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A B S T R A C T   

Billions of apoptotic cells are swiftly removed from the human body daily. This clearance process 
is regulated by efferocytosis, an active anti-inflammatory process during which phagocytes engulf 
and remove apoptotic cells. However, impaired clearance of apoptotic cells is associated with the 
development of various autoimmune diseases, such as rheumatoid arthritis, systemic lupus ery-
thematosus, and inflammatory bowel disease. In this review, we conducted a comprehensive 
search of relevant studies published from January 1, 2000, to the present, focusing on effer-
ocytosis, autoimmune disease pathogenesis, regulatory mechanisms governing efferocytosis, and 
potential treatments targeting this process. Our review highlights the key molecules involved in 
different stages of efferocytosis—namely, the “find me,” “eat me,” and “engulf and digest” pha-
ses—while elucidating their relevance to autoimmune disease pathology. Furthermore, we 
explore the therapeutic potential of modulating efferocytosis to restore immune homeostasis and 
mitigate autoimmune responses. By providing theoretical underpinnings for the targeting of 
efferocytosis in the treatment of autoimmune diseases, this review contributes to the advance-
ment of therapeutic strategies in this field.   

1. Introduction 

The term “efferocytosis” is derived from the Greek word “effere,” meaning the taking of a corpse to the grave. The cellular process 
of efferocytosis comprises the removal of apoptotic cells (ACs) by efferocytes [1]. Billions of cells die and are renewed daily, and their 
timely removal is an important process. Efferocytosis involves various stages, including the “find me,” “eat me,” and “engulf and 
digest” steps, and unique receptors and ligands can be categorized according to the stage of the process in which they participate [2]. 

Efferocytosis is typically performed by professional phagocytes (macrophages and dendritic cells [DCs]); however, non- 
professional phagocytes (epithelial cells and fibroblasts) can also contribute to this process. The rapid removal of ACs prevents sec-
ondary necrosis, whereas phagocytes that have engulfed ACs undergo further reprogramming to accelerate inflammation resolution 
and promote tissue repair [3,4]. However, the dysregulation or dysfunction of efferocytosis can result in the secondary necrosis of 
accumulated ACs and the corresponding release of inflammatory mediators. In addition, undegraded ACs release autoantigens, which 
can stimulate autoantibody production [5]. Consequently, impaired AC clearance is associated with various autoimmune diseases 
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Abbreviations 

AC apoptotic cell 
DC dendritic cell 
SLE systemic lupus erythematosus 
IBD inflammatory bowel disease 
RA rheumatoid arthritis 
PANX1 pannexin 1 
EPO erythropoietin 
EPOR erythropoietin receptor 
PtdSer phosphatidylserine 
BAI1 brain-specific angiogenesis inhibitor 1 
TIM T-cell immunoglobulin mucin 
MFGE8 milk fat globule-EFG factor 8 
GAS6 growth arrest-specific 6 
ELMO1 engulfment and cell motility protein 1 
DOCK180 dedicator of cytokinesis protein 1 
CD47 cluster of differentiation 47 
SIRPα signal-regulatory protein alpha 
ITIM immunoreceptor tyrosine-based inhibitory motif 
ARG1 arginase 1 
ODC ornithine decarboxylase 
AAM alternatively activated macrophage 
IL interleukin 
ERK1/2 extracellular signal-regulated kinase 1/2 
DUSP4 dual-specificity phosphatase 4 
SAM S-adenosine methionine 
DNMT3A DNA methyltransferase-3A 
FAO fatty acid oxidation 
DRP1 dynamin-related protein 1 
SPM specialized pro-resolving mediator 
ALOX15 arachidonic acid 15-lipoxygenase 
Rv resolvin 
Th T helper 
Treg T regulatory cell 
STAT6 signal transducer and activator of transcription-6 
TSG6 TNF-α stimulated gene-6 
sTAM soluble TAM 
ADAM a disintegrin and metalloproteinase 
LXA4 lipoxin A4 
BCA biochanin A 
Ang angiotensin 
SCARF1 scavenger receptor class F member 1 
Ig immunoglobulin 
BMDM bone marrow-derived macrophage 
UC ulcerative colitis 
CD Crohn’s disease 
IEC intestinal epithelial cell 
CHEF chimeric efferocytosis receptor 
SS Sjögren’s syndrome 
DAMP damage-associated molecular pattern 
TLR Toll-like receptor 
T1D type 1 diabetes 
NOD non-obese diabetic 
iDC immature DC 
SSc systemic sclerosis 
MDM monocyte-derived macrophage 
SR scavenger receptor 
ITGβ5 integrin beta 5 
TGF-β transforming growth factor β 
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(Fig. 1), including systemic lupus erythematosus (SLE), inflammatory bowel disease (IBD), and rheumatoid arthritis (RA). 
Herein, we provide an overview of the general process of efferocytosis and associated molecular components, with a focus on their 

potential roles in autoimmune disease pathology. Finally, we explore the potential of efferocytosis as a novel therapeutic target for 
autoimmune diseases. 

2. Stages of efferocytosis 

2.1. “Find me” signals 

Efferocytosis is initiated following the release of chemoattractants by ACs, including nucleotides (ATP and UTP), sphingosine-1- 
phosphate (S1P), fractalkine (CX3CL1), and lysophosphatidylcholine (LPC), which recruit phagocytes, constituting the “find me” 
signal [6–9]. This release precedes the destruction of cell membrane integrity. Most of these chemoattractants are caspase-dependent. 
Caspases—cysteinyl aspartate-specific proteinases—are a family of proteases intricately associated with apoptosis. Nucleotide release 
is mediated through the plasma membrane channel pannexin 1 (PANX1). More specifically, the C terminus of PANX1 serves as the 
shear site of effector caspases (caspase 3/7). Cleavage by caspase 3/7 releases nucleotides from the cytoplasm to the extracellular 
matrix [10]. The released ATP can induce phagocyte migration through the combination with the purinergic receptor P2Y [6]. 
Following cleavage by caspase 3, Ca2+-independent phospholipase A2 (iPLA2) hydrolyzes membranous phosphatidylcholine to LPC 
and arachidonic acid [7]. The release of CX3CL1 by apoptotic lymphocytes is also partially dependent on caspases [9]. Additionally, 
S1P secreted by ACs regulates erythropoietin (EPO) signaling in vivo and in vitro. Erythropoietin receptor (EPOR)-deficient macro-
phages exhibit a decreased capacity to phagocytose ACs. The S1P–EPO–PPARγ pathway is necessary for AC clearance, and murine 
macrophages deficient in Epor or Ppar-γ are associated with an increased risk of developing lupus-like disease [8]. In other words, 
self-antigens result from the failed clearance of ACs, resulting in the production of autoantibodies and, thus, the development of 
autoimmune diseases. 

