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ARTICLE INFO ABSTRACT

Keywords: The biological function and prognostic value of efferocytosis in cancer remains unclear. In this
Efferocytosis study, we systematically analysed the expression profiles and genetic variations of 50
Pan'canFer efferocytosis-related regulator genes in 33 cancer types. Using data from The Cancer Genome
Prognosis Atlas, we established an efferocytosis potential index (EPI) model to represent the efferocytosis
Immunotherapy

level in each cancer type. The relationship between the EPI and prognosis, immune-related
molecules, specific pathways, and drug sensitivity was determined. We found that efferocytosis
regulator genes were abnormally expressed in cancer tissue, perhaps owing to copy number
variations, gene alterations, and DNA methylation. For the most part, the EPI was higher in
tumour vs. normal tissues. In most of the 33 cancer types, it positively correlated with cell death-
and immune-related pathway enrichment, the tumour microenvironment, immune infiltration,
and drug sensitivity. For specific cancers, a high EPI may be a prognostic risk factor and, in
patients treated receiving immune checkpoint therapy, a predictor of poor prognosis. Our study
reveals the biological functions of efferocytosis-related regulator genes in distinct cancers and
highlights the potential of efferocytosis intervention in cancer therapy.

Immune infiltration

1. Introduction

Regular cell turnover is fundamental for maintaining health. The estimated rate of turnover is approximately 80 =+ 20 g of cellular
mass per day [1]. Few apoptotic cells (ACs) are normally observed in tissues, implying their efficient clearance by a process termed
efferocytosis. Efferocytosis is crucial for homeostasis. When defective, dead cells accumulate, and release of their contents into their
surroundings may cause secondary necrosis [2-4] and consequent inflammation-related diseases, such as atherosclerosis,
age-associated inflammation, infectious diseases, systemic lupus erythematosus, obesity, and cancer [5].

The mechanisms and processes of efferocytosis are complex. First, phagocytic cells migrate to ACs when sensing graduated signals
released by ACs, such as the lipids lysophosphatidylcholine and sphingosine 1-phosphate, the fractalkine CX3CL1, and the nucleotides
ATP and UTP [6]. Second, phagocytes recognize “eat-me” signals, which are usually unique markers on the AC’s surface. These include
phosphatidylserine (PS), which is confined to the inner leaflet of the plasma membrane in normal cells but exposed on the outer
membrane in dying cells [7]. By directly or indirectly binding to PS, phagocytes initiate the engulfment and digestion of ACs. Living
cells do not express eat-me signals and thus are not engulfed [8,9]. Additional eat-me signals include CD24, CD31, and CD47.

The immune system plays an essential role in the surveillance, recognition, and eradication of normally turned over cells and
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nascent cancer cells. However, many cancer cells use various methods to avoid immune surveillance and immunological killing and
thus survive and proliferate [10]. Efferocytosis facilitates cancer development by swiftly clearing dead cells and releasing
anti-inflammatory cytokines to create an immunosuppressive tumour microenvironment (TME) [11-13]. Phagocytic macrophages are
recruited to the TME and become M2-polarized tumour-associated macrophages. M2-polarized macrophages release
anti-inflammatory mediators to help the tumour escape surveillance at multiple cancer stages, including initiation, progression,
metastasis, and angiogenesis [14-16]. Therefore, targeting their receptors or blocking their formation may be an attractive inter-
vention for cancer treatment.

