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Background: The efferocytosis-related molecules have been considered to be
correlated with the resistance to cancer chemotherapy. The aim of this study
was to investigate the expression and significance of efferocytosis-related
molecules in cancers and the correlation of their expression with anticancer
drug sensitivity, and provide new potential targets and treatment options for
cancers.

Methods: We investigated the differential expression of 15 efferocytosis-related
molecules (Axl, Tyro3, MerTK, CX3CL1, Tim-4, BAIL, Stab2, Gas6, IDO1, Racl,
MFGES8, ICAM-1, CD47, CD31, and PD-L1) and other 12 common immune
checkpoint-related molecules in tumor and normal tissues, the correlation
between their expression and various clinicopathological features in 16 types of
cancers using publicly available pancancer datasets in The Cancer Genome
Atlas. We also analyzed the correlation of the expression of efferocytosis and
immune checkpoint related molecules with 126 types of anticancer drugs
sensitivity using drug-RNA-seq data.

Results: There is a panel of circulating molecules among the 27 molecules.
Based on the results of differential expression and correlation with various
clinicopathological features of efferocytosis-related molecules in cancers, we
identified new potential therapeutic targets for anticancer therapy, such as Axl
for kidney renal clear cell carcinoma, Tyro3 for liver hepatocellular carcinoma,
and IDOL1 for renal papillary cell carcinoma. Except for BAI1, CD31, and MerTK,
the enhanced expressions of Axl, Tyro3, Gas6, MFGES, Stab2, Tim-4, CX3CL1,
IDOL, Racl, and PD-L1 were associated with decreased sensitivity of the cancer
cells to many anti-cancer drugs; however, for other common immune
checkpoint-related molecules, only enhanced expressions of PD-1, CD28,
CTLA4, and HVEM were associated with decreased sensitivity of the cancer
cells to a few drugs.
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Conclusion: The efferocytosis-related molecules were significantly associated
with clinical outcomes in many types of cancers and played important roles in
resistance to chemotherapy. Combination therapy targeting efferocytosis-
related molecules and other immune checkpoint-related molecules is
necessary to reduce resistance to chemotherapy.
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Introduction

Research on the immune escape mechanism has developed a
variety of antitumor immune drugs, such as immune checkpoint
inhibitors and tumor vaccines, which have provided new tumor
treatment methods and brought new hope to patients with
Cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) antibody, programmed death 1
(PD-1) antibody, and its ligand PD-L1 are among the fastest-
growing and most promising drug categories. They have been

advanced metastatic tumors.

used in hematological malignancies, malignant melanoma, non-
small cell lung cancer (NSCLC), and advanced clear cell renal cell
carcinoma (ccRCC) (Galon and Bruni, 2019). The combination
of checkpoint inhibitors is currently one of the most promising
treatment approaches. In a phase III clinical trial, the
combination treatment of PD-1 antibody nivolumab and
CTLA-4 antibody ipilimumab for advanced RCC obtained a
higher objective response rate as well as overall survival (OS), and
the patient’s quality of life was significantly improved (Motzer
et al,, 2018). Dual blockade of PD-1 and lymphocyte activation
gene-3 (LAG-3) was also reported as a promising checkpoint
blockade combination for RCC (Zelba et al., 2019). In advanced
NSCLC patients treated with PD-1 axis blockers, elevated LAG-3
was significantly associated with insensitivity to PD-1 axis
blockade and shorter progression-free survival (PFS) (Datar
et al, 2019). Combined treatment with chemotherapy and
immunotherapy has also shown clinical benefit, and the PD-1
antibody Keytruda combined with paclitaxel and platinum
chemotherapy is a major advancement in chemotherapy and
immunotherapy for metastatic squamous NSCLC (Pacheco,
2020). However, primary resistance occurs in the majority of
patients and acquires adaptation of tumors to immune pressure
in patients initially responding to therapy. Therefore, additional
nonredundant actionable immunostimulatory targets need to be
characterized.

Efferocytosis is a physiologic phagocytic clearance of
apoptotic cells induced mainly by macrophages and
dendritic cells, which modulates inflammatory responses and
the immune environment and promotes the resolution of
the
microenvironment, tumor-associated macrophages (TAMs)

inflammation and wound healing. In tumor
are professional phagocytes. During efferocytosis, TAMs

polarize toward an M2-like wound healing phenotype,
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promote the secretion of anti-inflammatory cytokines (e.g.,
TGF-B, IL-4, IL-10), inhibit the of
inflammation-resolving cytokines (e.g., IL-1P, TNF-a, and

and secretion
IL-12), recruit FOXP3" regulatory T cells, and suppress the
functions of CD4" and CD8" effector T cells, subsequently
facilitating immune escape of cancer cells, thus promoting
tumor development and progression.

