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Abstract
Efferocytosis, the process of clearing apoptotic cells by specialized phagocytes, is essential for maintaining tissue
homeostasis and preventing inflammation. This review explores the intricate mechanisms of efferocytosis, detailing
the sequential stages defined by unique signals: “find-me,” “eat-me,” and the subsequent engulfment and digestion of
dying cells. Specialized phagocytes, primarily macrophages and dendritic cells, utilize an array of receptors to interact
with apoptotic cells, initiating intracellular signaling cascades that promote their clearance. Dysregulation of
efferocytosis can result in deleterious outcomes, contributing to the pathogenesis of various autoimmune diseases,
including systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and inflammatory bowel disease (IBD). In
these conditions, the impaired recognition and clearance of apoptotic cells lead to chronic inflammation, secondary
necrosis, and the release of autoantigens, which trigger autoimmune responses. This review highlights the biochemical
underpinnings of efferocytosis and its significant role in immune regulation, emphasizing its potential as a therapeutic
target for enhancing the resolution of inflammation in autoimmune diseases. Understanding the bidirectional
relationship between efferocytosis and autoimmune pathology may provide novel insights into effective interventions
for these conditions.
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Introduction inflammation and promotes tissue repair [2,3].
Dysregulation or dysfunction of efferocytosis leads to
secondary necrosis of accumulated ACs and
corresponding release of inflammatory mediators, as
timely cell renewal and elimination of dying tissues do
not occur. In addition, undegraded ACs release
autoantigens, which can stimulate the production of
autoantibodies [4,5]. As a consequence, impaired
clearance of ACs is mostly associated with various
autoimmune diseases, including systemic lupus
erythematosus (SLE), inflammatory bowel disease
(IBD), and rheumatoid arthritis (RA) [6,7].

The term "efferocytosis" (Greek "effere", to take a
corpse to the grave, to bury) refers to a cellular process
that involves the removal of apoptotic cells (ACs) by
efferocytes. This process is incredibly important for
the constant renewal of the body's cellular composition
and the maintenance of organ function. Efferocytosis
can be divided into several stages characterized by
their own cellular biological markers, including "find
me," "eat me," and "engulf and digest," unique
receptors and ligands can be categorized based on the
stage of the process in which they are involved [1].
Mechanism of Efferocytosis

Normally, efferocytosis is carried out by specialized
phagocyte cells (more specifically, macrophages and
dendritic cells [DCs]). On the other hand, non-
specialized phagocytes  (epithelial cells and
fibroblasts) may also be involved. Rapid removal of
ACs prevents secondary necrosis, while phagocytes
that have captured ACs undergo further
reprogramming, which accelerates resolution of
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Efferocytosis is a crucial biological process
where apoptotic cells are recognized, engulfed, and
digested by phagocytes. This process maintains tissue
homeostasis and prevents inflammation and
autoimmune responses. The biochemical mechanisms
underlying efferocytosis involve a complex interplay
of signals and receptors [8-11]. The process of
efferocytosis is briefly summarized in Figure 1.
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Figure 1. Key stages of efferocytosis. The
process can be divided into 4 stages: 1) recruitment,
which is based on the distant interaction of “find-me”
signals secreted by apoptotic cell and the receptors on
macrophage (or other phagocyte); 2) recognition,
which is mediated by “eat-me” signals expressed on
the surface of apoptotic cell; 3) internalization; 4)
degradation of apoptotic cell within the phagocyte.

Phagocytes, such as macrophages, have
receptors that recognize these "eat-me" signals.
Among these receptors, the TAM (Tyro3, Axl, and
MerTK) family of receptor tyrosine kinases plays a
significant role. These receptors bind to PS indirectly
through bridging molecules like Gas6 and Protein S
[12,13]. Binding  of  these ligands  to
phosphatidylserine (PS) and the TAM receptors
activates the receptors' tyrosine kinase activity,
initiating a cascade of intracellular signaling
pathways. Upon activation, the TAM receptors
phosphorylate various adaptor proteins and activate

downstream signaling pathways, including the
PI3K/AKT pathway, which promotes actin
cytoskeleton rearrangement necessary for the

engulfment process [14,15]. Additionally, the Racl
GTPase is activated, which further drives cytoskeletal
changes, allowing the phagocyte to extend its
membrane around the apoptotic cell, ultimately
forming a phagosome [16,17].
Within the phagosome, the engulfed apoptotic cell is
transported to lysosomes where it is degraded by
lysosomal enzymes. The degradation products are then
recycled or expelled by the phagocyte [18,19].
Concurrently, efferocytosis triggers anti-
inflammatory signals. For instance, the binding of
apoptotic cells to phagocyte receptors leads to the
production of anti-inflammatory cytokines like
transforming growth factor beta (TGF-B) and
interleukin 10 (IL-10), while suppressing the
production of pro-inflammatory cytokines like tumor
necrosis factor alpha (TNF-a) and interleukin-1 beta
(IL-1B) [20,21]. This shift towards an anti-
inflammatory profile helps prevent an immune
response against the self-antigens of the apoptotic
cells, contributing to immune tolerance and resolution
of inflammation. Moreover, efferocytosis is tightly
regulated by a balance of "find-me" and "don't-eat-
me" signals. Apoptotic cells release soluble factors
such as lysophosphatidylcholine (LPC) and fractalkine
that act as "find-me" signals to attract phagocytes to
the site of cell death [22,23]. Conversely, viable cells
express "don't-eat-me" signals, such as CD47, which
interact with signal regulatory protein alpha (SIRPa)
on phagocytes to inhibit efferocytosis. Dysregulation
of efferocytosis can lead to various pathological
conditions. Impaired efferocytosis results in the
accumulation of apoptotic cells, leading to secondary
necrosis and the release of intracellular contents that
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can trigger inflammation and autoimmunity.
Conversely, excessive efferocytosis, particularly in the
context of cancer, can allow tumor cells to evade
immune surveillance [24,25].