Investigation of efferocytosis-related signal pathways has identified several potential targets for intervention. The most notable
targets are the TAM receptors (Tyro3, Axl, and MerTK) on macrophages. These receptors recognize PS on ACs using Gas6 and protein S
as bridging ligands and thereby promote efferocytosis to create a tumour-tolerant environment [17]. Overexpression of TAM receptors
has been implicated in various cancers, such as hepatocellular carcinoma, colorectal cancer, non-small cell lung cancer, melanoma,
and gastric cancer [18-24]. When released from tumour macrophages into the TCM, the anti-inflammatory cytokines transforming
growth factor p and interleukin (IL)-10 attenuate pro-inflammatory responses and contribute to drug resistance [25]. In view of the
complex immune-related events and promising targets in efferocytosis, we believe that a systematic analysis of efferocytosis in various
cancers would help us further uncover its underlying mechanisms and optimize cancer treatments. In this study, we evaluated the
expression profiles and variation status of 50 efferocytosis-related regulator genes in 33 cancer types. We established an efferocytosis
potential index (EPI) model using single sample gene set enrichment analysis (ssGSEA) based on enrichment score to describe the
efferocytosis levels of the cancers. Associations between the EPI and 1) biological signalling pathways, especially those involving
immune-related molecules and events, 2) clinical outcome endpoints, most notably, the immunotherapy response and overall survival
(0S), and 3) drug sensitivity were investigated. In summary, our study reveals a fundamental involvement of efferocytosis in cancer,
and as such, may improve cancer therapy, especially immunotherapy.

2. Materials and methods
2.1. Data source and differential gene expression analysis

We downloaded the RNA-seq (HTSeq) data for 33 cancer and normal tissues, along with their corresponding clinical parameters,
from the University of California, Santa Cruz (https://xenabrowser.net/datapages/). The limma R package was used to analyse the
differential expression of 50 efferocytosis-related regulator genes among the cancer types [26]. Significant differences in expression
were defined as |logFC| >1, p < 0.05. The genes and cancer types are listed in Tables S1 and S2.

2.2. Genetic variation, methylation analysis, and protein-protein interaction analysis

Single nucleotide variation (SNV), copy number variation (CNV), and gene methylation were analysed using the Gene Set Cancer
Analysis database (http://bioinfo.life.hust.edu.cn/GSCA/#/). Pearson’s correlation coefficient was used to examine correlations be-
tween CNV or methylation and mRNA expression. Protein-protein interaction was analysed using Cytoscape software using data
downloaded from the STRING website (https://cn.string-db.org/).

2.3. Establishment of the EPI model in pan-cancer

We generated an EPI for each cancer type using ssGSEA based on enrichment score. The EPI represents the efferocytosis level, and
the enrichment score represents the proportion of each of the 50 efferocytosis-related regulator genes in the sample. R GSEABase
packages were used for calculations.

2.4. Survival analysis

The association between the EPI and clinical endpoints was assessed using Cox regression analysis. The endpoints were OS,
progression-free interval (PFI), disease-specific survival (DSS), and disease-free interval (DFI). Kaplan-Meier survival analysis was
used to determine the survival probabilities of the patients. P < 0.05 was considered significant.

2.5. Correlation of the EPI with tumour mutational burden (TMB), microsatellite instability (MSI), and immune infiltration

Immune-associated data were downloaded from the Immune Cell Abundance Identifier database (http://bioinfo.life.hust.edu.cn/
ImmuCellAlI/#!/). The Estimation of STromal and Immune cells in MAlignant Tumour tissues (ESTIMATE) algorithm was used to
approximate the levels of immune components and overall stroma [27]. Pearson’s correlation coefficient was used to assess the
relevance of the EPI to TMB; MSI; immune parameters (stromal, immune, and ESTIMATE scores); and the expression of immune
checkpoint, immunostimulatory, immunosuppressive, and major histocompatibility complex (MHC), chemokine, and chemokine
receptor genes. The correlation between the EPI and Tumour Immune Dysfunction and Exclusion (TIDE) score was evaluated in the
cancers. Three immunotherapy cohorts [IMvigor210, GSE32894, and NCT02684006 (PMID: 32895571)] were used to validate the
effect of the EPI on immunotherapy outcomes.
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2.6. Correlation of the EPI and drug sensitivity in pan-cancer

Drug response data were obtained from Genomics of Drug Sensitivity in Cancer (https://www.cancerrxgene.org/) and the Cancer
Therapeutics Response Portal (https://portals.broadinstitute.org/ctrp/). Pearson’s correlation coefficient was used to assess the as-
sociation between the EPI and small-molecule drug sensitivity.