The process of efferocytosis includes four steps: release of
“find-me” signals by dying cells, recognition of the ligands of
apoptotic cells by the phagocytes, phagocyte downstream of
engagement of apoptotic cells, and production of anti-
inflammatory mediators (Morioka et al., 2019). CX3CL1 is a
member of the chemokine family, and is a common “find-me”
signal released by lymphocytes after apoptosis and attracts
macrophages to the apoptotic site. Axl, Tyro3, and MERTK
bind the ligand arrest-specific protein 6 (Gas6), while
Tyro3 and MERTK bind the ligand Protein S. The ligands
Gas6 and Protein S bind phosphatidylserine (PS), thus
Gas6 and Protein S are bridging molecules between the TAM
and PS. PS the T-cell

immunoglobulin mucin (Tim) family members (Tim-1, Tim-

receptors receptors  include
3, and Tim-4), brain-specific angiogenesis inhibitor 1 (BAIl),
and stabilin-2 (Stab2). The milk fat globule-EGF factor 8
(MFGES) is the bridging molecule between PS receptors on
apoptotic cells and receptors on phagocytes. Ras-related
C3 botulinum toxin substrate 1 (Racl) is a modulator of the
cytoskeleton, playing
mesenchymal-like migration, and adhesion (Bid et al., 2013).

important roles in phagocytosis,
Intercellular adhesion molecule 1 (ICAMI1) is a transmembrane
glycoprotein in the immunoglobulin superfamily that plays an
important role in cell adhesion of tumor cells and TAMs and
signal transduction (Usami et al., 2013). The most widely studied
ligands of “don’t-eat-me” signals are CD47 and CD31. Racl is a
molecule that promotes apoptotic cell engulfment (Proto et al.,
2018). Moreover, MerTK-driven efferocytosis also induces the
expression of the PD-L1. Indoleamine-2, 3-dioxegenase (IDO)
1 is an immune regulator known for driving maternal-fetal
antigen tolerance. Apoptotic and necrotic tumor cells, via
IDO1,
“homeostasis” and progression (Werfel et al., 2019).

efferocytosis  and respectively, promote tumor
It is generally considered that efferocytosis-related molecules
and pathways are potential targets for antitumor therapy (Werfel

and Cook, 2018; Zhou et al., 2020); however, their role in specific
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TABLE 1 Tumor type classification and patient number.

10.3389/fphar.2022.977025

Tumor type Full name Total (n) Normal (n) Tumor (n)
ACC Adrenocortical carcinoma 79 0 79
BLCA Bladder Urothelial Carcinoma 430 19 411
BRCA Breast invasive carcinoma 1217 113 1104
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma 309 3 306
CHOL Cholangiocarcinoma 45 9 36
COAD Colon adenocarcinoma 512 41 471
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma 48 0 48
ESCA Esophageal carcinoma 173 11 162
GBM Glioblastoma multiforme 173 5 168
HNSC Head and Neck squamous cell carcinoma 546 44 502
KICH Kidney Chromophobe 89 24 65
KIRC Kidney renal clear cell carcinoma 607 72 535
KIRP Kidney renal papillary cell carcinoma 321 32 289
LAML Acute Myeloid Leukemia 151 0 151
LGG Brain Lower Grade Glioma 529 0 529
LIHC Liver hepatocellular carcinoma 424 50 374
LUAD Lung adenocarcinoma 585 59 526
LUSC Lung squamous cell carcinoma 550 49 501
MESO Mesothelioma 86 0 86
ov Ovarian serous cystadenocarcinoma 379 0 379
PAAD Pancreatic adenocarcinoma 182 4 178
PCPG Pheochromocytoma and Paraganglioma 186 3 183
PRAD Prostate adenocarcinoma 551 52 499
READ Rectum adenocarcinoma 177 10 167
SARC Sarcoma 265 2 263
SKCM Skin Cutaneous Melanoma 472 1 471
STAD Stomach adenocarcinoma 407 32 375
TGCT Testicular Germ Cell Tumors 156 0 156
THCA Thyroid carcinoma 568 58 510
THYM Thymoma 121 2 119
UCEC Uterine Corpus Endometrial Carcinoma 583 35 548
UcCs Uterine Carcinosarcoma 56 0 56
UVM Uveal Melanoma 80 0 80

cancers has not been clearly defined. To identify which molecules
to target and the most promising combination of antibodies that
could induce robust clinical outcomes, precise knowledge of
molecular expression and co-expression on immune cells in
their
clinicopathological

correlation with  various
TNM

general and expression

features, including  tumor
classification, tumor stage, and patient OS, is essential.

