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Purpose: Mannose receptor C-type 1 (MRC1) is an endocytic lectin receptor primarily expressed in macrophages, dendritic cells, and
some endothelial cells. However, the role of MRC1 in cancers remains unclear.

Methods: We analyzed MRC1 expression using The Cancer Genome Atlas (TCGA), Genotype-Tissue Expression (GTEx), Cancer
Cell Line Encyclopedia (CCLE), and single-cell datasets. We systematically explored the prognostic implications and diagnostic value
of MRC1. Immune-related indicators, including immune cells, immune scores, and immune checkpoint molecules, were used to
estimate their correlation with MRC1 expression. Finally, we explored its potential ties to immunotherapy success markers such as
tumor mutation burden and DNA repair genes.

Results: MRC1 showed both pro- and anti-tumor leanings depending on the cancer types. High levels correlated with poorer
outcomes in six cancers but improved prognosis in some cancers like glioblastoma multiforme. This trend extended to the immune
arena, where MRCI1 intertwined with diverse immune parameters, suggesting its influence on affecting the tumor’s immunological
landscape. Intriguingly, its expression positively associated with factors favoring immunotherapy efficacy while negatively correlating
with some potential barriers. Single-cell analysis pinpointed a specific link between MRC1 and DNA damage/repair pathways in breast
cancer.

Conclusion: Our study provides a comprehensive landscape of MRC1 levels and diverse regulatory patterns in different cancers,
deepening the understanding of MRC1’s roles in tumorigenesis and immunity.
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Introduction

Immune checkpoint inhibitor (ICI) treatment, including monoclonal antibodies targeting programmed death-ligand 1,
programmed death 1, and CTL-associated protein 4, is widely used to treat advanced cancer. However, many cancers do
not respond to existing ICIs. Some patients with cancers considered to respond well to ICIs may not benefit from
immunotherapy. In recent years, predictive biomarkers have been proposed to distinguish whether tumors are responsive
to ICI treatment. Some of these markers, such as tumor mutation burden (TMB) and tumor-infiltrating lymphocytes
(TILs), have been successfully applied in some tumor immunotherapy responsiveness predictions.' > Nevertheless, due
to the heterogeneity of tumors, these biomarkers can only be used in limited cancer types. The identification of more
precise biomarkers of ICI treatment through pan-cancer analysis will promote the progression of immunotherapy
research.

Antigen presentation is a crucial process in cellular immunity. The macrophage mannose receptor (mannose receptor
C-type 1, MRC1, or CD206) plays an important role in antigen presentation and the induction of immune response.”
MRCI is an endocytic lectin receptor expressed primarily in macrophages, dendritic cells, and some endothelial cells.
A previous study demonstrated that MRC1 promotes the activation of tumor antigen-specific CD4+ and CD8+ T cell.”
Another study revealed that using a peptide conjugated to an antibody against MRC1 could reduce cross-presentation.®
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Tumor-related macrophages have been found to polarize to a subset of cells with M2-like properties, compromising
antitumor immunity—a phenomenon that is associated with poor prognosis in animal models and human patients.
Notably, MRCI1 is a significant marker protein expressed in macrophages following M2 polarization, underscoring its
role as an essential signature within this pro-tumorigenic environment.”” These findings suggest that MRC1 is deeply
involved in immune system activation and may have potential predictive value. However, there is no pan-cancer analysis
available that delineates the value of MRC1 across a spectrum of diverse tumors in detail.

In this study, we analyzed the expression of MRC1 in various cancer types and its relationship to prognosis using
online datasets. Then, we explored the relationship between MRC1 expression and immune cell infiltration, immune
scores, and immune checkpoint molecules. Finally, we estimated the potential predictive value of MRC1 immunotherapy
by analyzing the relationship between MRC1 expression and current predictive biomarkers.

Methods

Gene Expression Datasets

Normal tissue datasets were obtained from the Genotype-Tissue Expression (GTEx) database, tumor cell line datasets
were extracted from the Cancer Cell Line Encyclopedia (CCLE), and tumor tissue and para-cancerous tissue datasets
were downloaded from The Cancer Genome Atlas (TCGA).

