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Summary

Nearly every tissue in the body undergoes routine turnover of cells as part of normal healthy
living. The majority of these cells undergoing turnover die via apoptosis, and then are rapidly
removed by phagocytes by the process of efferocytosis that is anti-inflammatory. However, a
number of pathologies have recently been linked to defective clearance of apoptotic cells.
Perturbed clearance arises for many reasons, including overwhelming of the clearance machinery,
disruptions at different stages of efferocytosis, and/or responses of phagocytes during
efferocytosis, all of which can alter the homeostatic tissue environment. This review covers
linkages of molecules involved in the different phases of efferocytosis to disease pathologies that
can arise due to their loss or altered function.

Abstract

A number of inflammatory pathologies have recently been linked to defective clearance of
apoptotic cells. Perturbed clearance arises for many reasons, and alter the homeostatic tissue
environment. Ravichandran and colleagues review the linkage of specific molecules involved in
the different phases of efferocytosis to disease states.

It is estimated that we turnover roughly 200-300 billion cells in the various tissues of the
body every day, as part of homeostasis (Arandjelovic and Ravichandran, 2015; Elliott and
Ravichandran, 2016). These include: excess cells generated during development, where only
a subset are selected to mature and progress; ‘aged cells’ that have come to the end of their
lifespan that need to be replaced; tissue remodeling; and damaged cells that arise due to
various insults (Henson and Hume, 2006; Poon et al., 2014b). With respect to apoptosis and
efferocytosis at the developmental stage, two relevant immunological tissues are the thymus
and bone marrow, where many excess immature T and B cells are produced, and through a
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highly orchestrated selection process, only a subset of cells are deemed fit to progress
beyond the key checkpoints; the others undergo apoptosis and are removed by phagocytes
(Cao et al., 2004; Dogusan et al., 2004; Kawane et al., 2003). Similarly, many excess
neurons are produced daily as a part of adult neurogenesis in the brain, of which only a
subset turns into mature neurons, with the rest undergoing apoptosis and being cleared
(Sierra et al., 2010). The best examples of aged cells and their removal are neutrophils that
usually have a 24-hour lifespan, and red blood cells that usually have a 4-month lifespan
(Antonelou et al., 2010; Newman et al., 1982). An example of tissue remodeling, where a
significant number of cells undergo apoptosis and have to be removed, includes the
involution of the mammary gland after lactation/weaning, where significant a number of
mammary epithelial cells become apoptotic (Akhtar et al., 2016; Stanford et al., 2014). The
damage associated cell turnover as part of homeostasis is exemplified in the retina of the
eye, where the outer segments of photoreceptors (rods and cones) that undergo photo-
damage during the day are removed daily around dawn by the retinal pigmented epithelial
cells (RPE); although these are segments of photoreceptors (not whole cells), they appear to
be cleared by a process analogous to traditional efferocytosis (Burstyn-Cohen et al., 2012;
Penberthy et al., 2018). Thus, homeostatic turnover of cells occurs in every tissue in the
body, and is fundamentally important for organ function and health.

One of the beautiful aspects of homeostatic cell turnover is that it is immunologically non-
inflammatory (see below) and frequently anti-inflammatory, whereas disturbances in the
routine process can lead to inflammation and various pathologies. To better appreciate
altered or defective clearance leading to disease, one needs to consider several aspects of the
efferocytosis process. This includes what programmed cell death process is normally seen in
tissues as part of routine turnover (e.g. apoptosis, pyroptosis, necroptosis, etc.), the tissue
specific context and environment, who are the phagocytes and how are the dying cells
recognized, and what tissue factors control the uptake process and the subsequent response
of the phagocytes. We discuss each of these points below.

Apoptosis as the dominant modality of homeostatic turnover:

Different types of cell death in target cells could trigger different immune responses by
phagocytes (Pasparakis and Vandenabeele, 2015). Caspase-mediated apoptosis results in
DNA fragmentation, membrane blebbing, and engulfment of such apoptotic cells elicits an
anti-inflammatory response from the engulfing phagocytes. Necroptosis (mediated by
receptor interacting protein kinase (RIPK) 1-RIPK3-MLKL) and pyroptosis (mediated by
inflammatory caspases such as caspase-1 and 11 and gasdermin D (GSDMD) result in
membrane rupture and the release of damage-associated molecular patterns (DAMPS)
including DNA, RNA, high-mobility group box 1 (HMGB1), and IL-1p. These DAMPs are
sensed by pattern recognition receptors (PRRs) on the phagocyte, resulting in a pro-
inflammatory response (Kolb et al., 2017). What is the modality of death during homeostatic
cell turnover? Although this has not been conclusive (due to lack of a clear approach to track
all dying cells and their subsequent removal), and is dependent on tissue contexts, current
evidence suggests that the majority of cells that are turned over die via the process of
caspase-dependent apoptosis (Pellettieri and Sanchez Alvarado, 2007). This is based on
several observations. First, apoptosis can be selectively induced in normal cells due to lack
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of growth factors or survival signals (e.g. lymphoid progenitors, activated B and T cells,
neuronal progenitor cells, spontaneous neutrophil apoptosis) (Hildeman et al., 2007;
Kristiansen and Ham, 2014), lack of a proper selection/survival signal (e.g. thymic selection
of T cells) (Hernandez et al., 2010; Surh and Sprent, 1994), or actively (such as Fas-induced
apoptosis) (Nagata, 1999). Second, when multiple pro-apoptotic genes are mutated and
thereby apoptosis is dampened, less than 1% of these animals survive (Ke et al., 2018).
Third, the other cell death processes, such as pyroptosis and necroptosis, are best seen under
conditions of infection or following inflammatory stimuli, or when apoptosis itself is
blocked, rather than as part of homeostasis (Man et al., 2017; Mihaly et al., 2014; Pasparakis
and Vandenabeele, 2015; Weinlich et al., 2017). This does not discount the role of
pyroptosis, necroptosis, ferroptosis, and other recently recognized forms of cell death in
homeostasis; rather, it indicates that the contribution of caspase-dependent apoptotic cell
death appears to be the dominant mode for homeostatic cell turnover. Therefore, in this
review, we have predominantly focused on the clearance of apoptotic cells by efferocytosis
as the primary modality during homeostatic cell turnover.

