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    Chapter 2   
 Clearance of Dying Cells by Phagocytes: 
Mechanisms and Implications for Disease 
Pathogenesis                     

     Aaron     M.     Fond     and     Kodi     S.     Ravichandran    

    Abstract     The effi cient clearance of apoptotic cells is an evolutionarily conserved 
process crucial for homeostasis in multicellular organisms. The clearance involves 
a series of steps that ultimately facilitates the recognition of the apoptotic cell by the 
phagocytes and the subsequent uptake and processing of the corpse. These steps 
include the phagocyte sensing of “fi nd-me” signals released by the apoptotic cell, 
recognizing “eat-me” signals displayed on the apoptotic cell surface, and then intra-
cellular signaling within the phagocyte to mediate phagocytic cup formation around 
the corpse and corpse internalization, and the processing of the ingested contents. 
The engulfment of apoptotic cells by phagocytes not only eliminates debris from 
tissues but also produces an anti-infl ammatory response that suppresses local tissue 
infl ammation. Conversely, impaired corpse clearance can result in loss of immune 
tolerance and the development of various infl ammation-associated disorders such as 
autoimmunity, atherosclerosis, and airway infl ammation but can also affect cancer 
progression. Recent studies suggest that the clearance process can also infl uence 
antitumor immune responses. In this review, we will discuss how apoptotic cells 
interact with their engulfi ng phagocytes to generate important immune responses, 
and how modulation of such responses can infl uence pathology.  
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2.1       Introduction 

  Phagocytes   are often thought of as the “garbage collectors” of the body, eliminating 
pathogens, immune complexes, and dying cells. Sensing infection and coordinating 
an immune response is fundamental in the body’s fi ght to prevent disease, but 
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discriminating between harmless debris and a true threat is equally vital. Every day, 
billions of cells in the body undergo apoptotic cell death as part of the normal 
physiology/homeostasis that is essential for healthy living [ 1 ]. The phagocytes that 
clear them must respond appropriately to prevent an unnecessary and unwanted 
immune response to such homeostatic cell turnover [ 2 – 5 ]. 

  Apoptosis   is often described as “immunologically silent” cell death; however, 
apoptotic cells are anything but unheard. The homeostatic clearance of apoptotic 
cells elicits critical immunosuppressive responses in the phagocytes that are often 
specifi c to apoptotic cell recognition. This includes the release of anti-infl ammatory 
cytokines, the inhibition of proinfl ammatory cytokine expression, and the regula-
tion of new immune cell production. Importantly, these are active responses to 
apoptotic cells and not just the lack of an infl ammatory response [ 6 – 10 ]. Showcasing 
the vital role of apoptotic cell clearance in the maintenance of immune tolerance, 
uncleared corpses can result in infl ammation [ 11 ]. This is partly due to the nature of 
apoptosis, which when left uncompleted by engulfment, progresses to “secondary 
necrosis,” a state in which the dying cell loses its membrane integrity and releases 
some or most of its intracellular components [ 12 ]. However, while the body may not 
want to produce an immunogenic response to apoptotic cells that are routinely 
turned over as part of homeostasis, generating immune responses to tumor-derived 
antigens could obviously be benefi cial. Recent studies suggest that the cell clear-
ance process can also initiate antitumor immunity [ 13 ,  14 ]. 

 In this review, we will discuss how phagocytes sense, engulf, and respond to 
apoptotic cells. Since the identifi cation of  phosphatidylserine (PtdSer)   as an eat-me 
signal on apoptotic cells in the early 1990s, there has been a rapid expansion in our 
knowledge of how apoptotic cells are recognized and removed. As apoptosis can be 
immunologically silent only when the corpses are cleared in a timely manner, 
understanding the mechanisms of cell clearance has provided important insights 
and tools for the study of cell clearance and its relationship to disease.  

2.2     Types of Apoptotic Cells and  Phagocytes      

   It is estimated that every day, we turnover about 200–300 billion cells, or about one 
million cells/s. The cells can die by many different modalities, including caspase- 
dependent apoptosis, necroptosis, as well as necrosis [ 15 ] (see Chap.   1     for more 
details). Even within each modality of death, there are multiple subroutines that 
eventually lead to the death of the cells fated to die [ 15 ]. This chapter primarily 
deals with clearance of cells that undergo caspase-mediated apoptosis as this is the 
most common and perhaps the best understood mode of cell death in vivo and 
in vitro. 

 There are different types of phagocytes that mediate the removal of the dying 
cells in the various tissues [ 16 ]. Phagocytes can be broadly classifi ed into three dif-
ferent types: professional phagocytes, nonprofessional phagocytes, and specialized 
phagocytes. The professional phagocytes include the macrophages and immature 
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dendritic cells. Given the recent understanding of self-renewing tissue resident, and 
recruited macrophages, they both seem capable of engulfi ng apoptotic cells. The 
professional phagocytes are named as such because in different analyses they tend 
to have a large capacity to engulf, engulf the targets with faster kinetics, and can 
also ingest multiple corpses in succession. The nonprofessional phagocytes include 
cell types such as epithelial cells, fi broblasts, and other tissue-resident cells. Although 
these nonprofessional phagocytes often display a lower capacity to engulf and 
slower kinetics in vitro, they do have a numerical supremacy and due to their proxim-
ity to the apoptotic cells (e.g., neighbor), these nonprofessional phagocytes likely con-
tribute substantially to the clearance of apoptotic cells in vivo. In fact, disruption of 
nonprofessional phagocyte engulfment has important immunological consequences. 

