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Inefficient and abnormal clearance of apoptotic cells (efferocytosis) contributes to
systemic autoimmune disease in humans and mice, and inefficient chromosomal
DNA degradation by DNAse Il leads to systemic polyarthritis and a cytokine storm. By
contrast, efficient clearance allows immune homeostasis, generally leads to a non-in-
flammatory state for both macrophages and dendritic cells (DCs), and contributes to
maintenance of peripheral tolerance. As many as 3 x 108 cells undergo apoptosis every
hour in our bodies, and one of the primary “eat me” signals expressed by apoptotic
cells is phosphatidylserine (PtdSer). Apoptotic cells themselves are major contribu-
tors to the “anti-inflammatory” nature of the engulfment process, some by secreting
thrombospondin-1 (TSP-1) or adenosine monophosphate and possibly other immune
modulating “calm-down” signals that interact with macrophages and DCs. Apoptotic
cells also produce “find me” and “tolerate me” signals to attract and immune modulate
macrophages and DCs that express specific receptors for some of these signals.
Neither macrophages nor DCs are uniform, and each cell type may variably express
membrane proteins that function as receptors for PtdSer or for opsonins like comple-
ment or opsonins that bind to PtdSer, such as protein S and growth arrest-specific 6.
Macrophages and DCs also express scavenger receptors, CD36, and integrins that
function via bridging molecules such as TSP-1 or milk fat globule-EGF factor 8 protein
and that differentially engage in various multi-ligand interactions between apoptotic
cells and phagocytes. In this review, we describe the anti-inflammatory and pro-ho-
meostatic nature of apoptotic cell interaction with the immune system. We do not
review some forms of immunogenic cell death. We summarize the known apoptotic cell
signaling events in macrophages and DCs that are related to toll-like receptors, nuclear
factor kappa B, inflammasome, the lipid-activated nuclear receptors, Tyro3, Ax|, and
Mertk receptors, as well as induction of signal transducer and activator of transcription
1 and suppressor of cytokine signaling that lead to immune system silencing and DC
tolerance. These properties of apoptotic cells are the mechanisms that enable their
successful use as therapeutic modalities in mice and humans in various autoimmune
diseases, organ transplantation, graft-versus-host disease, and sepsis.
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INTRODUCTION

Inefficient clearance of apoptotic cells contributes to systemic
autoimmune disease in humans and mice (1-6), and inefficient
chromosomal DNA degradation by DNAse II leads to systemic
polyarthritis and a cytokine storm (7, 8). By contrast, efficient
clearance allows immune homeostasis, generally leads to a
non-inflammatory state for both macrophages and dendritic
cells (DCs), and contributes to maintenance of peripheral toler-
ance (9-12).

As many as 3 X 10® cells undergo apoptosis every hour in our
bodies (13), where they are engulfed by macrophages and imma-
ture DCs and possibly by neighboring cells. What are the signal-
ing patterns that induce these non-inflammatory responses?

Apoptotic cells characteristically expose “eat me” signals to
macrophages (14, 15), and one of the primary “eat me” signals
is phosphatidylserine (PtdSer). PtdSer is a phospholipid that
localizes to the inner leaflet of plasma membranes in viable
cells; however, when cells undergo apoptosis, it is exposed on
the outer cell surface in a caspase-dependent manner (16-18).
Other “eat me” signals exist and make important contributions
to the process, including calreticulin from the dying cell endo-
plasmic reticulum and externally exposed chromatin and DNA,
as well as alterations in surface charge and changes in glycosyl
groups (19-21).

Apoptotic cells also produce “find me” signals to attract mac-
rophages (22). Lysophosphatidylcholine (LPC) (22), fractalkine
(23), sphingosine-1-phosphate (S1P) (24), and ATP/UTP (25)
are released from apoptotic cells in a caspase-dependent manner.
They also contribute to the “anti-inflammatory” nature of the
engulfment process by secreting “tolerate me” signals via throm-
bospondin-1 (TSP-1) secretion (26) or “calm-down” signals
via adenosine monophosphate (AMP) (27) and possibly other
immune modulation signals yet to be discovered.

