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Summary

Phosphatidylserine recognition receptors are a highly diverse set of receptors grouped by their 

ability to recognize the ‘eat-me’ signal phosphatidylserine on apoptotic cells. Most of the 

phosphatidylserine recognition receptors dampen inflammation by inducing the production of anti-

inflammatory mediators during phagocytosis of apoptotic corpses. However, many 

phosphatidylserine receptors are also capable of recognizing other ligands, with some receptors 

being categorized as scavenger receptors. It is now appreciated that these receptors can elicit 

different downstream events for particular ligands. Therefore, how phosphatidylserine recognition 

receptors mediate specific signals during recognition of apoptotic cells versus other ligands, and 

how this might help regulate the inflammatory state of a tissue is an important question that is not 

fully understood. Here, we revisit the work on signaling downstream of the phosphatidylserine 

recognition receptor BAI1, and evaluate how these and other signaling modules mediate signaling 

downstream from other receptors, including Stabilin-2, MerTK and αvβ5. We also propose the 

concept that phosphatidylserine recognition receptors could be viewed as a subset of scavenger 

receptors that are capable of eliciting anti-inflammatory responses to apoptotic cells.
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Everyday, billions of cells in our body undergo the programmed cell death process known as 

apoptosis. The process of apoptotic cell death is crucial for normal tissue development as 

well as homeostasis within developed tissues. In fully developed tissues, aged and damaged 

members of the cellular community undergo apoptotic cell death(1). Subsequently, these 

dying cells are cleared by phagocytes, and the engulfing phagocytes then actively limit or 

dampen local tissue inflammation(2–5).

During apoptosis, dying cells expose ‘eat-me’ signals so that phagocytes can recognize and 

distinguish them from healthy counterparts. The most classic and well-studied ‘eat-me’ 

signal is phosphatidylserine (PtdSer). Normally, PtdSer is sequestered on the inner leaflet of 

the plasma membrane, and during apoptosis PtdSer is exposed on the outer leaflet of the 

plasma membrane, where it can interact with PtdSer receptors on phagocytes(6–8). Ligation 
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of PtdSer receptors on phagocytes triggers phagocytic cup formation, which then facilitates 

the engulfment of the dying cell.

PtdSer recognition receptors and Scavenger receptors

PtdSer recognition receptors do not fall in to a single category or family of proteins as they 

do not share a common structure (Figure 1). Rather, PtdSer receptors come in a variety of 

different molecular formats, with the only commonality being their ability to recognize the 

ligand phosphatidylserine (either directly or indirectly). It should be noted that many, and 

potentially all PtdSer receptors, recognize multiple ligands and likely have roles other than 

apoptotic cell clearance(9–16). In fact, numerous PtdSer receptors have also been 

categorized as scavenger receptors (Table 1).

Scavenger receptors, like PtdSer receptors are a broad category of membrane proteins that 

are structurally distinct and evolutionarily ancient. The scavenger receptors were originally 

recognized and categorized on the basis of their ability to bind modified low-density 

lipoproteins (LDL)(3, 17). Currently, there are nine official classes of scavenger receptors. 

As new receptors are discovered and old receptors are re-categorized, additional classes are 

proposed. Scavenger receptor ligands are known to include altered self-ligands that are 

broadly termed damage associated molecular patterns (DAMPs). Many scavenger receptors 

are also capable of recognizing markers on pathogens that are referred to pathogen 

associated molecular patterns (PAMPs). The classification schema has been largely based on 

the general group of ligands recognized, which results in moderate structural variability 

within the same class. While many scavenger receptors have also been shown to recognize 

PtdSer, and receptors originally linked to PtdSer recognition now have other ligands, some 

PtdSer receptors, such as TIM-4 and BAI1 have remained excluded from scavenger receptor 

categorization. While BAI1, as a 7-transmembrane G-Protein coupled receptor, differs from 

most scavenger receptors in that it has more than one transmembrane domain, it does 

possess the ability to bind LPS as well as phosphatidylserine(9, 18). As the scavenger 

receptor category expands, this term of ‘scavenger’ may need to be revised given how many 

proteins possess this ‘scavenging’ function, yet it is a crucial characteristic and one that is 

relevant in the context of PtdSer receptors.

PtdSer receptors mediate what is often referred to as an “immunologically silent” apoptotic 

cell removal. However, the term ‘silence’ is a slight misnomer. While it is correct that 

apoptotic cell clearance does not elicit a pro-inflammatory response, apoptotic cell 

engulfment also elicits potent anti-inflammatory signaling in the phagocyte(4, 5, 19–21). 

This signaling ultimately leads to anti-inflammatory cytokine production and secretion (4, 5, 

22, 23). Interestingly, while PtdSer receptors are typically viewed as anti-inflammatory, 

some also contribute to inflammatory responses in certain contexts (9, 24–26). It is unclear 

at present how these promiscuous receptors can mediate these diametrically opposite 

responses.