Cell Culture

All human epithelial cells (BEAS-2B, FHC, MFC10A) and human cancer cell lines (A549, HCC827, HCT116, DLDI,
MDA-MB-231, MCF7) were purchased from the American Type Culture Collection (ATCC). The cells were cultured in
BEGM, DMEM/F12, DMEM, RPMI-1640, McCoy’s 5A, Leibovitz’s L-15 or MEM (Gibco BRL, United States)
supplemented with 10% fetal bovine serum (Gibco BRL, United States) at 37°C, 95% humidity, and 5% CO2 in
a cell incubator.1% Penicillin/streptomycin (NCM Biotech, China) was added to all media.

RNA Extraction, cDNA Synthesis, Quantitative Real-Time Polymerase Chain Reaction
(qQRT-PCR)
Total cellular RNA was extracted using Total RNA Extraction Reagent (10606ES60, Yeasen) based on previous study.'”
The isolated RNAs were subjected to first-strand cDNA synthesis using the Yeasen cDNA synthesis kit (11139ES10).
The process commenced with genomic DNA digestion, subsequently assembling a 20 uL reverse transcription reaction.
The protocol stages for reverse transcription reaction included a 5-minute incubation at 25°C to initiate, a 15-minute
elongation at 55°C for cDNA synthesis, and a final 5-minute termination step at 85°C.

Subsequently, gene expression was quantified by Roche LightCycler 480 using SYBR Green Master Mix

(11201ES03, Yeasen), and the expression levels were calculated with the comparative CT method (27 44¢T

): we
normalized the CT number of target gene copies against a reference gene to obtain the ACT value. Then it calculates
the AACT by comparing the ACT of the sample of interest against the ACT of the control. The result is expressed as
27 AACTAll primers used for qRT-PCR were synthesized by Tsingke Biotech (Tsingke, China). The primer
sequences:

MRCI1-F:GGGTTGCTATCACTCTCTATGC;

MRCI1-R:-TTTCTTGTCTGTTGCCGTAGTT;

GAPDH-F:GGAGCGAGATCCCTCCAAAAT;

GAPDH-R:GGCTGTTGTCATACTTCTCATGG.

Survival Analysis

Survival analysis using gene expression profile data was conducted to analyze the relationship between expression in 33
tumors from TCGA and prognosis (overall survival time in days). A univariate survival analysis was performed and
visualized with forest plots. Then, Kaplan—-Meier curves of the most significant tumors were generated.
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Tumor Immune Infiltration Analysis
Tumor Immunity Estimation Resources (TIMER; https://timer.cistrome.org/) can be used to comprehensively investigate

the molecular characteristics of tumor-immune interactions. The TIMER web interface allows the dynamic analysis and
visualization of the associations between immune infiltrates and a wide spectrum of factors, including gene expression,
clinical outcomes, somatic mutations, and somatic copy number alterations.'®'!"* Scores for six immune-infiltrating cells
in 33 cancers from the TIMER database were downloaded, and the correlation between gene expression and the scores of
these immune cells was analyzed. Then, the three most significant tumors were displayed in the form of a scatter plot.

Immune Score Analysis

We used the R software package ESTIMATE to analyze the immune score and stromal score of each cancer type. Then,
we investigated the relationship between gene expression and the immune, stromal, and ESTIMATE scores in 33 cancer
types. The top three tumors most significantly related to these scores were visualized with scatter plots.

Immune Checkpoint Gene Correlation Analysis
The relationship between the level of MRC1 expression and the expression of 47 common immune checkpoint genes
were analyzed. Then, the correlation between MRC1 and the expression of our target genes were calculated.

TNB and TMB Calculations

Neoantigens are new abnormal proteins differing from those expressed by normal cells and arise from gene point
mutations, deletion mutations, and gene fusions. We separately determined the tumor neoantigen burden (TNB) for each
cancer type and analyzed the relationship between MRC1 expression and the number of neoantigens. TMB is usually
measured by the number of somatic mutations that occur in an average of 1 Mb bases in the coding region of the tumor
cell genome and is a quantifiable biomarker. Here, we separately determined the TMB of each tumor sample and
analyzed the relationship between gene expression and the TMB using Spearman’s rank correlation coefficient.'?