Another mechanism for immune modulation by apoptotic
cells involves the caspase-dependent oxidation and deactiva-
tion of deactivation of high mobility group box 1 (HMGB1),
a strong trigger of danger-associated-molecular-pattern
(DAMP) that causes inflammatory responses (28). Similarly,
in the context of viral infection, caspases can modify the
mitochondria-initiated cell death process and inhibit the
interferon (IFN) response, switching the result of the dying
process from pro-inflammatory to immunologically silent
(29, 30). Since the activation of caspases is not a necessary con-
dition for apoptosis, it could be that caspase activation, which
drives the apoptotic program toward tolerogenic consequences,
is another way that apoptotic cells “instruct” the cells clearing
them regarding the nature of their death (31).

Neither macrophage subpopulations or DCs are “uniform”
and each cell type may variably express membrane proteins that
function as receptors for PtdSer (Tim-4, stabilin 2, and BAIl), or
for opsonins that bind to PtdSer, milk fat globule-EGF factor 8
protein (MFGES), ProS, and growth arrest-specific 6 (GAS6) (14).
Masking the PtdSer on apoptotic cells prevents their engulfment
by macrophages and induces autoantibodies (4) and inflamma-
tion (32), supporting the idea that PtdSer is not only an important
“eat me” signal but also a “tolerate me” signal. Macrophages also

express integrins that function via bridging molecules such
as TSP-1, MFGES, and complement (2, 9, 33). These integrins
can contribute to both phagocytosis and inhibition of a pro-
inflammatory immune response, for example, by scavenger
receptor (ScR) SCARF1 (34), the immunoglobulin superfamily
member leukocyte-associated Ig-like receptor 1 (CD305) (35),
CD11b or CD11c (2, 9, 36), other ScRs, CD36, and possibly addi-
tional receptors that are important in multi-ligand interactions
between apoptotic cells and phagocytes (2, 19, 26, 37). In addition,
“cross-talk” exists and, for example, C1q-dependent induction of
opsonins Gas6 and Protein S has been described (38, 39).

Macrophages express specific receptors for some of these
“find me” signals (CX3CR1 for fractalkine, aS1PR1 for S1P, and
P2Y, for ATP and UTP), which may mediate migration to the
dying cells (15). The “find me” signals are thought to prime mac-
rophages for engulfment, as best exemplified by the enhanced
expression of MFGE8 (40). On the other hand, some “find
me” signals, for example, LPC, ATP/UTP, and S1P, may cause
inflammation (41-43), contradicting the anti-inflammatory
nature of the apoptotic process. How is the anti-inflammatory
character of the apoptotic process maintained during cell death
and engulfment? We will discuss several signaling patterns that
have been identified.

Other modes of cell death that are immunogenic (44), includ-
ing accidental cell death (necrosis), necroptosis, pyroptosis,
and NETosis (45), will not be discussed here.