Phagocytic capacity, and the ratio of apoptotic cells versus phagocytes

In most tissues, a cell undergoing apoptosis can be cleared by either professional or non-
professional phagocytes. The professional phagocytes often include tissue-resident
macrophages, and immature dendritic cells (Arandjelovic and Ravichandran, 2015; Elliott
and Ravichandran, 2016; Poon et al., 2014b; Steinman et al., 2000). The term ‘professional’
comes from observations that macrophages have the capacity to ingest and process multiple
corpses in succession, and the rate of uptake is quite rapid. In contrast, non-professional
phagocytes generally eat with slower kinetics, and frequently have lower capacity for taking
up multiple corpses in succession. The non-professional phagocytes can be epithelial cells,
fibroblasts, endothelial cells, or other stromal cells. There are also specialized phagocytes
that mediate engulfment in specific tissues contexts, such as the Sertoli cells of the testes or
retinal pigment epithelial cells (RPE) of the eye (Burstyn-Cohen et al., 2012; Elliott and
Ravichandran, 2010; Park et al., 2011; Penberthy et al., 2018). Even in tissues with a high
turnover of cells, such as the thymus (where millions of immature thymocytes undergo
apoptosis), and the bone marrow (where an enormous number of leukocytes undergo
developmental death or are clared at the end of their lifespan), only very few apoptotic cells
are detectable at steady state (Arandjelovic and Ravichandran, 2015; Elliott and
Ravichandran, 2016). This has led to the generally accepted notion that the capacity of
phagocytes to engulf apoptotic cells is enormous: Contrary to the efficient clearance of
apoptotic cells during homeostasis, there are many diseases where uncleared apoptotic cells
are seen in the diseased tissue, suggesting that the capacity for apoptotic cell clearance is
normally held in balance, and that the process is readily sensitive to disruption (Arandjelovic
and Ravichandran, 2015; Elliott and Ravichandran, 2016; Poon et al., 2014b). Inherent
within this ‘phagocytic capacity” within a tissue or an organism is the numbers game
between apoptotic cells that arise and the numbers and efficiency of phagocytes that can
engulf these emerging corpses.

At present, our knowledge of the estimates ratio of apoptotic cells to phagocytes within
tissues is rather vague. This is in part because of the differences in the types of phagocytes,
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and the difficultly in tracking the many cell types that turnover within a given tissue. Here,
we attempted to gain a better insight using two cell types that we know from significant
body of work are routinely turned over daily in our body: neutrophils, and red blood cells.
When one considers neutrophils, ~100 billion neutrophils are produced per day in an
average human adult at about 0.85-1.6 x 10° neutrophils per kg body weight (Summers et
al., 2010). Since the overall number of neutrophils remains constant during homeostasis, a
similar number of neutrophils needs to be removed daily. Although a huge proportion of the
neutrophils re-enter the bone marrow (Wang et al., 2017a), elegant parabiosis experiments
have shown that neutrophils also infiltrate other tissues, and are subsequently cleared by
tissue resident macrophages (Casanova-Acebes et al., 2018) and a significant proportion
leaves the body and gets removed via saliva, urine or stool (Summers et al., 2010). Another
layer of complexity comes from the unknown number of total number of phagocytes that are
actually involved in the clearance of neutrophils — for example, it is quite difficult to assess
the numbers of macrophages lodged within the marrow of long bones that are linked to
significant clearance of aged neutrophils (Heideveld and van den Akker, 2017). Thus, as we
delved deeper in determining the ratio of neutrophils that turned over versus phagocyte
numbers, quantitatively assessing this is nearly impossible.

Perhaps a better cell type to possibly get a gauge of the targets to phagocyte ratio in vivo is
the red blood cell (RBC) (Figure 1). RBCs, which are produced in the bone marrow in the
adult, have a typical life span of about 120 days in humans and 40 days in mice. The ‘aged
RBCs’ are mainly cleared by the red pulp macrophages (RPM) of the spleen, although
Kupffer cells (KC) in the liver may also perform this function in certain conditions (Theurl
et al., 2016; Youssef et al., 2018). It is estimated that in mice, 7000 RBC are cleared every
second (Higgins, 2015). As for the phagocytes, there are ~2.5 x 106 red pulp macrophages in
the murine spleen, and ~1 x 107 Kupffer cells in the murine liver (Crofton et al., 1978). To
make an estimation, we assumed that the removal of aged RBCs is equivalently performed
by both the red pulp macrophages and the Kupffer cells. With these conderations, each
phagocyte would have to ingest at least 48 RBCs every day, or one RBC every 30 min. If
one were to consider only one of the two phagocytes performing the RBC removal, then the
red pulp macrophage would have to eat an RBC every 6 min and a Kupffer cell would have
to ingest an RBC every 24 min. This estimation gives the perspective on the target load per
individual phagocyte, even just considering one cell type! Thus, it is often assumed that
there are fewer phagocytes than apoptotic cells, and that when the number of apoptotic cells
vastly outnumbers those of the phagocytes (e.g. unregulated dying cells during tissue injury
or infection), the phagocytes may be overwhelmed, resulting in the accumulation of
uncleared apoptotic cells and the associated pathologies. Although overwhelming of the
phagocytic machinery within a tissue is plausible, precise understanding of this concept
requires better tools to directly address the number of cells undergoing apoptosis and the
ability to track these apoptotic cells being engulfed /n vivo. Along with the observation that,
in many instances, the phagocytic receptors and the engulfment machinery components
themselves are upregulated during efferocytosis (A-Gonzalez et al., 2017; Morioka et al.,
2018), we posit that like most biological processes, efferocytosis capacity is tightly
controlled and linked to the numbers of cells undergoing apoptosis within a tissue. The
number of phagocytes, their appetite, and the rate of clearance have to be regulated under
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homeostatic conditions. Thus, the homeostatic efferocytosis can be considered as a delicate
balance, or ‘living on the edge’, and that when this balance is disturbed, it can be a
predisposing factor for various inflammatory diseaseses.

