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Background: Tumor-associated macrophages (TAMs) play a pivotal role in facilitating tumor immune escape in colorectal cancer
(CRCQ). C-type lectin Dendritic Cell-Specific ICAM-Grabbing Nonintegrin (DC-SIGN) is variably expressed in TAMs in tumor tissues.
However, its role in CRC progression remains poorly defined.

Methods: We analyzed The Cancer Genome Atlas (TCGA) data and an independent CRC cohort to evaluate the prognostic
significance of DC-SIGN™&" TAMs. Immunofluorescence and flow cytometry were used to characterize DC-SIGN expression in
CRC tissues. RNA sequencing and bioinformatics analyses were performed on sorted DC-SIGN'" and DC-SIGN'* TAMs.
Functional assays using THP-1-derived macrophages and primary TAMs were conducted to examine how DC-SIGN regulates PD-
L1 expression via the transcription factor BCL-3.

Results: DC-SIGN was specifically expressed in TAMs within CRC tissues and was associated with increased stromal and immune

glow, patients with CRC across two

cell infiltration. DC-SIGN expression correlated with worsened prognosis in CD8"e" but not CD
independent cohorts, and served as an independent predictor of unfavorable survival in CD8"#" CRC. Transcriptomic profiling
revealed that DC-SIGN"2" TAMs exhibited distinct immune-related pathways, including marked upregulation of PD-L1 and PD-L1
immune checkpoint pathway. Mechanistically, Lewis*-ligated DC-SIGN upregulated PD-L1 expression at both mRNA and protein
levels through BCL-3, which directly bound to the PD-L1 promoter.

Conclusion: The DC-SIGN/BCL-3 axis in TAMs drives PD-L1 expression and contributes to CRC immune evasion. Targeting DC-
SIGN" TAMs may represent a promising therapeutic strategy to reprogram the tumor microenvironment (TME) and improve the

efficacy of immunotherapy in CRC.

Plain Language Summary: Colorectal cancer is one of the most common cancers, and while the immune system is designed to
recognise and destroy cancer cells, tumours can develop ways to avoid this attack. In this study, we investigated immune cells called
macrophages, which normally protect the body but can be reprogrammed inside tumours to support cancer growth. We found that a
molecule called DC-SIGN is present on many of these macrophages in colorectal cancer and that patients with higher levels of these
DC-SIGN—positive macrophages had poorer outcomes, particularly when their tumours also contained many cancer-fighting T cells.
By studying these cells in detail, we discovered that DC-SIGN increases the production of PD-L1, a protein that blocks T cells from
killing cancer cells. We also showed that DC-SIGN uses another protein, BCL-3, as a switch to turn on PD-L1. These findings reveal a
new way that colorectal cancer avoids the immune system and suggest that targeting DC-SIGN may help improve immunotherapy, a
treatment that boosts the body’s natural defences against cancer.
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Introduction
The Colorectal cancer (CRC) is the third most common malignancy and a leading cause of cancer-related deaths
worldwide.' According to 2023 data from the United States, the incidence of CRC among adults under 50 is rising
by nearly 2% per year.> While this increase is partially due to improved awareness and early screening efforts, it remains
a concerning trend. Currently, the primary treatment for CRC is surgical resection during the early stages, which
significantly improves prognosis. Additionally, immune checkpoint inhibitors (ICIs) can be effective for metastatic
CRC with microsatellite-instability-high (MSI-H) characteristics.* © However, the response rate in Microsatellite
Stable (MSS) CRC (0.12) remains significantly lower compared to other tumors, such as non-small cell lung cancer
(4.67).7

The tumor immune microenvironment (TIME) plays a crucial role in evading immune surveillance and promoting
tumor growth and metastasis.*” A deeper understanding of the TIME is therefore essential for guiding novel immu-
notherapeutic strategies. Within the TIME, TAMs are key players that fuel tumor progression and suppress anti-tumor
immunity.'® This can be achieved by the expression of tumor-promoting cytokines such as Interleukin-6 (IL-6),'" and
crucial immune checkpoint proteins, such as PD-L1, which directly inhibits effector T cell function.'*'* Notably, TAMs
exhibit marked functional plasticity, dynamically shifting between pro-inflammatory (M1-like) and immunosuppressive
(M2-like) phenotypes.'* This plasticity underscores the necessity of moving beyond broad categorizations to study
distinct TAM subtypes and their specific roles in shaping the TIME.