Table 1. Efferocytosis Signals and Their Roles

Signal Role in

Type Examples Efferocytosis

Find-

Me ATP, UTP, LPC, Attract phagocytes to

Fractalkine, S1P apoptotic cells

Signals

Phosphatidylserine  Facilitate phagocyte
Eat-Me (PS), Calreticulin,  recognition and

. oxLDL engulfment

Signals
Don't- . .
Eat Inhibit phagocytosis
Signals CD47 of viable cells

“Find-Me” Signals

These signals released by apoptotic cells to attract
phagocytes, facilitating the clearance of these dying
cells before they undergo secondary necrosis and
potentially trigger inflammation, ensure that apoptotic
cells are swiftly and efficiently recognized and
engulfed by phagocytes, thus maintaining tissue
homeostasis and preventing inflammatory responses
[26,27]. Key "find-me" signals include nucleotides

like ATP and wuridine-5'"-triphosphate (UTP),
lysophosphatidylcholine (LPC), fractalkine, and
sphingosine-1-phosphate  (S1P), each engaging

specific receptors and pathways to guide phagocytes
to the site of cell death. Nucleotides such as ATP and
UTP are released through pannexin 1 channels, which
are activated early in apoptosis [28]. These
extracellular nucleotides bind to purinergic receptors
on the surface of phagocytes, specifically P2Y2
receptors. The binding of ATP and UTP to P2Y2
receptors triggers a signaling cascade involving
intracellular calcium influx and activation of
downstream pathways such as the PI3K/AKT
pathway, which ultimately enhances the motility of
phagocytes towards the apoptotic cells [29-31].

LPC is another vital "find-me" signal. During
apoptosis, LPC is generated by the enzymatic action
of phospholipase A2 (PLA2) on membrane
phospholipids [32]. LPC then binds to the G-protein
coupled receptor G2A on phagocytes. This interaction
activates signaling pathways that promote chemotaxis,
guiding the phagocytes to the source of the LPC
gradient, which is the dying cell [33,34]. Fractalkine,
also known as CX3CL]1, is a chemokine released in a
soluble form by apoptotic cells through the action of
metalloproteases. It binds to its receptor, CX3CR1, on
phagocytes. This binding activates intracellular
signaling cascades, including those mediated by the
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PI3K/AKT and mitogen-activated protein kinase
(MAPK) pathways, enhancing the migratory response
of phagocytes towards the apoptotic cells [35,36].
Sphingosine-1-phosphate (S1P) is a lipid mediator
released by apoptotic cells and binds to S1P receptors
on phagocytes. The S1P receptor family, particularly
S1P1, plays a role in regulating the migration of
phagocytes towards the apoptotic cells. Upon binding
S1P, these receptors activate various intracellular
signaling pathways, such as the PI3K/AKT and
MAPK pathways, which facilitate the directed
movement of phagocytes [37-40]. These "find-me"
signals create chemotactic gradients in the
extracellular environment, allowing phagocytes to
sense and move towards higher concentrations of these
signals, leading them to the apoptotic cells. The
precise and timely release of "find-me" signals is
crucial for the efficient recognition and clearance of
apoptotic cells, preventing the release of potentially
pro-inflammatory intracellular contents and ensuring
the resolution of inflammation [41,42].

In addition to their direct chemotactic effects, these
"find-me" signals can also modulate the behavior of
phagocytes, enhancing their readiness to engulf
apoptotic cells upon arrival. For instance, the
engagement of P2Y?2 receptors by ATP/UTP not only
directs migration but also primes the phagocytes for
subsequent "eat-me" signal recognition and
engulfment processes [43]. Similarly, fractalkine-
CX3CRI interaction not only attracts phagocytes but
also influences their adhesion and activation states,
preparing them for efficient efferocytosis. The
integration of signals from ATP, UTP, LPC,
fractalkine, and S1P ensures a coordinated response
that enables phagocytes to locate, recognize, and
engulf apoptotic cells effectively [44-46].

“Eat-Me” Signals

"Eat-me" signals in efferocytosis are another type of
markers displayed on the surface of apoptotic cells that
facilitate their recognition and engulfment by
phagocytes. The primary "eat-me" signal is PS, a
phospholipid normally located on the inner leaflet of
the plasma membrane [47-49]. During apoptosis,
scramblase enzymes are activated, and flippases are
inhibited, causing PS to translocate to the outer leaflet
of the membrane. This externalization of PS is a
crucial signal for phagocytes to identify and bind
apoptotic cells [50,51].

Phagocytes possess various receptors and bridging
molecules that recognize PS. Direct receptors include
TIM-4 and Stabilin-2, which bind to PS on the
apoptotic cell surface. Bridging molecules such as
annexin V, Gas6, and Protein S bind PS and
subsequently interact with phagocyte receptors like
the TAM family [52,53]. These interactions are pivotal
in initiating the engulfment process. For instance,
when Gas6 or Protein S binds to PS, they bridge the
apoptotic cell to the MerTK receptor on the phagocyte,
activating its tyrosine kinase activity. This activation
triggers a signaling cascade involving phosphorylation
of intracellular adaptor proteins and downstream
effectors like PI3K and AKT, leading to cytoskeletal
rearrangement necessary for phagocytosis [54-56].

IJDDT Volume 16 Issue 87s 2026

Beyond PS, other "eat-me" signals include altered
membrane glycosylation patterns, such as the
exposure of calreticulin, a chaperone protein that
translocates to the cell surface during apoptosis.
Calreticulin is recognized by the low-density
lipoprotein (LDL) receptor-related protein (LRP) on
phagocytes. This interaction facilitates the binding and
engulfment of the apoptotic cell [57-59].