3. Results
3.1. Landscape of efferocytosis regulators in pan-cancer

To better understand the relationship between efferocytosis and cancer, we evaluated the mRNA expression of 50 efferocytosis-
related regulator genes in 33 cancer types and established an EPI model (Fig. 1). CIQA and RACI were highly expressed, whereas
ADGRBI1, STAB2, and TIMD4 had relatively low expression levels (Fig. 2A).

CNV, a major genetic structural variation, has been shown to closely correlate with the expression of most genes, indicating their
possible regulation in disease-related pathways [28]. In our study, this correlation was observed for a few regulator genes, including
PTDSS1, RAC1, DNM1L, RUBCN, and PANX1 (positive correlation in more than 25 cancer types) (Fig. 2B). Further analysis of het-
erozygous and homozygous CNVs showed that most of the regulator genes had heterozygous amplifications or deletions (Fig. S1).

Genetic sequence variation was examined in the 33 cancer types. Among the 2947 cancer samples, 1845 (62.61 %) harboured
sequence variations; missense mutations were most frequently seen. Fig. 2C and D lists the top 10 mutated genes; notably, one of these
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Fig. 1. Flow chart of the study.
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Fig. 2. Landscape of efferocytosis in pan-cancer. (A) Expression levels of 50 efferocytosis-related regulator genes in the cancer types. (B) Correlation
between the CNV and regulator gene expression. (C, D) Alterations and variations of the regulator genes. (E) Heatmap showing the percentage of
SNVs in the regulator genes. (F) Correlation between methylation and regulator gene expression.

genes encodes the type 1 receptor tyrosine kinase MerTK, which is currently being investigated in several clinical trials as a potential
immune-related target for cancer intervention [29,30]. The percentage of SNVs in the regulator genes is shown in Fig. 2E. Additionally,
Spearman correlation analysis revealed that DNA methylation usually correlated negatively with mRNA level (Fig. 2F), suggesting that
it suppresses regulator gene expression. We also examined potential protein-protein interactions. Tight interactions were observed for
merTK, BAI1l, MFGES8, AXL, DOCK1, TIMD4, STAB2, GAS6, and GULP1 (Fig. S2).

3.2. Clinical relevance of the EPI in pan-cancer

To evaluate the role of efferocytosis in tumourigenesis, we used ssGSEA based on enrichment to determine the EPI (i.e. efferocytosis
level) of various normal and cancer tissues. Renal clear cell carcinoma (KIRC) had the highest EPI, and acute myeloid leukaemia
(LAML) had the lowest (Fig. 3A). Seven cancer types (KIRC, LAML, glioblastoma multiforme, low-grade brain glioma, ovarian serous
cystadenocarcinoma, pancreatic adenocarcinoma, and testicular germ cell cancer) had significantly higher EPIs than did the corre-
sponding normal tissues. Conversely, 17 cancer types had significantly lower EPIs than did normal tissues.

Cox regression and Kaplan-Meier survival analyses were conducted to explore the prognostic role of the EPI using OS, PFI, DSS, and
DFI as clinical endpoints. The results are summarized in Fig. 3B. The EPI predicted poor OS in 18 of the 33 cancer types (p < 0.05) and
was only favourable for lung adenocarcinoma, sarcoma, and skin cutaneous melanoma (SKCM) (Fig. 3C, S3). Additionally, the EPI
significantly correlated with PFI and DSS in most cancer types, either as a good or bad prognostic biomarker (Fig. 3D and E; 54, S5),
whereas the association between the EPI and DFI was significant in only a few cancer types [adrenocortical carcinoma (ACC),
oesophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney renal papillary cell carcinoma, liver hepa-
tocellular carcinoma, and ovarian cancer]. In a Kaplan-Meier analysis, the EPI was a risk biomarker for DFI in patients with ESCA
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Fig. 3. Clinical relevance of the EPI in cancer. (A) EPIs in cancer and corresponding normal tissues. (B) Summary of the correlations between the
EPI and prognosis outcome in the cancer types. (C-F) Forest plots showing the correlation of the EPI with OS, PFI, DSS, and DFI in the cancer types.
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Fig. 4. Association of the EPI with signalling pathways and biological behaviour in pan-cancer. (A) Signalling pathways. (B) Cell death-
related pathways.
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(Fig. S6).