MSI/MMR and DNA Methylation Analysis

Microsatellite instability (MSI) refers to any change in the length of a microsatellite caused by the insertion or deletion of
a repeat unit in a tumor compared with that in normal tissues. The correlation between gene expression and MSI was
analyzed using Spearman’s rank correlation coefficient. Mismatch repair (MMR) is a mechanism for DNA self-repair.
The loss of the hub gene of this mechanism results in irreparable DNA replication errors. Here, we used TCGA
expression profile data to evaluate the relationship between mutations in five MMR genes (MLH1, MSH2, MSH6,
PMS2, and EPCAM) and MRCI1 expression. DNA methylation via DNA methyltransferase alters gene performance
without changing the DNA sequence. Hypermethylation of the MLH1 promoter leads to a lack of MMR gene expression,
affecting the response to immunotherapy. Here, we analyzed the correlation between MRC1 expression and the
expression of four methyltransferases (DNMT1: red, DNMT2: blue, DNMT3A: green, and DNMT3B: purple).

Singe-Cell Analysis of MRCI| Expression and Function Enrichment

Gene expression levels of MRC1 were obtained from the Cancer Single-cell Expression Map (CancerSCEM, https://ngdc.cncb.
ac.cn/cancerscem). The correlation between MRC1 and 14 functional states (including stemness, invasion, metastasis, prolifera-
tion, EMT, angiogenesis, apoptosis, cell cycle, differentiation, DNA damage, DNA repair, hypoxia, inflammation and quiescence)
in single-cells were obtained from the Cancer Single-cell States Atlas (CancerSEA, http://biocc.hrbmu.edu.cn/CancerSEA)

Statistical Analysis

The results of the Kaplan—Meier plots are presented as hazard ratios (HRs) and P values obtained from a Log rank test.
The correlation between gene expression and other items was evaluated using Spearman correlation and statistical
significance. Unless otherwise specified, P values < 0.05 were considered to indicate significance.
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Results

MRCI Expression in Tumor and Normal Tissues

We first analyzed MRCI1 expression in 31 normal tissue types in the GTEx database. MRC1 expression was the highest in
the lung tissue and the lowest in the bone marrow (Figure 1A). Data from cancer cell lines from the CCLE database were
downloaded, and the MRC1 expression levels in 21 types of cancer were analyzed (Figure 1B). The levels of MRC1
showed high heterogeneity in most cancers.

We also analyzed the differential expression of tumor and paracancerous tissues in the TCGA database (Figure 1C).
For further analysis, normal tissue data from the GTEx database and tumor tissue data from the TCGA were integrated to
study the expression differences of 27 tumors (Figure 1D). MRC1 expression was significantly elevated in various tumor
tissues compared to that in normal tissues, including ESCA, GBM, HNSC, LAML, LGG, PAAD, PRAD, SKCM, STAD,
TGCT, and THCA. Conversely, MCR1 expression was significantly decreased in ACC, BLCA, BRCA, CHOL, COAD,
KICH, KIRP, LUAD, LUSC, READ, and UCEC.

Diagnostic Value and Pan-Cancer Prognostic Analysis of MRCI

A univariate Cox analysis was used to evaluate the association between MRC1 expression and overall survival rates in
patients with 33 types of cancer. As shown in the forest plot, the levels of MRCI1 were significantly correlated with
prognosis in GBM, KICH, LAML, LUSC, SKCM, THCA, and THYM (Figure 2A). Higher levels of MRC1 were
correlated with a better prognosis in SKCM but a poorer prognosis in the other tumors. The Kaplan—-Meier curves are
shown in Figure 2B—H. We further determined the characteristics of MRC1 as a tumor diagnostic marker through the ROC
curve. The results demonstrated that MRC1 exhibits excellent single gene diagnostic value in LUAD (AUC=0.957), READ
(AUC=0.874), UECE (AUC=0.865), CHOL (AUC=0.863), and BRCA (AUC=0.837). Conversely, the diagnostic value of
MRCI1 in STAD (AUC=0.542) and KIRC (AUC=0.544) was relatively suboptimal (Figure 3A—P).

Relationship Between MRCI Expression and Immune Infiltration

The association between MRC1 expression and six immune infiltrative cells (B cells, CD4+ T cells, CD8+ T cells,
dendritic cells, macrophages, and neutrophils) in various cancer types was analyzed. The results suggests that the levels
of MRC1 were positively correlated with the six immune infiltrates in most cancer types, with ACC, BRCA, and CESC
showing the most significant correlation (Figure 4A). And the relationship between MRCI1 expression and immune

infiltration in other cancer types are shown in Figure S1.