Dendritic cell-specific intercellular adhesion molecule (ICAM)-3-grabbing non-integrin (DC-SIGN, encoded by
Cd209 gene) is a pattern recognition receptor that recognizes non-sialylated Lewis® and Lewis® glycans.'> Primarily
expressed in dendritic cells (DCs) and macrophages, DC-SIGN plays a pivotal role in various immune processes,

including dendritic cell adhesion and migration, inflammatory response, T cell activation, and tumor immune evasion.'®

Recent studies have shown that DC-SIGN" TAMs can facilitate immune escape in gastric, lung, and breast cancers.'” "’

Although the clinical significance of DC-SIGN" TAMs in CRC remains largely unexplored, studies have shown that DC-
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SIGN ligands, including N-glycanated proteins, are specifically enriched in human CRC tissues.”’*' Furthermore,
targeting these glycoproteins may boost anti-tumor immunity to induce CRC regression.”> These studies highlight DC-
SIGN" TAMs as a potential immunotherapeutic target of CRC.

In this study, we identified that DC-SIGN is predominantly expressed in TAMs in CRC specimens.
Immunofluorescence and flow cytometry analyses revealed differential expression of DC-SIGN in cancerous versus
adjacent non-cancerous tissues, and its prognostic merit in determining CRC outcomes. High DC-SIGN expression is
linked to a tumor-promoting environment, offering a new perspective on CRC immunotherapy targeting DC-SIGN.
Additionally, RNA-seq and bioinformatics analysis showed that DC-SIGN™#" TAMs are highly enriched with the
immune checkpoint protein PD-L1. These findings suggest that targeting DC-SIGN™" TAMs holds therapeutic potential
for developing novel immune therapies against CRC.

Materials and Methods

Clinical Samples

Tumor tissues from 246 patients with CRC (Nantong cohort) were collected at the Affiliated Hospital of Nantong
University (Nantong, Jiangsu, China). Samples were obtained with informed consent, following a protocol approved by
the Ethics Committee and Institutional Review Board (Ethics number 2020-K091-01). A total of 246 colorectal
adenocarcinoma (COAD) tissues and 30 corresponding non-cancerous adjacent tissues (at least 5 cm from the tumor
margin) were gathered. Fresh tissue specimens for flow cytometry analysis were also sourced from patients undergoing
curative resection for colorectal cancer at the same hospital. All COAD tissues and adjacent non-cancerous tissues
selected for this study underwent pathological examination, and the patients included had not received radiotherapy,
chemotherapy, or immunotherapy prior to surgery.

Cell Culture, Treatment, and siRNA Transfection
The human monocytic cell line (THP-1) was purchased from Cell bank of Chinese Academy of Science (Shanghai,
China) and cultured in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin/streptomycin (#15070063, Thermo Fisher Scientific). Cells were confirmed to be free of Mycoplasma
contamination using a Mycoplasma detection kit (#4460626, Thermo Fisher Scientific) and were maintained in a
humidified incubator at 37°C with 5% COT]. THP-1 cells (5 x 10° cells/well) were seeded into 6-well plates and treated
with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma) for 24 hours to induce differentiation into MO
macrophages. Subsequently, the cells were treated with FBS-free RPMI-1640 medium for 24h and then treated with
20 ng/mL IL-4 (#AF200-04-20UG, PeproTech) and IL-13 (#AF200-13-20UG, PeproTech) for 48 hours to induce M2-
like macrophages. Cells were incubated with 10 pg/mL Lewis™ (Le*, abs42020565, Absin) for an additional 36 hours.
For siRNA transfection, THP-1 cells were first treated with 100 ng/mL PMA for 24 h to induce cell attachment.
Subsequently, the cells were transfected with either control siRNA or BCL3 siRNA SMARTPool (Dharmacon, Lafayette,
CO, USA) using Lipofectamine RNAIMAX transfection reagent, following the manufacturer’s protocol. After 24 h of
transfection, the cells were stimulated with 20 ng/mL IL-4 and IL-13 to induce M2 macrophage polarization, followed by
Le™ treatment. Cells were harvested 48 h post M2 induction for RT-qPCR and flow cytometry analysis.