3.3. The EPI and signalling pathways in pan-cancer

We investigated the connection between efferocytosis level and signalling pathways in the 33 cancers via GSEA based on nor-
malised enrichment scores [31]. Several immune-related pathways were screened for involvement of efferocytosis-related regulator
genes; these pathways included the complement, IL-6/JAK/STATS3, IL-2/JAK/STAT55, and tumour necrosis a (TNFa)-activated NF-xB
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pathways and those mediating interferon a, y, and inflammatory responses and allograft rejection (Fig. 4A).

Considering the role of efferocytosis in clearing ACs, we also examined the association between the EPI and cell death-related
pathways. We found that apoptosis and necrosis pathways were enriched in most cancer types, whereas enrichment of the auto-

phagy pathway was seldom observed (Fig. 4B).
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Fig. 7. Association between the EPI and immune status. The immune status parameters were immune cell infiltration level (A), immune checkpoint
(B), immunostimulatory (C), immunosuppressive, (D) chemokine (E), and chemokine receptor (F) genes.

3.4. The EPI and immune infiltration

Efferocytosis likely promotes tumour development by creating an immunosuppressive tumour environment via dead cell clearance
[32]. Understanding the connection between efferocytosis and immunologic regulation in the TME would aid the design of better

therapeutic regimens, especially those including immunotherapy.

First, we analysed the relevance of the EPI to TMB and MSI. Both TMB and MSI predict immunotherapy responses in some cancers,
with higher TMB and MSI levels indicating better responses [33,34]. Our analysis showed a significant positive correlation between the
EPI and TMB in ACC, uterine carcinosarcoma (UCS), HNSC, KIRC, cholangiocarcinoma, SKCM, stomach adenocarcinoma (STAD), and
colon adenocarcinoma (COAD) (Fig. 5A), and between the EPI and MSI in ACC, UCS, LAML, thyroid carcinoma, KIRC, SKCM, STAD,
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and COAD (Fig. 5B).

Second, we assessed the association of the EPI with ESTIMATE, stromal, and immune scores using the ESTIMATE algorithm. The
EPI positively correlated with ESTIMATE (Fig. 5C) and stromal (Fig. 5D) scores in most cancer types. Indicative of immune cell
infiltration of the tumour, it also positively correlated with the immune score in 29 of the 33 cancer types (Fig. 6A-6D1); a negative
correlation was only observed for mesothelioma.

As determined via Spearman correlation coefficient analysis, the EPI was associated with a specific type of immune cell infiltration
(Fig. 7A). Notably, it positively correlated with macrophage, especially M2 macrophage, infiltration in all cancer types. M2 macro-
phages are mainly involved in anti-inflammatory responses [35]. There was also a positive association between the EPI and M1
macrophage, CD8" T cell, lymphocyte, CD4" memory T cell, and monocyte infiltration.We also examined the association between the
EPI and the expression of immune checkpoint (Fig. 7B), immunostimulatory (Fig. 7C), immunosuppressive (Fig. 7D), MHC (Fig. S7),
chemokine (Fig. 7E), and chemokine receptor (Fig. 7F, S7) genes. Both positive and negative correlations were observed. The EPI
positively correlated with the mRNA expression of HAVCR2 (all cancer types), LAIR1 and CD86 (nearly all cancer types), and the genes
encoding CCL5 and its receptor (most cancer types). TIM-3, the protein product of HAVCRZ2, is a promising immune checkpoint target
[36]. Leukocyte-associated immunoglobulin-like receptors (LAIRS, encoded by LAIR1) are expressed on most immune cell types, and
blockade of LAIR1 signalling has been shown to inhibit tumour development [36]. The CCL5/CCRS5 axis facilitates tumour progression,
and several anti-CCRS5 clinical trials are currently underway [37].