 The third type of phagocytes, specialized phagocytes, refers to cells that gener-
ally have a multitude of functions, one of them being phagocytosis of dying cells. 
The examples include the Sertoli cells of the testis (which provide nurse function 
for the developing male germ cells while also engulfi ng those with defective devel-
opment) [ 17 ] and retinal pigment epithelial cells (which remove the “used” photo-
receptor outer segments daily in a circadian fashion) [ 18 ,  19 ]. Obviously, the key 
difference between the three types of phagocytes is that not all of them have to 
express the same collection of receptors and they may not have similar postengulf-
ment responses. However, some of the responses of professional phagocytes and 
nonprofessional phagocytes clearly overlap, and could be relevant in tissues where 
often both of them are involved in apoptotic cell clearance simultaneously.    

2.3     Steps in Apoptotic Cell  Engulfment   

  Work from a number of laboratories over the past nearly two decades has detailed a 
series of distinguishable steps in apoptotic cell recognition and clearance (Fig.  2.1 ). 
These have helped us understand how the phagocytes and apoptotic cells get near 
each other, how the phagocytes specifi cally recognize the targets, the types of intra-
cellular signaling within phagocytes that leads to the corpse uptake, as well as some 
of the subsequent responses of phagocytes.

2.3.1        Find-Me Signals      

   The apoptotic cell is an active participant in its own clearance. The response of 
phagocytes to apoptotic cells can be infl uenced by several actions taken by the 
apoptotic cell. These include the release of fi nd-me signals that attract phagocytes 
to the site of death and the exposure of eat-me signals that allow the phagocyte to 
distinguish the dying cell from its healthy neighbors [ 20 ]. 

 For apoptotic cells to be rapidly cleared, which is the case in vivo, they must be 
rapidly “found” [ 21 ]. During homeostatic cell turnover in tissues, a single corpse 
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might be surrounded by a vast number of healthy neighbors, and therefore “calling 
out” the professional phagocytes such as resident macrophages to come clear the 
apoptotic cell is important for the prompt removal. Several such “fi nd-me” signals 
have been identifi ed and may be differentially important depending on the situation. 
The fi rst fi nd-me signal proposed was lysophosphatidylcholine (LPC); however, the 
role LPC played to attract phagocytes seemed specifi c to both the type of apoptotic 
cell (the MCF-7 breast cancer line) and phagocyte (THP-1 monocyte line) used 
[ 22 ]. Furthermore, in vivo relevance of LPC as a fi nd-me signal remains to be estab-
lished. Later, an elegant study showed that cleavage of CX3CL1/Fractalkine (FKN) 
during apoptosis leads to release of a soluble fragment that induces the migration of 
monocytes to Burkitt lymphoma B-cells in vitro and to germinal centers in vivo [ 23 ]. 

  Fig. 2.1    Major steps in apoptotic  cell clearance     . The key events in recognition and clearance of 
dying cells can be broadly classifi ed into four steps. Step 1 depicts the recruitment of motile phago-
cytes (such as tissue-resident macrophages) by apoptotic cells via the release of fi nd-me signals. 
Step 2 is the specifi c recognition of the apoptotic cell via “eat-me” ligands on the dying cells 
engaged by the receptors on phagocytes. Often, the recognition of apoptotic cells alone (even 
without corpse internalization) is suffi cient to trigger some of the key anti-infl ammatory mediators 
from the phagocytes. Step 3 is the intracellular signaling that occurs within the phagocytes leading 
to physical corpse internalization. The fourth step is the processing/digestion of the internalized 
targets and the regulation of the metabolic overload within the phagocytes       
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This could also be relevant for attraction of monocytes and the complex interplay 
between macrophages and tumor cells in a tumor microenvironment. The signifi -
cance of FKN has been established for locating apoptotic B-cells, but FKN per se as 
a universal fi nd-me signal in other cell types is at present less defi ned. Finally, the 
triphosphate nucleotides ATP and UTP were found to be released in a regulated 
manner during apoptosis by the caspase-mediated cleavage of Pannexin-1 (PANX1), 
a transmembrane protein that forms hexameric hemichannels [ 24 ]. The nucleotides 
released by PANX1 cleavage are chemotactic for monocytes in vitro and in vivo by 
signaling through the nucleotide receptor P2Y2 [ 24 ,  25 ]. Although nucleotides 
clearly are relevant fi nd-me signals, one of the interesting challenges with such 
nucleotide fi nd-me signals is how far the nucleotide signal can travel before extra-
cellular nucleotidases convert them into their nonchemotactic diphosphate and 
monophosphate forms. In addition to attracting phagocytes to the site of death, these 
fi nd-me signals may also prime the phagocytes for engulfment, although this has 
only been shown in the case of FKN, which stimulates macrophages to produce 
the apoptotic cell bridging molecule milk fat globule-EGF factor 8 (MFG-E8, dis-
cussed later) [ 26 ,  27 ].    

2.3.2      Eat-Me Signals         

    Once the phagocyte has been brought to the area of the dying cell, it must identify 
the specifi c cell that needs to be cleared, which is achieved by recognition of eat-me 
signals on the surface of the apoptotic cell. There are many “eat-me” markers identifi ed 
to date on apoptotic cells that are linked to corpse uptake. The classic eat-me signal 
is the lipid  phosphatidylserine (PtdSer)  . It had been known that aged red blood cells 
lose their phospholipid asymmetry, but Fadok and colleagues demonstrated that 
PtdSer is also exposed by thymocytes as they undergo apoptosis [ 28 ]. Furthermore, 
they found that apoptotic thymocyte engulfment by macrophages is inhibited by the 
competitive addition of PtdSer-containing liposomes. Since then, PtdSer exposure 
has been found to be an evolutionarily conserved general feature of apoptosis from 
lower organisms to man and is now commonly used to assay the apoptotic status of 
a cell [ 29 ,  30 ]. 