In the current study, we investigated the protein-protein
interaction (PPI) network of efferocytosis-related molecules (Axl,
Tyro3, MerTK, CX3CL1, Tim-4, BAI-1, Stab-2, Gas6, MFGES,
Racl, ICAM-1, CD47, CD31, IDOI1, and PD-L1) and other
immune checkpoint-related molecules, including B- and
attenuator (BTLA),

T-lymphocyte glucocorticoid-induced
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tumor necrosis factor receptor-related protein (GITR), herpes
virus entry mediator (HVEM), LAG-3, PD-1, PD-L2, Tim-3,
CD28, CD80, CD137, CD27, and CTLA-4 (Wang et al,, 2019).
The expression of efferocytosis-related molecules in tumor and
normal tissues, their roles in immune subtype, correlation with
the ESTIMATE score, stromal score, and immune score, and the
correlation between their expression and OS in cancers was
studied using publicly available pancancer datasets from The
Cancer Genome Atlas. We also analyzed the correlations of the
expressions of efferocytosis-related molecules and immune
checkpoint-related molecules with anticancer drugs sensitivity
to provide a reference for the combined use and sequential use of
drugs in each tumor treatment.
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Materials and methods

Molecular protein-protein interaction
network analysis

The PPI network of the 15 efferocytosis-related molecules
and 12 other immune checkpoint-related molecules was
constructed using the STRING database v11.0 (http://www.
string-db.org/). The minimum required interaction score
cutoff was set as greater than or equal to 0.400.

Study population and datasets

Patient phenotypic, survival, RNA-seq, and immune subtype
data from The Cancer Genome Atlas (TCGA) were downloaded
from the UCSC Xena Genomics Browser (http://xena.ucsc.edu/)
on 7 July 2020. The drug sensitivity and RNA-seq data were
provided by the CellMiner database v2.2 (https://discover.nci.
nih.gov/cellminer/). Disease-free survival (DFS) data and graphs
were obtained from the GEPIA2 website (http://gepia2.cancer-
The type
corresponding patient number are shown in Table 1.

pku.cn/#index). tumor classification and the

Differential expression analysis

Differential expression of molecules between normal and
tumor tissues in the pancancer datasets was performed in R
software using the ggpubr package, and p-values were computed
with the Wilcoxon sign-rank test when normal tissue counts were
greater than or equal to 10.

Correlation with the microenvironment
and immune subtype

To compute the immune and stromal cell content within
the tumor microenvironment, scores were calculated using the
estimate and limma packages. The corrplot package was used
to assess the association of molecules with immune and
The correlation between molecules and
the
ggplot2 and reshape2 packages. The significance of the

stromal scores.

immune subtype was estimated with limma,
differences among immune subtypes was determined by the

Kruskal-Wallis test.

Correlation with overall survival
For OS analysis, we used the Kaplan-Meier method to

draw survival curves with the survival and survminer
packages.
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Correlation between drug sensitivity and
RNA-seq analysis

Drug sensitivity and RNA-seq data analyses were
implemented with R, including the limma, impute,
ggplot2 and ggpubr packages. Correlation tests were

computed with Pearson’s correlation test. Based on the drug-
RNA-seq correlation, Cytoscape v3.8.0 (http://www.cytoscape.
org/) was used to visualize the network.

Results

Protein-protein interaction network of the
molecules

There is a panel of circulating molecules among the
27 molecules (Figure 1), which highlights the importance of
the combination therapy of efferocytosis-related molecules and
other immune checkpoint-related molecules. With an interaction
score greater than or equal to 0.900, CTLA4 was strongly
associated with PD-L1 (CD274), CD80, and CD28; CD80 was
strongly associated with CD28, PD1, PD-L2, and ICAM-1; PD-
L1 was strongly associated with CD28, CD80, PD1, and PD-L2;
LAG3 was strongly associated with Tim-3 (HAVCR2); MerTK
was strongly associated with Tim-4; and Gas6 was strongly
associated with Axl, MerTK, and Tyro3.

Expression signature in pancancer
samples and correlation with overall
survival

We analyzed the expression of the 15 efferocytosis-related
molecules in 16 types of cancers, including bladder urothelial
carcinoma (BLCA), breast invasive carcinoma (BRCA), colon
adenocarcinoma (COAD), esophageal carcinoma (ESCA), head
(HNSC), kidney
chromophobe (KICH), kidney renal clear cell carcinoma

and neck squamous cell carcinoma

(KIRC), kidney renal papillary cell carcinoma (KIRP), liver
(LIHC),
(LUAD), lung squamous cell carcinoma (LUSC), prostate

hepatocellular ~ carcinoma lung adenocarcinoma
adenocarcinoma (PRAD), rectum adenocarcinoma (READ),
(STAD), thyroid

(THCA), and uterine corpus endometrial carcinoma (UCEC).

stomach  adenocarcinoma carcinoma
The expression characteristics of the molecules in tumor and
normal tissues in various cancers were different (Figure 2). In
different cancers, the correlation between the expression of the
and OS was different  (Figure 3).