In part, the difficulty in recognizing both anti-inflammatory and pro-inflammatory responses 

downstream of phosphatidylserine receptors and scavenger receptors is due to issues of 

receptor nomenclature. For example, a review on scavenger receptors recently suggested 
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that the PtdSer receptor TIM-1 was a prototypical member of a novel class of scavenger 

receptor(27). However, the publications this suggestion was based on refer to TIM-1 as 

either KIM-1 (kidney injury molecule-1) or HAVCR1 (heptatis A virus cellular receptor 1)

(14, 28). Additionally, the scavenger receptors FEEL 1 and 2 are also known as the PtdSer 

receptors Stablilin-1 and Stabilin-2 respectively. Additionally, Scavenger receptor type F 

family member 1 (SCARF1), which recognizes PtdSer via C1q, is also known as the 

scavenger receptor SREC-1(10, 29). A recent review proposed an overhaul to the 

nomenclature of scavenger receptors(30). While this may help clarify some of the issues, the 

greater hope is to re-conceptualize PtdSer receptors as a sub-class of scavenger receptors 

capable of eliciting anti-inflammatory responses to apoptotic cells. Many PtdSer receptors 

have already been classified or suggested as members of the scavenger receptor family 

(Table 1). However, other receptors, such as BAI1, meet the scavenger receptor criteria of 

being able to recognize DAMPs and PAMPs, but are yet to be recognized as a type of 

scavenger receptor(9).

A major question in the scavenger receptor field could just as easily be applied to the PtdSer 

receptor field: how do promiscuous receptors with a multitude of ligands elicit the 

appropriate response for a given ligand? The answer to this question is likely that “context 

matters” and context is almost certainly based on the receptor repertoire engaged during the 

recognition of a particular target or ligand. Additionally, multiple receptors might interact 

physically in a ‘signaling synapse’. Evidence for this hypothesis is increasing as more 

PtdSer receptors are found to act in concert e.g. Tim4 and β1 integrin, Stabilin-2 and αvβ5, 

MerTK and αvβ5(31–33). Alternatively, it is also possible that multiple receptors might be 

engaged individually and they intersect at the level of downstream cytoplasmic signaling 

pathways to elicit their effects.

Much of the early work on apoptotic cell clearance, prior to identification of specific PtdSer 

recognition receptors, was performed in model organisms. The mammalian homologs were 

subsequently identified, permitting signaling studies. The early genetic studies utilized C. 

elegans and D. melanogaster to identify specific genetic pathways that elicit apoptotic cell 

engulfment(34–38). In the years since their discovery, additional studies in the worm, fly, 

and mammal have elaborated these simple pathways into complex networks with multiple 

regulatory nodes and areas of signaling overlap. Here, we review the knowledge gained 

from signaling studies performed by many investigators (including our laboratory), identify 

new avenues of investigation toward understanding how specificity might be achieved in 

downstream signaling responses, and how PtdSer receptors might fit in the larger context of 

scavenger receptors.

Lessons from evolutionarily conserved signaling pathways

Initially, the molecular players involved in apoptotic cell recognition and clearance in 

mammals were a black box. However, cloning of the mammalian homologs of the genes 

linked to apoptotic cell clearance in a model organism, the nematode C. elegans, proved 

enlightening. Similarly, parallel studies in the fly Drosophila melanogaster, and 

complementary studies in other model organisms such as zebra fish, and mammalian 

systems have helped identify key players and pathways. Below, we detail some of the 
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studies that were initially performed in the nematode, enabled by the powerful genetic tools 

available for this organism, as well as the fact that cell death in the developing nematode is 

invariant (with specific cells undergoing stereotyped forms of developmental cell death) 

(39–41).

Genetic analyses and rescue studies of mutants have identified two partially redundant 

pathways involved in cell clearance in C. elegans. Most of these players have also been 

identified in mammals. The initial six genes discovered (ced-1, ced-2, ced-5, ced-6, ced-7 

and ced-10) were grouped into two, partially redundant pathways, according to studies of 

double mutants. In these studies, single mutants in each pathway lead to an increase in the 

number of uncleared corpses, but mutation of multiple genes within the same pathway does 

not further enhance the phenotype. However, mutating genes in both pathways augments the 

number of uncleared corpses.

The first pathway involves the membrane protein CED-1 (whose homologs in mammals 

include MEGF-10, and also distantly LRP1), a second membrane protein CED-7 (ABCA1 

and/or ABCA7 being the mammalian homologue(s)), and a cytoplasmic signaling protein 

CED-6 (mammalian homolog GULP) (34), (36), (42–45). The second pathway consisted of 

three cytoplasmic proteins CED-2, CED-5, CED-10, and CED-12, with the mammalian 

homologues being, respectively, CrkII, Dock180, and Rac (34) (43, 46–48). The 

identification of the members of the second pathway indicated a modality by which 

phagocytes may rearrange their cytoskeleton for corpse uptake. Dock180 (ced-5) was 

originally isolated as a Crk (ced-2) binding protein that caused cell membrane ruffling, 

which was later shown to be the result of downstream Rac1 (ced-10) activation. Their 

association with cell clearance, which requires membrane reorganization, indicated that the 

function of these proteins in regulating the cytoskeleton was likely conserved throughout 

evolution (49, 50). The initial genetic studies in C. elegans were extremely useful in 

identifying the key players involved in engulfment. The discovery of the mammalian 

homologues and the subsequent biochemical studies in mammalian systems have greatly 

helped our understanding of how these various molecular players work together during 

apoptotic cell engulfment.