Another important "eat-me" signal is the exposure of
oxidized low-density lipoproteins (oxLDL) on the
apoptotic cell surface. Scavenger receptors on
phagocytes, such as CD36 and SR-A, recognize these
oxidized lipids [60,61]. The binding of oxLDL to these
receptors also promotes phagocytosis through
signaling pathways that involve the rearrangement of
the actin cytoskeleton [62,63].

In addition to these signals, complement proteins like
Clq bind to apoptotic cells and interact with receptors
such as CR3 and CR4 on phagocytes, further aiding in
their clearance. The interaction of Clq with these
receptors activates signaling pathways that enhance
the phagocytic process, including the activation of the
Rho family of GTPases, which regulate cytoskeletal
dynamics [64-66].

The recognition and binding of "eat-me" signals by
phagocytes initiate the engulfment of apoptotic cells
into phagosomes, which subsequently fuse with
lysosomes. The lysosomal enzymes then degrade the
apoptotic cells, recycling their components for reuse
by the phagocyte [67,68]. This process is tightly
regulated to prevent an inflammatory response, as the
clearance of apoptotic cells typically triggers the
release of anti-inflammatory cytokines like TGF-f and
IL-10, while suppressing pro-inflammatory signals
[69-71].

Furthermore, apoptotic cells often downregulate or
lose "don't-eat-me" signals such as CD47, which
interacts with signal regulatory protein alpha (SIRPa)
on phagocytes to inhibit phagocytosis. The absence of
CD47 on apoptotic cells ensures that the "eat-me"
signals are not counteracted, allowing -efficient
clearance [72-74].

Phagocytosis of Cellular Corpse

Upon binding the apoptotic cell, phagocytes extend
their membrane around the target, a process facilitated
by the activation of small GTPases like Racl and
Cdc42, which drive actin polymerization and
membrane protrusion [75-78]. The apoptotic cell is
then internalized into a membrane-bound phagosome
[79-87]. This phagosome subsequently fuses with
lysosomes, forming a phagolysosome where
lysosomal enzymes degrade the apoptotic cell
components. These enzymes include proteases,
nucleases, and lipases, which break down proteins,
nucleic acids, and lipids, respectively. The degradation
products are either recycled for use by the phagocyte
or expelled [88,89].

The phagocytosis of apoptotic cells is accompanied by
the release of anti-inflammatory cytokines such as
TGF-B and IL-10, which help maintain tissue
homeostasis and prevent an inflammatory response.
This anti-inflammatory signaling is crucial for
immune tolerance and the resolution of inflammation.
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Conversely, the process suppresses the production of
pro-inflammatory cytokines like TNF-a and IL-1f,
ensuring that the clearance of apoptotic cells does not
trigger an immune reaction [90,91]. Phagocytes are
also influenced by "don't-eat-me" signals, such as
CD47 on viable cells, which interacts with SIRPa, on
phagocytes to inhibit phagocytosis. During apoptosis,
the downregulation or loss of CD47 ensures that "eat-
me" signals predominate, allowing the efficient
clearance of dying cells [92,93].

Digestion and Immune Response

After apoptotic cells are recognized and engulfed by
phagocytes, they are internalized into membrane-
bound vesicles called phagosomes. These phagosomes
then fuse with lysosomes to form phagolysosomes,
where the engulfed cellular corpses are digested.
Lysosomes contain a variety of hydrolytic enzymes,
including proteases, nucleases, lipases, and
glycosidases, which break down proteins, nucleic
acids, lipids, and carbohydrates, respectively [94,95].
The acidic environment of the phagolysosome,
maintained by proton pumps, optimizes the activity of
these enzymes, ensuring the complete degradation of
the apoptotic cell components. The resulting
macromolecule fragments are then transported out of
the phagolysosome and can be recycled by the
phagocyte for biosynthetic processes or expelled as
waste [96,97].

This digestive process is tightly regulated to prevent
the release of potentially pro-inflammatory cellular
contents. The efficient clearance and degradation of
apoptotic cells prevent secondary necrosis, which
would otherwise release intracellular components like
DNA, RNA, and proteins into the extracellular space,
potentially triggering an inflammatory response [98-
100]. In addition to the physical containment and
degradation of apoptotic cells, efferocytosis modulates
the immune response through biochemical signaling
that promotes an anti-inflammatory environment.
Upon engulfment of apoptotic cells, phagocytes
produce and release anti-inflammatory cytokines such
as TGF-f and IL-10 [101-103]. TGF-B is a
multifunctional cytokine that plays a crucial role in
immunoregulation by inhibiting the activation and
proliferation of immune cells, promoting the
differentiation of regulatory T cells, and inducing the
production of extracellular matrix components that
contribute to tissue repair. IL-10 is another potent anti-
inflammatory cytokine that suppresses the production
of pro-inflammatory cytokines like TNF-a, IL-1f, and
interleukin-6 (IL-6) by inhibiting the activation of NF-
kB, a key transcription factor in the inflammatory
response [104-106].

Additionally, efferocytosis influences the metabolic
and functional state of phagocytes, enhancing their
ability to resolve inflammation and promote tissue
repair. For instance, the interaction of apoptotic cells
with receptors on phagocytes, such as the TAM family
receptors, initiates signaling pathways that not only
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facilitate the engulfment process but also modulate
gene expression to favor an anti-inflammatory
phenotype [107,108]. This includes the upregulation
of genes involved in tissue repair, resolution of
inflammation, and production of anti-inflammatory
mediators. The PS exposure on apoptotic cells is
crucial for these processes, as it is recognized by
receptors and bridging molecules like Gas6 and
Protein S, which activate MerTK signaling. The
activation of MerTK leads to downstream signaling
through pathways such as PI3K/AKT and MAPK,
which contribute to the anti-inflammatory and tissue
repair functions of phagocytes [109-111].

Furthermore, efferocytosis can induce a metabolic
switch in phagocytes from glycolysis to oxidative
phosphorylation, enhancing their ability to produce
ATP efficiently and support the energy-intensive
process of engulfing and digesting apoptotic cells.
This metabolic reprogramming is also linked to the
production of anti-inflammatory cytokines and the
suppression of inflammatory responses [112].