CX3CLI1 expression was increased in tumor tissues in KIRC

molecules also

and KIRP, predicting better OS. Axl expression was decreased in

tumor tissues in BLCA, STAD and ESCA, predicting better OS in
BLCA and STAD but worse OS in ESCA; Axl expression was
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FIGURE 1

10.3389/fphar.2022.977025

CX3CL1

The PPI network of the 15 efferocytosis-related molecules and 12 other immune checkpoint-related molecules with confidence >0.4. The

thickness of the line indicates the size of the correlation coefficient.

increased in tumor tissues in KIRC and KIRP, predicting worse
OS in KIRC but better OS in KIRP. Tyro3 expression was
decreased in tumor tissues in ESCA and KIRP, predicting
worse OS in ESCA but better OS in KIRP; Tyro3 expression
was increased in tumor tissues in LIHC and THCA, predicting
worse OS in LIHC but better OS in THCA. MerTK expression
was decreased in tumor tissue in BRCA and KIRC, predicting
better OS in BRCA but worse OS in KIRC. Gas6 expression was
decreased in tumor tissues in BLCA, LUSC, and LUAD,
predicting better OS in BLCA and LUSC but worse OS in
LUAD. MFGES8 expression was decreased in tumor tissues in
BLCA and KIRP, predicting better OS. BAIl expression was
decreased in tumor tissues in BRCA and COAD, predicting
worse OS in BRCA but better OS in COAD. Tim-4 expression
was decreased in tumor tissue in READ, predicting worse OS.
Stab2 expression was decreased in tumor tissues in KIRP, LUSC,
and BRCA, predicting better OS in KIRP and LUSC but worse OS
in BRCA. CD31 expression was increased in tumor tissues in
KIRC and LIHC, predicting better OS. CD47 expression was
decreased in tumor tissue in LUSC, predicting better OS;
CD47 expression was increased in tumor tissue in THCA,
predicting better OS. IDO1 expression was increased in tumor
tissues in KIRP and HNSC, predicting worse OS in KIRP but
better OS in HNSC. PD-L1 expression was decreased in tumor
tissue in LIHC, predicting worse OS. Based on the results, Axl
may serve as new potential therapeutic targets for KIRC, as well
as Tyro3 for LIHC and IDOI for KIRP.

The expression of the 15 molecules was also significantly
associated with other tumors. Although there was no differential
expression between normal and tumor tissues, we should also pay
attention to their association with other clinical classifications,
such as tumor size, tumor stage, and tumor metastasis.
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Correlation with the tumor
microenvironment

The high expressions of Axl, Tim-4, CD31, IDO1, ICAM1,
and PD-L1 were associated with the high ESTIMATE score and
immune score, while the high expressions of Axl, Tim-4, and
CD31 were associated with the high stromal score in many
types of cancers. High MerTK expression was associated with
the high three scores in 3-5 types of cancers. The high
expressions of Gas6 and MFGE8 were associated with the
high ESTIMATE score and stromal score in certain types of
cancers (Figure 4A).

According to a previous study, the C4 (lymphocyte-depleted)
and C6 (TGF-B-dominant) subtypes were associated with poor
OS (Thorsson et al, 2018). The expression levels of the
15 molecules in the CI-C6 subtypes were all significantly
different. Tyro3, MerTK, and BAIl were mainly expressed in
the C5 (immunologically quiet) and C4 (lymphocyte-depleted)
subtypes; Axl was mainly expressed in the C6 (TGF-B-dominant)
and C5 (immunologically quiet) subtypes; CD31, Stab2, and
Gas6 were mainly expressed in the C6 (TGF-p-dominant) and
C3 (inflammatory) subtypes; CX3CL1 was mainly expressed in
the C5 (immunologically quiet) and C3 (inflammatory) subtypes;
Tim-4 was mainly expressed in the C3 (inflammatory) and C6
(TGF-B-dominant) subtypes; PD-L1, CD47, and IDO1 were
mainly expressed in the C2 (IFN-y-dominant) and C6 (TGF-
B-dominant) subtypes; Racl was mainly expressed in the C6
(TGF-B-dominant) and C4 (lymphocyte-depleted) subtypes;
MFGE8 was mainly expressed in the C6 (TGF-p-dominant)
and Cl1 (low Th1/Th2 ratio) subtypes; ICAM1 was mainly
expressed in the C6 (TGF-B-dominant) and C2 (IFN-y-
dominant) subtypes (Figure 4B).
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FIGURE 2
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The expression level of 15 efferocytosis-related molecules in 16 types of cancers. (A). Heatmap and supervised clustering of efferocytosis-
related molecules with changed expression in 16 tumor tissues compared to that in normal tissues. (B1-B15). The changed expression of ADGRB1
(BAIL), Axl, CD47, CD274 (PD-L1), CX3CL1, Gas6, ICAM1, IDO1, MerTK, MFGES8, PECAM1 (CD31), RAC1, STAB2, TIMD4 (Tim-4), and Tyro3 in 16 tumor
tissues compared to that in normal tissues. *p < 0.05, **p < 0.01, ***p < 0.001 as assessed by the Wilcoxon signed-rank test.