Preparation of Single Cell Suspension

A single-cell suspension was prepared using the Miltenyi Human Tumor Dissociation Kit (#130-095-929, Miltenyi)
according to the manufacturer’s instructions. Briefly, fresh human colorectal adenocarcinoma tissues were placed on ice,
thoroughly washed with PBS, and cut into small pieces approximately 2—4 mm in diameter. The tissues were then
resuspended in 5 volumes of the enzyme cocktail and digested at 37 °C on the MACS mix Tube Rotator for 30 minutes.
After digestion, the cell suspension was filtered through a 70 pm cell strainer into a 50 mL conical tube. The filtered
suspension was centrifuged at 4 °C, 300xg for 7 minutes, resuspended in PBS buffer, and centrifuged again under the
same conditions. Red blood cells were removed using a red blood cell lysis buffer (#R1010, Solarbio), following the
manufacturer’s protocol. The resulting single-cell suspension was then ready for subsequent experiments.
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Flow Cytometry Analysis and Fluorescence Activated Cell Sorting

Flow cytometry analysis was performed as previously described.*® Briefly, single-cell suspension was washed twice with
the staining buffer and centrifuged at 1500 rpm for 5 minutes, and then resuspended in the staining buffer. 100 pL of the
cell suspension (less than 1x10° cells) were aliquoted into a light-protected EP tube, mixed with appropriate volume of
primary antibodies according to the antibody instructions, and incubated on ice in dark for 30 minutes. The cell samples
were washed using ImL of the staining buffer for three times in dark. Finally, the cell samples were resuspended in 100
pL of staining buffer and subjected to cell sorting on a BD FACS Aria Fusion cell sorter (BD Biosciences, San Jose, CA).
Antibodies used in flow cytometry were as follows: FITC-CD68 (BD Biosciences, 562117), APC-Cy™7-CD45 (BD
Biosciences, 561863), APC-DC-SIGN (9E9AS8, BioLegend, USA), PE-Cyanine7-PD-L1(MIH1, 25-5983-42, Invitrogen,
Waltham, MA, USA).

Immunohistochemistry and Immunofluorescence

All human colorectal cancer and adjacent non-cancerous tissues were processed into paraffin-embedded tissue micro-
arrays using a standard paraffin-embedding protocol. Immunohistochemical and immunofluorescence analyses were
performed on these microarrays as previously described.?*

RNA-Sequencing (RNA-Seq) and Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)
Immediately after sorting, single cell suspension was lysed with RNA lysis buffer (R401-01, Vazyme), then shipped on
dry ice for RNA-seq analysis. Utilizing the Smart-seq2 technology, full-length transcriptome amplification of poly(A)-
tailed mRNA is performed, followed by library construction, high-throughput sequencing, and bioinformatics analysis.
For RT-qPCR, total RNA was extracted using the Trizol reagent (Sigma) and then subjected to RT-qPCR experiments
using the StepOne Plus RealTime PCR System (Applied Biosystems, USA). The qPCR reactions were performed using
AceQ qPCR SYBR Green Master Mix (Vazyme, China). The primers used in RT-qPCR were as follows: CD209, 5’-
AAC AGC TGA GAG GCC TTG GA-3’, and 5’-GGG ACC ATG GCC AAG ACA-3’; PD-L1, 5°-TAT GGT GGT GCC
GAC TAC AA-3’, and 5’-CTT TGG TTG ATT TTG TTG TAT G-3’; BCL3, 5’-ACA CCG AGT GCC AAG AAA CC-
3’, and 5’-CTT AAT GTC CAC TGC GTC GAT G-3’; f-actin, 5’-GCA CAG AGC CTC GCC TT-3’, and 5’-GTT GTC
GAC GAC GAG CG-3.