Defective apoptotic-cell clearance in autoimmune
disease

Impaired efferocytosis, also called defective
apoptotic-cell clearance, is closely linked to the
development and progression of autoimmune diseases
due to the accumulation of apoptotic cells and the
subsequent release of intracellular contents that trigger
inflammatory and autoimmune responses [1,2].
Biochemically, this defective clearance can arise from
several factors, including abnormalities in the
expression or function of receptors and bridging
molecules on phagocytes, deficiencies in signaling
pathways, and the presence of autoantibodies that
interfere with the recognition and engulfment of
apoptotic cells. Bellow we will consider efferocytosis
associated with several common autoimmune
diseases.

Table 2. Causes of defective efferocytosis.

Impact  Associat

on ed
Descripti  Efferocy Conditio Refere
Cause on tosis ns nces

Impairme

nts in

TIM-4, Impairs

Stabilin-  binding

2,TAM and

receptors internaliz Autoim
Receptor/Br (Tyro3,  ationof mune
idging Axl, apoptotic diseases [113-
Molecule ~ MerTK)  cells like SLE 116]
Abnormaliti and
es bridging
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zolrrrll lem Chronic 6) signaling damage 127]
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that clearance lupus
facilitates of erythema Polymorp
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?:tghways gitoskele Factors
PI3K/AK rearrange
T, Rho ment
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Intracellular phagocyte engulfme une [119, that Ims
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giesence clearance accumul une [130,
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odies that s with ntal Factors
interfere  recogniti Autoim
with on, mune Associations between efferocytosis and autoimmune
recognitio leading  diseases diseases
n and to character Table 3. Implications of Impaired Efferocytosis in
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Mechanism
of
Disease Impairment Consequences

Inflammatory Accumulation of

cytokines apoptotic cells,
Rheumatoid downregulate f:hronic .
Arthritis (RA) MerTK inflammation
Systemic Genetic
Lupus deficiencies in Persistent apqptotic
Erythematosus complement cells, a}ltoantlbody
(SLE) proteins formation

Genetic Secondary necrosis,
Inflammatory Mutations release of DAMPs
Bowel Disease impaired promoting

phagocytosis  inflammation

(IBD)
Chronic

Elevated pro- inflammation,
Sjbgren's inflammatory autoantibody
Syndrome (SS) cytokines production

Cytokines Accumulation of
Type 1 alter apoptotic B-cells,
Diabetes phagocyte autoimmune
(T1D) function response

Rheumatoid arthritis

In rheumatoid arthritis (RA), efferocytosis is impaired,
contributing to  chronic inflammation and
autoimmunity. RA is an autoimmune disease
characterized by chronic inflammation of the joints,
leading to tissue damage and joint deformities.
Biochemically, it involves the production of
autoantibodies such as rheumatoid factor (RF) and
anti-citrullinated protein antibodies (ACPAs), which
form immune complexes that contribute to
inflammation [132,133]. Inflammatory cytokines like
TNF-a, IL-1f8, and IL-6 play central roles in the
pathogenesis of RA, promoting synovial inflammation
and joint destruction. Synovial fibroblasts in RA
exhibit an aggressive phenotype, secreting matrix
metalloproteinases (MMPs) that degrade cartilage and
bone. Defective efferocytosis in RA leads to the
accumulation of apoptotic cells, which release
intracellular contents and perpetuate inflammation
[134-136]. The biochemical mechanisms underlying
efferocytosis, as discussed above, involve a series of
well-coordinated steps, starting with the exposure of
"eat-me" signals on apoptotic cells, such as PS. In
healthy individuals, PS is translocated to the outer
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leaflet of the plasma membrane during apoptosis due
to the action of scramblase enzymes and inhibition of
flippases. Phagocytes, such as macrophages, express
receptors that recognize these signals, including TIM-
4, Stabilin-2, and TAM family receptors (Tyro3, Axl,
MerTK), which often interact with bridging molecules
like Gas6 and Protein S. These interactions facilitate
the binding and internalization of apoptotic cells [137-
139].

In RA, several factors disrupt this process. Firstly, the
inflammatory environment in RA joints, characterized
by elevated levels of pro-inflammatory cytokines such
as TNF-a, IL-1p, and IL-6, can inhibit the expression
and function of efferocytosis receptors on phagocytes
[140-142]. For instance, TNF-a has been shown to
downregulate MerTK expression, impairing the
phagocytic capacity of macrophages. Additionally, the
oxidative stress present in RA joints can modify PS
and other "eat-me" signals, making them less
recognizable to phagocytes [143].

Another crucial aspect is the role of synovial
fibroblasts, which in RA, transform into an aggressive
phenotype, secreting matrix metalloproteinases
(MMPs) and other degradative enzymes that can
damage surrounding tissues and extracellular matrix
components. These fibroblasts can produce factors
that interfere with efferocytosis [144,145]. For
example, they may release soluble CD95 (sCD95),
which can bind to and neutralize CD95L, a ligand
involved in the apoptosis of activated immune cells,
thereby preventing the clearance of apoptotic cells.
Moreover, autoantibodies, such as rheumatoid factor
(RF) and anti-citrullinated protein antibodies
(ACPAs), prevalent in RA patients, can form immune
complexes with their target antigens [146,147]. These
immune complexes can opsonize apoptotic cells,
altering their recognition by phagocytes and further
impairing efferocytosis. The presence of these
immune complexes can also activate complement
pathways, leading to an inflammatory response that
exacerbates the disease process [148].