Relationship Between MRCI Expression and Immune Scores

MRCI expression was generally positively correlated with the stromal, immune, and ESTIMATE scores. The five cancers most
significantly positively correlated with stromal scores were BLCA (r=0.804, P <0.001), UCS (r=0.793, P <0.001), COAD (r=
0.782, P < 0.001), ESCA (r =0.75, P < 0.001) and READ (r = 0.742, P < 0.001) (Figure 4B). Similarly, the five cancers most
significantly positively correlated with the immune scores were BLCA (r = 0.807, P < 0.001), COAD (r = 0.754, P < 0.001),
SARC (r=0.731, P <0.001), READ (r=0.689, P < 0.001) and LUSC (r = 0.666, P <0.001) (Figure 4C). The five cancers most
significantly positively correlated with the ESTIMATE score were BLCA (r=0.804, P <0.001), COAD (r=0.821, P <0.001),
READ (r=0.775, P < 0.001), UCS (r = 0.782, P < 0.001) and SARC (r = 0.757, P < 0.001) (Figure 4D).

Relationship Between MRCI Expression and Immune Checkpoint Molecules

MRCI1 expression was positively correlated with most of the 47 immune checkpoint genes in most cancer types, with
varying degrees of association. MRC1 expression was positively correlated with LAIR1, CD28, CD48, HAVCR2, CDS0,
PDCDILG2, VSIR, and CD 86 in multiple cancer types and negatively correlated with most immune checkpoint genes in
CHOL, LAML, LIHC, MESO, and THYM (Figure 5).
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Figure 1 MRCI expression in normal and tumor tissues. (A) Boxplot showing the normalized expression levels of MRCI across 31 tissue types from the GTEx database.
Higher box plots indicate higher average expression levels. (B) Violin plot depicting the distribution of MRCI expression across 21| different cancer types from the CCLE
database. Each violin plot represents the distribution of expression levels for a specific cancer type. (C) Violin plot comparing the mRNA expression levels of MRCI in
tumor and paracancerous tissues from the TCGA database. (D) Violin plot illustrating the differential expression of MRCI between matched tumor and normal tissue
samples from the GTEx and TCGA databases. *P<0.05;*P<0.01;***P<0.001;-:not significant.

International Journal of General Medicine 2024:17 https:

2579

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wu and Huang Dove

A

HR P Value
ACC 0.99(0.97 ~ 1.02) 0.69000 -0
BLCA 1(1~1.01) 0.45000 [
BRCA 1(0.98 ~ 1.01) 0.77000 -0
CESC 0.99(0.95 ~ 1.02) 0.38000 - —-0-
CHOL 1.01(1 ~ 1.03) 0.06000 9 -
COAD 1(0.99 ~ 1.01) 0.60000 @
DLBC 1.02(0.94 ~ 1.1) 0.63000 -———e - -
ESCA 0.99(0.98 ~ 1.01) 0.59000 9 -
GBM 1.01(1 ~ 1.02) 0.00990 @
HNSC 1.01(1 ~ 1.01) 0.06000 )
KICH 1.14(1.03 ~ 1.25) 0.01100 -_———— = = =
KIRC 1(0.99 ~ 1.01) 0.81000 9
KIRP 1.01(0.97 ~ 1.06) 0.55000 - —-9- =
LAML 1(1~1.01) 0.02700 [ ]
LGG 0.99(0.97 ~ 1.01) 0.28000 -0
LIHC 1(0.99 ~ 1.01) 0.97000 @
LUAD 1(1~1) 0.11000 ®
LUSC 1.01(1 ~ 1.01) 0.00320 ]
MESO 11 ~1.01) 0.62000 [
oV 1.01(1 ~ 1.03) 0.07900 9 -
PAAD 1(1~1) 0.97000 ®
PCPG 0.98(0.87 ~1.12) 0.80000 _—— - - - - = =
PRAD 0.97(0.79 ~ 1.19) 0.76000 -_—— = = - - - o --=-=-=--- -
READ 1.03(0.99 ~ 1.06) 0.13000 - -
SARC 1(1~1) 0.45000 ®
SKCM 0.99(0.98 ~ 1) 0.00500 ]
STAD 1.01(1 ~ 1.02) 0.10000 @
TGCT 1.01(0.98 ~ 1.04) 0.56000 -0 =
THCA 1.04(1.02 ~ 1.07) 0.00052 -0- ¢
THYM 1.09(1 ~ 1.18) 0.03800 -_——— = = =
UCEC 0.99(0.95 ~ 1.03) 0.65000 - —9- =
uUcCs 1.02(0.98 ~ 1.06) 0.43000 e
uvMm 1.08(0.91 ~ 1.27) 0.38000 e - - - - - - -