Correlation with anticancer sensitivity

We also analyzed the associations of the expressions of the
27 molecules with sensitivity of the cancer cells to the 126 types of
anti-cancer drugs (Figure 5). Except for BAIl, CD31, and
MerTK, the enhanced expression of Axl, Tyro3, Gas6,
MFGES, Stab2, Tim-4, CX3CL1, IDOI1, Racl, and PD-L1 was
associated with decreased sensitivity to many drugs, which may
partially explain the resistance to chemotherapy in cancers.

The enhanced expression of Axl, Tyro3, Gas6, MFGES, Tim-
4, and PD-L1 was associated with increased sensitivity to 22, 10,
16, 14, 10, and 6 types of drugs, respectively. With the correlation
value greater than or equal to 0.400, enhanced expression of
CX3CL1 was associated with increased sensitivity to vemurafenib
but decreased sensitivity to docetaxel; enhanced expression of
Axl was associated with increased sensitivity to bleomycin and
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dasatinib but decreased sensitivity to tamoxifen, nilotinib, and
raloxifene; enhanced expression of Tyro3 was associated with
increased sensitivity to vemurafenib; enhanced expression of
Tim-4 was associated with increased sensitivity to dasatinib,
vandetanib, pentostatin, ibrutinib, gefitinib, erlotinib, and
afatinib but decreased sensitivity to vinblastine, tyrothricin,
and pipamperone; enhanced expression of BAIl was
associated with increased sensitivity to etoposide, thiotepa,
mitomycin, and cisplatin; enhanced expression of Gas6 was
associated with decreased sensitivity to trametinib and
panobinostat; enhanced expression of MFGE8 was associated
with decreased sensitivity to palbociclib; enhanced expression of
CD47 was associated with increased sensitivity to nelarabine;
enhanced expression of CD31 was associated with increased
sensitivity to  etoposide,

triethylenemelamine,  thiotepa,

dexamethasone decadron, fludarabine, melphalan, uracil
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FIGURE 3

The correlation of the expression of efferocytosis-related

molecules with the overall survival (OS) in 33 types of cancers.

Kaplan-Meier survival curves were generated for the molecules

extracted from the comparison of groups of high (red line)
(Continued)
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FIGURE 3

and low (blue line) gene expression. p < 0.05 in the log-rank

test. (A1-AS5) The expression of ADGRB1 (BAI1) was significantly
associated with OS in ACC, BRCA, COAD, KIRC, and UVM.
(B1-B11) The expression of Axl was significantly associated

with OSin MESO, OV, PAAD, SKCM, STAD, BLCA, ESCA, KIRC, KIRP,
LGG, and TGCT. (C1-C6) The expression of CD274 (PD-L1) was
significantly associated with OS in ACC, LAML, LGG, LIHC, SKCM,
and THYM. (D1-D5) The expression of CX3CL1 was significantly
associated with OS in CESC, KICH, KIRC, KIRP, and LGG. (E1-E5)
The expression of CD47 was significantly associated with OS in
LUSC, PAAD, SKCM, THCA, and THYM. (F1—F5) The expression of
Gas6 was significantly associated with OS in BLCA, LUAD, LUSC,
READ, and TGCT. (G1-G2) The expression of ICAM1 was
significantly associated with OS in LGG and SKCM. (H1-H11) The
expression of IDO1 was significantly associated with OS in GBM,
HNSC, KIRP, LAML, LGG, MESO, OV, READ, SARC, SKCM, and UVM.
(I11-14) The expression of MerTK was significantly associated with
OS in BRCA, KIRC, LUAD, and THYM. (J1-35) The expression of
MFGES8 was significantly associated with OS in BLCA, KIRP, PAAD,
SARC, and STAD. (K1-K6) The expression of PECAM1 (CD31) was
significantly associated with OS in KIRC, LAML, LGG, LIHC, MESO,
and UVM. (L1-L4) The expression of RAC1 was significantly
associated with OS in BLCA, LUAD, PAAD, and SKCM. (M1-M3)
The expression of STAB2 was significantly associated with OS in
BRCA, KIRP, and LUSC. (N1-N5) The expression of TIMD4 was
significantly associated with OS in CESC, DLBC, PCPG, READ, and
SKCM. (0O1-06) The expression of Tyro3 was significantly
associated with OS in ACC, ESCA, KIRP, LIHC, SKCM, and THCA.

mustard, pipobroman, ifosfamide, hydroxyurea, fluphenazine,
chlorambucil, asparaginase, bendamustine, and nelarabine;
enhanced expression of IDO1 was associated with decreased
sensitivity to panobinostat; and enhanced expression of PD-L1
was associated with decreased sensitivity to tamoxifen.