Thus, impaired efferocytosis in RA leads to
the accumulation of apoptotic cells in the synovial
tissue, which can undergo secondary necrosis,
releasing intracellular contents that act as damage-
associated molecular patterns (DAMPs). These
DAMPs, including high-mobility group box 1
(HMGBT1) and DNA, can activate pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs) on
synovial ~macrophages and dendritic  cells,
perpetuating the inflammatory response [149-151].
The continued release of pro-inflammatory cytokines
and chemokines attracts more immune cells to the
synovium, creating a chronic inflammatory
environment that contributes to joint destruction and
the progression of RA [152-153].

In RA, there is also a defect in the production of anti-
inflammatory mediators that typically follow
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efferocytosis. Normally, the engulfment of apoptotic
cells prompts phagocytes to release anti-inflammatory
cytokines such as TGF-B and IL-10. These cytokines
play crucial roles in resolving inflammation and
promoting tissue repair [154]. However, in the
inflamed RA synovium, the production of these
cytokines is often insufficient, failing to
counterbalance  the pro-inflammatory  signals.
Furthermore, genetic factors can predispose
individuals to impaired efferocytosis in RA.
Polymorphisms in genes encoding for efferocytosis
receptors or signaling molecules involved in apoptotic
cell clearance can affect the efficiency of this process.
Environmental factors, such as smoking, can also
exacerbate these genetic predispositions by inducing
oxidative stress and promoting the production of
citrullinated proteins, which are targets for ACPAs
[155,156].

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a multifaceted
autoimmune disease characterized by the production
of autoantibodies against nuclear antigens, leading to
widespread inflammation and tissue damage [157].
Biochemically, SLE involves a complex interplay of
genetic, environmental, and hormonal factors that
contribute to immune dysregulation. One of the
hallmarks of SLE is the presence of anti-nuclear
antibodies (ANAs), including anti-double-stranded
DNA (anti-dsDNA) and anti-Smith (Sm) antibodies
[158,159]. These autoantibodies form immune
complexes with their respective antigens, which can
deposit in tissues such as the kidneys, skin, and joints,
triggering an inflammatory response through the
activation of the complement system. The complement
activation leads to the generation of C3a and CS5a,
potent chemoattractants that recruit inflammatory cells
to the sites of immune complex deposition, further
exacerbating tissue damage [160,161].

Genetically, polymorphisms in genes encoding for
components of the immune system, such as those
involved in the clearance of apoptotic cells and the
regulation of immune tolerance, predispose
individuals to SLE. For instance, deficiencies in early
complement components like Clq, C2, and C4 are
strongly associated with SLE, highlighting the
importance of the complement system in apoptotic cell
clearance and immune complex handling. The failure
to efficiently clear apoptotic cells results in the
persistence of cellular debris, which provides a source
of autoantigens that can stimulate the production of
autoantibodies [162,163].

In addition to genetic factors, environmental triggers
such as ultraviolet (UV) radiation, infections, and
certain medications can induce or exacerbate SLE by
promoting apoptosis and enhancing the exposure of
nuclear antigens. UV radiation, for example, can cause
keratinocyte apoptosis, leading to the release of
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nuclear material and the formation of skin lesions
typical of lupus [164-166].

The role of T cells and B cells in the pathogenesis of
SLE is critical. Abnormal T cell function, including
the altered expression of co-stimulatory molecules and
cytokines, contributes to the activation and survival of
autoreactive B cells [167,168]. These B cells produce
autoantibodies, and their differentiation into plasma
cells is driven by cytokines such as IL-6 and BAFF (B-
cell activating factor), which are often elevated in SLE
patients. Additionally, regulatory T cells (Tregs),
which normally function to suppress autoimmune
responses, are often dysfunctional or reduced in
number in SLE, further contributing to the loss of
immune tolerance [169,170].

Interferon-alpha (IFN-a) plays a significant role in
SLE pathogenesis, often referred to as the "interferon
signature." Elevated levels of IFN-a are observed in
SLE patients, and this cytokine promotes the
activation and differentiation of plasmacytoid
dendritic cells (pDCs), leading to the enhanced
production of autoantibodies and the perpetuation of
the autoimmune response [171-173]. The source of
IFN-a is typically the result of TLR (Toll-like
receptor) activation by nucleic acid-containing
immune complexes, which are internalized by pDCs
and other immune cells [174,175].

The chronic inflammation in SLE leads to widespread
tissue damage, particularly in the kidneys, where
immune complex deposition in the glomeruli causes
lupus nephritis, a major cause of morbidity and
mortality in SLE patients [176,177]. The
inflammatory milieu in SLE is characterized by
elevated levels of pro-inflammatory cytokines such as
IL-1, IL-6, TNF-a, and IFN-y, which contribute to the
recruitment and activation of immune cells,
perpetuating the cycle of inflammation and tissue
damage [178,179].

Hormonal factors also play a role in SLE, as evidenced
by the higher prevalence of the disease in women,
particularly during reproductive years. Estrogens can
modulate immune responses, enhancing the survival
and activation of autoreactive B cells and promoting
the production of autoantibodies [180,181].

In SLE, efferocytosis is notably defective,
contributing to the persistence of apoptotic cells and
the subsequent release of intracellular contents that
drive inflammation and autoantibody production. The
mechanisms underlying efferocytosis involve a series
of finely tuned biochemical events [182,183].
Apoptotic cells expose "eat-me" signals, such as PS,
on their outer membrane, which are recognized by
receptors on phagocytes like macrophages and
dendritic cells. In SLE, this recognition is impaired
due to several factors [184,185]. Firstly, there are
genetic deficiencies in components of the complement
system, such as Clq, C2, and C4, which play a crucial
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role in opsonizing apoptotic cells and facilitating their
clearance. Clq binds to apoptotic cells and interacts
with receptors on phagocytes, promoting their uptake.
Deficiencies in these components reduce the
efficiency of efferocytosis, allowing apoptotic cells to
accumulate [186-189].