Identification of ELMO1/Dock180 complex as a new type of Rac-GEF

Rac1 is a small GTPase that belongs to the Rho family of GTPases. The rate-limiting step in 

activation of Rho GTPases is the exchange of GDP for GTP, which requires their 

progression through the nucleotide-free transition state. This activation step is regulated by 

proteins that control the nucleotide binding state of the GTPases: Rho guanine nucleotide 

dissociation inhibitors (GDIs), Rho GTP hydrolysis-activating proteins (GAPs), and guanine 

nucleotide exchange factors (GEFs) (51). GEFs stabilize the Rho GTPases in the nucleotide 

free state and thus are essential for controlling the rate of GTPase activity(52). Despite the 

known involvement of Rac1 in apoptotic cell clearance, none of the other genes involved in 

apoptotic cell clearance were obvious candidates as a GEF for Rac. This was because all 

previously known GEFs for the Rho family GTPases possessed a DBL homology domain 

(DH) and a closely positioned pleckstrin-homology (PH) domain (often referred to as the 

DH-PH cassette) (52–55). Though Dock180 was found to associate with the nucleotide-free 
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form of Rac, Dock180 does not possess DH or PH domains(35, 50). In addition, Dock180 

alone did not have RacGEF activity in vitro(56, 57). However, overexpression of Dock180 

increased nucleotide exchange on Rac1 within cells, which suggested that there may be 

other missing players (50). The mechanism of Dock180 function in Rac nucleotide exchange 

was revealed when ELMO1, an additional member of this engulfment pathway, was 

identified.

The C. elegans gene, ced-12, and its mammalian homologue ELMO1 were found to 

function in the same engulfment pathway as CrkII, Dock180, and Rac(56). The worm 

CED-12 was also independently identified by two additional groups who showed that it was 

involved in apoptotic cell engulfment, cell migration, and gonadal morphogenesis(56, 58, 

59).

Mammalian ELMO1 was found to bind to Dock180 and this interaction is evolutionarily 

conserved as CED-12 also binds CED-5 (the Dock180 homolog)(56, 58, 59). (Figure 2) (56, 

58). In addition, Dock180 bound CrkII independent of its interaction with ELMO1; 

overexpression of all three proteins was found to drastically increase membrane ruffling in a 

Rac-dependent manner(56). These observations were critical as it placed the members of the 

second genetic pathway in the nematode, namely, CED-2, CED-5, and CED-12, in a 

physical complex that promotes CED-10/Rac activity.

Though the ELMO/Dock180/CrkII complex could promote Rac activity in vivo, neither 

ELMO, Dock180 or CrkII possessed the classic DH-PH domains found on other Rho GEFs. 

This finding prompted a series of deletion mutant studies of Dock180, which suggested that 

truncation at residue 1472 on Dock180 abolished the increase in Rac activation observed 

when Dock180 is overexpressed(57). Our laboratory then revealed that the deleted region 

was part of a larger domain, which was initially termed as ‘Docker’ (a Dock homology 

region involved in exchange on Rac) (57, 60). The identification of the Docker domain then 

helped identify a Dock180 superfamily of 11 proteins within the mammalian genome that 

contained the Dock-homology region (Dock1 through Dock11)(60). Of these, Dock1, 2, 3, 

4, 6, 7 and 10 are capable of activating Rac1(61–66). In addition, there is direct evidence 

that Dock 1, 2, 3, and 4 interact with ELMO(56, 63, 67, 68).

However, the Docker domain alone was insufficient for Rac activation (56, 57). A series of 

studies that used a combination of biochemical and cellular approaches then revealed that 

ELMO1 and Dock180 form a bipartite GEF for Rac, as the expression of both proteins and 

their association was essential for in vivo GEF function(57, 69). ELMO promotes GEF 

activity at the Docker domain in at least three ways. First, ELMO1 helps recruit Dock180 to 

the plasma membrane to facilitate Rac1 activation (see below for the receptor upstream of 

this complex). Second, Dock180 normally exists in a ‘pretzel’ conformation where the SH3 

domain of Dock180 sterically interferes with GEF function by directly binding to the 

Docker domain in cis (Figure 3A). ELMO binding to the SH3 domain of Dock180 alleviates 

steric auto-inhibition of Dock180 (Figure 3B) (70). Third, ELMO1 also contains a PH 

domain. The PH domain of ELMO binds to and stabilizes nucleotide-free Rac in trans with 

the docker domain of Dock180 (Figure 3B)(71). Thus, by ‘opening up’ Dock180 and by 
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stabilizing the Dock180/Rac1 interaction, ELMO1 acts as a key partner for the ELMO1/

Dock180 complex to act as a bi-partite GEF for Rac.

Identification of the receptor upstream of the ELMO1/Dock180/Rac1 module

Another key missing piece from the genetic studies in C. elegans was the lack of an obvious 

apoptotic cell recognition receptor upstream of the ELMO1/Dock180/Rac pathway. The 

mutational studies in mammalian cells and rescue studies in CED-12 deficient worms with 

the human orthologs revealed that N-terminus of ELMO is critical for membrane targeting 

and that likely was responsible for bringing the ELMO1/Dock180 complex to the 

membrane. This led to the search for binding proteins that may interact with the N-terminal 

region of ELMO1. Our laboratory used the N-terminus of ELMO in a yeast-two-hybrid 

screen and identified a membrane protein brain angiogenesis inhibitor 1 (BAI1) as a receptor 

upstream of ELMO(18).

BAI1 belongs to the type II adhesion GPCR family (recently classified as ADGRB1)(72). 

Human BAI1 is a 1584 amino acid protein with a large extracellular region, and a seven 

transmembrane region, followed by a long intracellular tail ((73)). The yeast 2-hybrid screen 

identified a small fragment of the cytoplasmic tail of BAI1 that interacted with ELMO. 

Following the identification of BAI1, our laboratory confirmed that it played a role in 

apoptotic cell clearance. When BAI1 was overexpressed, apoptotic cell engulfment was 

enhanced(18). However, if BAI1 was mutated such that it could not bind ELMO, it was 

unable to boost engulfment(18). Furthermore, co-transfection of dominant negative ELMO, 

Dock180 or Rac1 abolished the boost in apoptotic cell clearance conferred by BAI1 

expression(18). These findings suggested that BAI1 functioned to promote apoptotic cell 

clearance upstream of the ELMO-Dock180-Rac1 module.