SIGNALING INHIBITION OF TOLL-LIKE
RECEPTORS (TLRs), NUCLEAR FACTOR
KAPPA B (NF-kB), AND THE
INFLAMMASOME

Toll-Like Receptors
Toll-like receptors are membrane-associated innate immune
sensors that recognize conserved microbial-associated molecular
structures of invading pathogens. A classic example is lipopoly-
saccharide (LPS), which is expressed by Gram-negative bacteria
that binds to TLR4 and induces pathogen-associated molecular
patterns (PAMPs). What is mostly relevant to this review is that
TLRs also detect host-derived, danger-associated molecular
patterns (DAMPs) and alarmins that can be produced during
immunogenic programmed cell death or cell necrosis, including
HMGBI and endogenous RNA and DNA that are normally hid-
den in TLR-inaccessible compartments but become exposed and
are released during cell stress, inflammation, infection, or non-
apoptotic death (46-48). TLRs are expressed by macrophages and
DCs that are specifically important for interaction with apoptotic
cells, but they are also expressed by natural killer (NK) cells, mast
cells, and T- and B-lymphocytes, as well as by some non-immune
cells, such as epithelial and endothelial cells (46-48).
Importantly, apoptotic cells downregulate the response to TLR
receptors on both macrophages and DCs (9, 49-51). For ligand
detection and co-receptor interactions, TLRs contain an ectodo-
main with multiple leucine-rich repeat domains involved in a por-
tion of the transmembrane, and an intracellular toll/IL-1 receptor
(IL-1R) homology domain (TIR) essential for signaling (46-48).
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Toll-like receptors are expressed on the plasma mem-
brane (e.g., TLR1, TLR5, TLR6, and TLR10), in intracellular
endosomes (e.g., TLR3, TLR7-9, and TLR11), or in both com-
partments (e.g., TLR2 and TLR4) (52), and TLR localization
critically regulates its signaling where the initial step following
binding is recruitment of adaptor proteins. The two main known
pathways are myeloid differentiation primary response gene
88 (MyD88)- and TIR-domain-containing adapter inducing
interferon p (TRIF)-dependent. All TLRs except TLR3 use the
MyD88-dependent pathway to initiate signaling, whereas TLR3
and TLR4 use the TRIF-dependent pathway to elicit induction of
both pro-inflammatory cytokines and type I IFNs (52).

After recruitment to TLRs, MyD88 molecules cluster and
recruit interleukin-1 (IL-1) receptor-associated kinases (IRAKs)
through homotypic death-death domain interactions (53).
An alternatively spliced form of MyD88 (MyD88s) lacks a short
linker sequence between the death- and TIR domains. It binds
to the TIR domain of TLRs but fails to recruit IRAK1, thereby
inhibiting signaling (54).

Expression of other regulatory kinases within the IRAK
family is induced following TLR signaling. Increased expres-
sion of IRAK-M or alternatively spliced variants of IRAKI
(e.g., IRAKIc) suppresses TLR signaling (55, 56). IRAK-M was
originally reported to prevent dissociation of IRAK and IRAK4
from MyD88, and to block engagement of TRAF6, inhibiting
signaling (56); however, later studies demonstrated the ability of
IRAK-M to engage a separate MEK kinase 3-dependent signal-
ing pathway for NF-«B activation. This pathway leads to IkB-a
phosphorylation, but not degradation, and controls a limited set
of inflammatory cytokines and negative regulators [suppressor
of cytokine signaling (SOCS) 1, SHIP-1, A20] whose expres-
sion is not controlled by mRNA stability (57). IRAKIc is an
alternatively spliced form of IRAK that lacks a region encoded
by exon 11 of the IRAK1 gene, resulting in a kinase-inactive
form of IRAK (55, 56). IRAK1c can heterodimerize with IRAK,
thereby fine-tuning the level of IRAK activity. Activator proteins
engaged in MyD88- and TRIF-dependent signaling pathways
also become phosphorylated, and these events play a critical role
in TLR signaling.

Apoptotic cells were shown to downregulate TLR signaling
events by us and by other groups, with effects on LPS-TLR4,
zymosan-TLR2, and possibly other events (9, 37, 49, 50, 58, 59).
Inhibition of TLR signaling after in vivo apoptotic cell admin-
istration has been clearly demonstrated in mouse models
(36, 59, 60). Taken together, this strongly supports the impact
of apoptotic cells on the inhibition of TLR signaling pathways
in different innate immune cell subsets. On the other hand, in
some abnormal conditions where pathogenic autoantibodies
opsonize self-antigens and apoptotic debris, immune complexes
are formed and bind to TLR 7 and TLR 9 and trigger the produc-
tion of IFN-a, a hallmark of SLE (61, 62).