For other immune checkpoint-related molecules, enhanced
expressions of CD27, CD28, Tim-3, PD-1, and GITR were
associated with increased sensitivity to many types of
anticancer drugs, and only enhanced expressions of PD-I,
CD28, CTLA4, and HVEM were associated with decreased
sensitivity to a few drugs. In addition, enhanced expressions
of Axl, PD-L1, and Racl were associated with decreased
sensitivity to fluorouracil. Enhanced expressions of Axl, Gas6,
and Tim-4 were associated with decreased sensitivity to
pipamperone, eribulin mesylate, vinblastine and vinorelbine.
Enhanced expressions of CX3CL1, Gas6, and Tim-4 were
associated with decreased sensitivity to paclitaxel. Enhanced
expressions of CTLA4, Stab2, and HVEM were associated
with decreased sensitivity to everolimus. Enhanced expressions
of CD28, CDS80, Tim-3, PD-1, CD31, and GITR were associated
with decreased sensitivity to irofulven. Enhanced expressions of
Axl, PD-L1, Gas6, IDO1, and Tim-4 were associated with
decreased sensitivity to tamoxifen. Enhanced expressions of
CD28, CD47, Gas6, and PD-1 were associated with decreased
sensitivity to trametinib. Enhanced expressions of CTLA4, PD-1,
and HVEM were associated with decreased sensitivity to
of Axl, PD-L1, and
Gas6 were associated with decreased sensitivity to nilotinib.

dasatinib. Enhanced expressions
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FIGURE 4

The correlations of the expressions of efferocytosis-related molecules with the microenvironment and immune subtype in 33 types of cancers.

The corrplot package was used to assess the association of molecules with the immune score, stromal score, and ESTIMATE score. The color of a
node reflects the log(FC) value of the Z score of gene expression, and the size of the node indicates the number of interacting proteins with the
designated protein. (A1) The correlations of the expressions of efferocytosis-related molecules with the immune score. (A2) The correlations of

the expressions of efferocytosis-related molecules with the stromal score. (A3) The correlations of the expressions of efferocytosis-related
molecules with the ESTIMATE score. (B) Distribution of efferocytosis-related molecules in immune subtypes C1 (wound healing), C2 (IFN-y-
dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (inflammatory) and C6 (TGF-B-dominant).

Enhanced expressions of CD28, PD-1, and HVEM were
associated with decreased sensitivity to sonidegib.

The results indicate that we may choose the drugs according
to the molecular expression characteristics and the correlation of
their expression with anti-cancer drug sensitivity. For cancers
with high expression of many types of molecules, we should
choose drugs sensitive to the co-expression of the molecules or
the combined use of the corresponding sensitive drugs.

Discussion

The TAM receptors Axl, Tyro3, and MerTk were a family of
receptor tyrosine kinases, skew macrophage polarization towards
a pro-tumor M2-like phenotype in the tumor microenvironment,
and promote apoptotic cell clearance through -efferocytosis
(Graham et al, 2014; Myers et al, 2019). The Gas6/Axl
signaling pathway has been reported to be associated with
tumor metastasis, invasion, and drug resistance (Zhu et al,
2019). Inhibition of the Gas6/Axl pathway augments the
2017; Wu et al.,
2018). It was reported that Gas6 expression was associated

efficacy of chemotherapies (Kariolis et al.,
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with tumor progression and patient survival in RCC, and low
tumor Axl mRNA levels were independently correlated with
improved survival (Gustafsson et al., 2009). In the current study,
Gas6 expression was decreased in KIRC tumor tissues, and
Gas6 expression was decreased with tumor grades 1-3 and
tumor metastasis. Axl was overexpressed in tumor tissues, and
Axl overexpression predicted poor OS. These results were
consistent with those from previous studies. Gas6/Axl axis
contributes to chemoresistance and metastasis in breast cancer
(Wang et al., 2016). Increased expression of Axl and its ligand
Gas6 was found in EGFR-mutant lung cancers obtained from
individuals with acquired resistance to erlotinib (Zhang et al.,
2012). We found that Gas6 expression was decreased in tumor
tissues in BLCA, LUSC, and LUAD, predicting a better OS in
BLCA and LUSC but worse OS in LUAD, which indicated that
the specific role of Gas6 in certain cancers needs to be further
investigated. Furthermore, the drug sensitivity analyses showed
that enhanced expression of Gas6 was moderately associated with
increased sensitivity to alectinib, olaparib, temsirolimus,
zoledronate, bleomycin, and lenvatinib, and we may also
to target Gas6. Different
therapeutic agents targeting Axl have been developed (Zhu

consider using these drugs
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FIGURE 5
The correlations of the expressions of efferocytosis and immune checkpoint related molecules with sensitivity of the cancer cells to the