Chromatin Immunoprecipitation Quantitative PCR (ChIP-qPCR)

ChIP assay was performed using an enzymatic ChIP assay kit (P2083S, Beyotime, Shanghai). Briefly, THP-1 cells were
first differentiated by stimulation with 100 ng/mL and 20 ng/mL IL-4/IL-13. Cells were then treated with or without 10
pg/mL Le* for 3h before crosslinking with 1% formaldehyde for 10 minutes at room temperature. After glycine
quenching, cells were harvested and nucleoli were isolated using hypotonic buffers. Chromatin DNA was sheared
using 20 U/uL MNase in 100 pL enzymatic digestion buffer at 37 °C into 150-700 bp fragments. 10 pg chromatin
DNA was incubated with 2 pg isotype IgG or anti-BCL-3 antibody in 200 uL. ChIP buffer (23959-1-AP, Proteintech) at 4
°C overnight, followed by immunocomplex pull down using 30uL Protein A/G Magnetic Beads. Both input and ChIP
DNA samples were reverse cross-linked and using phenol-chloroform ethanol precipitation. The resultant DNA were
subjected to RT-qPCR wusing the StepOne Plus RealTime PCR System. BCL-3 ChIP primers are 5’-
CTGGATTTGCTGCCTTGGG-3’ and 5’- GAAGCTGCGCAGAACTGG-3".

Bioinformatic Analysis

The colorectal adenocarcinoma (COAD) gene expression data and clinical data were downloaded from TCGA official
website (http://gdc.cancer.gov). Gene expression were expressed as log,(FPKM+1). We used R software (v.4.2.3) and the
R package Limma to analyze differentially expressed genes (DEGs) between DC-SIGN™E" TAMs and DC-SIGN'®
TAMs in the TCGA cohort. Volcano plots and heatmaps were then created using the R packages ggplot2 and pheatmap,

respectively. The screening criteria for DEGs were P value < 0.05 and absolute value of Log2FC > 1. Gene set
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enrichment analysis (GSEA) was conducted using GSEA software (v.4.0). Immune cell infiltration was estimated using
the CIBERSORT algorithm.*’

Single-cell RNA-seq data were obtained from publicly available GEO datasets (GSE132257 and GSE144735) and
processed using the Seurat package (version 5.3.0) following standard analysis workflows. Macrophages were identified
based on co-expression of two pan-macrophage markers, CD68 and LYZ. The relationships among CD209, CD206, and
PD-L1 expression within the macrophage population were subsequently analyzed using their log-transformed, normal-
ized UMI counts.

Statistical Analysis

Data analysis was performed using SPSS (v.20.0), GraphPad Prism 8.3, and R (v.4.2.3) software. Survival analysis was
conducted using the R survival package. Patients were stratified into groups based on either median or optimized DC-
SIGN expression levels. Kaplan-Meier curves were plotted to visualize survival differences, and Cox proportional
hazards regression was used to quantify the association. The relationship between gene expression and clinical
pathological characteristics was analyzed using Pearson’s chi-square test. Results are presented as means + SEM,
where * P < 0.05, ** P < (.01 and *** P < 0.001 indicate statistically significant differences.

Results

DC-SIGN Expression is Associated with Immune Microenvironment in COAD
To decipher the role of DC-SIGN in CRC TIME and progression, we analyzed its expression across multiple cancer types
in comparison to corresponding non-tumorous tissues. A pan-cancer analysis using TCGA data revealed that DC-SIGN is
differentially expressed in several tumor types (Figure 1A). Notably, DC-SIGN expression was significantly reduced in
colorectal adenocarcinoma (COAD) tissues relative to adjacent normal tissues. This reduction may be attributed to the
high immune cell infiltration typically observed in normal colon tissue.***’ Nevertheless, DC-SIGN expression levels in
TCGA COAD remained comparable to those observed in other tumor types. Furthermore, using the ESTIMATE
algorithm, we found a significant positive correlation between DC-SIGN expression and immune cell infiltration
(Figure 1B).*® Similarly, DC-SIGN expression was positively associated with stromal infiltration and overall
ESTIMATE scores (Figures 1C and D), suggesting its relevance to the immune and stromal composition of the TME.
We further assessed the association between DC-SIGN expression and immune cell infiltration using the
CIBERSORT algorithm.*® Linear regression analysis revealed that DC-SIGN expression was positively correlated with
M2-like macrophage infiltration but negatively correlated with MO macrophages, consistent with its role as a recognized
M2 macrophage marker (Figure 1D). In addition, DC-SIGN expression was inversely associated with the infiltration of
activated mast cells and activated CD4" memory T cells (Figure 1E). Notably, no significant correlation was observed
between DC-SIGN expression and CD8" T cell infiltration, suggesting that DC-SIGN may not directly modulate CD8" T
cell responses in CRC tissues (Figure 1E). Moreover, DC-SIGN expression was not associated with clinical TNM stage
(Figure 1F). Given its classification as an M2 macrophage marker, we compared the expression profile of DC-SIGN with
that of another M2 marker, CD206, in CRC tissues. While CD206 similarly correlated with M2 macrophage infiltration,
its association with M0 macrophages and mast cells differed from that of DC-SIGN (Supplementary Figure 1A).
Furthermore, single-cell RNA-seq data from CRC samples demonstrated that DC-SIGN and CD206 are expressed in
distinct macrophage subsets, with 33.26% (GSE132257) or 30.65% (GSE144735) of CD206" cells co-expressing DC-
SIGN (Supplementary Figure 1B and C).