 Phosphatidylserine (PtdSer) as an eat-me signal has stood the test of time due to 
a preponderance of evidence of its importance [ 31 ]. Exogenous incorporation of 
PtdSer into the outer leafl et of viable cells in some cases is suffi cient to cause their 
engulfment by macrophages, and PtdSer liposomes alone in certain circumstances 
can elicit some of the responses induced in the phagocyte [ 32 ,  33 ]. The asymmetric 
distribution of PtdSer in healthy cells is maintained through fl ippases that actively 
mediate the movement of PtdSer from the outer to the inner membrane [ 31 ]. In 
contrast, during apoptosis induction, the fl ippases appear to be inactivated, while 
another set of enzymes called “ phospholipid scramblases  ” become active, and the 
latter randomize the PtdSer levels between the outer and inner leafl ets. The exposed 
PtdSer is then recognized by specifi c receptors on the phagocytes, contributing to 
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corpse internalization [ 31 ,  34 ,  35 ]. The P4-ATPase family member ATP11C and its 
chaperone CDC50 have been identifi ed as key components for the fl ippase function 
seen in healthy cells. With respect to the scramblases, members of the Xkr-family 
with six transmembrane domains appear to perform this role. Remarkably, both the 
Xkr8 scramblase and ATP11C fl ippase have sites that can be cleaved by apoptotic 
caspases [ 31 ,  34 ,  35 ]. Thus, in live cells, the fl ippase remains active while the 
scramblase is inactive, while this occurs in opposite ways after caspase-mediated 
cleavage of these proteins during apoptosis. Current evidence based on mutant 
proteins suggests that the fl ippase is likely more dominant in maintaining the PtdSer 
asymmetry and that it has to be inactivated for the scramblase to fully promote the 
PtdSer exposure. 

 While PtdSer exposure is clearly central in apoptotic cell recognition and widely 
studied, unfortunately that has been at the expense of thorough characterization of 
many other eat-me signals that have been seen in different apoptotic contexts. These 
include the ER resident protein calreticulin (CRT), which some studies have found to 
translocate to the cell surface during apoptosis [ 36 ,  37 ]. However, CRT has also been 
shown to play a role on the surface of the phagocyte in interacting with Mannose 
Binding Lectin (MBL) and complement C1q bound to the surface of apoptotic cells 
[ 38 ]. In addition to CRT and PtdSer, many modifi cations to the apoptotic cell surface 
have been implicated, such as the presentation of oxidized Low Density Lipoprotein 
(oxLDL)-like sites, changes to glycosylation such as the capping of CD43, the expo-
sure of Annexin I, and the expression of ICAM3 [ 39 – 42 ]. Although these are less 
well characterized than PtdSer, they indicate that the apoptotic cell has many ways to 
make itself known to the phagocyte. Recently, DD1α, a p53-inducible protein 
that mediates homotypic interaction between apoptotic cells and phagocytes has 
been defi ned and has been linked to establishment of immune responses to cancer 
cells [ 43 ,  44 ].     

2.3.3     The  Engulfment Receptors and Bridging Molecules   

  Eat-me signals on the surface of apoptotic cells are not useful without cognate 
receptors on phagocytes to recognize the eat-me signals. This is the role of various 
engulfment receptors on phagocytes and other soluble bridging molecules. Due to 
the importance of phosphatidylserine, much work has been done to identify its 
receptors. Although a PtdSer recognizing membrane receptor (simply termed 
“PSR”) was fi rst identifi ed using an antibody that blocked apoptotic cell engulf-
ment, this is no longer considered a PtdSer recognition receptor as the knockout of 
the gene in mice did not impact engulfment and PSR is now thought to be a nuclear 
protein [ 45 ]. Since then, multiple receptors that directly or indirectly bind PtdSer 
have been identifi ed and play a role in engulfment (Fig.  2.2 ). In 2007, Brain 
Angiogenesis Inhibitor 1 (BAI1), T-cell immunoglobulin domain-containing 4 
(TIM4), and Stabilin-2 (Stab2) were all identifi ed as receptors that can bind directly 
to PtdSer [ 46 – 48 ]. Modifying BAI1, TIM4, or Stab2 levels altered the engulfment 
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capacity of phagocytes in vitro. In the years since the identifi cation of these receptors, 
other receptors have been proposed, including triggering receptor expressed on 
myeloid cells-like protein 2 (TLT2) and the receptor for advanced glycation end- 
products (RAGE) [ 49 ,  50 ]. The relative role of each of these engulfment receptors 
to apoptotic cell engulfment, either independent of the others or in cooperation, still 
needs to be fully elucidated. Some preliminary studies suggest that TIM-4 and MER 
proteins can cooperate in the clearance of apoptotic targets by peritoneal macro-
phages [ 51 ]. Moreover, MER homolog appears to phosphorylate ELMO1 proteins 
that also function downstream of BAI1 [ 52 ].

   PtdSer can also be recognized indirectly by phagocytic receptors via bridging 
molecules. One of the fi rst engulfment receptors identifi ed was α v β 3  integrin, which 
has since been shown to bind apoptotic cells via the PtdSer-dependent bridging 
molecule MFG-E8 [ 8 ,  53 ]. Later, the receptor tyrosine kinase Mer (as well as its 
homologs Tyro3 and Axl, part of a family of receptors termed TAM receptors) was 
found to mediate corpse clearance [ 54 ,  55 ]. Mer functions by binding to growth 
arrest-specifi c gene 6 (Gas6) or protein S, which recognizes PtdSer [ 54 ] (see Chap.   6     
for more details). 