3.5. The EPI and treatment

Efferocytosis tends to promote immune tolerance that can be used by cancer cells for their expansion; as such, it might directly
influence the immunotherapy response. Therefore, we analysed the association between the EPI and TIDE score. A higher TIDE score
indicates better tumour immune escape and a lower immunotherapy response. Significant negative correlations between the EPI and
TIDE score were observed in 16 cancer types (Fig. 8A-8P).

We also explored the association between the EPI and immune response in patients receiving immunotherapy as part of their cancer
treatment. Among patients with melanoma (GSE78220 cohort) who received anti-programmed cell death protein (PD-1) therapy, 71 %
in the low EPI group had an immune response compared with only 36 % in the high EPI group (Fig. 9A). Among similarly treated
patients with renal cell carcinoma (RCC), 67 % in the high EPI group (GSE67501 cohort) had an immune response (Fig. 9B), whereas
no patients in the low EPI group had an immune response. Among patients in the IMvigor210 clinical trial for urothelial cancer (UC),
30 % and 16 % in the low and high EPI groups had an immune response, respectively (Fig. 9C). Despite the inconsistent relationship
between EPI and immunotherapy response in the different cancers, our survival analysis showed that lower EPI corelated with longer
OS time in patients with UC (IMvigor210, GSE32894 cohorts; Fig. 9D and E) and those with advanced RCC (PMID: 32895571 cohort,
Fig. 9F).

3.6. Efferocytosis-related regulator gene expression and drug sensitivity

To further clarify the function of EPI in cancer treatment, we analysed the association between efferocytosis-related regulator gene
expression and drug sensitivity using the CTRP and GDSC datasets. We selected the 30 compounds (|r| >0.3) that most likely targeted
these genes. The mRNA levels of nearly 20 genes positively correlated with sensitivity to all 30 cancer drugs. Those of 11 genes
negatively correlated with sensitivity to drugs in the CTRP dataset (Fig. 9G), whereas both positive and negative correlations were
observed for drugs in the GDSC dataset (Fig. 9H).

Several efferocytosis-related proteins have been identified as potential cancer treatment targets. These include the TAM receptor
tyrosine kinases (Tyro3, Axl and MerTK), which mediate immune regulation in the TME and are overexpressed in cancer. The com-
bination of TAM receptor targeting and conventional therapy may improve therapeutical efficiency [38]. In our study, the mRNA
levels of the genes encoding Tyro3 and Axl levels positively correlated with sensitivity to most of the 30 drugs; whether those of MerTK
did so as well was unclear.

4. Discussion

Efferocytosis is essential for maintaining homeostasis. Previous studies have shown that defective efferocytosis leads to cancer and
inflammatory, autoimmune, and other diseases [39,40]. Efferocytosis is executed by “professional” phagocytes (e.g. macrophages,
dendritic cells) and “non-professional” phagocytes (epithelial cells) [41]. Exploring the mechanistic basis of cell clearance by
phagocytes would help us understand why these diseases occur and progress.

The tumour mass consists not only of cancer cells but also of the immune cells, macrophages, and extracellular matrix in the TME
[42]. In certain solid cancers, infiltrating macrophages account for almost 50 % of the tumour mass [43]. M2-polarized tumour--
associated macrophages formed in the TME create an anti-inflammatory environment that facilitates tumour development and pro-
motes drug resistance. Several therapeutic targets (such as macrophage TAM receptors) have been identified. To uncover additional
targets, we analysed the mRNA expression of 50 efferocytosis-related regulator genes in 33 cancer types; we found that C1QA and
RAC1 were highly expressed. Complement Cl1q A chain (C1QA) is a marker of TME remodelling in osteosarcoma and an
immune-related marker in skin cutaneous melanoma [44,45]. C1Q-positive tumour-associated macrophages promote T cell exhaustion
and thus likely drive tumour growth [46]. The GTPase Racl regulates cytoskeletal organisation and is frequently overexpressed in
cancer cells [47,48]. More studies are needed to characterize the biological functions of these two proteins in cancer.
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In this study, we established an EPI model to describe the efferocytosis levels of different cancers and corresponding normal tissues.
KIRC had the highest EPI, and LAML had the lowest EPI. As evidence of the complexity of the relationship between efferocytosis and
cancer, both elevated and reduced efferocytosis levels were observed in tumour vs. normal tissues.