Tissue context and phagocytes

Molecules involved in efferocytosis have been reported to be involved in various diseases in
different organs (Figure 2). While tissue-resident macrophages are common among most
tissues, the population of other myeloid cells (such as dendritic cells) and their access to
emerging apoptotic corpses within a tissue can significantly differ between tissues
(Cummings et al., 2016). In the brain, in addition to microglia, neuronal progenitor cells,
and likely astrocytes, can also participate in the removal of dying cells and debris (Chung et
al., 2013; Mazaheri et al., 2014; Penberthy et al., 2018; Sierra et al., 2010). In addition,
specialized phagocytes are the main clearance modality in two contexts. In the testes, the
Sertoli cells mediate the uptake of the apoptotic germ cells, in addition to providing nurse
function for other developing germ cells. In the retina, the retinal pigment epithelial cells are
the primary phagocytes removing the used/damaged photoreceptor outer segments (Burstyn-
Cohen et al., 2012; Penberthy et al., 2018). Deletion of particular engulfment components
either in the Sertoli cells or the RPE lead to specific defects in germ cell development
(testes) or retinal integrity (eye) (Burstyn-Cohen et al., 2012; Lu et al., 1999). In addition,
there is also communication between phagocytes that can alter the ability of specific
phagocytes to perform efferocytosis. For example, macrophages of the lung influence the
engulfment of apoptotic corpses by airway epithelial cells through IGF-1 (Han et al., 2016).
Defective clearance leads to accumulation of uncleared dead cells, with the cells releasing
pro-inflammatory molecules leading to excessive inflammation, suggesting that clearance of
apoptotic cells is indespensable to homeostasis. Thus, alterations in the ability of individual
phagocytes (either professional or non-professional) to ingest apoptotic cells, depending on
the tissue type, can affect tissue homeostasis and promote inflammation and/or
developmental pathologies.

Disturbance in different steps of efferocytosis

Works from a number of laboratories have now established certain distinguishable steps in
efferocytosis (Figure 1) (Chekeni et al., 2010; Elliott et al., 2010; Flannagan et al., 2014;
Mazaheri et al., 2014; Miyanishi et al., 2007; Park et al., 2007; Scott et al., 2001), and
potential disturbance in one or more of these steps could result in defective apoptotic cell
clearance and the associated pathologies (Table 1).

The first step in engulfment of apoptotic cells is the ‘ Smell phase’ that involves dying cells
announcing their presence to nearby phagocytes through find-me signals that are released in
the early phases of apoptosis. These find-me signals provide an attraction cue for the
resident or recruited phagocytes to seek the apoptotic cells. The find-me signals come in
different flavors, such as proteins (fractalkine), nucleotides (ATP, UTP, AMP), lipids
(lysophosphatidylcholine) and lipid products (sphingosine 1-phosphate). While some modes
of regulated release of find-me signals have been identified (e.g. ATP through pannexin
channels), other release mechanisms and comprehensive identification of find-me signals are
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needed (Elliott et al., 2009; Medina and Ravichandran, 2016). These find-me signal cues are
then sensed by receptors on phagocytes that initiate their movement to the proximity of the
apoptotic meal. Most of the find-me signals have been delineated using /in vitro assays, with
some by in vivo observations, and it is not known what the ‘tissue range’ is, i.e., how far
such apoptotic cell-derived find-me signal gradients can propagate in a tissue to attract
phagocytes, or how quickly some of these find-me signals may be degraded (e.g. nucleotides
by extracellular enzymes that degrade nucleotides). Thus, defects in the efficiency of find-
me signal release (e.g. mutations in PANX1 channels or altered PANX1 function), defects in
the sensing of find-me signals, or degradation of find-me signals could all contribute to
defective apoptotic cell recognition and clearance.