One of the key links between BAI1 and apoptotic cell recognition was that BAI1 could 

interact with phosphatidylserine (PtdSer) exposed on the surface of apoptotic cells(18). This 

interaction occurred via the type-1 thrombospondin repeats in the extracellular region of 

BAI1(18). Similarly, red blood cells exposing PtdSer can bind to thrombospondin in the 

endothelial matrix(74) (75). The observations that purified bacterial BAI1-TSR domains can 

bind purified PtdSer and that blocking PtdSer recognition abrogated the boost in clearance 

by BAI1 overexpression, suggested that BAI1 was a bona fide PtdSer receptor for apoptotic 

cell clearance (Figure 4) (18).

Additional branch points and regulators of this BAI1-ELMO1-Dock180-Rac1 

pathway

A distinct role for Ced-2/CrkII during engulfment

Ced-2 and its mammalian ortholog CrkII were originally identified as promoters of 

engulfment as part of the pathway that includes Dock180, ELMO and Rac1(34, 76). CrkII is 

a member of the Crk adapter protein family, that associates with Dock180 (Figure 2)(77, 

78). Overexpression of either Dock180 or CrkII boosts Rac activity, and co-expression of 

CrkII, Dock180 and ELMO further enhances Rac activation and increases the number of 

corpses that are engulfed(35, 43,46,49, 50, 56, 58). However, a direct physical interaction 
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between CrkII and Dock180 is not essential for engulfment of apoptotic cells either in the 

mammalian cells or in the nematode, yet MEF cells lacking CrkII alone are defective in 

engulfment (79). This suggests that CrkII and its signaling downstream represent a distinct 

‘submodule’ within this pathway.

RhoG – a modulator of ELMO1/Dock180 mediated engulfment signals

The GTPase RhoG was initially reported to function upstream of other Rho family GTPases, 

Rac1 and Cdc42Hs(80–82). RhoG activity is regulated by the GEF, TRIO, and TRIO 

activation promotes RhoG-mediated Cdc42Hs and Rac1 activation (83). Importantly, RhoG 

also functions upstream of the ELMO-Dock180 complex in promoting Rac1 activation(82, 

84, 85). RhoG interacts with the Armadillo (ARM) repeats on the N-terminal region of 

ELMO1 (Figure 2). Interaction between RhoG and ELMO promotes apoptotic cell 

engulfment(86). Importantly, the C. elegans orthologs of RhoG and TRIO (MIG-2 and 

UNC-73, respectively) also are part of the same pathway as CED-12, suggesting that this 

interaction/function is evolutionarily conserved(86). RhoG is important not only for 

apoptotic cell engulfment, but also for complement receptor and Fc receptor-mediated 

phagocytosis (Figure 5)(87). The ability of RhoG to interact with and stimulate multiple 

engulfment pathways suggests that it may function as a node to regulate upstream signals to 

facilitate activation of the appropriate pathways. Intriguingly, RhoG was found to play a 

crucial role in T cell endocytosis of T-cell receptor-MHC II complexes (a general process 

known as trogocytosis)(88). This finding further supports a broad role for RhoG in 

engulfment processes dependent on actin rearrangement.

RhoA – a negative regulator of apoptotic cell engulfment

The GTPase RhoA inhibits apoptotic cell engulfment via Rho kinase activation(Figure 5)

(89). Consistent with its role as a brake on the engulfment machinery, the use of dominant 

negative RhoA or inhibition of Rho kinase (ROCK) promotes phagocytosis of apoptotic 

cells(89–92). However, RhoA is not a broad or general inhibitor of all phagocytic activity, 

as RhoA activation is critical for complement receptor mediated phagocytosis(93–96). 

Increased RhoA activity also promotes uptake of serum opsonized particles(97). However, 

RhoA was not determined to be a direct mediator of Fc-receptor mediated phagocytosis in 

an unbiased screen of GTPase function(87). This suggests that RhoA may indirectly regulate 

Fc receptor mediated phagocytosis while its role in complement receptor mediated 

phagocytosis is more direct.

The finding that RhoA activation promotes superoxide generation further supports a role for 

RhoA in the response to and clearance of pathogens (98–101). Intriguingly, the generation 

of superoxide may be sufficient to limit apoptotic cell clearance in professional phagocytes. 

A study on the effects of cigarette smoke found that smoking increased RhoA activity and 

superoxide formation in alveolar macrophages. These macrophages were impaired in their 

ability to phagocytose apoptotic cells and this was reversed upon treatment with a ROCK 

inhibitor or anti-oxidants, suggesting that oxidants (e.g. reactive oxygen species) may be 

sufficient to impair apoptotic cell engulfment(91). Of interest, our laboratory showed that 

phagocytes increase expression of the mitochondrial uncoupler protein 2 (UCP2) during 

apoptotic cell engulfment(102, 103). UCP2 overexpression enhances apoptotic cell 
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clearance, while UCP2 deficiency impairs apoptotic cell uptake(103). Although UCP2 has 

been shown to regulate mitochondrial production of ROS (104–106), modulating ROS did 

not directly influence apoptotic cell engulfment in non-professional phagocytes(103)

In vivo phenotypes of mice lacking specific engulfment genes

A multitude of knockout mouse lines have been generated to study the role of engulfment 

genes in vivo. Many groups have generated and studied knockouts of the engulfment genes 

BAI1, ELMO1, Dock180, CrkII, and Rac1. We summarize the phenotypes observed in these 

mouse strains below.