2.2. “Eat me” signals 

Following the identification of ACs, further signaling initiates the endocytic pathway in phagocytes, i.e., the “eat me” signal. The 
most common signaling receptor associated with this process is phosphatidylserine (PtdSer), which is typically distributed along the 
cytoplasmic side of the plasma membrane. Under the action of flippase (P4 ATPases) and scramblase (TMEM16F and Xkr8), PtdSer is 
rapidly relocated to the outer layer of the plasma membrane during apoptosis to further activate related receptors [1]. Subsequently, 
ACs expressing PtdSer are recognized by engulfment receptors, including stabilin-2, brain-specific angiogenesis inhibitor 1 (BAI1), 
T-cell immunoglobulin mucin-1 (TIM1), and TIM4 [11–13]. Alternatively, bridging molecules, including protein S (PROS1), milk fat 
globule-EFG factor 8 (MFGE8), and growth arrest-specific 6 (GAS6), can create physical connections between the TAM (TYRO3, AXL 
and MERTK) family receptor tyrosine kinases (RTKs) on the phagocytes and PtdSer on the AC. In TAM receptor-expressing macro-
phages, TIM4 can strongly enhance PROS- or GAS6-mediated efferocytosis [14]. Following activation of the “eat me” signal in 
phagocytes, engulfment and cell motility protein 1 (ELMO1) and dedicator of cytokinesis protein 1 (DOCK180) cooperatively function 
as guanine nucleotide exchange factors of the small GTPase RAC. Subsequently, ELMO-Dock180-Rac triggers related signaling 
pathways, leading to actin polymerization and cytoskeletal rearrangement [15]. Simultaneously, cluster of differentiation 47 (CD47) 
expression on the surface of healthy cells conveys the “do not eat me signal.” Thus, combining CD47 with the signal-regulatory protein 
alpha (SIRPα) receptor suppresses myosin rearrangement-mediated phagocytosis via SIRPα phosphorylation of immunoreceptor 
tyrosine-based inhibitory motifs (ITIMs) [16]. In this way, phagocytes can differentiate normal cells from apoptotic neighbors. 
Additionally, it is worth noting that lysophosphatidylserine (lysoPS) produced by neutrophils can serve as an enhancer of efferocytosis. 
On one hand, as a cone-shaped lipid, lysoPS itself may facilitate the flip-flop across the membrane, potentially enhancing its own 
exposure as well as promoting the activation of downstream signaling pathways associated with PtdSer [17]. Moreover, lysoPS can 
bind to the G-protein coupled receptor G2A, ultimately leading to a PKA-dependent augmentation of Rac1 activity. However, it is 
important to emphasize that lysoPS alone, such as when added to live cells, does not induce efferocytosis [18]. 

2.3. Post-engulfment 

Following engulfment, phagocytes, primarily macrophages, upregulate pro-resolving mediators and actin rearrangement/cell 
motility genes while downregulating pro-inflammatory genes [19]. To achieve this, macrophages utilize AC-derived metabolites for 
metabolic immune reprogramming and phenotypic transformation. 

GPA granulomatosis with polyangiitis 
PR3 proteinase 3 
CRT calreticulin 
G-CSF granulocyte colony-stimulating factor 
MS multiple sclerosis  
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2.3.1. AC-derived metabolites 
AC-derived amino acids, including arginine and ornithine, increase the amino acid content in macrophages after engulfment [20]. 

Indeed, arginine and ornithine serve as important precursors for polyamine synthesis. Polyamines, including putrescine, spermidine, 
and spermine, are aliphatic cations in all living cells. Their positive charge facilitates the binding of polyamines to DNA, RNA, and 
nuclear proteins, which supports cell proliferation. Polyamines also function as immunomodulators to suppress inflammation [21]. 

AC-derived arginine is converted by arginase 1 (ARG1) and ornithine decarboxylase (ODC) into putrescine. The 
ARG1–ODC–putrescine pathway primarily occurs within alternatively activated macrophages (AAMs, i.e., M2 macrophages). Pu-
trescine promotes HuR-mediated Mcf2 mRNA stability, which further upregulates Dbl, resulting in RAC1 activation and continual 
efferocytosis. Persistent efferocytosis, mediated by the ARG1–ODC–putrescine pathway in AAMs, is particularly important in a high- 
AC burden environment. A lack of ARG1 or ODC can impair the resolution of atherosclerosis [22]. ODC-dependent putrescine synthesis 
in macrophages sustains MerTK expression to resolve inflammation via the downstream ERK–AP1–IL-10 pathway [23]. Spermidine 
and spermine are also elevated in naïve and inflammatory macrophages during efferocytosis but not in response to the AC-derived 
arginine synthetic pathway. In fact, naïve and inflammatory macrophages import polyamines from the extracellular space via 
RAC1 activation during efferocytosis. Notably, elevated spermidine and spermine import can also suppress interleukin (IL)-1β and IL-6 
production by inflammatory macrophages [20]. 

AC-derived methionine also plays an important role in maintaining tissue resolution. That is, the initial interaction between ACs 
and macrophages triggers the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway, which induces Ptgs2 expression, thereby 
activating the downstream COX2–PGE2–TGFβ1 pathway. However, ERK1/2 must also evade the inhibitory effects of dual-specificity 
phosphatase 4 (DUSP4). To achieve this, AC-derived methionine is converted to S-adenosine methionine (SAM), which methylates 
Dusp4 under the catalyzation of DNA methyltransferase-3A (DNMT3A), achieving the epigenetic repression of Dusp4 and maintaining 
p-ERK1/2 activity. Moreover, phagolysosomal DNASE2A hydrolyzes AC-derived DNA into oligonucleotides, which further activates 
the DNA–PKC–mTORC2/Rictor pathway. The mTORC2–Akt and MerTK–ERK1/2 pathways then function to enhance Myc expression. 
MYC drives macrophage proliferation by elevating BHLHE40 and downregulating c-MAF. These proliferative macrophages have a pro- 
resolving phenotype, characterized by the secretion of IL-10 and TGF-β and enhanced efferocytosis ability. However, efferocytosis does 
not trigger the proliferation of inflammatory macrophages, as this pro-proliferative process can only occur in naïve and resolving 
macrophages [4,24]. 