Upregulated DC-SIGN Expression is Associated with Unfavorable Prognosis in
CD8"&" CRC Tumors

Next, we investigated the association between DC-SIGN expression and CRC prognosis. Patients with high versus low
DC-SIGN-expressing CRC did not display a prognostic merit in the total TCGA COAD patients (Figures 2A and B). We
reasoned that because DC-SIGN is mainly involved in tumor immune regulation, it may only elicit a role in tumor
progression under proper immune microenvironment. As such, the COAD patients in the TCGA cohort were
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Figure 2 DC-SIGN expression is associated with unfavorable prognosis in immune-competent CRC tumors. (A-F) Kaplan-Meier curves of TCGA COADREAD dataset
using median CD209 expression (A, C and D) or optimal CD209 expression (B, E and F). Patients were stratified into CD8"&" (C and E) or CD8"" (D and F) using
median CD8 expression as cut-off. (G and H) Univariable and multivariable Cox proportional hazards regression analyses of clinical parameters and DC-SIGN expression in
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stratified into CD8™&" and CD8'° groups, due to the fact that CD8" T cells play a determinant role in tumor immune

elimination. When patients were stratified by median DC-SIGN expression, high DC-SIGN expression was associated

with significantly worsened survival in the CD8"&" glow

group. In contrast, no such association was observed in the CD
(immune-depleted) group (Figures 2C and D). When the TCGA patient cohort was stratified by an optimal cut-off for
DC-SIGN expression, the association with poor survival was more pronounced in immune-competent tumors (Figures 2E
and F). When using univariate and multivariate Cox regression analysis, in the CD8"&" group, DC-SIGN expression
served as an independent prognostic factor for evaluating the survival of patients (Figure 2G), while DC-SIGN

expression was not prognostic in the immune-depleted group (Figure 2H).

DC-SIGN Expression is Specifically Associated with Worsened Prognosis in CD8"e"

Patients

To further investigate the cellular source and clinical significance of DC-SIGN in CRC, we tested the hypothesis that its
expression is confined to TAMs. To this end, CRC tissues collected from clinical settings were analyzed using dual
immunofluorescence staining for CD68 and DC-SIGN (Figure 3A). Quantitative analysis of the immunofluorescence
images revealed a significantly higher proportion of TAMs expressing DC-SIGN compared to those lacking DC-SIGN
expression (Figure 3B). To further characterize these TAMs, single-cell suspensions were prepared from fresh clinical
tumor tissues, and flow cytometry confirmed the specific expression of DC-SIGN on TAMs. The results demonstrated a
high abundance of CD209-expressing TAMs in fresh CRC tissues (Figures 3C and D). Additionally, immunohistochem-
ical staining for CD8 and DC-SIGN was conducted on CRC microarrays of the Nantong cohort. DC-SIGN expression
was observed to be upregulated in regions with CDS infiltration (Figure 3E).

High DC-SIGN Protein Expression Correlates with Poor Prognosis in CD8"&"

Patients of the Nantong Cohort

Because TCGA cohort can only assess the prognostic values of DC-SIGN at mRNA level, we analyzed the prognostic
merit of DC-SIGN expression in Nantong cohort. Following immunohistochemical analysis of DC-SIGN and CD8
expression in these tumor specimens, survival curves were drawn using median DC-SIGN expression. Similarly, we did
not observe a clear prognostic value of DC-SIGN expression in the total patients (Supplementary Figure 2A). However,

after grouping the clinical cohort according to CDS8 expression, high DC-SIGN expression indicated a worse prognosis in
the CD8"E" patients of the Nantong CRC cohort, whereas DC-SIGN expression is not prognostic in CD8'°¥ patients
(Supplementary Figure 2B and C). DC-SIGN can be an independent prognostic factor for evaluating the prognosis of

colorectal cancer (Supplementary Figure 2D). These findings explicitly support a role of DC-SIGNM&" TAMs in the

regulation of CRC immunosuppressive environment and disease progression.

