +fibroblasts, were noted. Moreover, CRC
patients with high SPOCK1 expression showed enhanced
activities of EMT, oncogenic, and TGFp signaling path-
ways at the bulk transcriptomics level (Fig. S4E). To fur-
ther explore the effects of SPOCK1 on TME in CRC,
we collected TME subtypes defined by Bagaev et al.:
immune-enriched, fibrotic (IE/F); immune-enriched,
nonfibrotic (IE); fibrotic (F); and immune-depleted (D)
[36]. We noticed that SPOCKI had active expression in
the F and IE/F subtypes, which were characterized by
enhanced TGFp signaling pathway, abundant fibroblast
infiltration and a high ratio of M2/M1 macrophages
(Fig. 3K).

The co-location of MARCO + macrophages and

SPOCKT1 +fibroblasts worsened the clinical outcome of CRC
patients

To confirm the close proximity of MARCO +macro-
phages and SPOCKI +fibroblasts, we first assessed

the correlation between MARCO and SPOCKI,
which reached 0.732 at the bulk transcriptomics
level (Fig. 4A). At the single-cell level, the correlation
between the abundance of MARCO + macrophages and
SPOCKI +fibroblasts was 0.858 (Fig. S5A). In the ST
data, a congruous distribution pattern of MARCO and
SPOCKI1 was observed in the tumor region of P1, veri-
fying the co-localization of MARCO + macrophages and
SPOCKT1 + fibroblasts (Fig. 4B; Fig. S5B). In addition, MIF
analysis performed on 30 CRC samples confirmed the co-
location of MARCO + macrophages and SPOCK1 + fibro-
blasts at the protein level (Fig. 4C).

We further explored the clinical significance of
MARCO + macrophages and SPOCKI1 +fibroblasts. In
the bulk transcriptomics data, CRC patients with high
expression of both MARCO and SPOCK]1 had the short-
est OS, suggesting the potential interplay between them
that played a pro-tumor role (Fig. 4D). We then divided
CRC patients into early stage (I or II) and late stage (III
or IV) based on TNM stage. In the bulk transcriptomics
data, SPOCK1 showed higher expression in CRC patients
with late stage, while there was no difference in MARCO
expression (Fig. 4E). Both expression of MARCO in
macrophages and SPOCKI1 in fibroblasts was higher in
CRC patients with late stage in the single-cell dataset
GSE132465 (Fig. 4F). In terms of consensus molecular
subtypes (CMSs) for CRC, the expression of MARCO
in macrophages and SPOCK]1 in fibroblasts was higher
in CMS1 and CMS4 samples in the single-cell dataset
GSE132465 (Fig. 4G). CMS1 patients featured worse sur-
vival after relapse while CMS4 patients had worse OS and
relapse-free survival (RES) [37]. Subsequently, TIDE algo-
rithm was used to predict the immunotherapy response
of CRC patients in the bulk transcriptomics data. Com-
pared to responders (R), both MARCO and SPOCK1
exhibited higher expression in non-responder (NR) CRC
patients (Fig. 4H). Besides, the expression of MARCO
and SPOCK]1 both had positive correlations with TIDE
scores (Fig. 4I). In the single-cell dataset GSE205506,
MARCO displayed higher expression in macrophages
from CRC patients with non-pCR after immunotherapy
than in those with pCR (Fig. 4]). Due to the number of
fibroblasts being too small in CRC patients with non-pCR
in the GSE205506 dataset, it was hard to compare the
expression of SPOCKI1 in fibroblasts from CRC patients
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Fig. 4 The co-location of MARCO +macrophages and SPOCKT1 +fibroblasts worsened the clinical outcome of colorectal cancer (CRC) patients. A The
correlation between MARCO and SPOCKT in the bulk transcriptomics data. B The distribution of MARCO and SPOCKT1 in P1 in the spatial transcriptomics
(ST) data. € The multiplex immunofluorescence (MIF) performed on 30 CRC patients exhibited the co-location between MARCO and SPOCK1. D CRC
patients with both high MARCO and high SPOCK1 expression had worst prognosis in the bulk transcriptomics data. E The differences in MARCO and
SPOCK1 expression between early and advanced stage CRC patients in the bulk transcriptomics data. F The differences in the expression of MARCO in
macrophages and SPOCK1 in fibroblasts between early and advanced stage CRC patients in the single-cell dataset GSE205506. G The differences in the
expression of MARCO in macrophages and SPOCKT in fibroblasts among four consensus molecular subtypes (CMSs) in the single-cell dataset GSE132465.
H The differences in MARCO and SPOCK1 expression between responders (R) and non-responders (NR) predicted by the TIDE algorithm in the bulk
transcriptomics data. | The MARCO and SPOCK1 expression both showed positive correlations with TIDE scores in the bulk transcriptomics data. J The
difference in MARCO expression in macrophages between pathological complete response (pCR) and non-pCR CRC patients after immunotherapy in
the single-cell dataset GSE205506. K The difference in SPOCK1 expression in fibroblasts between CRC patients with pCR after immunotherapy and those