The second step is the * 7aste phase’ that involves recognition of the ligands of apoptotic
cells, termed ‘eat-me signals’ by the phagocytes through specific receptors. The eat-me
signals can also come in different flavors, such as lipids (phosphatidylserine), proteins
(ICAM-3) (Moffatt et al., 1999), or modified carbohydrates. The best studied eat-me signal
is phosphatidylserine (PtdSer) and this appears to be conserved through evolution. PtdSer,
which is normally present on the inner leaflet of the plasma membrane, gets exposed on the
outer leaflet during apoptosis (due to altered functionality of scramblases and flippases),
thereby providing a marker of apoptotic cells (Segawa et al., 2014; Suzuki et al., 2013). This
exposed PtdSer on the apoptotic cells can be recognized by phagocytes through several
different PtdSer receptors, either directly (via TIM-4, BAI1, Stabilin-2) (Miyanishi et al.,
2007; Park et al., 2007; Park et al., 2008) or indirectly through bridging molecules (such as
Gas6, Protein S, MFGES) (Borisenko et al., 2004; Nakano et al., 1997) that bind both the
PtdSer on the apoptotic cells and receptors on phagocytes (such as MERTK and integrins)
(Lemke and Burstyn-Cohen, 2010). It is clear from the current body of work from a number
of laboratories that not all receptors are expressed on all phagocytes, nor is this necessary.
However, different phagocytes express different subsets of efferocytic receptors, and some
are also further increased in expression during different stages of efferocytosis. Thus, defects
in either expression or function of specific engulfment receptors have been linked to specific
pathologies, depending on the tissue types. In addition, we need to consider don’t eat-me
signals that are expressed on live cells that repel phagocytes from efferocytosis. Among
these, a number of recent studies have identified a clear role for CD47 as a key don’t eat-me
signal on live cells, and the Cd47 engagement of SIRPa. on macrophages as an important
inhibitory signal (Chao et al., 2012; Kojima et al., 2017; \eillette and Chen, 2018; Weiskopf
et al., 2013). Specifically, blocking CD47 recognition promotes uptake of tumor cells
(contextdependent and requiring Fc portion of the antibody), and also in the context of
atherosclerosis (Kojima et al., 2016). At this point, precisely how the SIRPa signaling in
macrophages is coordinated with the engulfment receptors is still under investigation.

The third step of the process is the “ingestion phase’, where signaling in the phagocyte
downstream of engagement of apoptotic cells by phagocytic receptors leads to corpse
internalization. For example, the binding of PtdSer by BAI1 leads to signaling via the
ELMO/Dock180/Rac pathway to promote cytoskeletal reorganization and corpse uptake
(Fond et al., 2015; Lee et al., 2016; Mazaheri et al., 2014; Park et al., 2007). Additionally,
TIM-4, along with either integrins, TAM receptors or fibronectin 1, leads to signaling within
phagocytes to facilitate corpse internalization (Flannagan et al., 2014; Lee et al., 2018).
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Similarly, apoptotic cell engagement by the TYRO3, AXL, MERTK (TAM) family of
receptors leads to downstream signaling (Lemke and Burstyn-Cohen, 2010). Defects in
signaling downstream of BAI1, MERTK, or TIM-4 have been linked to pathologies of the
testes, the eye, lung, and the liver (Bosurgi et al., 2017; Poon et al., 2014b; Rothlin et al.,
2015).

The fourth step is the * Digestion/response phase’ that involves processing of the corpses and
the production of anti-inflammatory mediators. Elegant studies have now shown that
efferocytic phagocytes release a number of anti-inflammatory mediators including PGE2,
TGFp IL-10, and lactate, among others (Morioka et al., 2018). Defects in corpse processing
and/or production of anti-inflammatory mediators can lead to pathologies and chronic
inflammatory diseas such as atherosclerosis, colitis, and lupus (Blanc et al., 2003; Kawane et
al., 2006; Martinez et al., 2016).

In vivo, the recognition and removal of apoptotic corpses usually occurs extremely rapidly.
For example, if one injects millions of apoptotic cells into the peritoneum of a mouse, in as
little as 15-30 minutes, most of these apoptotic cells reside within phagocytes (in some
cases, in as little as a few min) (Morioka et al., 2018). While apoptotic cells themselves can
have beneficial effects (see below), the failure to clear them promptly results in secondary
necrosis and either the contents of these necrotic cells or their interaction with other cells in
the tissue appear to promote inflammation. Thus, failed apoptotic cell clearance is often
associated with local tissue inflammation that can become chronic, if resolution does not
take place, and the potential release of self-antigens can lead to autoimmunity in some cases
(Henson and Hume, 2006). Below, we have provided specific examples of defects in the
different steps of apoptotic cell clearance that can lead to pathological sequelae.

Pathologies linked to molecules in the ‘Smell phase’ of efferocytosis

As the find-me signals during efferocytosis are soluble factors, the potential pathologies
linked to defective clearance can arise from the failure to generate these factors or in sensing
of these cues. It has been revealed that there are a number of different associations with
disease in mice (and in some cases human) when the receptors for specific find-me signals
are deficient, such as the CX3CR1 receptor that engages fraktalkine/CD3CL1, or the P,Y
receptor important for ATP recognition (Truman et al., 2008). It is worth noting that the
knockout mouse studies did not directly link the inflammation state to failed clearance,
although the loss of P,Y, does lead to accumulation of uncleared apoptotic cells in the
thymus (Elliott et al., 2009). However, the release mechanism by which the find-me signals
get out of the apoptotic cells is yet to be defined, except for nucleotides, which occurs via
pannexin channels (Medina and Ravichandran, 2016;Yamaguchi et al., 2014). Caspase-
dependent cleavage of the C-terminal tail of the pannexin 1 channels leads to release of
nucleotides (and likely other molecules less than 1 kDa) and these can either act as find-me
signals (such as ATP or UTP) or as anti-inflammatory mediators (such as AMP that gets
converted to adenosine) (Chekeni et al., 2010; Sandilos et al., 2012). Pannexin channels also
have other physiological roles, including blood pressure regulation, neuropathic pain
propagation, and metastasis (Weaver et al., 2017). Cells lacking Pannexin 1 die in a
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fragmented fashion (displaying features of apoptopodia) and in a pro-inflammatory fashion,
with a potential linkage to trovafloxacininduced toxicity in humans (Poon et al., 2014a).