Increases in fatty acid metabolism and oxygen consumption in macrophages ultimately lead to increased IL-10 production. 
Mitochondrial fatty acid oxidation (FAO) is related to the electron transport chain. Sufficient NAD+ ensures the activity of the NAD+- 
dependent deacetylase, SIRT1, which facilitates binding of the transcription factor PBX-1 to the IL10 promoter [25]. Meanwhile, 
AC-derived cholesterol accumulation in macrophages activates LXR, which further induces MerTK expression, simultaneously 

Fig. 1. The molecules involved in efferocytosis in different diseases and their disease association.  
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providing positive feedback to promote further AC uptake and the production of pro-repair factors, such as IL-10 and TGF-β [26]. 
Although there is a dearth of data regarding the regulatory effects of AC-derived glucose on efferocytosis, SLC2A1 (GLUT1)—a 

transporter responsible for regulating extracellular glucose uptake—is reportedly upregulated during efferocytosis. Moreover, glucose 
intake promotes actin polymerization and cytoskeletal rearrangement in pro-resolving macrophages. Nevertheless, additional 
investigation is warranted to characterize the precise mechanisms by which AC-derived glucose enhances glycolysis in macrophages 
[19]. 

2.3.2. Phenotypic reprogramming 
Efferocytosis causes the macrophage phenotype to shift in a favorable direction. This includes a progressive increase in the ability 

to internalize subsequent ACs, i.e., continual efferocytosis [22]. When the number of ACs exceeds that of macrophages markedly, 
continual efferocytosis ensures efficient clearance. Recent studies have partially characterized the mechanism by which 
efferocytosis-induced glycolysis regulates continual efferocytosis in pro-resolving macrophages. AC endocytosis activates the down-
stream TXNIP-PFKFB2-mediated glycolytic pathway. A product of transiently enhanced glycolysis, lactate, promotes the expression of 
the “eat me” receptors MerTK and LRP1 in a calcium-dependent manner, culminating in continual efferocytosis [27]. Furthermore, AC 
engulfment activates dynamin-related protein 1 (DRP1); DRP1-mediated mitochondrial fission also participates in continual effer-
ocytosis. Mitochondrial fission increases the cytoplasmic calcium content by preventing excessive MCU-mediated calcium chelation, 
ensuring rapid AC degradation and subsequent calcium-dependent vesicular transport, both necessary for high-load efferocytosis [28]. 
Moreover, putrescine production from AC-derived arginine and ornithine enhances continual efferocytosis by increasing RAC1 acti-
vation [22]. 

Efferocytosis promotes the biosynthesis of specialized pro-resolving mediators (SPMs), including lipoxins and resolvin [29], which 
suppress and/or resolve inflammation. Sterol intermediates in macrophages activate LXR to regulate SPM expression in pro-resolving 
macrophages. More specifically, following AC engulfment, LXR increases the expression of arachidonic acid 15-lipoxygenase 
(ALOX15), which is required for SPM synthesis [30]. Newly generated SPMs stimulate the transformation of macrophages into 
AAMs, contributing to inflammation resolution [31]. Similarly, phagocytes increase resolvin D1 (RvD1), D2 (RvD2), and E2 (RvE2) 
biosynthesis via efferocytosis [32]. In fact, RvD1 partially enhances the efferocytosis effect by stabilizing MerTK expression in mac-
rophages [33]. RvD1 also activates CDC42, a GTPase involved in the “eat me” signal and engulfment stages. That is, CDC42 stimulates 
macrophage calreticulin release, effectively tagging necrotic cells and activating actin. The labeled necrotic cells are then rapidly 
engulfed. During this RvD1-mediated clearance of dead cells, the release of the macrophage pro-inflammatory factor CXCL1 is 
inhibited [34]. The disruption of SPM synthesis represents a central mechanism in the pathogenesis of many chronic diseases. 

AAMs, also known as M2 macrophages, are polarized by the T helper 2 (Th2) cytokines IL-4 and IL-13, among other factors, 
including apoptotic neutrophils, IL-10, and glucocorticoids. Efferocytosis could also direct the polarization of macrophages toward the 
M2 phenotype (AAMs) [4,24]. Efferocytosis is considered a distinct feature of M2 macrophages. Human monocyte-derived macro-
phages undergo enhanced efferocytosis in the presence of IL-10 [22,35]. This process is initiated via IL-13 secretion by T regulatory 
cells (Tregs), which stimulates IL-10 production in macrophages. Then, IL-10 induces the production of the guanine nucleotide ex-
change factor VAV1 by macrophages in an autocrine/paracrine manner, activating RAC1 to achieve optimal AC internalization [36]. 
Indeed, Treg activation is required for macrophages to promote inflammatory resolution and atherosclerotic plaque regression [37]. 
Conversely, M2 macrophages secrete anti-inflammatory cytokines like TGF-β and IL-10, which further activate Tregs [38]. Tregs are 
critical for maintaining immune tolerance, and their dysregulation is a characteristic feature of autoimmune disorders, often associated 
with deficiencies in both the number and function of Treg cells [39,40]. The synergy between efferocytosis and Treg activation un-
derscores their interconnected roles in immune response regulation and tissue homeostasis maintenance. Impaired efferocytosis 
perpetuates inflammation, contributing to the development of the chronic inflammatory milieu typical of autoimmune disorders. 