without immunotherapy at the single-cell level

with non-pCR and pCR. Thus, we combined fibroblasts
in the GSE205506 and GSE132465 datasets to explore
the difference in the expression of SPOCK1 in fibroblasts
from CRC patients with pCR after immunotherapy and
those untreated with immunotherapy. Compared to CRC
patients with pCR after immunotherapy, the expression
of SPOCK1 was higher in fibroblasts from CRC patients
without immunotherapy (Fig. 4K).

Cell-cell communication involved in
MARCO + macrophages and SPOCK1 +fibroblasts

To further understand the roles of MARCO + macro-
phages and SPOCK1 + fibroblasts in the TME of CRC, we
investigated their communication networks in the single-
cell dataset GSE205506. Before that, inferCNV analysis
was conducted to identify malignant cells from epithe-
lial cells (Fig. S6). The cell-cell communication analysis
revealed that MARCO + macrophages had stronger inter-
actions with other cell types compared to MARCO- mac-
rophages, especially with SPOCK]1 + fibroblasts (Fig. 5A).
Additionally, SPOCKI +fibroblasts showed enhanced
interplay with other cell types than SPOCK1- fibroblasts,
especially with MARCO + macrophages (Fig. 5B). These
findings suggested that MARCO +macrophages and
SPOCKI +fibroblasts influenced each other, exerting a
collaborative impact on tumor progression and immuno-
suppressive TME. Thus, we then explored the crosstalk
among MARCO + macrophages, SPOCKI1 + fibroblasts,
malignant cells, and T cells. We noticed that vari-
ous signaling pathways, mainly associated with prolif-
eration and immunity, were activated among the above
four cell types, in which MARCO +macrophages and
SPOCKI + fibroblasts were the primary senders (Fig. 5C).
SPP1, EGF, and COMPLEMENT signaling pathways were
the main interactions between MARCO + macrophages
and SPOCK1 + fibroblasts. Specifically, SPP1 and HBEGE,
which played roles in promoting proliferation, released
from MARCO + macrophages interacted with the corre-
sponding receptors on SPOCK]1 + fibroblasts (Fig. 5D and
F). C3, involved in regulating M2 polarization, released
from SPOCKI +fibroblasts interacted with C3AR1,
ITGAX, ITGB2, and ITGAM on MARCO + macrophages

(Fig. 5E) [38]. As for malignant cells, HBEGEF, linked to
cell growth, released from MARCO + macrophages inter-
acted with ERBB2, ERBB4, and EGFR on malignant cells
(Fig. 5F). Besides, SPOCK]1 + fibroblasts might facilitate
malignant cell proliferation via PTN and WNT signaling
pathways (Fig. 5G). In terms of T cells, MARCO + mac-
rophages mainly interacted with T cells via the ligand
LGALS9, which was associated with suppressed anti-
tumor immunity (Fig. 5H) [39]. Moreover, CXCL12
released from SPOCKI1 +fibroblasts interacted with
CXCR4 on T cells. There was evidence that the CXCL12-
CXCR4 axis functioned to inhibit the infiltration of cyto-
toxic T cells (Fig. 5I) [40].

Discussion

Despite the remarkable success of immunotherapy in
tumor treatment, only a small portion of CRC patients
respond to this therapy, highlighting the necessity of
investigating the underlying mechanisms of immune
resistance. Macrophages are key TME components regu-
lating tumor immunity [5]. The intratumor macrophage
infiltration has great heterogeneity and complex interac-
tions with other cells, which remain incompletely charac-
terized. Our study revealed two intratumor macrophage
infiltration patterns, macrophage+and macrophage-,
in CRC samples at the ST level. MARCO +macro-
phages accumulated in the macrophage+sample, co-
localizing with SPOCKI1 +fibroblasts. The presence
of MARCO +macrophages and SPOCKI1 + fibroblasts
shaped an immunosuppressive TME, which induced
to the poor prognosis and inferior immunotherapy
response. Since MARCO + macrophages highly express
SPP1 and SPOCKI + fibroblasts highly express FAP, our
findings align with and extend those of Qi et al. [12].