Pathologies associated with molecules in the ‘Taste phase’ of efferocytosis

Given the many molecules that are exposed on the apoptotic cells, and the many phagocytic
receptors that engage these receptors, the potential disturbances and the linkages to diseases
are numerous. Among the ligands on apoptotic cells, the best known is PtdSer and this is
recognized either directly via specific receptors or indirectly through intermediary molecules
that bridge PtdSer on the apoptotic cells to the receptors on phagocytes. Mice with knockout
of specific PtdSer receptors have shown a striking or mild defect depending on the receptor,
tissue type involved, and whether the phenotypes were assessed in the steady state or after
specific insults. Mice with a global loss of a single receptor often display mild phenotypes
(except for a few exceptions, such as MERTK loss in the retina)(Burstyn-Cohen et al.,
2012), and /n vitro, the loss of a single receptor often leads to only a partial reduction in
apoptotic cell uptake. These observations have led to the current notion that there are
redundancies among engulfment receptors. Clearly, engagement of a polyvalent eat-me
signal such as PtdSer by multiple PtdSer receptors (with either direct or indirect recognition)
is complicated, and this is not easily manifested by /n vitro or in vivo assessments. However,
we posit that this redundancy is not a blanket phenomenon, and rather context-dependent.
For example, transgenic overexpression of the PtdSer BAI1 could substitute for MERTK
loss in the Sertoli cell-mediated clearance of apoptotic germ cells, while BAI1 could not
rescue the striking retinal degeneration phenotype seen with MERTK deficiency (even when
being expressed in the right location in the retina and in apparently sufficient densities)
(Burstyn-Cohen et al., 2012; Penberthy et al., 2017). This is consistent with an elegant
earlier study which determined that MERTK and its ligands (either Gas6 or Protein S) are
necessary for normal photoreceptor clearance and prevention of retinal degeneration
(Burstyn-Cohen et al., 2012). MERTK may also signal uniquely in the retinal pigmented
epithelial cells, and this may also contribute to the retinal degeneration, as RNAseq
comparison of RPE with and without MERTK expression displayed a unique gene signature
(independent of photoreceptor uptake) (Penberthy et al., 2017). Thus, the engulfment
receptors may provide specificity both at the uptake level and also engage unique ligand
specificities and downstream signaling within specific cells and tissues (Zagorska et al.,
2014).

Similarly, the requirement for certain signaling molecules downstream of efferocytic
receptors can also be tissue specific. For example, loss of EImol leads to a defect in Sertoli
cell-mediated clearance of apoptotic germ cells, but has little effect on macrophage uptake,
likely because EImO02 expression is increased in most tissues when Elmo1 is deficient, but
not in the Sertoli cells (Elliott et al., 2010). Thus, either context dependent expression,
signaling, or redundancy may dictate the specific pathologies. Table 1 details some of the
many different mouse and human pathologies or consequences associated with the loss of
various engulfment receptors and downstream signaling molecules. A cautionary note in
these disease linkages is that in most cases, even though uncleared apoptotic cells are seen
when a particular receptor(s) is deleted or lost, it has not been clearly established whether
the observed phenotype/pathology is solely due to the efferocytic defect or whether
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additional tissue specific functions of these molecules contributed to the phenotype (Table
1).

Pathologies linked to multiple phases of efferocytosis

Efferocytosis has multiple stages and these phases operate in a continuum, with both feed-
forward and feedback regulation. For example, a defect in proper regulation of specific
downstream molecules (see below) can lead to defective dying cell uptake. Subsequently, the
release of pro-inflammatory factors from the uncleared secondarily necrotic cells, and the
lack of proper anti-inflammatory mediators from the efferocytic phagocytes can lead to
induction of local inflammation. Further, a failed initial clearance step leading to local
inflammation and recruitment of other immune cells such as neutrophils, can exacerbate this
situation by contributing to the apoptotic cell burden due to their short life span (e.g. ~24
hours for neutrophils) after which they have to be cleared as well. Thus, an initial defect
could be accentuated beyond the first step. Often, characterization of a phenotype as an
efferocytotic defect is initially noticed as an increased number of TUNEL or Annexin V
positive cells in a tissue context. A major distinction that has to be considered is whether this
is due to increased apoptosis (by existing or recruited cells) versus a defect in efferocytosis.
Below we discuss two disease states where the failed/defective efferocytosis has been very
well linked to disease progression.

Atherosclerosis:

Cardiovascular disease linked to formation of atherosclerotic plaques in the vessel walls is
the major cause of human mortality worldwide (for excellent reviews, please see: (Libby,
2002; Moore and Tabas, 2011)). It is now established that formation and propagation of the
atherosclerotic plaques is associated with defects in proper efferocytosis, and the associated
chronic inflammation (Morioka et al., 2018; Wang et al., 2017b) (Figure 3A). Most
atherosclerotic plaques in the later stages of disease are characterized by accumulation of
apoptotic cells as well as a necrotic core. Macrophages play a major role within the plaques
at several levels. First, the infiltration of monocytes and their differentiation to macrophages,
and the subsequent inflammatory responses of these macrophages, significantly contribute to
the initiation and propagation of the pathology. Further, a fraction of macrophages in the
plaques are also cholesterol-laden and these macrophages display defective efferocytosis.
These macrophages also undergo apoptosis and have to be removed by either newly
recruited or plaque-associated macrophages (Kojima et al., 2017; Moore and Tabas, 2011,
Tabas, 2010). Thus, any changes in the recognition of the apoptotic cells within the plaques,
the ability of the macrophages to uptake cargo, the processing of the cargo, or the
subsequent responses of the phagocytes can all contribute to the disease progression and
severity. In terms of the apoptotic cell recognition phase during development of
atherosclerosis, the receptor MERTK has been linked to clearance of apoptotic cells by
macrophages within the plaques. Mice deficient in MERTK expression have larger necrotic
plaque areas in mouse models of atherosclerosis. Interestingly, proteolytic cleavage of the
extracellular region of MERTK dampens efferocytosis, and this occurs within both human
and murine atherosclerotic plaques (Cai et al., 2017). In elegant studies, Tabas and
colleagues engineered protease-resistant MERTK bone marrow chimera mice that have less
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plague necrosis during experimental atherosclerosis (Cai et al., 2017). In addition, signaling
within the phagocytes during corpse processing also seems important — for example, aerobic
glycolysis is a key aspect of efferocytosis and the successive uptake of more than one
corpse, and this depends on the glucose transporter Glut1/SIc2A1 and glucose uptake
(Morioka et al., 2018); further, mitochondrial fission through Drp1 and Ucp2 regulates
macrophages to continue to engulf multiple corpses (Blanc et al., 2003; Park et al., 2011;
Wang et al., 2017b). Moreover, macrophages are remarkably capable of reverse cholesterol
transport where they release the cholesterol via ABCAL to form HDL particles that then get
cleared by the liver (Fond et al., 2015). During efferocytosis of normal apoptotic cells or
cholesterol-laden macrophages that are dying, this problem is further accentuated.
Interestingly, during efferocytosis, ABCA1 gets upregulated, and this in turn promotes
cholesterol efflux. It now appears that one modality for ABCA1 upregulation is through the
BAI1/ELMO1/Racl pathway. Another critical step of efferocytosis is the production of anti-
inflammatory mediators by engulfing phagocytes, which is important for dampening tissue
inflammation. Recent work suggests that duringthe resolution phase of inflammation, Treg
cells can communicate with macrophages (through IL-13) and, in turn, via IL-1g, can
improve efferocytosis (Proto et al., 2018). Thus, multiple phases of efferocytosis are linked
to atherosclerosis and therefore targeting the efferocytotic pathway via small molecules may
be a potential therapeutic approach.

Gut inflammation:

Both ulcerative colitis (UC) and inflammatory bowel disease (IBD) affect millions of people
worldwide with the current therapies largely targeting molecules that promote inflammation
(such as IL-1 or TNFa) without directly addressing the cause. It has been known for a long
time that both UC and IBD are chronic inflammatory conditions and that there are often
many uncleared apoptotic corpses in these inflammatory tissues. It is unclear at this point
whether this is due to increased apoptosis (due to the inflammatory milieu) or defective
clearance by phagocytes, but recent studies in mouse models suggest that impaired
efferocytosis might be part of the cause (Figure 3B). There might be at least two types of
phagocytes one needs to consider. First, dendritic cells residing in the lamina propria can
mediate uptake of the dying epithelial cells, and the gene programs induced within these
dendritic cells suggest that they can influence the inflammatory state (Cummings et al.,
2016). Further, epithelial cells themselves seem capable of eating their dying brethren.
Although it is often assumed that epithelial cells of the gut can simply be extruded into the
gut lumen, there are both physical limitations and the necessity of maintaining epithelial
barrier integrity. In support of the notion that epithelial cells can eat their dying neighbors
and that it can be beneficial, transgenic overexpression of an engulfment receptor BAI1 (and
its signaling downstream to the engulfment machinery) was able to dampen inflammatory
colitis in a murinemodel of the disease (Lee et al., 2016). Thus, targeting the efferocytosis
process either by the myeloid cells or the epithelial neighbors, and the potential
antiinflammatory mediators produced during uptake, may be of benefit in reducing
inflammation during chronic gut inflammation.
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Other issues, and where do we go from here?

Efferocytosis is a complex process.

Through exciting discoveries from multiple investigators approaching efferocytosis from
different angles, we know that efferocytosis occurs in many tissue contexts, and the field has
made remarkable progress in recent years. As we understand more of this process, both
during homeostasis and in various disease pathologies, we recognize that this process is both
intricate and multi-faceted, and there are a number of key areas in which we still have rather
limited knowledge. We have highlighted a few of these below. When a phagocyte ingests an
apoptotic cell (often the same size as itself!) its volume is likely to double or more than
double if the phagocyte were to take up multiple corpses in succession. Yet, remarkably,
phagocytes maintain their cell volume beautifully, and the molecular players involved in cell
volume regulation are not understood. Understanding phagocyte volume regulation could be
highly relevant in tissues with high cellular turnover, or in atherosclerotic plaques, where
one macrophage attempts to eat another cholesterol-laden macrophage. Similarly, how a
phagocyte manages the excess metabolic cargo load from the ingested cells is another area
that is not well deciphered and could be hugely important for homeostatic cell turnover and
pathologies that arise. Recent studies on the solute carrier (SLC) family gene program
initiated during efferocytosis suggests that some of the cargo management may be mediated
through these SLCs (Morioka et al., 2018). Further, we know very little about how a
macrophage handles various stresses, including oxidative stress and ER stress, how it
manages the multiplication of many cellular contentsproteins, carbohydrates, lipids, and
nucleotides to name a few. This could again be highly relevant for rapid cell turnover, and
under metabolic disturbances, such as obesity. It is known that adipocyte death is a feature of
obesity in inflamed fat tissue, and macrophages in a crown-like structure localize around
adipocytes, which are many fold bigger and cannot be ingested by a single macrophage
(Alkhouri et al., 2010; Haka et al., 2016). How the macrophages manage the issues of
volume, metabolic load, and anti-inflammatory responses would be highly useful in
interpreting the disease progression and in designing approaches to therapeutically intervene
in these metabolic disorders from an efferocytosis perspective. Another dimension of
homeostatic efferocytosis that requires attention in different tissues is the circadian aspects
of cell clearance. Elegant studies from Hidalgo and colleagues in the context of neutrophil
clearance already suggests that this is highly regulated over the circadian cycle (A-Gonzalez
et al., 2017; Casanova-Acebes et al., 2013). Similarly, clearance of photoreceptor outer
segments by the RPE is also circadian regulated. How the death itself is regulated during
different points in the circadian cycle, how this may match with the competency of the cell
clearance machinery, are fascinating avenues for future pursuit. Also, we need better tools to
monitor both apoptosis and efferocytosis /n7 vivoand to be able to track dying and engulfing
cells for further analysis. Thus, defining efferocytosis during homeostatic cell turnover is at
an exciting phase and insights into potential points of therapeutic intervention could have
significant implications for many human diseases.
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Stages of efferocytosis
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A game of numbers — erythrocyte clearance in mice and the phases of efferocytosis. (A)
Every symbol represents 2.5 x 106 cells of the respective population. Red blood cells (RBC)
are depicted in red, Kupffer cells (KC) are depicted in yellow and red pulp macrophages
(RPM) are depicted in blue. Every day, 600 x 106 RBC are cleared, resulting in a clearance
rate of 7000 RBC per second. This task is performed by either 10 x 10% KC, 2.5x106
macrophages or both, resulting in the necessity of each phagocyte to engulf one RBC on