Moreover, SLE is characterized by the presence of
autoantibodies against nuclear antigens, which can
form immune complexes with exposed nuclear
material from apoptotic cells. These immune
complexes can interfere with the recognition and
engulfment of apoptotic cells by phagocytes.
Additionally, the immune complexes can activate the
complement system, leading to inflammation and
tissue damage [190,191]. The defective clearance of
apoptotic cells results in secondary necrosis, where
cell membranes rupture, releasing intracellular
contents such as nucleic acids and proteins into the
extracellular space. These materials act as damage-
associated molecular patterns (DAMPs) that are
recognized by pattern recognition receptors (PRRs) on
immune cells, including Toll-like receptors (TLRs).
Activation of TLRs, particularly TLR7 and TLRY, by
nucleic acids leads to the production of type I
interferons (IFNs), especially IFN-a, which is a key
cytokine in the pathogenesis of SLE [192,193].

IFN-a promotes the maturation and activation of
plasmacytoid dendritic cells (pDCs), further
enhancing the production of autoantibodies and
perpetuating the autoimmune response. The chronic
exposure to self-antigens also drives the activation of
autoreactive B and T cells, leading to sustained
autoantibody production and inflammation [194,195].
Another significant factor contributing to defective
efferocytosis in SLE is the pro-inflammatory
environment. Elevated levels of cytokines such as
TNF-a, IL-6, and interferon-gamma (IFN-y) are
common in SLE patients. These cytokines can alter the
function of phagocytes, reducing their ability to
recognize and engulf apoptotic cells. For example,
TNF-a can downregulate the expression of receptors
involved in efferocytosis, such as MerTK, on
macrophages [196-198].

Additionally, oxidative stress, which is elevated in
SLE, can modify apoptotic cells and their "eat-me"
signals, making them less recognizable to phagocytes.
The oxidative modifications can also affect the
receptors and bridging molecules necessary for
efficient efferocytosis. Furthermore, genetic factors
such as polymorphisms in genes encoding for
receptors and signaling molecules involved in
efferocytosis can predispose individuals to impaired
clearance of apoptotic cells. For instance,
polymorphisms in the MerTK gene have been
associated with reduced phagocytic function in SLE
patients [199,200].

Hormonal factors, particularly estrogen, can influence
efferocytosis. Estrogens have been shown to affect the
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function of immune cells, and their high levels during
reproductive years could contribute to the higher
prevalence of SLE in women. Estrogens can enhance
the survival of autoreactive B cells and promote the
production of autoantibodies, further contributing to
the defective clearance of apoptotic cells [201,202]. In
summary, defective efferocytosis in SLE is a result of
a complex interplay of genetic, environmental,
hormonal, and immune factors. The inability to
efficiently clear apoptotic cells leads to the
accumulation of cellular debris, the formation of
immune complexes, chronic activation of the immune
system, and sustained production of pro-inflammatory
cytokines. These events perpetuate the cycle of
inflammation and autoimmunity that characterizes
SLE, highlighting the importance of efferocytosis in
maintaining immune tolerance and preventing
autoimmune diseases [203,204].

Inflammatory bowel disease

In IBD, efferocytosis is often impaired, contributing to
the persistence of apoptotic cells and the release of
pro-inflammatory mediators that exacerbate intestinal
inflammation. The mechanisms of efferocytosis
involve several key biochemical steps. Apoptotic cells
display "eat-me" signals on their surface, which are
recognized by phagocytic receptors on macrophages
and dendritic cells. In IBD, various factors disrupt this
process, leading to defective clearance of apoptotic
cells [205,206]. Genetic predispositions, such as
polymorphisms in genes related to autophagy and
phagocytosis, can impair the efficiency of
efferocytosis. For example, mutations in the
ATGI16L1 gene, which is crucial for autophagy and
effective bacterial handling, have been associated with
Crohn's disease and can affect the ability of
macrophages to clear apoptotic cells and bacteria
[207-209].

The inflammatory environment characteristic of IBD
further impairs efferocytosis. Elevated levels of pro-
inflammatory cytokines such as TNF-a, IL-1B, and
interleukin-6 (IL-6) can alter the function of
phagocytes, reducing their capacity to engulf and
digest apoptotic cells. TNF-0, in particular, can
downregulate the expression of MerTK and other
receptors involved in efferocytosis on macrophages,
directly impairing their phagocytic function [210,211].
Additionally, oxidative stress, which is elevated in the
inflamed intestinal mucosa of IBD patients, can
modify PS and other "eat-me" signals on apoptotic
cells, making them less recognizable to phagocytes.
Oxidative stress can also damage phagocytes and
affect the receptors and signaling pathways necessary
for efficient efferocytosis [212,213].

Moreover, the gut microbiota, which is dysregulated
in IBD, plays a significant role in modulating
efferocytosis. Certain microbial metabolites, such as
short-chain fatty acids (SCFAs), can enhance the
efferocytic capacity of macrophages. However,
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dysbiosis in IBD leads to a decrease in beneficial
microbial metabolites and an increase in pathogenic
bacteria that can further disrupt efferocytosis [214-
216]. Defective efferocytosis in IBD leads to the
accumulation of apoptotic cells, which undergo
secondary necrosis and release intracellular contents,
including damage-associated molecular patterns
(DAMPs) like high-mobility group box 1 (HMGBI1)
and extracellular DNA. These DAMPs can activate
pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs) and NOD-like receptors (NLRs) on
immune cells, triggering the production of pro-
inflammatory cytokines and perpetuating the
inflammatory response [217,218].

Furthermore, the chronic inflammation in IBD creates
a feedback loop where continuous recruitment and
activation of immune cells, including neutrophils and
macrophages, occur. These cells, in turn, produce
more cytokines and reactive oxygen species (ROS),
which further impair efferocytosis and promote tissue
damage. Regulatory mechanisms that normally
resolve inflammation and promote tissue repair are
also disrupted in IBD [219,220]. For instance, the
production of anti-inflammatory cytokines such as IL-
10 and TGF-, which are typically induced following
efferocytosis, is often insufficient or ineffective in
IBD. IL-10 and TGF-B play crucial roles in
suppressing pro-inflammatory cytokine production
and promoting regulatory T cell (Treg) function, but
their impaired production or signaling in IBD
contributes to the persistence of inflammation
[221,222].