Additionally, IL-4 produced by eosinophils and basophils participates in M2 polarization, the upregulation of efferocytosis, and 
inflammatory resolution [41,42]. By activating downstream transcription factor signal transducer and activator of transcription-6 
(STAT6), IL-4 and TNF-α stimulated gene-6 (TSG6) induce the polarization of alveolar macrophages toward an anti-inflammatory 
phenotype, leading to GAS6 upregulation and the rapid clearance of apoptotic neutrophils from the lungs in inflammatory lung 
injury [43]. In this way, ACs and Th2 cytokines act synergistically to enhance the anti-inflammatory and pro-resolving phenotypes of 
macrophages, further illustrating the complementary relationship between M2 macrophage polarization and efferocytosis [44]. The 
impairment of continual efferocytosis causes sustained inflammation, creating a chronic inflammatory environment, characteristic of 
autoimmune disorders. 

3. Associations between efferocytosis and autoimmune diseases 

3.1. Rheumatoid arthritis 

RA is a chronic and systemic disease of unknown etiology, mainly presenting with inflammatory synovitis. It is characterized by 
multi-articular, symmetrical, and invasive inflammation of the small joints of the hand and foot, often accompanied by involvement of 
extra-articular organs and positive serum rheumatoid factors, which can ultimately lead to joint deformity and loss of function [45]. 
Although impaired efferocytosis and elevated AC levels have been observed in the synovial tissue of patients with osteoarthritis [46], 
comprehensive evaluations of efferocytosis within RA synovial tissue are lacking. Inflammatory cytokines, including IL-1β, IL-6, IL-8, 
and TNF-α, have important roles in the pathogenesis of RA. Defects in intracellular DNaseII can cause RA-like symptoms, including 
joint swelling and pannus formation, in animal models. Moreover, a loss of DNaseII impairs the ability of macrophages to digest 
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AC-derived DNA, thereby activating TNFA, which increases the expression of myriad inflammatory cytokines (IL-1β, IL-6, TNF-α, etc.) 
in synovial fibroblasts [47]. 

Membrane-bound TAM receptors (Tyro3, Axl, and MerTK) can be modified to generate soluble TAM (sTAM) receptors (sTyro3, 
sAxl, and sMerTK). More specifically, “a disintegrin and metalloproteinases” (ADAMs), including ADAM10 and ADAM17, cleave the 
extracellular domain of transmembrane proteins through proteolysis, enabling them to take on a soluble form. These ADAMs are the 
major enzymes associated with sAxl and sMer production and are significantly elevated in the serum, synovial tissue, and synovial fluid 
of patients with RA [48,49]. Additionally, sTyro3 and sMer are significantly elevated in the synovial fluid of patients with RA. sTyro3 
levels are positively correlated with systemic disease activity [50]. Notably, synovial sTyro3 is a more reliable measure of the severity 
of RA joint inflammation than plasma sTyro3 [51], supporting the essential role of synovial sTyro3 in the pathology of RA. Addi-
tionally, the restriction of MerTK cleavage and exfoliation promotes SPM biosynthesis and inflammation resolution [52]. sMer can act 
as a decoy receptor for GAS6 to inhibit the GAS6-mediated membrane-binding Mer signaling pathway, further inhibiting AC clearance 
by macrophages [53]. However, although sMer can bind GAS6, it does not fully antagonize GAS6 activity; hence, the role of decoy 
receptors is very limited [54]. 

Bone marrow edema—an early marker of RA—occurs in Tyro3/Axl/Mertk-deficient mice [55]. In inflammatory arthritis, K/BxN 
mice with Mertk knockdown exhibit progressive arthritis pathologies. The administration of MER-specific agonistic antibodies to CIA 
mice contributes to the exacerbation of arthritis accompanied by increased ACs in joints and elevated serum IL-16C levels [56]. This 
suggests that the administration of MER-specific agonistic antibodies inhibits MerTK-mediated efferocytosis, resulting in the impaired 
uptake of apoptotic neutrophils in the joints. Consequently, ACs accumulate, undergo secondary necrosis, and release 
pro-inflammatory factors, including IL-16C and TNF-α. Indeed, MerTK-mediated efferocytosis plays a crucial role during arthritis, 
suggesting that targeting this pathway is a possible therapeutic strategy. Activation of MER via the upregulation of its ligand, PROS1, 
alleviates arthritic symptoms. However, considering that PROS1 and C4b combine to form a non-covalent complex in vivo and in vitro, 
PROS1 is not advised for the treatment of patients with RA [57]. The synthesis of analogs may overcome the disadvantages of PROS1, i. 
e., its strong anticoagulant activity and short half-life. Considering that TAM receptors regulate myriad signaling pathways in vivo, 
including downregulating pyroptosis, inhibiting inflammatory cytokine expression, and enhancing efferocytosis and necroptosis [58, 
59], identifying the role of the TAM/efferocytosis axis in RA development and its upstream regulatory factors will inform the 
development of improved targeted therapeutic strategies. 

Efferocytosis-released cytokines exhibit pro-resolutive and pro-efferocytosis properties. In fact, in CIA arthritis, treatment with the 
efferocytosis-derived cell supernatant (SuperMApo) effectively alleviates symptoms and prevents disease progression. SuperMApo 
induces plasmacytoid DC and macrophage immune reprogramming, thereby promoting Treg auto-antigen-specific induction [60]. 
Likewise, a cocktail of apoptotic metabolites reduces K/BxN arthritis symptoms [61], while an AC infusion significantly reduces the 
clinical arthritis score in CIA mice. AC administration effectively reprograms ACs and inhibits T-cell responses to autoantigens by 
selectively inducing collagen-specific Tregs. Moreover, anti-TNF-α antibodies function synergistically with apoptosis-based therapies 
[62]. Collectively, these therapies induce the production of specific Tregs to regulate the overall immune response. However, while the 
infusion of ACs during the induction phase of CIA significantly alleviates disease severity, AC administration after CIA onset is not 

Table 1 
Autoimmune animal model gene mutations during efferocytosis.  