average every 24 min, 6min, or 30 min, respectively.

(B) Efferocytosis is carried out via four distinct steps, and potential disturbance in one or
more of these steps could result in defective apoptotic cell clearance and the associated
pathologies. The first step in engulfment of apoptotic cells is the * Smell phase’ that involves
communication of dying cells with nearby phagocytes through find-me signals that are
released in the early stages of apoptosis. The second step is the “ 7aste phase’ that involves
recognition of the ligands of apoptotic cells, termed “eat-me signals’ by the phagocytes
through specific efferocytotic receptors. The third step of the process is the * /ngestion
phase’, where signaling in the phagocyte downstream of engagement of apoptotic cells by
phagocytic receptors leads to corpse internalization. The fourth step is the * Digestion/
response phase’ that involves processing of the corpses and the production of anti-

inflammatory mediators by the efferocytic phagocytes.
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Figure 2.
Molecules involved in efferocytosis and their disease linkage in different tissues. In many

tissues of the body, clearance of apoptotic cells is performed by the professional phagocytes
and non-professional phagocytes. Pathologies associated with either natural or induced
deletions or mutations of the specific molecules and their linkage t0 diseases or the different
tissues are shown.
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Figure 3.
Apoptotic cell clearance in atherosclerosis and the intestine. (A) Monocyte-derived

macrophages in atherosclerotic plaques take up LDL via CD36, and the free cholesterol if
often released via ABCA1 to HDL (part of reverse cholesterol transport to the liver). The
macrophages express the phosphatidylserine receptors such as MERTK and BAI4, limiting
the accumulation of dead cells and necrotic core formation. Further, BAl{-mediated
efferocytosis increases capacity of macrophages to perform reverse cholesterol efflux via
upregulation of ABCAL. If the load of LDL is too high, efferocytosis or reverse cholesterol
efflux is impaired, then macrophages accumulate cholesterol and develop into foam cells.
Foam cells show inflammatory characteristics, impaired efferocytosis, and are poised to
undergo cell death. Dying foam cells and inflammation-induced cell death of plaque-
associated cells contribute to necrotic core formation.

(B) During homeostasis, apoptotic cells in the epithelial lining are taken up by nearby
healthy epithelial cells, by professional phagocytes of the lamina propria (such as dendritic
cells), or shed into the lumen. Under these circumstances, the epithelial barrier function is
maintained, and cell clearance establishes a tolerogenic, anti-inflammatory environment. If
apoptotic cell clearance is impaired or cell death exceeds the clearance capacity of the
intestine, apoptotic cells progress into secondary necrosis. Secondary necrotic cells either
release pro-inflammatory mediators themselves or induce an inflammatory signature in the
phagocytes. The disruptions of epithelial lining allow bacterial passage through the barrier,
further contributing to the overall inflammatory environment associated with increased cell
death and clearance deficiency
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Molecules and Pathologies Linked to Impaired Efferocytosis
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Relevant Mouse (M) or human (H) disease connections

molecules

References

Smell Phase Associated Molecules and Disease Connections

Pannexin-1 .
P2Y2 .
CX3CR1 .
G2A .
S1P .

Increased inflammation during peritonitis (M)
Delayed onset of disease in EAE (M)

Blood pressure regulation dysfunction (M)
Tumor metastasis (M and H)

Target for resistant hypertension (M and H)

Decreased allergic airway inflammation (M and H)

Attenuated atherosclerotic lesions (M)

Autoimmune syndrome (M)

Colitis (M)

SLE (M)

(Billaud et al., 2015; Good et al., 2018;
Yamaguchi et al., 2014)

(Mdller et al., 2010)

(Combadiere et al., 2003)

(Frasch et al., 2016)

(Luo et al., 2016)

Taste Phase Associated Molecules and Disease Connections

Direct PtdSer Receptors

BAIl1 .
TIM-4 .
Stabilin-1 .
Stabilin-2 .
RAGE .
CD300f .
TREM-2 .