DC-SIGN"&" TAMs Display Unique Immune Pathway Profiles and Tumor Immune

Checkpoint Expression

To investigate the gene expression profiles in groups with high and low DC-SIGN expression, we employed bioinfor-
matics tools to analyze differential expression in the TCGA COADREAD cohort, identifying 1052 differentially
expressed genes. These genes were subsequently subjected to GO and KEGG enrichment analyses to explore the
biological processes and pathways associated with DC-SIGN.

As an antigen-presenting receptor, DC-SIGN is undeniably involved in regulating leukocyte and immune cell
functions. Its molecular function is closely associated with antigen recognition and signal transduction receptor activity
(Figure 4A). In KEGG enrichment analysis, we concentrated on tumor immunity-related pathways, including FcyR-
mediated phagocytosis, PD-L1 expression and the PD-1 checkpoint pathway, NF-«kB signaling, JAK-STAT signaling, IL-
17 signaling, the C-type lectin receptor signaling pathway, Toll-like receptor signaling, and Th1/Th2 cell differentiation
(Figure 4B). Additionally, we performed Gene Set Enrichment Analysis (GSEA) on these differentially expressed genes,
revealing their primary roles in immune interactions between immune and non-immune cells, as well as in the adaptive
immune system (Figure 4C). Differential gene expression was visualized using a heatmap (Figure 4D).
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Figure 3 Characterization of DC-SIGN Expression in Tumor-Associated Macrophages in Colorectal Cancer. (A) Dual immunofluorescence staining showing the co-
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DC-SIGN™" TAMs are Enriched with Tumor Immune Checkpoint PD-LI

To explore the gene expression differences between DC-SIGN" and DC-SIGN™ TAMs, we performed RNA-seq on DC-
SIGN™g" and DC-SIGN'™ TAMs sorted from single-cell suspensions of CRC tissues. TAMs from 4 fresh CRC tissues
were collected for transcriptome analysis. A volcano plot of differential gene expression identified 52 significantly
upregulated genes, including DC-SIGN and CD274 (encoding PD-L1), as well as 690 significantly downregulated genes
(Figure 5A).

Subsequent GO and KEGG enrichment analyses were performed to elucidate the functions of these differentially
expressed genes and their associated pathways. GO analysis without stratification (Figure 5B) revealed that the
upregulated genes were enriched in molecular functions related to scavenger receptors and toll-like receptors, likely
reflecting responses to damage-associated molecular patterns (DAMPs) from cancer cells (Figure 5C). In contrast, the

downregulated genes were enriched in cadherin binding, RAGE receptor binding, and ubiquitin-like protein binding. The
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associated biological processes included leukocyte aggregation, regulation of apoptosis signaling, granulocyte chemo-
taxis, neutrophil chemotaxis, and granulocyte migration, suggesting their involvement in tumor immune evasion
(Figure 5D).

To identify genes potentially involved in the poor prognosis associated with DC-SIGN, we intersected differentially
expressed genes from TCGA COADREAD with those obtained from our sequencing analysis, yielding 50 overlapping
candidates. Among the upregulated genes, CD274 emerged as a prominent candidate (Figure 5E). In the TCGA cohort,
DC-SIGN expression showed a strong positive correlation with CD274 mRNA levels (R = 0.6; Figure 5F). Consistently,
single-cell RNA-seq data revealed significantly higher CD274 expression in DC-SIGN—positive (CD209_pos) TAMs
compared to DC-SIGN-negative (CD209 neg) counterparts (Figure 5G). These findings suggest that DC-SIGN may
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indirectly modulate tumor immunity by upregulating CD274, thereby promoting tumor progression and contributing to
poor clinical outcomes.