Direct PS
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  Stab2

  TLT2

  RAGE
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  Fig. 2.2    Recognition of apoptotic cells by  phagocytes     . Phosphatidylserine, one of the key eat-me 
signals on apoptotic cells, can be recognized either directly via phagocytic receptors or indirectly 
through bridging molecules. Although phosphatidylserine is a key recognition entity, a number of 
other eat-me markers can also participate to different degrees in the recognition and uptake of 
apoptotic cells       
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 Other less well understood bridging molecules include C1q, MBL, and 
Thrombospondin-1 (TSP-1) [ 9 ,  38 ]. C1q is thought to opsonize late apoptotic and 
early necrotic cells [ 56 ]. It has multiple receptors, but its role in cell engulfment is 
thought to be through LDL-related receptor protein 1 (LRP1 or CD91), a multifunc-
tional receptor that has also been found to mediate engulfment through CRT and MBL 
[ 36 ,  38 ]. Finally, TSP-1 was found to increase macrophage binding to apoptotic 
neutrophils and mediate their engulfment via the phagocytic receptor CD36 [ 9 ]. Other 
receptors implicated in cell engulfment include MEGF10, the infl ammatory receptor 
CD14, the C1q receptor CD93 (although surprisingly its mechanism is thought to not 
be through C1q), class A and B scavenger receptors, and the ATP- binding cassette 
transporter 7 (ABCA7) [ 57 ]. The identifi cation of many receptors that seem to all 
regulate apoptotic cell engulfment indicates that they are used by distinct cell types, 
work in concert as an “engulfment synapse,” or provide redundancy to the system. 
The fact that disruption of many of these receptors often results in a partial reduction 
in apoptotic cell uptake in vitro, and can lead to somewhat similar disease phenotypes 
in vivo, suggests that the fi rst two possibilities are at least partially correct.    

2.3.4     Intracellular Signaling in the  Phagocyte      

   Once a phagocyte recognizes an apoptotic cell, signaling occurs to rearrange the 
cytoskeleton and engulf the target. In  C. elegans , where much of the early work was 
done to identify some of the relevant engulfment genes, two phagocytic signaling 
pathways were discovered that share homology with mammalian engulfment path-
ways. In both nematodes and mammals, the pathways converge on the Rho family 
GTPase CED10/Rac1, which in turn signals through WAVE to Arp2/3, initiating 
actin nucleation and cytoskeletal rearrangement [ 58 ,  59 ]. Actin polymerization 
forms the phagocytic cup around the apoptotic cell and mediates the physical act of 
engulfment. The intracellular signals will be discussed briefl y here, but more in- 
depth reviews can be found elsewhere [ 60 – 64 ]. 

 The fi rst evolutionarily conserved engulfment pathway contains the nemotode 
genes cell death defective-1 (CED-1), CED-6, and CED-7. In mammals, the orthol-
ogous pathway members, respectively, are LRP1 or MEGF10, engulfment adaptor 
GULP1, and ABCA1 or ABCA7 [ 61 ,  62 ]. In mammals, GULP1 has been shown to 
be downstream of LRP1 as well as Stab2, whereas the direct functions of ABCA1 
and ABCA7 in engulfment have been controversial and may not play the same role 
as CED-7 in the nematode [ 65 ,  66 ]. Although this pathway requires Rac1 for engulf-
ment, the mechanism by which GULP connects to Rac1 is currently unknown. 

 The second pathway that is shared between nematodes and mammals is the 
CED-2, CED-5, CED-12 pathway, corresponding to the mammalian proteins CrkII, 
Dock180, and engulfment and cell motility (ELMO), respectively. In this pathway, 
ELMO and Dock180 act together as a bipartite guanine nucleotide-exchange factor 
(GEF) for Rac1 activation [ 67 ]. The phagocytic receptor BAI1 has been shown to 
signal directly to ELMO, but other unknown receptors may feed in to the pathway 
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through the TRIO protein activating the GTPase RhoG, which can activate ELMO to 
promote engulfment [ 47 ,  68 ]. In fact, it has been shown that the TAM family receptor 
MER can lead to phosphorylation of ELMO1. Finally, while CED-2/CrkII is associ-
ated with this pathway and has been found in complex with ELMO/Dock180 [ 69 ], 
its actual role is unclear, as ELMO and Dock180 can act without binding to CrkII 
[ 70 ]. This suggests that there may be subpathways within this group of genes regu-
lating engulfment. 

 In addition to these known canonical signaling pathways, there are alternate 
mediators of cell engulfment. For example, it was proposed that RAGE acts as an 
engulfment receptor in mice by activating Rac1 through Diaphenous-1 (mDia1) 
[ 50 ]. The signaling pathways for many of the other phagocytic receptors linked to 
apoptotic cell clearance remain to be defi ned. TIM4 has a very short intracellular 
domain, which has been shown to be dispensable for its function in engulfment 
[ 71 ]. TIM4 appears to function cooperatively with the MER receptor in clearance of 
apoptotic cells in the peritoneum. Others have suggested that TIM4 works as a 
tether in conjunction with α v β 3 /MFG-E8 to mediate engulfment; however, TIM4- 
mediated engulfment in the peritoneum is benefi ted by sequestration of MFG-E8 to 
prevent its binding to apoptotic cells, suggesting that TIM4 and α v β 3 /MFG-E8 do 
not work in a single engulfment pathway in vivo [ 72 ,  73 ]. Interestingly, the seques-
tration of MFG-E8 is accomplished by the oxidation of PE on the surface of resident 
noninfl ammatory macrophages by 12/15-lipoxygenase as a way to prevent infl am-
matory infi ltrating monocytes from recognizing and clearing the apoptotic cells and 
initiating an unintended immune response [ 73 ]. This highlights the importance of 
the correct engulfment signals occurring in the correct cell type for the right output, 
which is the generalized suppression of infl ammation characteristic of apoptotic cell 
engulfment.     