126 types of anti-cancer drugs. The thickness of the line indicates the size of the correlation coefficient. (A). The correlations of the enhanced
expressions of 14 efferocytosis-related molecules with increased sensitivity to anti-cancer drugs. (B) The correlations of the enhanced expresssions
of 14 efferocytosis-related molecules with decreased sensitivity to anti-cancer drugs. (C) The correlations of the enhanced expressions of

12 immune checkpoint-related molecules with increased sensitivity to anti-cancer drugs. (D) The correlations of the enhanced expressions of
9 immune checkpoint-related molecules with decreased sensitivity to anti-cancer drugs.

et al., 2019). We also found that high expression of Axl in tumor
tissues was associated with worse OS in LGG, MESO, PAAD, and
TGCT, and enhanced expression of Axl was especially associated
with increased sensitivity to dasatinib and bleomycin. We may
consider using these drugs to treat the above cancers.

Tyro3, Axl, and MerTK control myeloid-derived suppressor
cell (MDSC) functionality, regulate MDSC-mediated immune
suppression and augment anti-PD-1 therapy in melanoma
patients (Holtzhausen et al., 2019), which highlights the role
of these molecules in antitumor therapy. In leiomyosarcoma
patients, especially those whom develop metastasis, express
higher levels of Tyro3 and Gas6, and crizotinib and foretinib
showed effective antitumor activity in leiomyosarcoma through
Tyro3 and Axl deactivation (Dantas-Barbosa et al., 2017). Based
on our study, Tyro3 expression was increased in tumor tissue in
LIHC, predicting worse OS. Tyro3 was reported to contribute
significantly to tumor growth, aggressiveness and liver
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dysfunction in HCC (Duan et al, 2016) and was also
considered a marker and therapeutic target for HCC with a
higher hepatitis activity (Tsai et al., 2020). Sorafenib is the only
approved drug for treating patients with advanced HCC.
However, the therapeutic effect of sorafenib is transient, and
patients invariably develop sorafenib resistance through the
aberrant expression of the Tyro3/phosphoinositide 3-kinase/
protein kinase B signal transduction pathway (Kabir et al,
2018). We found that enhanced expression of Tyro3 was
associated with increased sensitivity to trametinib, dabrafenib,
and vemurafenib, and we may consider using these drugs to
target Tyro3 in HCC.

MFGES acts at two levels, by increasing vascular endothelial
growth factor (VEGF) and ET-1 expression in mesenchymal
stromal cells and by enhancing M2 polarization of macrophages,
to increase melanoma tumor angiogenesis (Yamada et al., 2016).
The abundant MFGE8 expression in esophageal squamous cell
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carcinoma might have a negative influence on the long-term
survival of patients after chemotherapy (Kanemura et al.,, 2018).
MFGES also plays an important role in HCC progression (Ko
et al, 2020). Our results showed that high expression of
MFGES in tumor tissues was also associated with worse OS in
PAAD and STAD, which indicated that MFGE8 may serve as a
potential target in these cancers.

BAII expression was significantly reduced in breast cancer
and higher expression was associated with better patient survival
(Meisen et al., 2015). Our results were consistent with those from
previous studies. BAI1 is decreased in BRCA and associated with
worse OS. It was reported that BAI1 had better diagnostic efficacy
than classic lung cancer biomarkers (Zhang et al., 2019). Blocking
Stab2 function prevents melanoma metastasis by elevating
circulating hyaluronic acid levels (Hirose et al,, 2012). In our
analysis, Stab2 expression was decreased in tumor tissues in
KIRP, LUSC, and BRCA, predicting better OS in KIRP and LUSC
but worse OS in BRCA, which indicated that the specific role of
Stab2 in different cancers needs to be further investigated.

Tim-4-overexpressing cancer cells recruit TAMs, thereby
accelerating cancer development. Tim-4 promotes the growth
of colorectal cancer by activating angiogenesis and recruiting
TAMs via the PI3K/AKT/mTOR signaling pathway (Tan et al,
2018). Tim-4 was also reported to promote the growth of NSCLC
in an RGD motif-dependent manner (Zhang et al,, 2015). In
addition, IL-6 promotes metastasis of NSCLC by upregulating
Tim-4 via NF-xB (Liu et al.,, 2020). In the current study, the
expression level of Tim-4 in tumor tissues was significantly
higher in KICH, KIRC, KIRP, and UCEC, and the specific
role of Tim-4 in these cancers needs further investigation.
Interestingly, Tim-3 is overexpressed in RCC tumor tissues,
and overexpression of Tim-3 predicts better DFS and OS and
has no significant correlation with the TNM classification and
tumor grade (data not shown); this may partially explain the
results that dual blockade of PD-1 and LAG-3, but not PD-1 and
Tim-3, is a promising checkpoint blockade combination strategy
(Zelba et al., 2019).