0.71 1.0 1.41
HR(95%CI)

o]
-0
O
m

MRCI in GBM Exp 1.00 a MRCI in LAML Exp 1004 Nﬁ'l ﬁl 'SC Exp
k- High - High - High
- Low Low
z z 2z z
3 H H H
2 s - - = K ]
4 4 | 2 2
=0 T T T T ==&t 3= = =
g g g s "
‘ ‘ e b
T p=0.17 p =0.0p076 1 o
! - dpore |
-7 ™ o o *
& 01 HR=1.04, bs%ci(l, T.03) = & 0001 HR=1.14, 95%CI(1.03, 1.25) & om{ HR=A,95%cIh, 1.01) & 0w HR=1.01l95%cic1l 1.01)
g i L 1 1 1 = i ! 1 I o o — —
3 n{ 55 1 1 0 [ o] Zunf1e 1 8 6 0 o] ZFue{so 4 2 o] Zu 12 2 [} 0
Sio{105 34 9 3 2 1| S48 36 27 14 3 0| Eim{81 22 2 0| Euw 156 65 27 9
g 3 o w0 180 20 20 Q2 6 00 200 0 40 se0 Q6 1600 2000 wo O 6 0 200 3000 4000
s Time s Time < im <
1.00 1.00 — — — — — MR inTHCA |.;p ] 1 ﬂ‘q .\;‘R(vl inFHYM Exp
1 - L R LA
b A g4 -y
- Low
z z — T z
3 3 ! 3
s g g
g g I g
£o g0 L] 1 Boso] - - - - ———
S g s
> > >
2 3 3
p=0011 p =0.0021
3 | o 3 o
& 0] HR=0.99! 95%Ci(d.98, 1) & 00 HR=1.04, 95%CI(1.02, 1.07) & 001 HR=1.09, 95%CI(1, 1.18)
= < b3
£ {135 39 13 3 0| Zumier 26 8 4 1 0| Eueqi12 9 3 1 0 0
< L1318 50 9 3 0| £in{435 204 73 30 15 3| =in{106 60 25 10 4 0
5 3 W mw  Ww e § 3w mw e e me § § e me W0 W e
< Time g Time £ Time

Figure 2 Diagnostic value and prognostic significance of MRCI. (A) Forest plot summarizing the results of a univariate Cox proportional hazards regression analysis
examining the association between MRCI expression and overall survival in patients with 33 cancer types. Each row represents a cancer type, with the hazard ratio (HR)
and its 95% confidence interval shown for each. Bold values represent those cancer types with a P value < 0.05. (B=H) Kaplan-Meier survival curves for MRCI high and low
expression groups in GBM, KICH, LAML, LUSC, SKCM, THCA, and THYM, demonstrating the relationship between MRCI expression and overall survival in these specific
cancer types.
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Figure 3 ROC curves for MRCI as a diagnostic marker. (A=P) Receiver Operating Characteristic curves evaluating the diagnostic performance of MRCI in distinguishing

tumor from normal tissues for 16 different cancer types. Each curve represents a specific cancer type, with the area under the curve (AUC) shown as a measure of
diagnostic accuracy. Higher AUC values indicate better diagnostic performance.
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Figure 4 Relationship between MRCI expression and immune infiltration. (A) Scatter plots depicting the correlation coefficients between MRCI expression and the
infiltration levels of six immune cell types (B cells, CD4+ T cells, CD8+ T cells, dendritic cells, macrophages, and neutrophils) in ACC, BRCA and CESC. (B-D) Scatter plots
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Figure 5 Relationship between MRCI expression and immune checkpoint molecules. Heatmap illustrating the correlation coefficients between MRCI expression and the
expression levels of 47 immune checkpoint genes across various cancer types. Red color indicates the checkpoints that positively correlated with MRCI expression, Green
color indicates the certain cancer types that negatively correlated with most checkpoints. *:P<0.05; **:P<0.01; ***:P<0.001.