Nuclear Factor Kappa B

Nuclear factor kappa B is a major transcription factor that has
been implicated as a critical regulator of gene expression in the
setting of inflammation. NF-«B is ubiquitously expressed and is
activated by a wide variety of stimuli, including pro-inflammatory

cytokines such as tumor necrosis factor-oa (TNFa) and IL-1,
bacterial- or viral-derived PAMPs, and various types of stress
(63, 64).

The NF-xB family consists of five DNA-binding members.
NE-kB1issynthesized as p105andis processed intoa DNA-binding
subunit, p50 (65). Likewise, NF-kB2 is produced as p100, which
serves as a precursor for the active transcription factor p52. p50
and p52 form various combinations of heterodimers with RelA
(p65), c-Rel, and RelB. These DNA-binding complexes target dis-
tinct sets of genes for transcriptional activation (66). In addition,
RelA and c-Rel can also activate gene transcription as homodimers
(67). By contrast, p50 homodimers, which lack transactivation
function, can instead suppress NF-kB target gene expression,
for example, in response to stimulation by LPS (68, 69).

Depending on the extracellular stimuli and the receptors
engaged, NF-kB activation mechanisms can be broadly clas-
sified into canonical and non-canonical pathways (70). In the
absence of extracellular stimuli, transcriptional activity of NF-kB
transcription factors is normally kept in check by sequestra-
tion in the cytoplasm (71). Following activation, the transient
transcriptional activity of NF-kB is maintained by several
mechanisms to prevent inflammation-induced tissue damage or
malignancy associated with chronic NF-«kB activation (72). IxkBa
is induced in an NF-kB-dependent manner, which contributes to
the termination of NF-kB signaling in a negative feedback loop
(73). In addition, p100, which also serves as an IkB-like protein
termed “IxBd,” plays a critical role in terminating NF-xB activ-
ity (71). Activation of the canonical NF-kB pathway depends
on the IKK complex, which contains two catalytic subunits
(IKKa and IKKp) and a regulatory subunit NEMO/IKKc (74).
Catalytically active IKKP phosphorylates IkBa, signaling its
ubiquitination and proteasomal degradation (75) in response to
various stimuli, including TNF receptor 1, IL-1R, and TLRs. By
contrast, non-canonical NF-kB pathway activation is mediated
by IKKa, which phosphorylates p100. This is followed by partial
p100 degradation to generate p52 in response to stimulation via
certain TNFR family members such as B cell-activating factor
receptor (BAFF-R), CD40R, and lymphotoxin-f receptor (76).

The ubiquitin-editing enzyme A20 complex is a negative
regulator of canonical NF-kB signaling. Mice lacking A20
develop severe inflammation and cachexia, and die prematurely
(77). These mice exhibit persistent NF-kB and IKK activation
and severe systemic inflammation in response to TNFa and
sublethal doses of LPS (77). Thus, A20 is an important negative
feedback regulator of NF-kB required for immune homeostasis.
Liberated NF-«xB dimers from IxBa and IkBd translocate to the
nucleus and activate transcription of various genes involved in
innate and adaptive immunity (78). Deletion of A20 in DC leads
to the development of pathologies in mice similar to those seen
in humans with inflammatory bowel disease (IBD) and SLE,
including autoantibodies, splenomegaly, nephritis, colitis, and
even ankylosing spondylitis (79-81). Similarly, humans who
have been identified to have mutations in the Tnfaip3 gene that
encodes A20 show auto-inflammation (82, 83). Most important,
apoptotic cell uptake by A20-deficient DC fails to inhibit pro-
inflammatory cytokine production in response to LPS (79) and
A20 expression is upregulated in small intestinal lamina propria
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CD103* DC in response to apoptotic IEC (84). Furthermore,
small intestinal lamina propria CD103* DC induction of A20
in response to apoptotic cells (84) shuts down both apoptotic
cell phagocytosis and inflammation, and thus may limit the
supply of self-antigen and its presentation in an inflammatory
context (85).