DC-SIGN/BCL-3 Signaling Axis Directly Drives PD-LI Expression in Macrophages

Our findings suggest a close correlation between DC-SIGN and PD-L1 expression in TAMs. To clarify the role of DC-
SIGN signaling in regulating PD-L1 expression in macrophages, we employed THP-1-differentitated macrophages as cell
model. Because IL-4 and IL-13 have been documented to drive the expression of DC-SIGN in human macrophages, we
employed these cytokines to induce macrophage alternative polarization.® Following IL-4/13 treatment, macrophages
exhibited significantly upregulated expression of DC-SIGN, as revealed by RT-qPCR assay (Figure 6A). Notably, we
revealed that CD274 mRNA also showed considerable upregulation. This upregulation is validated by flow cytometry
analysis showing over 2-fold increase in PD-L1 expression in IL-4/13-exposed macrophages (Figures 6B and C).

DC-SIGN has been shown to drive the activation of multiple NF-kB family transcription factors, particularly the non-
canonical member BCL-3, by triggering the LSP1-IKKe-CYLD signaling cascade.®' To investigate the involvement of
BCL-3 in PD-L1 expression downstream of DC-SIGN, we examined whether BCL-3 has direct binding to the promoter
of PD-L1 using ChIP-qPCR assay. We confirmed that BCL-3 directly binds to CD274 promoter and this binding was
increased following Lewis™ (Le™) stimulation (Figure 6D). Moreover, Le™ exposure caused significant upregulation of
PD-L1 mRNA, whereas this upregulation can be abolished by BCL-3 interference (Figure 6E and Supplementary
Figure 3). Moreover, flow cytometry analysis also demonstrated that Le* facilitates PD-L1 expression via a BCL-3-
dependent manner in macrophages (Figures 6F and G). When primary TAMs were stimulated with Le*, the mRNA
expression of PD-L1 was significantly upregulated (Figure 6H). These data suggest a causal role of DC-SIGN activation
in PD-L1 expression in TAMs. Taken together, these findings indicate that DC-SIGN/BCL-3 signaling axis may directly
activate PD-L1 expression in macrophages, highlighting this signaling pathway as a novel modulator of tumor immune
checkpoint and immune evasion.

Discussion

Mounting evidence underscores the functional plasticity of TAMs, which can exhibit both pro-inflammatory and
immunoregulatory properties within the TME.*? This plasticity supports the concept that TAMs are highly heterogeneous
and may be subclassified based on specific immune receptor expression. In this study, we demonstrated that TAMs
classified by DC-SIGN expression exhibit distinct characteristics and prognostic significance. DC-SIGN"€" TAMs
uniquely influence the survival of patients with CD8"" CRC, indicating their role in regulating T-cell immunity in
CRC. Additionally, TAMs sorting and RNA-seq analysis confirmed that DC-SIGN™&" TAMs express high levels of genes
involved in tumor immunity, particularly CD274/PD-L1. These findings strongly suggest that DC-SIGN™&" TAMs play a
critical role in immune regulation in CRC, underscoring their potential as a therapeutic target in CRC immunotherapy.*

TAMSs are a major cellular constituent of the TIME, notable for their considerable morphological and functional
diversity.***> They play a pivotal role in fostering an immunosuppressive TIME that drives tumor immune evasion and
resistance to immunotherapy, primarily through immune checkpoint pathways such as PD-L1/PD-1 and B7-CD28/
CTLA-4.*® Although the M1/M2-like categorization is frequently employed, this binary framework fails to capture the
full heterogeneity of TAMs.'* For instance, while M2-like TAMs are recognized as a major source of PD-L1 in tumor
tissues, canonical M2 markers such as CD163 and CD206 have not been shown to directly regulate PD-L1.%’ Instead,
PD-L1 expression is primarily driven by pro-inflammatory signals such as the JAK/STAT and NF-«xB pathways.>® Our
work has defined DC-SIGN" TAMs as a distinct subpopulation and revealed their significant enrichment for PD-L1.
Mechanistically, we found that the Le*/DC-SIGN axis drives PD-L1 expression via an atypical NF-kB member BCL-3,
highlighting the importance of this non-canonical regulatory axis in mediating CRC immune evasion.