Molecule/protein Efferocytosis 
phase 

Genetically-modified murine model Phenotype 

EPOR [8] “Find me” Epor− /− mice Age-dependent lupus-like symptoms 
G2A [78] “Find me” G2A− /− mice Lymphocytic infiltration into various tissues 

Lupus-like glomerulonephritis 
Anti-nuclear autoantibodies 

Mertk [79,80] “Eat me” Mertk − /− mice Lupus-like glomerulonephritis 
Anti-nuclear autoantibodies 
Sjögren’s syndrome-like symptoms 

Tyro3/Axl/Mertk 
[55] 

“Eat me” Tyro3/Axl/Mertk-deficient mice Systemic lupus erythematosus, pemphigus vulgaris, and 
rheumatoid arthritis 
Anti-nuclear autoantibodies 

Xkr8 [81] “Eat me” MR-Xkr8− /− mice Rising effector CD4+ T cells 
Lupus-like glomerulonephritis 

C1q [75] “Eat me” C1qa− /− mice Uncleared ACs 
Lupus-like glomerulonephritis 

MFG-E8 [82] “Eat me” MFG-E8 − /− mice Splenomegaly 
Anti-nuclear autoantibodies 
Lupus-like glomerulonephritis 

DNase II [83] Post-engulfment DNaseII− /− IFNaR− /− double knockout 
(DKO) mice 

Inflammatory polyarthritis 

PPARγ, RXRα [84] Post-engulfment mice lacking macrophage PPARγ or RXRα Lupus-like glomerulonephritis 
Anti-nuclear autoantibodies 

LXR [26] Post-engulfment Lxr αβ− /− mice Age-dependent splenomegaly 
Lupus-like glomerulonephritis 
Immunoglobulin deposition in other organs including lungs and 
skin  
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protective [63]. 
In a model of inflammatory arthritis (K/BxN mice), the intestinal concentrations of several SPMs, including N-3 docosapentaenoic 

acid-derived resolvin D5 (RvD5n-3 DPA), are decreased. Exogenous supplementation with RvD5n-3 DPA exhibits a therapeutic effect in 
inflammatory arthritis [64], mediated by the orphan receptor GPR101 expressed on the macrophage surface. RvD5n-3 DPA binding to 
GPR101 enhances the efferocytosis ability of macrophages [65]. In contrast, Gpr101 knockout polarizes macrophages toward an M1 
pro-inflammatory phenotype [66]. 

Several novel mediators have been designed to promote inflammation resolution in animal models of RA by enhancing macrophage 
efferocytosis. For example, a lipid Lipoxin A4 (LXA4) analog, AT-01-KG, functions as an activator of N-formyl peptide receptor 2 
(FPR2/ALX). AT-01-KG reduces neutrophil accumulation in joints by increasing their apoptosis and subsequent efferocytosis, thereby 
effectively alleviating inflammation [67]. Biochanin A (BCA), a natural organic compound, can modulate inflammatory regression in 
an antigen-induced arthritis rodent model via the GPR30/PKA pathway, leading to reduced neutrophil accumulation and enhanced 
neutrophil apoptosis and macrophage efferocytosis [68]. Similarly, angiotensin-(1–7) (Ang- [1–7]) promotes the resolution of 
neutrophil inflammation in an antigen-induced arthritis model by enhancing neutrophil apoptosis. Boosted efferocytosis accelerates 
the clearance of apoptotic neutrophils, accompanied by macrophage reprogramming away from proinflammatory phenotypes [69]. An 
MC1 agonist, PL8177, improves K/BxN arthritis by enhancing macrophage efferocytosis and reducing M1 macrophage polarization 
and inflammatory cytokine release [70]. Additionally, pulsed electromagnetic fields effectively inhibit synovitis by enhancing 
macrophage efferocytosis, which may involve the downregulation of p38 phosphorylation [71]. 

3.2. Systemic lupus erythematosus 

SLE is a diffuse connective tissue disease mediated by autoimmune mechanisms, characterized by the presence of multiple auto-
antibodies in the serum and involving multiple organs and organ systems. AC accumulation, caused by impaired non-inflammatory 
phagocytosis, is a pathological feature of SLE [72,73]. Various autoantibodies, represented by antinuclear antibodies, are present 
in the serum of patients with SLE. Many knockout mice in which the efferocytosis process is targeted exhibit lupus-like symptoms 
(Table 1). Additionally, the complement component C1q is closely associated with the pathogenesis of SLE. The globular head of C1q 
can bind to ACs, acting as a bridging molecule in the “eat me” signal to promote efferocytosis [74]. C1q mutations are a susceptibility 
factor for SLE. C1qa− /− mice exhibit the accumulation of ACs and lupus-like glomerulonephritis [75]. Indeed, the impaired uptake of 
ACs in patients with SLE is associated with C1q, consistent with the reported reduction in serum C1q levels in these patients [76]. In 
addition, anti-C1q antibodies are highly associated with the pathological progression of lupus nephritis. Hence, although anti-C1q 
antibodies can bind C1q on the surface of early ACs, they also enhance activation of the classical complement pathway, triggered 

Table 2 
Potential efferocytosis therapeutic targets in various autoimmune diseases.  

Disease Treatment Efferocytosis association Reference 

Rheumatoid arthritis SuperMApo Efferocytosis-released cytokines [60] 
AC infusion Directly promote efferocytosis [62] 
SPMs Stimulant effect on efferocytosis [60] 
AT-01-KG Reduce neutrophil accumulation, enhance neutrophil 

apoptosis and macrophage efferocytosis 
[67] 

Biochanin A [68] 
Angiotensin-(1–7) [69] 
PL8177 Reduce M1-like macrophage polarization and enhance 

macrophage efferocytosis 
[70] 

Pulsed electromagnetic field Enhance macrophage efferocytosis [71] 
Systemic erythematosus Combined inhibition of ADAM10/ADAM17 Reduce sAXL production [85] 

IgG deletion Reduce autoantibodies against the “eat me” receptor SCARF1 [86] 
Exosomes from bone marrow mesenchymal stem cells miR-16 and miR-21 enhance ACa clearance [87] 
PS-lipos-AuNC@T0901317 Targeted enhancement of macrophage LXR activation leading 

to rapid AC clearance 
[88] 

Idiopathic inflammatory 
bowel 

BELMO TELMO Enhance efferocytosis efficiency and ensure AC utilization 
after efferocytosis 

[89] 

Single infusion of AC Directly promote efferocytosis [90] 
SuperMApo Efferocytosis-released cytokines [91] 
ChemR23 Reduce neutrophil accumulation, enhance neutrophil 

apoptosis and macrophage efferocytosis 
[92] 