Relationship Between MRCI Expression and TNB
Our analyses suggest that MRC1 expression and TMB were positively correlated in UCEC (P =0.045) (Figure 6A). and
negatively correlated in READ (P = 0.026), and LGG (P = 0.034) (Figure 6B). No significant correlation was found in

other cancers.
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Relationship Between MRCI Expression and TMB

MRCI1 expression was negatively correlated with the TMB in GBM, KIRC, LGG, LIHC, LUAD, PAAD and was
positively correlated with the TMB in UCEC, BRCA, COAD, OV, SARC, THYM. No significant correlation was found
between MRC1 expression and TMB in other cancers (Figure 6C).

Relationship Between MRCI Expression and MSI

MRCI1 expression was negatively correlated with MSI in KICH (P =0.048) and LUSC (P < 0.01). In SKCM, MRCl
expression was negatively correlated with MSI (P < 0.01). MRCI1 expression and MSI were also negatively correlated in
CHOL (P <0.05), DLBC (P < 0.055), HNSC (P < 0.01), LIHC (P< 0.05), LUAD (P <0.01), PCPG (P < 0.05), PRAD (P<
0.05), and STAD (P < 0.01) and positively correlated in COAD (P < 0.01) and UCEC (P < 0.01) (Figure 7A).

Relationship Between MRCI Expression and MMR Genes

MMR proteins are often used to detect DNA mismatch repair, a confirmed predictive biomarker indicating a better
immunotherapy prognosis in solid tumors.'*'* Epithelial cell adhesion molecule (EPCAM) is highly expressed in tumors
and has become an attractive target for immunotherapy due to its role in signal transduction.'> MRC1 was positively
associated with MLH1, MSH2, MSH6, and PMS2 in KIRC, KIRP, PAAD, PRAD, and UVM. The MRC1 level was
negatively correlated with EPCAM in almost all cancer types (Figure 7B).

Relationship Between MRCI Expression and DNA Methyltransferases

DNA methylation is a form of DNA modification that can change the performance of selective transmission without
changing the DNA sequence. DNA methylation can cause changes in chromatin structure, DNA conformation, DNA
stability, and how DNA interacts with proteins, thereby controlling gene expression. There were positive correlations
between the levels of MRCI1 and four methyltransferases in SKCM, UVM, DLBC, HNSC, KICH, MESO, PAAD,
PRAD, and READ and negative correlations between MRC1 and methyltransferase expression in SARC, TGCT, GBM,
and CHOL (Figure 8).

Single-Cell Analysis of MRCI Expression Level and Potential Function in Cancers
Single-cell sequencing revealed that MRC1 expression was relatively high in LUAD, GBM, and PDAC, but relatively
low in OV and TNBC (Figure 9A). In functional enrichment analysis, MRC1 expression was negatively correlated with
common tumor phenotypes in uveal tract melanoma(UM) and GBM, but positively correlated with common tumor
phenotypes in chronic myelogenous leukemia(CML) and BRCA (Figure 9B). In BRCA, MRCI expression was
positively correlated with DNA damage (r=0.85, p<0.01) and DNA repair (r=0.72, p<0.05). In CML, MRCI1 expression
was positively correlated with angiogenesis (r=0.35, p<0.01) (Figure 9C and D).

Validation the MRCI Expression in Cancer Cells and Cancer Tissues

We further validated the expression levels of MRC1 in lung, breast, and colorectal cancer cell lines by qRT-PCR. The
results showed that MRC1 expression was significantly lower in colorectal cancer cell lines (HCT116, SW480) than in
normal colon epithelial cell line (FHC) (Figure 10A). In lung and breast cancer, MRC1 expression was also lower in
malignant tumor cell lines (Figure 10B and C).