In CRC, resistance to ICIs is closely linked to dynamic shifts in TAM phenotypes, positioning TAM reprogramming
as a promising strategy to restore ICI sensitivity.”® This concept is supported by the observed synergy and enhanced
efficacy of combining colony-stimulating factor 1 receptor (CSF-1R) targeting with PD-1/PD-L1 blockade.*>*' However,
a systematic understanding of TAM plasticity in CRC remains limited, impeding the development of novel agents to
overcome ICI resistance. Our findings establish a DC-SIGN-based TAM classification as a robust prognostic biomarker
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for CD8ME" CRC. Moreover, we mechanistically demonstrate that DC-SIGN directly drives PD-L1 expression in TAMs,
nominating it as a promising therapeutic target for overcoming ICI resistance.

DC-SIGN is a C-type lectin receptor that specifically recognizes Lewis antigens and is critically implicated in
immune evasion across viral infections and cancers.*? Studies have shown that this receptor has the ability to bind to
enriched Lewis antigens on carcinoembryonic antigen (CEA) within CRC tissues, which may suppress anti-tumor T cell
responses.'> Furthermore, glycoproteins carrying DC-SIGN-activating Lewis glycans, such as Mac-2-binding protein
(Mac-2BP) and Mucin 1 (MUC1), are highly abundant in CRC tissues.?>** This abundance of ligands creates a persistent
signal that fuels DC-SIGN activation, establishing a glycan-driven layer of immune suppression. While DC-SIGN is
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reportedly expressed in DCs and macrophages, our data demonstrate its predominant expression on a specific subset of
TAMs within CRC. We further identified a significant infiltration of these DC-SIGN™E" TAMs in a large proportion of
CRC specimens. Transcriptomic analysis linked this TAM subpopulation to significant enrichments in unique tumor-
associated immune pathways, including the PD-L1 immune checkpoint pathway. These findings highlight DC-SIGNeh
TAMs as a crucial immune cell population actively engaged in CRC tumor evasion.

Using integrative approaches, including flow cytometry, immunofluorescence, and RNA-seq, we identified DC-
SIGN"" TAMs as a pivotal immune population in the TME of clinical CRC specimens. Notably, the abundance of
DC-SIGN™&" TAMss selectively correlates with poor prognosis specifically in patients with high levels of CD8" cytotoxic
T lymphocytes (CTLs), a context typically associated with immunologically “hot” tumors and higher responsiveness to
immunotherapy.*** Mechanistically, we linked this association to PD-L1 expression in DC-SIGN"&" TAMs. DC-SIGN
activation by its natural ligand Le™ robustly enhances PD-L1 expression at both mRNA and protein levels in macro-
phages. Furthermore, we showed that DC-SIGN facilitates PD-L1 upregulation via BCL-3-mediated transcription.
Importantly, our ChIP-qPCR and ChIP-seq data from the ENCODE project confirmed a direct binding of BCL-3 to
CD274 promoter.*® These results nominate the DC-SIGN/BCL-3 axis as a potential therapeutic target for cancer
immunotherapy.

Previous studies have identified DC-SIGN and BCL-3 as promising therapeutic targets for cancer treatment. As an
immune receptor on the cell membrane, DC-SIGN has been targeted by neutralizing antibodies, which have demon-
strated potent efficacy in blocking its function and enhancing anti-tumor immunity.”> The development of such
antibodies, along with antibody-drug conjugates (ADCs), may open new avenues for novel tumor immunotherapy.*’
Meanwhile, BCL-3 has been shown to function both as a modulator of the TIME and as an oncogenic driver in CRC
cells, where it promotes stemness, chemoresistance, and invasion.**>° Notably, the anti-inflammatory agent 5-aminosa-
licylic acid (5-ASA) can suppress BCL-3 expression in CRC cells.”' Furthermore, the BCL-3—specific inhibitors JS6 and
A27 disrupt the BCL-3-NF-kB1 interaction and demonstrate anti-tumor efficacy.’>> Although these findings are still
preliminary, they highlight the translational potential of targeting BCL-3 to simultaneously inhibit CRC progression and
synergize with immune checkpoint blockade.

In summary, our study establishes DC-SIGN™#" TAMs as an independent prognostic factor in CRC and reveals their
critical immunosuppressive role, which is mechanistically underpinned by BCL-3-driven PD-L1 upregulation. These
findings provide a mechanistic foundation for targeting the DC-SIGN/BCL-3/PD-L1 axis, presenting a promising
strategic avenue for advancing anti-TAM immunotherapy in CRC treatment.
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