Racl plays a critical role in the progression of tumors and the
development of resistance to various therapeutic modalities
applied in the clinic (De et al., 2020). The overexpression of
Racl is associated with multi-drug resistance to the neoadjuvant
chemotherapy, and targeting Racl is a potential strategy to
overcome acquired chemoresistance in breast cancer (Li et al,
2020). We found that the expression level of Racl in tumor
tissues was significantly higher in BRCA, KICH, KIRP, and
THCA, and we should also pay attention to the role of
Racl in KICH, KIRP, and THCA.

CD47 modulates cellular phagocytosis by macrophages,
transmigration of neutrophils and activation of dendritic cells,
T cells and B cells. Anti-CD47 antibodies, which enhance cancer
cell phagocytosis, can achieve higher anti-cancer efficacies when
combined with chemotherapy and immunotherapy (Hayat et al.,
2020). Our study showed that COAD, HNSC, KICH, STAD, and
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THCA tumor tissues expressed high levels of CD47, and high
expression of CD47 in tumor tissue was associated with worse OS
in PAAD. Based on this observation, CD47 may be considered a
target in the above cancer therapies.

IDO1 protein is expressed in the majority of hormone
receptor-positive breast cancer and is an independent negative
2017).
IDO1 expression was associated with an unfavorable clinical

prognostic ~ marker (Carvajal-Hausdorf et al,
outcome in esophageal cancer and colorectal cancer (Kiyozumi
etal,, 2019; Chen et al., 2020). IDO1 expression was also reported
to correlate with PD-L1 expression, and co-expressed IDO1 and
PD-L1 may be an important target for immunotherapy in lung
squamous cell carcinoma (Takada et al., 2019). In the current
study, IDO1 expression was increased in tumor tissue in KIRP,
predicting worse OS, which suggested that IDO1 may serve as a
potential target for KIRP. IDO1, LAG3, and PD-L1 expression
levels in TIICs showed a better prognosis for patients with MSI-H
colon cancer (Lee et al., 2018). Thus, the potential therapeutic
implications of these immune checkpoint molecules should be
further investigated.

PD-1 and PD-L1 are generally considered as potential targets
for antitumor therapy (Balar and Weber, 2017; Constantinidou
et al., 2019). Clinical trials with mAbs to PD-1 and PD-L1 have
shown impressive response rates in patients, particularly for
melanoma, NSCLC, RCC, and bladder cancer (Ohaegbulam
et al,, 2015). In a multicenter phase 1 trial, antibody-mediated
blockade of PD-LI induced durable tumor regression and
prolonged stabilization of disease in patients with advanced
cancers (Brahmer et al, 2012). Cancer vaccine formulation
can dominantly determine synergy, or lack thereof, with
CTLA-4 and PD-LI checkpoint blockade therapy for cancer
(Hailemichael et al., 2018). Based on our results, enhanced
expression of PD-1 was associated with increased sensitivity to
many types of drugs, and enhanced expression of CTLA4 was
associated with increased sensitivity to dabrafenib and
vemurafenib; however, enhanced expression of PD-L1 was
associated with decreased sensitivity to vorinostat, tamoxifen,
nilotinib, ixabepilone, lapatinib, and fluorouracil. In clinical use,
we should pay more attention to the use of these drugs in patients
with a high expression of these molecules.

The limitations of the study should be noted. Firstly, the
results of our study were based on online database, and the
patient number of some types of cancers was small, especially the
number of normal control. We also tried to search other database
to confirm our results, such as GEO DataSets (https://www.ncbi.
nlm.nih.gov/geo/). However, no survival time data were
available. The results need further confirmation both in clinic
and experimental model. Secondly, there are data to suggest that
some of the efferocytosis-related receptors are important in
hematologic cancers and may have an interface with the
the
microenvironment. We did not perform the analysis on

immune checkpoint molecules in bone marrow

hematologic malignancies in the current study. Finally, not all
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efferocytosis-related molecular were included in, such as other
TAM receptors ligands Protein S and Galectin 3, and alpha-v/
beta-5 receptor.

In summary, our results provided evidence that efferocytosis-
related molecules played important roles in the invasion,
metastasis, and clinical outcome of many types of cancers,
and their correlation was different in each cancer. The high
expression of the molecules was associated with the high
ESTIMATE score, stromal score, and immune score. Except
for CX3CL1, the other 14 molecules were mainly expressed in
the C4 (lymphocyte-depleted) and C6 (TGF-B-dominant)
subtypes, which predicted worse OS. The molecules also
played important roles in resistance to chemotherapy. We
may choose anticancer drugs according to the molecular
expression characteristics in each tumor and the drug
sensitivity results. Supplementing conventional chemotherapy,
radiotherapy and other immunotherapies with efferocytosis-
targeted therapy could enhance therapeutic efficacy, reduce
resistance to therapy, and promote patient outcome.
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