Decreased muscle regeneration (M)
Defects in spatial learning and memory (M)
Western diet-induced dyslipidemia (M)
Colitis (M)

Increased cellularity in the peritoneum (M)
SLE (M)
Decreased susceptibility to hepatic IR (M)

Slower growth or spread of melanoma (M)

Glomerular fibrosis with proteinuria (M)

Reduced dissemination of melanoma (M)

Glomerular fibrosis with proteinuria (M)

Lung fibrosis (M and H)
LPS-induced lung inflammation (M and H)
Increased asbestos-induced lung fibrosis (M)

Decreased bleomycin-induced lung fibrosis (M)

Increased survival in CLP model of septic shock (M)

Autoimmune disease (M)

Delays Alzheimer’s disease (M)

(Fond et al., 2015; Hochreiter-Hufford et al.,
2013; Lee et al., 2016; Zhu et al., 2015)

(Ji et al., 2014; Miyanishi et al., 2012; Wong et
al., 2010)

(Karikoski et al., 2014; Schledzewski et al.,
2011)

(Schledzewski et al., 2011)

(Englert et al., 2008; Englert et al., 2011; He et
al., 2007; He et al., 2011)

(Tian et al., 2014)

(Poliani et al., 2015; Wang et al., 2015)
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Relevant Mouse (M) or human (H) disease connections References
molecules
. Cuprizone-induced demyelination (M)
DDla . Autoimmune disease (M and H) (Yoon et al., 2015)
Indirect PtdSer Receptors
TAM receptors . Retinal degeneration and Loss of vision (M) (Bosurgi et al., 2013; D’Cruz et al., 2000;
. Lower fertility and germ cell clearance in testes (M) anfgagg?t al., 2003; Felton etal., 2018; Lu et
+ Atcimmunity (v LuangLemie 2001 Neter ot 2013 Prs
. AOM and DSS-induced colon cancer (M) 2011)
. EAE (M)
. Better motor function after cerebral ischemia (M)
. Allergic airway inflammation (M)
. Parkinson’s disease (M)
Integrins . Autoimmunity (M) (Acharya et al., 2010; Lacy-Hulbert et al., 2007;
. Colitis (M) McCarty et al., 2008; McCarty et al., 2005)
. Delayed disease development in EAE (M)
. Axonal degeneration, seizures, motor dysfunction (M)
. Eyelid tumors (M)
. Loss of vision (M)
Bridging Molecules
MFG-E8 . SLE (M) (Ait-Oufella et al., 2007; Kusunoki et al., 2015;
. Autoimmunity (M) Miyanishi et al., 2012; Peng and Elkon, 2011)
. Colitis (M)
. Less tumor growth (M and H)
. Diabetes (M)
. Less neuronal loss after LPS-induced inflammation (M)
. Atherosclerosis (M and H)
. Lipid storage disorder (M)
Gas6 . Colitis (M) (Akitake-Kawano et al., 2013; Binder et al.,
. Colonic tumor (M) 2011; Llacuna et al., 2010; Yanagita et al., 2002)
. Platelet dysfunction (M and H)
. Cuprizone-induced demyelination (M)
. Hepatic ischemia and reperfusion injury (M)
. Nephritis (M)
. Delayed GVHD (M)
Protein S . Increased immune response (M and H) (Carrera Silva et al., 2013)
. Increased T cell-induced colitis (M)

Other Receptors and Molecules

CD36

. Resistance to diet-induced obesity (M)
al., 2013)
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(Cai et al., 2012; Greenberg et al., 2006; Parks et
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Relevant Mouse (M) or human (H) disease connections References
molecules
. Reduced efferocytosis in lung injury (M)
. Skin wound healing (M)
LRP1 . Atherosclerosis (M) (Yancey et al., 2010; Yancey et al., 2011)
. Increased susceptibility to HSV-1 (M and H)
SCARF-1 . Autoimmunity (M) (Ramirez-Ortiz et al., 2013)
Clga . SLE (M) (Bhatia et al., 2007; Bossi et al., 2014; Botto et
i . i al., 1998; Chu et al., 2010; Stevens et al., 2007)
. Defective synaptic refinement (M)
. Epilepsy (M)
. Defective wound healing (H)
. Atherosclerosis (M)
SLC2A1 . Atherosclerosis (Freemerman et al., 2019; Morioka et al., 2018)

Ingestion Phase Associated Molecules and Disease Connections

ELMO1 .
DOCK180 .
GULP .
RAC1 .

Testicular pathology (M)
Impaired neurogenesis (M)

Diabetic nephropathy (M and H)

Cardiovascular abnormalities (M)

Myogenesis abnormalities (M)

Arthritis (H)
Schizophrenia (H)

Rheumatoid arthritis (M)

Airway inflammation (M)

Inflammation in mammary grant (M)

(Elliott and Ravichandran, 2010; Elliott et al.,
2010; Hathaway et al., 2016; Lu et al., 2011)

(Laurin et al., 2008; Sanematsu et al., 2010)

(Qingchun et al., 2008)

(Abreu et al., 2010; Akhtar et al., 2016;
Juncadella et al., 2013)

Digestion Phase Associated Molecules and Disease Connections

LXRa, LXRB .
PPAR .
DNase Il .
ABCA1l .

MS and EAE (M)

SLE and systemic autoimmunity (M and H)

Autoimmune uveitis (H)

Atherosclerosis (M)

SLE and glomerulonephritis (M)
Atherosclerosis (M)
Osteoarthritis (M)

Polyarthritis (M)

Defects in thymic development (M)

SLE/glomerulonephritis (M)

(Bischoff et al., 2010; Jeon et al., 2014; Yang et
al., 2014)

(Babaev et al., 2005; Mukundan et al., 2009;
Roszer et al., 2011; Vasheghani et al., 2013)

(Kawane et al., 2003; Kawane et al., 2006)

(Christiansen-Weber et al., 2000)
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Relevant Mouse (M) or human (H) disease connections References

molecules

Drpl . Atherosclerosis (M) (Wang et al., 2017b)

Rubicon and . SLE (M) (Martinez et al., 2016; Martinez et al., 2015)
NOX2

UCP2 . Atherosclerosis (M) (Blanc et al., 2003)

SLC16A1 . Erythrocyte Lactate Transporter Defect (H) (Merezhinskaya et al., 2000)
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