The impaired clearance of apoptotic cells and the
resultant chronic inflammation in IBD not only cause
tissue damage but also contribute to the disruption of
the epithelial barrier. This barrier dysfunction allows
for the translocation of luminal bacteria and antigens
into the lamina propria, further activating the immune
system and perpetuating the inflammatory cycle
[223,224]. In summary, efferocytosis is a critical
process for maintaining intestinal homeostasis, and its
impairment in IBD is driven by a complex interplay of
genetic, environmental, microbial, and immune
factors. Defective efferocytosis leads to the
accumulation of apoptotic cells, secondary necrosis,
and the release of pro-inflammatory DAMPs, which
perpetuate chronic inflammation and tissue damage.
Understanding these mechanisms highlights the
importance of targeting efferocytosis and its
regulatory pathways as potential therapeutic strategies
for IBD [224,225].

Sjogren's syndrome

In Sjogren's syndrome (SS), an autoimmune
disease primarily affecting exocrine glands such as the
salivary and lacrimal glands, efferocytosis is impaired,
contributing to the chronic inflammation and tissue
damage characteristic of the disease. Genetic
predispositions play a significant role, as
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polymorphisms in genes related to immune regulation
and apoptotic cell clearance are associated with the
disease [226,227]. For instance, polymorphisms in the
gene encoding for MerTK, a receptor crucial for the
efficient clearance of apoptotic cells, can impair
efferocytosis.  This  genetic  susceptibility is
compounded by environmental factors such as viral
infections, which can induce apoptosis and overload
the phagocytic capacity of immune cells. The chronic
inflammatory environment in SS further impairs
efferocytosis. Elevated levels of pro-inflammatory
cytokines, such as TNF-a, IFN-y, and IL-1pB, are
characteristic of SS and can alter the function of
phagocytes [228-230]. TNF-o, for instance, can
downregulate the expression of MerTK and other
receptors involved in efferocytosis on macrophages,
directly impairing their ability to clear apoptotic cells.
Additionally, IFN-y can activate macrophages in a
way that promotes inflammation rather than
resolution, further contributing to tissue damage
[231,232].

Oxidative stress, which is elevated in SS, can
modify PS and other "eat-me" signals on apoptotic
cells, making them less recognizable to phagocytes.
Oxidative stress can also damage phagocytes and
affect the receptors and signaling pathways necessary
for efficient efferocytosis. The impaired clearance of
apoptotic cells in SS leads to their accumulation and
secondary necrosis, releasing intracellular contents,
including DAMPs such as high-mobility group box 1
(HMGB1) and extracellular DNA [233]. These
DAMPs can activate pattern recognition receptors
(PRRs) like TLRs and NOD-like receptors (NLRs) on
immune cells, triggering the production of pro-
inflammatory cytokines and perpetuating the
inflammatory response [234].

Furthermore, the chronic inflammation in SS
creates a feedback loop where continuous recruitment
and activation of immune cells, including T and B
lymphocytes, occur. These cells, in turn, produce more
cytokines and autoantibodies, which further impair
efferocytosis and promote tissue damage. Regulatory
mechanisms that normally resolve inflammation and
promote tissue repair are also disrupted in SS [235].
For example, the production of anti-inflammatory
cytokines such as IL-10 and TGF-B, which are
typically induced following efferocytosis, is often
insufficient or ineffective in SS. IL-10 and TGF-f play
crucial roles in suppressing pro-inflammatory
cytokine production and promoting regulatory T cell
(Treg) function, but their impaired production or
signaling in SS contributes to the persistence of
inflammation [236,237].

The impaired clearance of apoptotic cells and
the resultant chronic inflammation in SS not only
cause tissue damage but also lead to the formation of
ectopic germinal centers within the salivary and
lacrimal glands. These structures resemble lymphoid
tissues and are sites where autoreactive B cells can be
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activated and differentiate into plasma cells, producing
autoantibodies such as anti-Ro/SSA and anti-La/SSB
[238,239]. These autoantibodies form immune
complexes with their target antigens, further
contributing to tissue inflammation and damage. In
summary, efferocytosis is a critical process for
maintaining tissue homeostasis, and its impairment in
Sjogren's syndrome is driven by a complex interplay
of genetic, environmental, and immune factors.
Defective efferocytosis leads to the accumulation of
apoptotic cells, secondary necrosis, and the release of
pro-inflammatory DAMPs, which perpetuate chronic
inflammation and tissue damage. Understanding these
mechanisms highlights the importance of targeting
efferocytosis and its regulatory pathways as potential
therapeutic ~ strategies for Sjogren's syndrome
[240,241].

Type | diabetes

The inflammatory environment characteristic
of T1D often impairs efferocytosis. Elevated levels of
pro-inflammatory cytokines such as TNF-a, IL-1f,
and IL-6 are found in the pancreatic islets of T1D
patients. These cytokines can alter the function of
phagocytes, reducing their capacity to recognize and
engulf apoptotic cells [242,243]. For example, TNF-a
can downregulate the expression of MerTK and other
receptors involved in efferocytosis on macrophages
and dendritic cells, directly impairing their phagocytic
function. Additionally, the presence of inflammatory
cytokines can lead to the production of reactive
oxygen species (ROS) and other mediators that
damage both apoptotic cells and phagocytes, further
disrupting the efferocytosis process [243].