Deficiency of BAI1

Recently, our laboratory generated a global knockout of BAI1. We have seen distinct 

phenotypes from these mice so far. First, the BAI1 KO animals have smaller muscle fibers. 

In vitro studies suggest that this is the result of impaired myoblast fusion, where BAI1 

mediated phosphatidylserine recognition plays a role in fusion between healthy myoblasts 

(107). Second, while peritoneal macrophages from BAI1 mice have impaired apoptotic cell 

clearance in vitro, mice lacking BAI1 do not display an increase in apoptotic cell corpses in 

the different tissues in steady state. However, when challenged with tissue injury, the BAI1-

null mice have significantly more uncleared apoptotic cell corpses in thymus, testes, and in 

the colon (unpublished observations Lee CS et. al.) Third, when BAI1 KO mice were 

crossed to the low-density lipoprotein receptor KO mice to assess the role of BAI1 in the 

development of atherosclerosis, BAI1 KO mice on the LDLR KO background had increased 

numbers of apoptotic cells in atherosclerotic plaques. In addition these mice had an altered 

serum lipid profile that closely resembled the phenotype of mice deficient in macrophage 

expression of ABCA1(108, 109).

Loss of ELMO1

Our laboratory has also generated global, as well as conditional knockouts, of ELMO1. 

While the mice lacking ELMO1 globally were grossly normal, they displayed severe 

testicular pathology(110). Specifically, the architecture of the seminiferous tubules was 

disrupted, apoptotic germ cells accumulated, and the production of viable sperm was 

decreased(110). This was due to defective phagocytosis via the Sertoli cells that line the 

seminiferous epithelium(110). The Sertoli cells are critical for spermatogenesis as they serve 

both a nursing role for the developing spermatocytes and also phagocytose those germ cells 

that undergo defective meiosis or carry other developmental abnormalities(111, 112). The 

key role for ELMO1 in phagocytosis by Sertoli cells in vivo was confirmed by conditional 

Sertoli-specific deletion of ELMO1(110).

CrkII-null mice

The crk gene has two splice variants, CrkI and CrkII. Homozygous loss of Crk was found to 

be embryonic lethal due to defects in the vascular smooth muscle(113). However, when 

embryonic fibroblasts derived from the CrkII deficient animals are tested in phagocytosis, 

they were defective in engulfment of apoptotic cells (79). Testing the apoptotic cell 
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engulfment phenotype of mice carrying conditional tissue specific deletion of CrkII has not 

yet been reported.

Loss of Dock180

Genetic loss of Dock180 is embryonic lethal. While some mice do survive to birth, they 

rapidly develop cyanosis(114). This was due to underdevelopment of intercostal muscles 

and a thin diaphragm that was poorly attached(114). These defects in the musculature were 

due to a severe impairment of myoblast fusion in the developing embryo(114). In addition, 

these mice were found to have severe defects in cardiovascular development (115). We 

crossed mice with conditional deletion of Dock180 to the LysM cre to assess the phenotype 

of macrophage engulfment in the absence of Dock180. We observed that peritoneal 

macrophages from these mice did not have an engulfment defect (unpublished 

observations). However, Dock2, a homologue of Dock180 is expressed highly in 

hematopoietic cells (particularly in macrophages). Therefore, assessment of the role of Dock 

in professional phagocytes may be obscured by the presence of Dock2. The engulfment 

phenotype of mice lacking both Dock180 and Dock2 within phagocytes (such as 

macrophages) has not been determined.

Deficiency of Rac1

Given the central role played by Rac1 in cytoskeletal rearrangements in many contexts 

(including cell migration and phagocytosis), it was not surprising that the Rac1 null mice 

were lethal in the early stages of embryogenesis. This was due to the necessity of Rac1 in 

the formation of the three embryonic germ cell layers(116). Since then, the role of Rac1 in 

vivo has been studied through the generation of Rac1 conditional knockout mice. These 

mice have been used to assess the critical role of Rac1 in endothelial homeostasis, 

cardiovascular development, hematopoiesis, neutrophil migration and even bronchial 

epithelial cell homeostasis(117–121). In the context of phagocytosis, Rac1 is essential in 

macrophages such that loss of Rac1 specifically in peritoneal macrophages impairs their 

engulfment of apoptotic targets. Additionally, these mice exhibit a defect in ABCA1 

upregulation downstream of apoptotic cell recognition (108). In the context of airways, mice 

specifically lacking Rac1 in the airway epithelial cells are defective in apoptotic cell 

clearance. These mice also have an exacerbated inflammatory response to airborne allergens 

such as house dust mite. This effect of Rac1 has been linked to decreased IL-10 in the 

bronchoalveolar lavage fluid, heightened levels of IL-33, and a subsequent increase in the 

activity of the type 2 innate lymphoid cells in the airways(121).