AON [93] 
Type 1 diabetes Dendritic cells pulsed with antigen-specific apoptotic 

bodies 
Rehabilitate specific immune tolerance [94] 

rMFG-E8 Accelerate dead cell removal to promote wound healing [95] 
liposomes containing PtdSer, β-cell autoantigens, and 
human insulin peptide 

Rehabilitate specific immune tolerance [96] 

Systemic sclerosis rMFG-E8 Significantly improve lung and skin fibrosis in bleomycin- 
induced fibrosis mouse models 

[97] 

ROCK inhibitor Y27632 Reverse efferocytosis damaged by SiO2 [98] 
Ruxolitinib Significantly improve lung and skin fibrosis in bleomycin- 

induced fibrosis mouse models 
[99]  

a AC, apoptotic cell. 
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by immune complexes [77]. Given that multiple ligands and receptors transmit “eat me” signals, it is necessary to definitively ascertain 
the extent to which C1q-mediated efferocytosis contributes to the pathological mechanisms of SLE (see Table 2). 

LPC—a chemoattractant—functions in the “find me” stage of efferocytosis. Serum levels of LPC are significantly elevated in pa-
tients with SLE, particularly in those with vascular or renal involvement. The first established step of efferocytosis is the release of LPC 
from ACs, creating a local LPC gradient to attract macrophages. The current hypothesis is that high serum levels of LPC directly 
neutralize the local LPC gradient in patients with SLE, preventing macrophages from homing to ACs and, ultimately, contributing to 
impaired efferocytosis [100]. 

The phosphatidylserine-specific phospholipase A1 (PS-PLA1) catalyzing lysoPC generation has been found to be elevated in the 
serum of patients with SLE and is associated with SLE disease activity, suggesting its potential as a biomarker for monitoring SLE 
disease activity [101]。Additionally, upregulation of the PLA1A gene has been observed in patients with discoid lupus erythematosus 
[102]。PLA1A can mask PtdSer by hydrolyzing it on apoptotic cells, thereby interfering with the resolution of inflammation [103]。 
While lysoPC generated can enhance efferocytosis, it does not directly induce efferocytosis. 

Scavenger receptor class F member 1 (SCARF1), expressed by phagocytes, is responsible for binding and engulfing ACs. In the 
serum of patients with SLE, the level of anti-SCARF1 autoantibodies is correlated with the ability to clear ACs. These autoantibodies 
can block the progression of efferocytosis-related pathways, leading to impaired AC clearance and further promoting the accumulation 
of secondary necrotic cells and inflammation [86]. Immunoglobulin (Ig)G depletion to ensure the blockade of autoantibodies against 
SCARF1 enhances efferocytosis in SLE serum [86]. Similarly, purified anti-Tyro3 IgG suppresses efferocytosis in macrophages. 
Different from other autoimmune diseases (RA and pSS), in SLE, the levels of IgG-type autoantibodies against the Tyro3 receptor 
increase markedly as disease activity increases. As such, serum anti-Tyro3 IgG titers might represent an effective biomarker for SLE 
[104]. 

Serum levels of sTAM receptors (sTyro3, sAxl, and sMerTK) are also increased in patients with SLE [105–107]. The production of 
sAxl in the macrophages of mice with lupus and the peripheral blood mononuclear cells of patients with SLE is mediated by ADAM10 
and ADAM17. Accordingly, combined ADAM10/ADAM17 inhibition might represent an effective treatment option [85]. 

Exosomes from bone marrow mesenchymal stem cells promote macrophage polarization toward the M2 phenotype by delivering 
miR-16 and miR-21, contributing to enhanced AC clearance and the alleviation of SLE nephritis in a mouse model of lupus [87]. LXR 
promotes efferocytosis. The inclusion of an LXR agonist in an AC-mimetic gold nanocage (PS-lipos-AuNC@T0901317) effectively 
targeted macrophages in mice with SLE, significantly enhancing MerTK expression and efferocytosis in bone marrow-derived mac-
rophages (BMDMs) and splenic macrophages. Moreover, compared to the direct delivery of a conventional LXR agonist (T0901317), 
PS-lipos-AuNC@T0901317 significantly prevented SLE progression by rapidly clearing ACs and reducing autoantibody titers and 
pro-inflammatory cytokine production. Hence, targeting LXR enhancement in macrophages, rather than pan-LXR enhancement, to 
improve efferocytosis represents a potential therapeutic direction for SLE [88]. 

3.3. Inflammatory bowel disease 

IBD is an idiopathic disease that includes ulcerative colitis (UC) and Crohn’s disease (CD). The primary treatment strategy includes 
inhibiting the production of inflammatory cytokines (IL-1 or TNF-α). However, accumulated ACs are also present within the intestinal 
tissues in IBD, the primary cause of which is posited to be impaired efferocytosis. Under normal physiological conditions, CD300f 
positively regulates the efficient clearance of ACs by macrophages and negatively regulates DC-mediated efferocytosis, which involves 
TNF-α production. A CD300f deficiency limits the macrophage-mediated clearance of ACs. Elevated DC-mediated efferocytosis 
continuously generates TNF-α, which inhibits macrophage efferocytosis, while promoting IFN-γ production in Cd300f− /− mouse in-
testinal mucosal cells. Thus, a CD300f deficiency exacerbates colitis and impedes inflammation resolution [108]. 

In mice with DSS-induced colitis, BAI1 knockout resulted in enhanced colonic inflammation accompanied by increased AC 
accumulation and inflammatory cytokines. By contrast, BAI1 overexpression attenuated DSS-induced colitis via the BAI1-induced 
activation of the ELMO-DOCK1 complex downstream of efferocytosis and promotion of AC internalization. However, this effer-
ocytosis activity may rely primarily on non-professional phagocytes, in particular, colonic epithelial cells [109]. Indeed, the thera-
peutic potential of targeting enhanced non-professional phagocyte intestinal epithelial cell (IEC) efferocytosis in enterocolitis warrants 
further investigation. 