Discussion

The immune system distinguishes nonself particles by binding to T-cell receptors (TCRs) and major histocompatibility
complex (MHC) class I molecules. This mechanism alone is insufficient for T-cell activation. Co-stimulatory and co-
inhibitory signals also participate in the regulation of TCR-MHC signaling. Tumor cells activate co-inhibitory pathways
to facilitate immune escape. Targeting receptors or ligands of these pathways to prevent T cells from dysfunction is the
principle of ICI treatment.'®
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Figure 7 Relationship between MRCI expression and MSI and MMR genes. (A) Radar plot showing the correlation between MRCI expression and MSI statues in 32
different cancer types. Red indicates positive correlations, Green indicates negative correlations. (B) Heatmap demonstrating the correlation coefficients between MRCI
expression and the expression levels of four mismatch repair (MMR) genes (MLHI, MSH2, MSH6, and PMS2) and EPCAM across various cancer types. *P<0.05; **P<0.01;
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Figure 8 Relationship between MRCI expression and DNA methyltransferases. Heatmap showing the correlation coefficients between MRCI expression and the
expression levels of four DNA methyltransferases (DNMTI, DNMT3A, DNMT3B, and DNMTI) across various cancer types. And the correlation coefficient (R) and
p-value are indicated. (DNMT: red, DNMT2: blue, DNMT3A: green, and DNMT3B: purple).

The efficacy of ICI treatment varies substantially across different cancer types. In the early era of ICI therapy
application, the level of PD-L1 was used as a biomarker for selecting suitable patients. Nevertheless, several factors limit
the use of this biomarker in wider applications in clinical practice.'”'® The TMB has recently attracted researchers’
attention. The TMB is the total number of somatic mutations, base substitutions, gene insertions, and gene deletions
per million bases. More mutations usually result in more tumor neoantigens, which can activate the immune system.
Since the TMB was first reported as a predictive biomarker in the ICI treatment of melanoma, successive studies have
shown that the TMB level in various tumors is related to ICI efficacy.'®*? Similarly, Tumour Neoantigen Burden (TNB)
has shown promise as a potential predictive marker for response to immunotherapy. TNB refers to the load of new
antigens produced by gene mutations in tumour cells, which can be specifically recognised by the immune system. It has
been observed that higher TNB corresponds to better clinical responses to immunotherapy, and it could be a valuable
addition to current methods of patient stratification for ICI treatment.

TIL levels and immune scoring according to the location and density of T-cell subsets infiltrating the tumor
microenvironment are also biomarkers for ICI efficacy prediction.”>** In addition, some immune-related molecules
have been confirmed to be related to the response to immunotherapy. For example, the APOBEC signature correlates
with responses to immunotherapy.>> ARID1A alterations function as a biomarker for longer progression-free survival
durations after anti-PD-1/PD-L1 immunotherapy.”® Serpin mutations are associated with a higher objective response rate
and longer survival in melanoma patients treated with anti-CTLA-4 therapy.>’
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Figure 10 Validation of MRCI expression in cancer cells. (A) gRT-PCR results showing the relative expression levels of MRCI in Lung cancer cell lines (A549,
HCC827) compared to a normal lung epithelial cell line (BEAS-2B). (B) qRT-PCR results showing the relative expression levels of MRCI in Colorectal cancer cell lines
(HCT116, DLDI) compared to a normal colon epithelial cell line (FHC). (C): qRT-PCR results showing the relative expression levels of MRCI in Breast cancer cell lines
(MDA-MB-231, MCF7) compared to a normal mammary epithelial cell line (MCFI0A). *P<0.05;**P<0.001;****P<0.0001.

MRCI1 is a member of the MR family, which includes ENDO180 (CD280), DEC 205 (CD205), and M-type PLA2R. All
members of this family are endocytic receptors that share a similar structure consisting of an N-terminal cysteine-rich (CR)
domain, followed by a fibronectin type-II domain (FNII) and several contiguous C-type lectin domains (CTLDs). The
functions of MRC1 include the clearance of endogenous molecules, promotion of antigen presentation, and modulation of
cellular activation and trafficking.* MRC1 was previously thought to play a central role in antigen internalization in
immature DCs and was later found to participate in improving antigen immunogenicity.”**’ Several studies have demon-
strated that MRC1 plays an important role in promoting cross-presentation in an endotoxin-dependent manner.”*>°

In this study, we analyzed the relationship between MRC1 expression and prognosis in 33 cancer types. We found that
MRCI is an unfavorable factor regarding overall survival in GBM, KICH, LAML, LUSC, THCA, and THYM patients.
Using ROC curves, we found that MRCI1 could function as an ideal diagnostic marker in LUAD, READ, UECE, CHOL
and BRCA. We then analyzed the relationship between MRC1 and immune infiltrative cells to clarify whether such
prognostic differences involve immune factors. Our results reveal that immune infiltration is positively correlated with
MRCI1 expression in almost every cancer type. The ESTIMATE score data confirmed this finding. This suggests that
MRC1 may be integral in shaping immunologically active tumor environments, which could be pivotal in enhancing
patient responses to ICI therapy. Thus, assessing MRC1 levels may assist in identifying patients who would benefit most
from immunotherapy, providing a targeted approach in clinical treatments.