The phenotypes of the mice lacking specific engulfment genes detailed above support the 

notion that the signaling mediators downstream of phosphatidylserine receptors are involved 

in a multitude of processes. Global knockout of the receptor BAI1 and its immediate binding 

partner ELMO lead to relatively milder phenotypes compared to knockout of signaling 

molecules further downstream. This may be due to either redundancy of engulfment 

receptors and/or signaling through multiple receptors converging on the Crk/Dock180/Rac 

module to elicit various processes.
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Crosstalk between originally defined engulfment pathways

CED-7, the C. elegans ortholog of ABCA1, was originally placed in an engulfment pathway 

downstream of CED-1 and CED-6(34, 48). Studies in mammalian cell lines and mice further 

confirmed that ABCA1, in addition to playing a role in cholesterol efflux, promoted 

phagocytosis of apoptotic cells(44, 122, 123). Indeed, one report found interaction between 

ABCA1 and MEGF10, a mammalian ortholog of CED-1, which further supported a role for 

ABCA1 in a single engulfment pathway (Figure 6)(44). However, ABCA1 was found to be 

part of a homeostatic response system to apoptotic cell engulfment in mammalian 

macrophages. Phosphatidylserine recognition by phagocytes leads to increases in ABCA1 

expression, and this increase in ABCA1 subsequently leads to enhanced cholesterol efflux 

from the phagocyte(124). This is a mechanism by which phagocytes ingesting apoptotic 

cells could unburden themselves of the cholesterol ingested via the apoptotic meal. 

Additionally, studies of macrophages isolated from ABCA1−/− mice demonstrated that 

ABCA1 prevented oxidative injury and subsequent apoptotic cell death in phagocytes 

ingesting apoptotic cells(125). These findings supported a role for ABCA1 as a generalized 

component of the response to apoptotic cell engulfment rather than as a player in a single 

pathway.

Recently, our laboratory reported that the increase in ABCA1 expression in engulfing 

phagocytes is rapidly upregulated via the BAI1-ELMO-Dock180-Rac module, independent 

of the LXR- pathway (Figure 6)(108). This finding was intriguing in that it clarified a 

phosphatidylserine dependent mechanism of ABCA1 upregulation and because it linked 

ABCA1 to the BAI1-ELMO-Dock180 pathway. The C. elegans engulfment pathways 

(CED-1, CED-6, CED-7 and CED-2, CED-5, CED-12, CED-10) were originally considered 

to be parallel, yet independent. However this notion was first challenged when it was found 

that both pathways intersected at CED10(126). The discovery that ABCA1 is 

transcriptionally regulated downstream of BAI1 signaling further supports the notion that 

these two pathways are partially redundant and mutually regulatory. Interestingly, the LDL 

receptor-related protein 1 (LRP1), another ortholog of CED-1, may upregulate ABCA1 

expression and cholesterol efflux(127, 128), while LRP1 deficiency was shown to decrease 

ABCA1 expression.

Signaling pathways downstream of other phosphatidylserine receptors

The signaling pathways of several PtdSer receptors have recently become better understood. 

In this section, we will focus on three of these PtdSer recognition receptors and their 

signaling pathways, as we currently understand them: Stabilin-2, αvβ5 Integrin, and MerTK.

Stabilin-2

Stabilin-2, also referred to as the scavenger receptor FEEL-2, possesses multiple EGF-like 

repeat domains in its extracellular region that mediate direct interaction with PtdSer (Figure 

1) (129). Upon binding to PtdSer on apoptotic cells, Stabilin-2 has been reported to promote 

corpse internalization via two independent but parallel pathways. In the first signaling 

pathway, stabilin-2 binds to the PTB domain of adapter protein GULP via an NPXY 

motif(130). Interaction of Stabilin-2 with GULP is then thought to elicit Rac1 activation as 
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the C. elegans ortholog of GULP, CED-6, activates the Rac1 ortholog CED-10(126). There 

is evidence in mammalian cells to suggest that GULP can activate Rac1, though this was 

shown to occur downstream of the scavenger receptor SR-B1, not stabilin-2(131). 

Alternatively, there is evidence that Stabilin-2 interacts with the integrin αvβ5 in the process 

of aged erythrocyte engulfment (33). As discussed below, αvβ5 integrin can signal via the 

ELMO-Dock180 module to activate Rac1, suggesting that Stabilin-2 might utilize this 

downstream signaling module via cooperation with αvβ5 integrin (132, 133).

Stabilin-2 is structurally similar to the C. elegans membrane receptor CED-1. Like CED-1, 

Stabilin-2 possesses multiple EGF repeats in its extracellular domain(134). CED-1 clusters 

around apoptotic cells on the phagocyte membrane and is crucial for clearance of apoptotic 

cells(34, 36, 135). CED-1 functions upstream of CED-6, the C. elegans ortholog of 

GULP(34, 128). While Stabilin-2 is not characterized as an ortholog of CED-1, CED-1 does 

have two mammalian orthologs: MEGF10 and LRP-1(128, 134). Interestingly, both 

MEGF10 and LRP-1 are capable of signaling via GULP, suggesting that this apoptotic cell 

recognition and signaling mechanism is evolutionarily conserved and utilized by a multitude 

of PtdSer receptors(128, 136).

αvβ5 Integrin

The integrin recognition of apoptotic cells is indirect and occurs through the soluble bridge, 

MFG-E8 or lactadherin, which links PtdSer on the apoptotic cell to integrins on the surface 

of phagocytes(137–140). Interestingly, αvβ5 integrin has been reported to use the ELMO-

Dock180 signaling module to elicit Rac activation and apoptotic cell engulfment (Figure 6)

(132, 133). When MFG-E8 bridges apoptotic cells to αvβ5 integrin, the cytoplasmic tail of 

β5 promotes signaling(132). FAK is phosphorylated and recruits p130CAS that binds to 

CrkII(132). CrkII then recruits Dock180 and triggers Rac1 activation(132, 133). Similarly, 

the C. elegans alpha integrin INA-1, also promotes apoptotic cell engulfment by signaling 

through CED-2, 5 and 10(141). Though signaling downstream of αvβ3 during apoptotic cell 

engulfment has not been characterized, αvβ3 signaling in a non-small cell lung carcinoma 

cell line has also been shown to upregulate Dock180 and Rac1 expression, suggesting that 

αvβ3 mediated engulfment might similarly depend on the ELMO-Dock180-Rac1 module 

(142).