2.4     Effects of  Apoptotic Cell Clearance   

2.4.1     Induction of an  Anti-infl ammatory Program   

   One of the fi rst recognized effects of apoptotic cells was their ability to induce the 
production of anti-infl ammatory cytokines by engulfi ng phagocytes [ 6 ]. While the 
phagocyte encounter with bacterial lipopolysaccharide (LPS) induces production of 
infl ammatory cytokines, phagocyte interaction with apoptotic cells instead stimulates 
the release of anti-infl ammatory cytokines [ 6 ]. This fi nding changed the assumption 
that apoptotic cells were “immunologically inert” and that it is not just the lack of 
proinfl ammatory signals, rather apoptotic cells carry ligands that can actively induce 
an anti-infl ammatory signaling within the phagocytes (Fig.  2.3 ). It was also shown 
that engulfment of apoptotic cells uniquely caused the release of anti- infl ammatory 
signals compared to other forms of uptake, such as engulfment of zymosan or IgG-
opsonized apoptotic cells [ 74 ]. Although it has been reported that PtdSer signaling 
alone is suffi cient to induce these signals, such as the anti- infl ammatory effects of 
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PtdSer liposomes [ 33 ,  75 ], or the administration of PtdSer liposomes in mouse models 
of infl ammation to reduce disease [ 76 ], the effect of isolated PtdSer liposomes is 
very variable and they are never as potent as whole apoptotic cells. Either the confor-
mation of the PtdSer exposure on the apoptotic cells, or more likely, one or more 
additional signals on the apoptotic cells are necessary for the full elicitation of the 
anti-infl ammatory responses from phagocytes.

Program: Signals:
Regulation of Cell

Numbers:

    TGF

    IL-10

    PGE2, PGI2

    PAF

    ABCA1

    TNF

    IL-1

    IL-12

    IL-8

   Survival

   Proliferation

   IL-23 (  PMNs)

   CXCL12 
(  PMNs)

Apoptotic Cell
Recognition/Engulfment

  Fig. 2.3    Responses of  phagocytes  . When phagocytes (both professional phagocytes and nonpro-
fessional phagocytes) engage and engulf apoptotic cells, they produce anti-infl ammatory media-
tors such as TGF-β, interleukin-10 (IL-10), platelet activating factor (PAF), prostaglandin E2, as 
well as the membrane protein ABCA1 that induces anti-infl ammatory effects by a yet to be defi ned 
mechanism. Apoptotic cell recognition also suppresses the release of proinfl ammatory cytokines 
such as TNFα, interleukin-1β, interleukin-12, and interleukin-8. The apoptotic cell recognition 
process also regulates the numbers of neutrophils and hematopoietic precursor cells via the cytokine 
interleukin-23 (IL-23) and the chemokine CXCL12       
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    Transforming Growth Factor-β (TGF-β)   is a classic example of an anti- 
infl ammatory signal released as a consequence of apoptotic cell engulfment. It is 
transcriptionally upregulated by apoptotic cell recognition in a p38 MAPK, JNK, 
and ERK-dependent process [ 77 ]. The apoptotic cell recognition-dependent tran-
scription, translation, and release of TGF-β after PtdSer recognition is not unique to 
professional phagocytes such as macrophages but also observed in bronchial epithelial 
cell lines and vascular smooth muscle cells [ 78 ,  79 ]. Similar to TGF- β  , the tran-
scriptional upregulation of IL-10 in phagocytes requires p38 MAPK, and the phar-
macological inhibition of p38 completely abrogates the IL-10 response to apoptotic 
cells [ 80 ]. Besides TGF-β and IL-10, other anti-infl ammatory mediators are produced 
via different means. Several eicosanoids are made in response to apoptotic cell engulf-
ment, including prostaglandins E 2  and I 2  (PGE 2 , PGI 2 ) [ 74 ,  75 ]. The increased produc-
tion of these is due to upregulation of important enzymes in their synthetic pathways, 
including COX-2, PGES, and PGIS. However, this response was found to be depen-
dent on TGF-β autocrine and paracrine signaling to the phagocyte, indicating that 
TGF-β is a master regulator of the cell’s anti- infl ammatory response after the 
engulfment of corpses [ 75 ]. 

 Phagocytes also respond to apoptotic cells by upregulating the cholesterol trans-
porter ABCA1 [ 81 ,  82 ]. This upregulation is transcriptional and induced by recog-
nition of PtdSer [ 82 ]. Recent studies show that the upregulation of ABCA1 
downstream of apoptotic cell recognition occurs via a novel membrane-initiated 
pathway [ 83 ]. This induction of ABCA1 transcription was rapid, and at least in part, 
involves the upstream phagocytic receptor BAI1, as well as the downstream signaling 
intermediates ELMO1 and Rac1. Importantly, this ABCA1 upregulation does not 
involve the classic LXR-dependent ABCA1 upregulation that is normally seen with 
increase in intra cytoplasmic oxysterol levels. 

 The upregulation of ABCA1 can have several effects important for the anti- 
infl ammatory tone of the cells. First, the upregulation of cholesterol transporters 
unsurprisingly increases cholesterol effl ux from the phagocyte. The presence of 
cholesterol in membranes affects the signaling of cell surface receptors as well as 
the function of transporters, and therefore the ability to effl ux excess cholesterol is 
an important response to engulfed cells to prevent cholesterol loading [ 84 ]. The 
inability to maintain cholesterol homeostasis can lead to activation of Toll-like 
receptors (TLRs) and infl ammatory signaling [ 85 ]. However, ABCA1 (and ABCG1) 
have other effects as the absence of ABCA1 causes an infl ammatory cell death of 
the phagocyte mediated by sustained JNK activation [ 86 ]. Finally, ABCA1 itself 
can signal as an anti-infl ammatory surface protein by signals through ABCA1 to 
Jak2 and STAT3 [ 87 ]. Whether ABCA1 is truly a signifi cant anti-infl ammatory 
molecule in phagocytes immediately after apoptotic cell engulfment remains to be 
seen, but it is clear that ABCA1 can play important functions in the response to 
apoptotic cells. 