The impaired clearance of apoptotic cells in T1D leads
to their accumulation and secondary necrosis. This
process releases intracellular contents, including
damage-associated molecular patterns (DAMPs) such
as high-mobility group box 1 (HMGBI1) and
extracellular DNA, which can act as potent pro-
inflammatory signals [244,245]. These DAMPs
activate pattern recognition receptors (PRRs) on
immune cells, including TLRs and NOD-like
receptors (NLRs), triggering an inflammatory cascade
that exacerbates the autoimmune response. In T1D, the
release of B-cell antigens from necrotic cells can
further stimulate autoreactive T cells, perpetuating the
destruction of insulin-producing p-cells in the
pancreas [246,247].

In addition to genetic and inflammatory factors,
hormonal influences can impact efferocytosis in T1D.
For instance, insulin and other metabolic hormones
can affect the function of immune cells and
phagocytes. Dysregulation of these hormones in T1D
may contribute to impaired efferocytosis and the
development of autoimmunity. Moreover, the
autoimmune destruction of pancreatic B-cells in T1D
is associated with the infiltration of immune cells into
the pancreatic islets, forming inflammatory infiltrates
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known as insulitis. This ongoing inflammation creates
a hostile microenvironment that further impairs the
ability of phagocytes to clear apoptotic cells and
resolve inflammation effectively [248,249].

Systemic and multiple sclerosis

Both systemic and multiple sclerosis are
impaired with changes in efferocytosis. In systemic
sclerosis, genetic and environmental factors disrupt
efferocytosis. For example, mutations in the genes
encoding for components of the complement system,
crucial for opsonizing and clearing apoptotic cells, can
impair the efficiency of efferocytosis [250,251].
Complement components like Clq, C3, and C4 mark
apoptotic cells for removal, and deficiencies in these
components can lead to the accumulation of apoptotic
cells and the development of autoimmunity. In SSc,
the chronic inflammatory environment, characterized
by elevated levels of pro-inflammatory cytokines such
as TNF-o, IL-1B, and IL-6, alters the function of
phagocytes, reducing their capacity to recognize and
engulf apoptotic cells [252,253]. TNF-a, for example,
can downregulate the expression of MerTK and other
receptors involved in efferocytosis on macrophages
and dendritic cells, directly impairing their phagocytic
function. Additionally, oxidative stress, which is
elevated in SSc, can modify PS and other "eat-me"
signals on apoptotic cells, making them less
recognizable to phagocytes and further disrupting the
efferocytosis process [254].

In multiple sclerosis, efferocytosis is
similarly impaired due to genetic, environmental, and
immunological factors. MS is characterized by the
autoimmune destruction of myelin, the protective
sheath around nerve fibers in the central nervous
system (CNS). The failure to efficiently clear
apoptotic cells, including myelin debris, leads to
chronic inflammation and further immune activation
[255,256]. Genetic factors such as polymorphisms in
the HLA-DRB1 gene, which is associated with an
increased risk of MS, also play a role in impairing
efferocytosis. In MS, the inflammatory milieu, with
elevated levels of cytokines like IFN-y, IL-17, and
TNF-a, impairs the function of phagocytes. IFN-y, for
instance, can activate macrophages in a way that
promotes inflammation rather than resolution,
exacerbating tissue damage. Moreover, the presence
of autoantibodies against myelin and other CNS
components can form immune complexes with
exposed antigens from apoptotic cells, interfering with
their recognition and clearance [257,258].

The impaired clearance of apoptotic cells in
both SSc and MS leads to their accumulation and
secondary necrosis, releasing intracellular contents,
including DAMPs such as HMGB1 and extracellular
DNA. These DAMPs activate pattern recognition
receptors (PRRs) on immune cells, including TLRs
and NOD-like receptors (NLRs), triggering an
inflammatory  cascade that perpetuates the
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autoimmune response [259,260]. The chronic
exposure to self-antigens in SSc and MS drives the
activation of autoreactive T and B cells, leading to
sustained autoantibody production and inflammation.
Regulatory mechanisms that normally resolve
inflammation and promote tissue repair are also
disrupted in SSc and MS. For example, the production
of anti-inflammatory cytokines such as IL-10 and
TGF-B, typically induced following efferocytosis, is
often insufficient or ineffective in these diseases. IL-
10 and TGF-B play crucial roles in suppressing pro-
inflammatory cytokine production and promoting
regulatory T cell (Treg) function, but their impaired
production or signaling contributes to the persistence
of inflammation [261,262].

Conclusion

In summary, efferocytosis is a critical biological
process that plays a vital role in maintaining cellular
homeostasis and preventing inflammatory responses.
The intricate mechanisms underlying this process
involve a series of well-orchestrated signaling
pathways that enable phagocytes to recognize, engulf,
and degrade apoptotic cells efficiently. When
functioning properly, efferocytosis promotes immune
tolerance and tissue repair. However, dysregulation of
this essential process has profound implications for
various autoimmune diseases, including systemic
lupus erythematosus, rheumatoid arthritis, and
inflammatory bowel disease. The impaired clearance
of apoptotic cells leads to their accumulation,
triggering chronic inflammation and the release of pro-
inflammatory mediators. This creates a vicious cycle
that exacerbates tissue damage and perpetuates
autoimmune responses.

Current research endeavors are focused on elucidating
the molecular pathways involved in efferocytosis, as a
deeper understanding of these mechanisms may
facilitate the development of targeted therapies aimed
at enhancing apoptotic cell clearance. Future studies
should explore the interplay between the gut
microbiome and efferocytosis, as this research could
uncover novel strategies for improving immune
regulation and potentially mitigating autoimmune
conditions. Additionally, the prospect of personalized
medicine—tailoring therapeutic interventions based
on individual genetic and environmental factors—
highlights the importance of advancing our knowledge
in this area.

Ultimately, harnessing the power of efferocytosis may
pave the way for novel therapeutic strategies that not
only address the underlying mechanisms of
autoimmune diseases but also promote optimal
immune health. By integrating insights from
efferocytosis research into clinical practice, we can
strive to improve patient outcomes and enhance
overall well-being in individuals affected by these
chronic conditions.
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