MerTK

The receptor tyrosine kinase MerTK binds to phosphatidylserine via bridging molecules that 

include Gas6, ProteinS, Tubby and Tubby-like protein 1(32, 143–145). Bridging elicits 

dimerization of Mer and subsequent phosphorylation of the tyrosine kinase domain. While 

the signaling from this point is not completely solved, activation of MerTK drives a series of 

phosphorylation reactions. Bridging of MerTK to PtdSer stimulates phosphorylation of the 

tyrosine kinase domain of MerTK(146). This subsequently drives phosphorylation of 

phospholipase Cγ 2 (PLCγ2) (146, 147). PLCγ2 can then recruit p130CAS to the intracellular 

tail of β5 integrin and subsequently activate the CrkII-ELMO-Dock180 module(32). 

Interestingly, separate work has determined that all ELMO family members can be directly 

phosphorylated by the three TAM receptors (Tyro3, Axl and MerTK) and ELMO2 was 

found to be required for Axl-induced Rac activation(148). These data collectively suggest 

Penberthy and Ravichandran Page 11

Immunol Rev. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that there are multiple engulfment receptors that utilize the ELMO-Dock180-Rac pathway to 

stimulate apoptotic cell engulfment. Furthermore, it seems that multiple pathways often 

interact and coalesce their downstream signaling around this pathway. Given these data, it 

would be interesting to determine whether BAI1 might also cooperate with integrins, 

perhaps via its extracellular RGD motif.

Signaling via scavenger receptors

Many scavenger receptors lack discernible signaling motifs in their intracellular domains. 

CD36, a class B scavenger receptor, is one of the best-characterized, yet its signaling 

modules are not completely understood. It is known however that CD36 is capable of 

eliciting a multitude of signaling responses that are ligand-dependent. For example, 

macrophages can recognize and bind both oxidized LDL (oxLDL) and β amyloid via CD36. 

However, oxLDL elicits downstream p38 MAPK activation while β amyloid stimulates p44 

and p42 MAPK activation (149, 150). The ligand-specific CD36 responses are likely due to 

ligand-dependent activation of specific co-receptors and partners.

CD36 is known to interact with multiple cell surface receptors, including toll-like receptor 

(TLR) 2, TLR4, TLR6, β1 integrin, and β2 integrin(151–154). In addition, CD36 can 

promote αvβ5 activity, though it does not seem that direct interaction is required for this 

cooperation to occur(155). While CD36 is one of the best-characterized scavenger receptors, 

the use of co-receptors and the cooperation of multiple receptors in scavenger-mediated 

signaling is not atypical. The class-F scavenger receptor SREC-I modulates TLR-2 

responses to Klebsiella and promotes TLR-4 signaling through NFκB and MAPK (156, 

157). The class-A scavenger receptor MARCO is a component and modulator of TLR2 

signaling pathways(158, 159). Another class-A scavenger receptor, SR-A1 interacts with the 

PtdSer receptor MerTK and is thought promote MerTK signaling during apoptotic cell 

uptake (160). The formation of multi-receptor ‘signalosomes’ is the most likely mechanism 

for generating such ligand-specific responses with a promiscuous receptor.

Challenges and opportunities

While our knowledge of the processes involved in apoptotic cell clearance has improved 

significantly since the first microscopic analysis of cell clearance in the nematode, there are 

still many interesting questions that need to be resolved. One of the most pressing questions 

is how individual receptors mediate diverse downstream responses. Answering this question 

requires a better understanding of the signaling intermediates downstream of the various 

receptors and the ‘nodes’ that modify the signals, either positively or negatively. The context 

in which a receptor engages a ligand likely influences how these ‘nodes’ affect signal 

cascades. An example reviewed above is RhoA, which negatively regulates apoptotic cell 

clearance mediated by phosphatidylserine receptors, but positively regulates complement 

receptor mediated phagocytosis. These clearance mechanisms are utilized under different 

physiological contexts, suggesting that RhoA is one such ‘context dependent’ node. We 

need to define other nodes that function downstream of specific PtdSer recognition receptor 

and scavenger receptors.
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Another interesting aspect to this problem of multiple receptors with more than one ligand is 

that more than one receptor might be engaged at a given time. In a setting of inflammation, 

the simultaneous recognition of PAMPs and DAMPs likely influences the inflammatory 

response by the phagocyte. Under non-inflammatory settings, as in the case of apoptotic cell 

clearance, the absence of other inflammatory signals leads to an anti-inflammatory response 

by the phagocyte. This suggests that the production of anti-inflammatory mediators is the 

default response but an inflammatory milieu modifies the signal to elicit production of 

additional inflammatory mediators. A bias towards anti-inflammatory responses is logical as 

an unchecked or inappropriate inflammatory responses can drive auto-reactivity to self-

antigens leading to autoimmune diseases. By gaining a better understanding of how signals 

are modified to generate inflammatory responses, we might be able to develop methods and 

pharmacological agents for dampening the inappropriate induction of inflammation.