A chimeric efferocytosis receptor (CHEF) was recently designed as a truncated cytoplasmic tail of PtdSer receptors (BAI1 and TIM4) 
fused to ELMO1, a signaling intermediate downstream of efferocytosis. These two CHEFs were designated BELMO and TELMO. BELMO 
improves the efferocytosis efficiency substantially via the ELMO–DOCK180–RAC pathway and improves proteostasis, thus ensuring 
the utilization of ACs following endocytosis. The targeting of BELMO to IECs effectively alleviates DSS-induced colonic pathology and 
decreases the expression of pro-inflammatory factors in the intestine accompanied by IL-10 upregulation. Although adeno-associated 
virus vector-mediated gene delivery is a successful strategy for BELMO targeted therapy, additional research is necessary to optimize 
its delivery [89]. 

Additionally, a single AC infusion can inhibit macrophage NF-κB and NLRP3-inflammasome activation, thereby alleviating the 
clinical symptoms and histopathology of DSS-induced colitis. The downregulation of the NLRP3–IL-1β pathway involves a reduction in 
the production of reactive oxygen species, stabilization of lysosomes, and negative regulation of K+ efflux [90]. The administration of 
efferocytosis-released cytokines (SuperMApo) controls IBD progression and reduces inflammatory cell infiltration. SuperMApo also 
induces IEC proliferation and activates local fibroblasts in vivo to restore intestinal barrier permeability [91]. ChemR23, a GPCR 
targeted by resolvin E1, is overexpressed in inflamed colonic tissues of patients with severe IBD. Administration of an anti-ChemR23 
agonist reduces neutrophil migration, enhances neutrophil apoptosis, and continuously enhances macrophage efferocytosis. Thus, 
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ChemR23 monoclonal antibody treatment rapidly resolves neutrophil-associated enteritis, including in DSS-induced colitis and 
trinitro-benzene-sulfonic acid-induced mouse models [92]. Finally, an oxidation-responsive nanoparticle containing a mimetic peptide 
of the pro-resolving annexin A1 active terminal peptide Ac2-26 (AON) significantly downregulates pro-inflammatory mediators and 
inflammatory cell infiltration, thus promoting apoptotic neutrophil clearance and switching to the pro-resolving macrophage 
phenotype, effectively alleviating DSS-induced colitis [93]. 

3.4. Sjögren’s syndrome 

Sjögren’s syndrome (SS) is an autoimmune disease characterized by reduced secretion by the lacrimal and salivary glands. 
Increased apoptosis of salivary gland epithelial cells and impaired efferocytosis have been detected in patients with SS and a murine 
model [110,111]. This reduction in efferocytosis involves a decrease in the phagocytosis of peripheral blood mononuclear cells and 
macrophages in patients, likely due to the presence of serum IgG anti-AC antibodies, which interfere with the phagocytic clearance of 
ACs [112]. ACs that are not phagocytosed release DNA and other self-antigens, which act as damage-associated molecular patterns 
(DAMPS) and trigger Toll-like receptors (TLRs), further activating the inflammatory immune response. Moreover, SS mouse-derived 
BMDMs produce inflammatory cytokines upon AC stimulation, primarily due to the decreased ability of BMDMs to clear ACs, leading 
to intracellular content overflow and TLR activation in macrophages. This abnormal inflammatory response can be reversed via TLR7 
and TLR9 inhibition [113]. However, characterizing the origin of IgG anti-AC antibodies may inform the design of improved strategies 
to target and improve impaired efferocytosis in SS. Moreover, damaged efferocytosis in SS is thought to be associated with elevated 
serum activity of ADAM17, which cleaves MerTK to form sMer. Indeed, patients with SS exhibit elevated levels of sMer in the plasma. 
In a murine model, MerTK knockdown resulted in submandibular gland pathology similar to SS, along with a decrease in salivary flow 
and the presence of positive antinuclear antibodies [80]. In general, AC accumulation is not only a consequence of autoimmune re-
sponses but also a driver of inflammatory signaling, further exacerbating disease progression. 

3.5. Type 1 diabetes 

Type 1 diabetes (T1D) is caused by autoreactive T cell-mediated pancreatic islet β cell destruction and a consequent deficiency in 
insulin production. In particular, a lack of T cell tolerance to autoantigens is an important contributor to the pathogenesis of T1D. 
However, macrophages of a T1D animal model, non-obese diabetic (NOD) mice, exhibit defective efferocytosis in vivo and in vitro, 
accompanied by a significant increase in apoptotic β cells in the pancreas of newborns [114,115]. Apoptotic pancreatic cell accu-
mulation may lead to increased necrosis and inflammation as well as the release of autoantigens. A common feature of T1D and T2D is 
slowed wound healing. Efficient efferocytosis may promote inflammation regression and wound healing through the rapid clearance of 
dead cells. However, high levels of pro-inflammatory factors and low expression of anti-inflammatory factors in diabetic wounds are 
responsible for the inefficient phagocytosis of dead cells by local macrophages [116]. Furthermore, a hyperglycemic environment and 
late glycation end products may inactivate MFG-E8, a bridging molecule during efferocytosis, further delaying diabetic wound healing. 
In fact, topical rMFG-E8 has demonstrated significant potential in the treatment of diabetic wounds [95]. However, the ideal therapy 
for T1D lies in the re-establishment of immune tolerance to islet β cells, which can be achieved by exploiting ACs to reprogram DCs for 
specific immune tolerance [117]. Immature DCs (iDCs) derived from the bone marrow of NOD mice and pulsed with antigen-specific 
β-cell apoptotic bodies express lower levels of the co-stimulatory molecules CD40 and CD86 on their surface and produce reduced 
pro-inflammatory cytokine levels. The administration of tolerogenic DCs to NOD mice significantly reduced the incidence of T1D and 
decreased the occurrence of islet inflammation [94]. Another approach involves the synthesis of liposomes containing PtdSer, β-cell 
autoantigens, and human insulin peptide. Liposomes inhibit DC antigen presentation and T-cell proliferation in samples from patients 
with T1D. This process is accompanied by the upregulation of genes associated with tolerogenic/anti-inflammatory pathways [96]. 
Although these studies provide possible avenues for targeting efferocytosis in T1D treatment, further research is needed. 