We found that the EPI correlated with immune-associated pathway enrichment in all cancer types; the enriched pathways included
the complement, IL-6/JAK/STATS3, IL-2/JAK/STAT55, and TNFa-activated NF-xB pathways and those mediating interferon «, y, and
inflammatory responses and allograft rejection. Although the function of the TNF family members in cancer progression has been
elaborated, the relationship of TNFa signalling to and its targets in efferocytosis remains unclear [49].

In our study, the EPI positively correlated with the expression of three immune-related genes in all 33 cancer types: HAVCR2,
LAIR1, and CD86, which encode TIM-3, LAIR1, and CD86, respectively. TIM-3 mediates immune suppression and has been extensively
discussed [50-52]. In patients with PD-1-treated melanoma, collagen, LAIR1, and TIM-3 were overexpressed and predicted poor
survival and immunotherapy responses [53]. In the study by Xie et al., an anti-LAIR1 monoclonal antibody inhibited the activity of
immunosuppressive myeloid cells and reactivated T cells from cancer patients in vitro [54]. However, more experiments are needed to
validate the role of LAIR1 in cancer immunotherapy. CD86 regulates T cell responses by binding to CD28 or CTLA-1 [55]. Julia et al.
designed a therapeutic strategy to prevent severe COVID-19; this strategy involved targeting the CD80/86 pro-inflammatory axis using
abatacept, a selective stimulation modulator [56].

In our Cox regression and Kaplan-Meier survival analyses, the EPI tended to be a prognostic risk factor for OS in most cancer types.
We also found that the EPI significantly and negatively correlated with the TIDE score in 16 cancer types. Higher TIDE scores usually
indicate weaker immunotherapy responses. However, analysis of distinct immunotherapy-treated cancers showed an inconsistent
correlation; we speculate that this may reflect limited sample size. Nevertheless, lower EPI corelated with longer OS time in
immunotherapy-treated patients with UC (IMvigor210, GSE32894 cohorts) or advanced RCC (PMID: 32895571 cohort) in our survival
analyses.

To potentially match gene expression profiles with medical regimens, we examined the relationship between the EPI and drug
sensitivity using the CTRP and GDSC datasets. We found that expression of the genes encoding Tyro3 and Axl positively correlated with
sensitivity to most of the compounds tested.

Efferocytosis is essential for accurate removal of dead cells and health maintenance. It is a complicated procedure accomplished by
the coordinated actions of phagocytes and ACs. To date, the mechanisms underlying efferocytosis are not fully understood. Our se-
lection of efferocytosis-related regulator genes was based on previous studies and may be incomplete; moreover, some regulator genes
have other functions. This may have limited the accuracy and sensitivity of our EPI model. In addition, the significant negative
correlation between the EPI and TIDE score in 16 cancer types was inconsistent with the results of our survival analysis of the
GSE78220 (melanoma), GSE67501 (RCC), and IMvigor210 (UC) cohorts, perhaps owing to insufficient sample size. We believe future
research and new discoveries regarding efferocytosis will improve the precision and sensitivity of our EPI model.

5. Conclusions

Our study systematically analysed the expression profiles and variations of 50 efferocytosis-related regulator genes in 33 cancer
types. To represent efferocytosis levels, we established an EPI model based on enrichment scores. We examined the relationship of the
EPI to immune-related molecules and pathways and clinical outcomes. The expression of HAVCR2, LAIR1, and CD86 positively
correlated with the EPI in all cancer types. Further studies are needed to fully uncover the mechanisms underlying efferocytosis,
toward the goal of providing better therapeutic options with stronger immune responses.
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