Concurrent ligation and activation of multiple receptors could also be highly relevant for 

apoptotic cell clearance and subsequent responses. It is now being recognized that PtdSer 

receptors often act in concert to carry out apoptotic cell engulfment: TIM-4 uses integrin β1 

as a co-receptor in the process of apoptotic cell clearance(31); MerTK recruits signaling 

complexes to the intracellular tail of integrin β5 during apoptotic cell recognition(32); 

Stabilin-2 and αvβ5 integrin cooperate in the process of aged-erythrocyte clearance (33); 

BAI1 and TIM-4 have been shown to function cooperatively in corpse removal in a 

zebrafish model, where BAI1 contributes to phagosome formation, while TIM-4 contributes 

to phagosome stabilization(161); CD36 promotes αvβ5 mediated uptake of photoreceptor 

outer segments(155). Further elucidation of how various PtdSer receptors interact to mediate 

apoptotic cell clearance is crucial to our understanding of how the phagocytic process is 

coordinated by different cell types and in different tissues. Fully appreciating how these 

various receptors communicate will help us understand the full orchestration of cell 

clearance in physiological states and how this process is modified in specific disease 

conditions.

A key next step for the scavenger receptor field (as well as for the many PtdSer recognition 

receptors) would be to define the specific downstream signaling pathways. In this context, 

multiple scavenger receptors have already been identified in Drosophila(162, 163). By using 

the powerful tools available in Drosophila, genetic screens could help identify the 

downstream signaling mediators and regulators of these scavenger receptors(164). These 

methods have already been employed to gain insight into the downstream signaling and 

regulation of apoptotic cell clearance by the drosophila receptors Croquemort and 

Draper(37, 38, 165, 166) suggesting their feasibility. Regulation and modification of 

promiscuous receptor activity is a crucial issue in biology. Often, the regulators and 

mediators that dampen pathway activity are far more complex than the activators. Better 

defining the context dependent activation and inactivation of scavenger receptors and 

phosphatidylserine receptors could help us gain greater insight in to their normal and altered 

functions, help classify them better, and most importantly manipulate them for therapeutic 

purposes in the future.
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Figure 1. Distinct structural features of phosphatidylserine recognition receptors
Stabilin-2, TIM-4, BAI1 bind PtdSer directly while MerTK recognizes phosphatidylserine 

indirectly. Their general structural domains and motifs are indicated. Stabilin-2 belongs to 

the scavenger receptor FEEL family, which also includes Stabilin-1 (FEEI1) that can also 

bind phosphatidylserine. BAI1 represents the BAI family of 7-transmembrane 

phosphatidylserine receptors that belong to the adhesion family of G-protein coupled 

receptors. MerTK is representative of the TAM family of phosphatidylserine receptors, 

which utilize bridging molecules (Gas6 or protein S) to bind phosphatidylserine. TIM-4 is 

representative of the TIM family of proteins. TIM-1 and TIM-3 are also capable of binding 

phosphatidylserine.
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Figure 2. Domains and binding sites within ELMO, Dock180, and CrkII
ELMO, via its PxxP motif and a region within its PH domain, interacts with the N-terminal 

SH3 and adjoining regions of Dock180. Similarly a PxxP motif on Dock180 binds to an 

SH3 domain on CrkII. Dock180 possesses that a Docker domain that is important for 

binding to nucleotide free Rac and this binding between Dock180 and Rac is stabilized by 

the domain of ELMO.
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Figure 3. Schematic of ELMO influence on Dock180 and Rac
A. The SH3 domain (purple) on the N-terminal domain of Dock180 can bind to and inhibit 

the Docker domain (orange) activity in cis. B. The PxxP motif in the proline rich domain of 

ELMO binds to the SH3 domain of Dock180 to alleviate the steric autoinhibition. The 

docker domain (orange) is then ‘opened’ to interact with nucleotide-free Rac1. ELMO 

further stabilizes this Dock180 association with nucleotide free Rac in trans via its PH 

domain (red). The ARMADILLO repeats on ELMO in blue interact with RhoG and 

participate in binding to BAI1.
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Figure 4. Schematic of BAI1 signaling
BAI1 binds PtdSer on an apoptotic cell via the 5 type1 thromobospondin repeats in its 

extracellular domain. BAI1 interacts with the N-terminal domain of ELMO via an alpha-

helical domain in its intracellular tail. ELMO recruits Dock180 and promotes GEF activity. 

The GEF activity of the ELMO-Dock180 complex promotes Rac1 association with GTP and 

thereby mediates actin cytoskeletal reorganization during engulfment.
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Figure 5. A network of signaling shows how multiple engulfment pathways intersect and 
influence each other
Apoptotic cell engulfment via integrins, BAI1 and CED-1 homologs utilize Rac1 to 

facilitate actin re-arrangement. The integrin pathway and CED-1 pathway can elicit ELMO/

Dock180 activation via cooperation and via CrkII. Complement receptor mediated 

phagocytosis relies on RhoA activation. This pathway inhibits other engulfment pathways 

by activating Rho kinase (ROCK). RhoG promotes activity of multiple engulfment 

pathways. Dashed arrows indicate indirect or less clearly defined interaction (s).
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Figure 6. Multiple engulfment pathways utilize similar signaling components and influence each 
other
A. BAI1 engulfment pathway promotes ABCA1 transcription for cholesterol efflux at the 

cell membrane. B. Integrin mediated engulfment similarly relies on Dock180 and ELMO to 

elicit Rac1 activation. It is unclear whether this pathway also elicits ABCA1 transcription. 

C. Stabilin-2 can cooperate with integrins to promote RBC engulfment. Alternatively, 

stabilin-2 and its homolog MEGF10 can utilize the adapter GULP to elicit Rac1 activation. 
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ABCA1 is important for MEGF10 mediated engulfment but it is unknown how ABCA1 

promotes GULP activity and binding to MEGF10.
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