3.6. Systemic sclerosis 

Systemic sclerosis (SSc), also known as scleroderma, is a systemic autoimmune disease characterized by limited or diffuse skin 
thickening and fibrosis. Hyperplasia of skin fibers and onion skin changes in blood vessels ultimately lead to skin sclerosis and vascular 
ischemia. Moreover, the efferocytosis of monocyte-derived macrophages (MDMs) from the blood of patients with SSc is impaired and 
characterized by the downregulation of scavenger receptor (SR)-B1, SR-A1, and integrin beta 5 (ITGβ5). Moreover, ITGβ5 knockdown 
exerts a greater inhibitory effect on efferocytosis in MDMs from healthy controls than that of the knockdown of either SR [118]. 
ITGβ5-dependent efferocytosis is mediated by the bridging molecule MFG-E8, which is downregulated in the skin and serum of pa-
tients with SSc. Combined, MFG-E8 and integrin can inhibit potential transforming growth factor β (TGF-β)-induced fibrosis, while 
rMFG-E8 administration to a bleomycin-induced fibrosis mouse model significantly improves lung and skin fibrosis [97]. Hence, 
further research is warranted to elucidate the role of MFG-E8 and integrin binding in efferocytosis within the context of the patho-
genesis of SSc. 

Crystalline silicon (SiO2) inhalation has also been associated with the pathogenesis of SSc. It significantly impairs the efferocytosis 
index of human MDMs and mouse alveolar macrophages in vitro accompanied by an SR-B1-dependent increase in expression. The 
ROCK inhibitor Y27632 reverses the SiO2-induced reduction in efferocytosis. Y27632 also promotes efferocytosis in SSc MDMs [98]. 
Hence, Silica/RhoA/ROCK could represent a potential therapeutic target for SSc. 

Necrosis of accumulated AC triggers antibody production. Immune complexes containing SSc-specific autoantibodies can induce 
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profibrotic and proinflammatory phenotypes in skin fibroblasts, and this transformation is mediated by the interaction of TLRs with 
nucleic acid fragments embedded in SSc-ICs [119]. Furthermore, the JAK-STAT inhibitor ruxolitinib attenuates skin and lung fibrosis 
in a BLM-SSc mouse model and decreases ACs [99]. 

3.7. Granulomatosis with polyangiitis 

Granulomatosis with polyangiitis (GPA), also known as Wegener’s granulomatosis, is characterized by necrotizing inflammation 
and granuloma formation in small vessels. Anti-neutrophil cytoplasmic antibodies can be detected in the serum of patients. Proteinase 
3 (PR3), a serine protease in neutrophil azurophil granules, is expressed on the cell membrane of apoptotic neutrophils and functions as 
a primary target antigen of anti-neutrophil cytoplasmic antibodies [120]. Increased expression of membrane PR3 on neutrophils in 
patients with GPA can impede macrophage efferocytosis [121,122]. Neutrophilic apoptosis is unregulated in GPA, as evidenced by a 
decrease in the proportion of ACs and delayed apoptosis [123]. Consequently, the overabundance of neutrophils expressing membrane 
PR3 is a risk factor for autoimmune vasculitis. That is, PR3 directly binds calreticulin (CRT), thereby blocking the CRT/LRP “eat me” 
signal and delaying the clearance of apoptotic neutrophils. Following their phagocytosis, apoptotic neutrophils expressing PR3 induce 
the increased secretion of inflammatory cytokines by macrophages, including granulocyte colony-stimulating factor (G-CSF) and 
various chemokines and cytokines [124,125]. These inflammatory cytokines further enhance the recruitment and infiltration of local 
inflammatory cells, including macrophages, plasmacytoid DCs, and neutrophils. Furthermore, PR3 disrupts immune silencing asso-
ciated with apoptotic neutrophil clearance, resulting in increased inflammation [125]. It can also impair C1q-enhanced AC engulfment 
[126]. It is important to determine whether other proteins expressed on apoptotic neutrophils regulate impaired efferocytosis in GPA. 

3.8. Multiple sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system; the immune system is 
involved in its onset and progression. Nerve fibers are enveloped by myelin sheaths, which are mistakenly attacked by the immune 
system, leading to axonal injury, demyelination, and the death of oligodendrocytes. Purinergic receptors, including the P2X7 and P2Y 
receptors, are associated with the pathogenesis of MS [127]. However, these receptors are capable of transmitting “find me” and “eat 
me” signals [128,129]. Therefore, establishing a pathological link between efferocytosis and MS is an important future research goal. 

4. Conclusion and perspectives 

Given the direct associations between dysregulated efferocytosis and autoimmune diseases, more in-depth investigations are 
needed to elucidate the underlying mechanisms and develop novel targeted therapies. However, as efferocytosis is an emerging field of 
research, several difficulties and challenges need to be overcome. Firstly, the subdivision of the functions of different types of 
phagocytes in autoimmune diseases has proven challenging. Secondly, research on the relationship between efferocytosis and auto-
immune diseases remains at the cellular and organismal levels. Yet, the intricate and heterogeneous nature of autoimmune disorders 
suggests that impaired efferocytosis represents just one facet of the condition. Consequently, focusing solely on macrophage effer-
ocytosis might not suffice for effective treatment strategies. Therefore, it is imperative to conduct clinical trials to validate preliminary 
findings. A comprehensive understanding of efferocytosis’s role in autoimmune disorders is crucial for informing the development of 
innovative therapeutics in the future. 
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[41] A. Kolbinger, T.J. Schäufele, H. Steigerwald, J. Friedel, S. Pierre, G. Geisslinger, K. Scholich, Eosinophil-derived IL-4 is necessary to establish the inflammatory 

structure in innate inflammation, EMBO Mol. Med. (2022) e16796. 
[42] C. Pellefigues, K. Naidoo, P. Mehta, A.J. Schmidt, F. Jagot, E. Roussel, A. Cait, B. Yumnam, S. Chappell, K. Meijlink, M. Camberis, J.X. Jiang, G. Painter, 
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released by macrophages after efferocytosis promote mucosal wound healing in inflammatory bowel disease, Front. Immunol. 12 (2021) 754475. 
[92] C. Trilleaud, V. Gauttier, K. Biteau, I. Girault, L. Belarif, C. Mary, S. Pengam, G. Teppaz, V. Thepenier, R. Danger, G. Robert-Siegwald, M. Néel, S. Bruneau, 
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