Next, we analyzed the relationship between MRCI1 expression and immune checkpoint molecules. MRC1 positively
correlates with co-inhibitory and co-stimulatory immune checkpoint molecules in most cancer types; however, the
correlation is considerably weaker in CHOL, LAML, LIHC, MESO, and THYM than in other cancer types, indicating
that the role of MRCI1 in the immune system differs across cancers. This relationship could potentially influence the
effectiveness of ICIs and suggests that a one-size-fits-all approach to immunotherapy may not be optimal. Therefore,
a more personalized therapeutic strategy, factoring in MRC1 expression and the cancer-specific immune landscape, may
yield better patient outcomes.

To further investigate the predictive value of MRC1 for ICI treatment, we analyzed the relationship between MRC1
and the TMB value. Among the 33 cancer types, MCR1 expression and TMB levels were positively correlated in THYM,
BRCA, COAD, OV, SARC, and UCEC but negatively correlated in the rest. This finding indicates that MRC1 expression
has a disease-specific association with the TMB. We also analyzed whether MRC1 correlated with TNB, MSI, MMR,
and DNA methyltransferases and obtained similar results, indicating that the predictive value of MRC1 differs across the
33 cancer types. The predictive value of MRCI is likely the highest in tumors such as COAD, UCEC, and READ. This
suggests that patients with these types of cancer might benefit more from immunotherapy if they exhibit higher levels of
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MRCI1. Therefore, evaluating MRC1 expression could become a crucial step in the treatment planning process, ensuring
that therapies are more effectively matched to the patient’s unique tumor characteristics, potentially leading to improved
treatment outcomes.

More importantly, given the high expression of MRC1 in macrophages and dendritic cells, bulk sequencing data may
not accurately reflect the expression of MRC1 in tumors. Therefore, we also analyzed the expression level of MRC1 in
18 cancer types at single-cell level. We noticed that MRC1 relatively up-regulated in GBM, PDAC, LUAD and relatively
lowly expressed in OV and TNBC. Our results also demonstrated that MRC1 may be related to DNA damage and DNA
repair in BRCA. And MRC1 may be positively correlated with Angiogenesis in CML.

Notably, our research focused on the potential significance of MRC1 in LUAD, given its notable downregulation in
lung cancer. This marked reduction is likely induced by an array of transcriptional regulatory mechanisms. Further
methylation analysis have revealed a negative correlation between MRC1 and DNMT3A, DNMT3B, suggesting that
DNA methylation might affect the expression of MRC1 in LUAD. However, further experimental verification is
required. Additional analysis through the ROC curve indicates that the diminished expression of MRCI1 is
a significant diagnostic marker for the malignancy of lung cancer. Moreover, the positive correlation between MRCI1
and immune checkpoints (CD86, CD274) in LUAD raises the possibility that MRC1 might directly or indirectly facilitate
immune escape in lung cancer. Further experiments showing a negative correlation between MRC1 with TNB and TMB
reinforce the idea that MRC1 may promote immune escape in LUAD. These findings suggest that MRC1 holds
considerable value in the diagnosis of LUAD and in the assessment of the efficacy of immune therapy treatments.

In conclusion, our study identifies the prognostic value of MRC1 in multiple cancer types. In addition, the expression
of MRC1 may have potential predictive value for the efficacy of ICIs. More importantly, MRC1’s correlation with
immune infiltration, particularly in ACC, BRCA, and CESC, alongside its association with immune checkpoint
molecules, underscores its role in the tumor immune environment. This could be the points informing clinicians about
the tumor’s immunogenicity and responsiveness to ICI therapy, making MRC1 a useful therapeutic biomarker in cancers
like ACC, BRCA, and CESC. However, in practical applications, the use of MRC1 as a biomarker must be adjusted and
validated in further clinical experiments.
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