The intratumor accumulation of MARCO +macro-
phages were observed in the macrophage + sample in our
study. We found that MARCO + macrophages were M2
macrophages with immunosuppressive properties and
were associated with poor prognosis in CRC, consistent
with the findings from recent research clarifying the role
of MARCO + macrophages in intrahepatic cholangio-
carcinoma [41]. In the B16 melanoma model, MARCO
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monoclonal antibodies promote a shift in the polariza-
tion of MARCO-expressing macrophages from M2 to
M1 [42]. In addition, macrophages from CRC patients
with non-pCR after anti-PD-1 therapy showed higher
MARCO expression compared to those with pCR, sug-
gesting that high infiltration of MARCO macrophages
predicted worse immunotherapy response. It has been
reported that anti-PD-L1 resistance in hepatocellular
carcinoma can be improved by MARCO + macrophage-
targeted treatment [43]. In melanoma, anti-MARCO
antibody treatment contributes to the activation of NK
cells, enhancing the tumor killing effects of immuno-
therapy, including antibodies to PD-1 or PD-L1 [44].
We also identified LGALS9 as a key ligand by which
MARCO + macrophages may suppress T cells. In gastric
cancer, C1Q+macrophages suppressed the activation
and promoted the exhaustion of GZMA+T lympho-
cytes, potentially through the LGALS9-CD45 axis [45].
High expression of LGALS?9 is associated with poor prog-
nosis in distinct cancer types and anti-tumor immunity
can be boosted by targeting LGALS9 [46]. Furthermore,
MARCO + macrophages appeared to promote malig-
nant cell proliferation via EGF signaling. Taken together,
MARCO is a promising target to overcome immune sup-
pression and enhance immunotherapy sensitivity and
effectiveness in CRC.

SPOCKI + fibroblasts were found to be co-localized
with MARCO + macrophages in the macrophage + sam-
ple. We noticed that SPOCK1 + fibroblasts contributed
to the immunosuppressive TME and were linked to poor
prognosis in CRC. There is evidence that SPOCK1 is a
risk factor for prognosis in certain cancer types [47-49].
In lung adenocarcinoma, high expression of SPOCK1
correlates with low infiltration of CD8+T cells, con-
tributing to immune escape [48]. Moreover, TIDE algo-
rithm showed that SPOCKI1 was a potential regulator of
immunotherapy response in CRC. Fibroblasts from CRC
patients with pCR after anti-PD-1 therapy had lower
expression of SPOCK1 compared to those who were
untreated. The unfavorable role of SPOCKI1 + fibroblasts
in immunotherapy might be partially explained by the
finding that SPOCK1 + fibroblasts interacted with T cells
through the CXCL12-CXCR4 axis, which inhibits the
differentiation of CD8+naive T cells into CD8+cyto-
toxic T lymphocytes, weakening anti-tumor activity [40].
Besides, SPOCK]1 +fibroblasts promote malignant cell
proliferation via PTN and WNT signaling pathways. In
summary, SPOCKI1 serves as a potential target in CRC
treatment.

The intercellular interplay between MARCO +mac-
rophages and SPOCKI +fibroblasts was further inves-
tigated. The crosstalk between these cells involved
MARCO +macrophages secreting SPP1 and HBEGF
to stimulate SPOCKI +fibroblast proliferation, while
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SPOCKI1 +fibroblasts secreted C3, potentially reinforcing
M2 polarization of macrophages via the C3-C3AR1 axis,
which activates PI3Ky signaling [38]. This reciprocal inter-
action creates a synergistic immunosuppressive niche.
Hence, therapeutic strategies targeting MARCO + mac-
rophages, SPOCK1 + fibroblasts, or their crosstalk could
reshape the immunosuppressive TME, improving the
response and efficacy of immunotherapies in CRC.

Some limitations still remains in our study. A larger
number of ST samples is necessary to further confirm
the spatial patterns described. The close proximity of
MARCO + macrophages and SPOCK]1 + fibroblasts in the
MIF needs to be quantitatively analyzed. In vivo and in
vitro experiments are needed to verify the interactions
between MARCO + macrophages and SPOCKI1 + fibro-
blasts and to further explore the mechanisms of the
immunosuppressive roles of MARCO + macrophages and
SPOCKI1 +fibroblasts. Meanwhile, the clinical signifi-
cance of MARCO + macrophages and SPOCK1 + fibro-
blasts, particularly regarding immunotherapy response,
requires validation in larger, dedicated immunotherapy
cohorts and prospective studies.

Conclusion

Our study delineates the intratumor macrophage infil-
tration patterns in CRC and identifies the co-location of
MARCO + macrophages and SPOCKI +fibroblasts as a
key feature of the immunosuppressive TME. These find-
ings provide insights into novel therapeutic avenue tar-
geting MARCO + macrophages, SPOCK]1 + fibroblasts, or
their crosstalk for CRC patients.
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