 The increase in anti-infl ammatory receptors, intracellular signals, and secreted 
mediators by the phagocyte are important for the dampening of immune responses/
local infl ammation within a tissue context. In addition to just acting in the engulfi ng 
phagocyte, the secreted immunosuppressive cytokines can signal back on the phagocyte 
as well as to neighboring cells to suppress their proinfl ammatory responses.   
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2.4.2     Suppression of  Proinfl ammatory Signals   

  The suppression of proinfl ammatory signals is subtly different from the active 
initiation of an anti-infl ammatory program, although the two are connected 
(Fig.  2.3 ). When  peripheral blood mononuclear cells (PBMCs)   were preincubated 
with apoptotic cells before being stimulated with LPS, they produced less of the 
infl ammatory cytokines TNFα, IL-1β, and IL-12 [ 6 ]. The suppression of TNFα, 
IL-8, GM-CSF, and proinfl ammatory eicosanoids like leukotriene C 4  is mediated by 
the autocrine signaling from released TGFβ, Platelet Activating Factor (PAF), and 
PGE 2  [ 74 ]. Although some of the immunosuppressive effects of apoptotic cells can 
be traced back to the release of anti-infl ammatory cytokines by phagocytes, this is 
not the only mechanism as LPS-induced production of IL-12 gets suppressed by 
treatment with apoptotic cells independent of TGFβ or IL-10 [ 88 ]. The suppression 
of IL-12 expression was found to be through GC-binding protein (GC- BP), a zinc 
fi nger nuclear factor that binds to the IL-12 promoter after apoptotic cell recognition 
[ 88 ]. Others have shown that LXR is crucial for the apoptotic cell- dependent sup-
pression of IL-12 expression; however, LXR also controls a positive feedback loop 
whereby apoptotic cells signal through LXR to upregulate apoptotic cell receptors 
[ 89 ]. Sorting out the precise signaling pathways downstream of apoptotic cell recog-
nition, the specifi c transcription factors activated, which genes they activate, and how 
they link to upregulation of anti-infl ammatory cytokines and suppression of proin-
fl ammatory signals is a key challenge in the fi eld.     

2.5     Defective  Apoptotic Cell Clearance   and  Infl ammatory 
Disease   

2.5.1      Autoimmunity   

    Considering the anti-infl ammatory effects of apoptotic cell clearance, it is no sur-
prise that defects in the engulfment of apoptotic cells often result in systemic infl am-
mation. The cause of the infl ammation likely depends on the cause of the engulfment 
defect, but the presence of uncleared apoptotic cells which then undergo secondary 
necrosis provides a suffi cient infl ammatory stimulus to cause autoimmunity [ 3 ,  5 , 
 90 ]. Apoptotic cells in the absence of clearance naturally progress to secondarily 
necrotic cells and lose their membrane integrity, resulting in the release of infl am-
matory intracellular contents [ 12 ,  91 ]. Some cells during apoptosis may even release 
proinfl ammatory cytokines over time [ 92 ]. This stresses the importance of effi cient 
clearance early in the apoptotic program as a way to diffuse a ticking time bomb of 
infl ammation and prevent homeostatic cell turnover from inducing a detrimental 
response. Before much of the apoptotic cell receptors or intracellular signals impor-
tant for clearance were established, it was observed that excess apoptotic cells 
injected into mice were immunogenic, inducing the production of antibodies 
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indicative of autoimmunity such as antinuclear and anticardiolipin antibodies [ 11 ]. 
Similarly, blocking the uptake of endogenous apoptotic cells in mice by masking 
PtdSer to prevent its recognition by phagocytes results in autoimmunity [ 93 ]. 

 Now that some of the opsonins of apoptotic cells as well as engulfment receptors 
have been discovered, autoimmunity has been observed as a frequent result of their 
deletion in mice. Defi ciency of the apoptotic cell bridging molecules C1q or MFG- 
E8 both result in marked autoimmunity as measured by autoantibodies and the 
development of glomerulonephritis [ 94 ,  95 ]. Consequently, disrupting the ability of 
phagocytes to bind MFG-E8 by deleting α v  integrin also results in autoimmunity 
[ 96 ]. Receptors for apoptotic cells using other bridging molecules are not able to 
compensate for this loss to maintain immune tolerance, and in fact deleting a com-
ponent of seemingly independent engulfment pathways all result in autoimmunity. 
For example, preventing signaling by Mer, a receptor for the apoptotic cell bridging 
molecule Gas6, also results in lupus-like autoimmunity in mice [ 55 ,  97 ]. If direct 
recognition of PtdSer on apoptotic cells by TIM4 is eliminated by genetic deletion, 
again autoimmunity results [ 98 ,  99 ]. 

 In all of these mouse models in which autoimmunity occurs, there are also 
lingering uncleared apoptotic cells in vivo, making it diffi cult to uncouple these two 
features. However, DNaseII-defi cient macrophages are able to phagocytose apop-
totic cells but lack the ability to degrade the engulfed nuclei, resulting in an abun-
dance of DNA-containing bodies throughout the embryo [ 100 ,  101 ]. Although 
global deletion of DNaseII in mice is embryonic lethal, the induced deletion of 
DNaseII in adult mice causes the development of autoimmune polyarthritis similar 
to rheumatoid arthritis [ 102 ]. The macrophages that are still able to effi ciently 
engulf apoptotic cells are unable to process the corpses and subsequently have an 
infl ammatory phenotype, including high TNFα expression [ 102 ]. These fi ndings sug-
gest that although cells undergoing secondary necrosis can be suffi ciently immuno-
genic, the anti-infl ammatory signaling in the phagocytes is also important to prevent 
autoimmunity. 

 In patients with  systemic lupus erythematosus (SLE)  , a prototypical autoimmune 
disease characterized by chronic systemic infl ammation, there is an increase in 
uncleared apoptotic cells in lymph node germinal centers, suggesting failed clear-
ance [ 103 ]. The engulfment capacity of  peripheral blood mononuclear cells (PBMCs)   
isolated from SLE patients is markedly decreased compared to PBMCs from normal 
healthy donors [ 104 ]. Whether impaired clearance is a cause or an effect of autoim-
munity in humans is yet to be defi nitively established.   

2.5.2      Airway Infl ammation   

  The lung is an interesting model organ to examine how apoptotic cells interact with 
multiple cell types, including professional phagocytes such as macrophages and 
nonprofessional phagocytes such as neighboring epithelial cells. The phagocytic 
responsibilities of these populations could vary based on the different 
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circumstances. For example, during acute injury when there is increased apoptosis 
of epithelial cells as well as the infi ltrating neutrophils, the professional phagocytes 
are likely the most capable cell type to handle the increased load. This is seen when 
excessive apoptotic cells are instilled into the lungs of mice. Although multiple cell 
types are able to clear them, only CD103+ dendritic cells are able to traffi c the 
engulfed apoptotic cells to the lung-draining lymph node to present antigen [ 105 ]. 
In an acute lung injury model in mice, MFG-E8 defi ciency exacerbated the effects, 
suggesting that engulfment is protective in the lung [ 106 ]. 

 Mice in which Rac1 is deleted specifi cally in the epithelial cells are more suscep-
tible to  house dust mite (HDM)   or ovalbumin-induced airway infl ammation [ 79 ]. 
Interestingly, airway epithelial cells rather than the macrophages from these mice 
have impaired engulfment of apoptotic cells, suggesting that engulfment by the epi-
thelial cells helps to maintain tolerance to allergens. In this context, the cytokines 
secreted by the engulfi ng epithelial cells, especially IL-10, appear to be important 
for the prevention of disease [ 79 ]. Although Rac1 is linked to many functions out-
side of apoptotic cell engulfment, the in vivo and in vitro evidence implicates Rac1 
as important in the initiation of airway infl ammation. In support of the importance 
of epithelial cells as engulfers of apoptotic cells, it has been shown that epithelial 
cells from cystic fi brosis patients, who have increased numbers of free apoptotic 
cells in their sputum, are defective in their ability to engulf apoptotic cells due to 
increased levels of RhoA, a GTPase with an inhibitory role in engulfment [ 107 ]. 

 In other diseases of the lung, such as emphysema and  chronic obstructive pulmo-
nary disease (COPD)  , apoptotic cell clearance is benefi cial. The porcine pancreatic 
elastase model of emphysema in mice is driven partially by apoptosis in the lung. 
Cotreatment of these mice with Annexin V to block apoptotic cell uptake worsened 
the emphysema [ 108 ]. Furthermore, smoking has been linked to impaired engulf-
ment of apoptotic cells [ 109 ]. The alveolar macrophages from patients with  COPD   
exhibit defective engulfment capacity in vitro, corresponding to the increase in free 
apoptotic cells in the lungs of these patients [ 110 ].   

2.5.3      Infl ammatory Colitis   

  An example of an infl ammatory disease that may be affected by the clearance of 
apoptotic cells is infl ammatory bowel disease. In mouse models of colitis, mice 
treated with  dextran sulfate sodium (DSS)   develop reversible acute intestinal infl am-
mation associated with massive apoptosis. When DSS is given to mice lacking 
MFG-E8, the colitis is more severe than in treated wild-type mice [ 111 ]. Mirroring 
the effect of MFG-E8, mice with conditional knockout of α v  integrin in hematopoi-
etic cells develop spontaneous systemic infl ammation, including severe colitis [ 96 ]. 
A causative link between impaired engulfment and the extent of colitis in mice has 
not been made, and in fact it has been suggested that the effects of MFG-E8 are 
through alternate anti-infl ammatory mechanisms [ 112 ]. Recent studies suggest that 
the levels of the phagocytic receptor BAI1 are altered during DSS-induced colitis 
and also in human patients with ulcerative colitis [ 113 ]. Mice defi cient in BAI1 have 

A.M. Fond and K.S. Ravichandran



39

a much more pronounced disease with large numbers of uncleared apoptotic cells. 
Perhaps most telling of the relevance of apoptotic cell clearance in this disease 
model, mice with transgenic overexpression of BAI1 show attenuated disease, with 
reduction in proinfl ammatory cytokines and overall reduced infl ammation. 
Interestingly, BAI1 expression in intestinal epithelial cells (rather than the myeloid 
cells) was critical for the benefi cial effect, once again highlighting the key role 
played by nonprofessional phagocytes during infl ammation [ 113 ].      

2.6     Phagocytes, Anti-infl ammatory Responses, 
and Cancer Context 

2.6.1     Phagocytic Signaling Pathways in a Malignant  Tissue   

  It is well known that apoptotic cells are found in many types of solid tumors along 
with mononuclear phagocytes, particularly,  tumor-associated macrophages (TAMs)  . 
The current evidence based on in vitro studies, and profi ling of the TAMs suggests 
that the collection of engulfment proteins expressed in these  TAMs   is not vastly differ-
ent from conventional tissue-resident macrophages. Therefore, the types of signaling 
pathways activated during apoptotic cell clearance in the tumor are likely not vastly 
different from the normal uptake mechanisms. But the real challenge is determining 
the interplay between the apoptotic tumor cells and the TAMs (see Chap.   3     for more 
discussion). Some of these challenges include: the type of responses initiated within 
the phagocytes upon contact with apoptotic and live tumor cells within the tumor 
tissue; the nature of death within the tumor; hypoxia versus normoxia (depending on 
the extent of vascularization of the tumor tissue) conditions when the phagocytes 
engulf; the effect of factors secreted by the healthy and dying tumor cells on the 
TAMs; the rates of proliferation within the tumor; and fi nally, the cross talk between 
the normal cells, tumor cells, and the TAMs and how they may infl uence the response 
of the engulfi ng phagocytes. Currently, there are signifi cant efforts to induce immune 
responses to tumors via immunogenic cell death (see Chap.   7    ). 

 Interestingly, a number of engulfment genes that are linked to apoptotic cell 
clearance are also linked to tumor development in different tissues. These have been 
identifi ed either via large-scale screening approaches, individual candidate gene 
approaches, or via altered expression profi les. We have chosen four examples below 
to highlight the link between engulfment genes and cancer.   

2.6.2      BAI1   

  The gene encoding the phagocytic receptor BAI1 was initially identifi ed as a 
p53-inducible gene whose expression was severely reduced or lost in  glioblastomas 
(GBM)   [ 114 ,  115 ]. Moreover, it was shown that the thrombospondin repeats of 
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BAI1 (which also binds PtdSer) could function to inhibit angiogenesis [ 115 ]. Given 
the high degree of vascularization of GBM, it was initially hypothesized that the 
loss of BAI1 might infl uence the state of vascularization within the tumors 
[ 116 – 119 ]. However, given the recent studies directly linking BAI1 to apoptotic 
cell clearance, this needs to be revisited. GBMs are also known to have a number of 
apoptotic and necrotic cells, with characteristic “palisade necrosis” seen within the 
advanced stages of GBM (often lacking BAI1 expression). Whether this is due to 
defective clearance or defective angiogenesis or both remains to be determined.   

2.6.3      ELMO1   

  The engulfment adapter protein ELMO1 has been linked to different types of 
cancers and is likely involved in apoptotic cell clearance and its role in tumor cell 
migration [ 120 – 124 ]. While macrophages express one of the highest levels of 
ELMO1, ELMO1 is widely expressed and mutations in ELMO1 that confer activa-
tion have been linked to head and neck tumors. Since ELMO1 associates with 
Dock180 to act as a guanine nucleotide exchange factor to activate Rac1 during cell 
migration [ 121 ], ELMO1 has been linked to metastasis of tumor cells in different 
contexts.   

2.6.4      Pannexin Channels   

  In addition to the known role of Panx1 in the release of fi nd-me signals from apoptotic 
cells, recently a mutant variant form of pannexin has been identifi ed in highly meta-
static human breast cancer cells [ 125 ]. This variant has been linked to extrusion of 
tumor cells from small vessels and metastasis. Although the precise mechanism by 
which the short fragment of Panx1 mediates this response of tumor cells is unclear, 
because Panx1 is a hexameric channel, it is possible that there is interference with 
the “holo channel.” Work in the context of apoptosis already suggests that Panx1 
can infl uence cell shape and the cytoskeleton [ 126 ], and the short fragment of Panx1 
might infl uence or augment the natural function of Panx1.   

2.6.5      MER Tyrosine Kinase   

  The tyrosine kinase phagocytic receptor MER-TK has been linked to many differ-
ent types of cancers [ 127 ,  128 ]. Besides its high expression in macrophages, and 
the induction of MER-TK expression by different stimuli and conditions, MER-TK 
is also expressed on certain epithelial cells [ 113 ]. Moreover, in gene expression 
profi ling studies MER-TK expression has been shown to be both upregulated and 
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downregulated [ 129 ]. Given the anti-infl ammatory properties associated with 
MER-TK expression on macrophages [ 130 ], there could be complex scenarios 
depending on MER-TK expression in the macrophages versus tumor cells (see 
Chap.   6     for more details).    

2.7     Concluding Thoughts 

 Our understanding of apoptotic cell clearance has expanded greatly in the past few 
decades, both mechanistically and in its physiological roles. There is also much 
work left to do to parse the complex signaling networks involved in clearance. There 
are inevitably more components of the engulfment machinery that remain to be 
identifi ed, whether eat-me signals, engulfment receptors or coreceptors, or intracel-
lular signaling pathways. Many of the players already known do not yet have clearly 
defi ned roles, which offer the opportunity to make new progress in this area. 
Furthermore, it is still unclear how different cell types utilize different engulfment 
pathways to clear cells and how these differences affect the response to apoptotic 
cells. A key aspect of tissue homeostasis is the loss/disposal of used/aged cells 
while replacing them with newer cells/regeneration. This is particularly important 
for cell types such as neutrophils that are produced in very large numbers, have a 
relatively short lifespan, and whose production has to be tightly coordinated. Since 
the loss of neutrophil numbers is a critical complication in many cancer therapies, 
defi ning the specifi c molecular details how the neutrophil death/engulfment/pro-
duction cycle is coordinated in healthy and treated patients could be highly thera-
peutically relevant. Another of the beautiful challenges ahead in the context of 
cancer and cell death is determining under which contexts the apoptotic cell clear-
ance is altered in tumors, whether the anti-infl ammatory properties of apoptotic 
cell recognition are dampening an immune response or modifying the macro-
phages, how the tumor cells (via engulfment) might be made immunogenic, and 
how manipulation of the engulfment machinery can be of benefi t. In addition, with 
recent evidence that apoptotic cell clearance can be augmented in vivo [ 113 ], the 
next level challenge is boosting cell clearance via small molecules and to target the 
myriad of infl ammatory diseases.     
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