Lipopolysaccharide-induced cytokine production is mainly
mediated by activation of NF-kB, MAPKs, and IRF-3, and by
induction of a type I IFN-mediated, signal transducer and
activator of transcription 1 (STAT1)-dependent autocrine loop.
Our group has suggested that the mechanism for apoptotic cell
inhibition of pro-inflammatory cytokines, as originally showed
by Fadok et al. and Voll et al. (49, 58), is due to inhibition of
TLR and NF-xB signaling (37, 59) and inflammasome for IL-1p
(86) (see below). Inhibition of NF-kB by apoptotic cells has been
shown by others (87, 88) and by our team (37, 59, 86), and it
is suggested that nuclear migration of p65 is inhibited at the
transcriptional or post-transcriptional level (37, 86). In addi-
tion, Mer receptor tyrosine kinase (RTK) (MerTK, see below)
was also found to activate the phosphatidylinositol 3-kinase/
AKT pathway, which negatively regulates NF-xB (89).

Inflammasome

Inhibition of NF-kB could not explain very rapid inhibition of
IL-1p secretion by apoptotic cells (37); thus, additional mecha-
nisms remained unexplained.

IL-1p is a pro-inflammatory cytokine produced primarily
by activated monocytes and macrophages that is involved in
the regulation of immune responses as well as the pathogenesis
of several acute and chronic inflammatory diseases. Release of
IL-1f is mediated by a two-step process: first, transcriptional
induction of pro-IL-1p, and then caspase 1-mediated cleavage
for the generation and secretion of IL-1f (86). Inflammasomes
are high-molecular-weight cytosolic complexes that mediate the
activation of caspase 1 and therefore enable rapid secretion of
IL-1f and IL-18, which already exist as pro-cytokines. There
are many inflammasomes, and each is influenced by a unique
pattern recognition receptor response. Two signals are typically
involved in inflammasome pathways (90). Signal one involves
recognition of PAMPs or DAMPs that interact with TLRs, thus
inducing downstream production of pro-IL-1f. This is followed
by signal two, which involves recognition of PAMPs or DAMPs
made by cells such as uric acid or ATP via nucleotide-binding
domain, leucine-rich-containing family (NLR) pyrin domain-
containing-3 (NLRP3), which leads to caspase-1-dependent
cleavage of pro-IL-1f to active IL-1p. Both PAMPs and DAMPs
can be liberated by early insults. The consequence of inflam-
masome activation and IL-1f expression is the upregulation
of adhesion molecules and chemokines, leading to neutrophil
sequestration, mononuclear phagocyte recruitment, and T cell
activation.

Apoptotic cells were shown by us to inhibit TLRs and the
NEF-kB pathway (37, 59). TLR triggering is important for
enhanced transcription of pro-IL-1f and pro-IL-18, and is in fact
needed for the effect, but is not sufficient for rapid IL-1p secre-
tion. We were able to show that apoptotic cells inhibit secretion
of activated IL-1f at both pre- and post-transcription levels, and

have distinct inhibition effects on NF-kB and NLRP3 (86). The
dextran sulfate sodium (DSS) colitis model is generally viewed as
an epithelial damage model suited to investigate innate immune
responses. Macrophages primed with LPS and subsequently
exposed to DSS secrete high levels of IL-1f in an NLRP3-, ASC-,
and caspase-1-dependent manner. The DSS murine model and
Nirp3-deficient mice were used by us to assess the effect apop-
totic cells on colitis. Immunohistochemistry, flow-cytometry,
and Western blots helped to explore the effect and mechanisms.
Using a variety of NLRP3 triggering mechanisms, we showed that
apoptotic cells negatively regulate NF-kB and NLRP3 activation
at the pre- and post-transcription levels via inhibition of reac-
tive oxygen species (ROS), lysosomal stabilization, and blocking
potassium efflux. This property of apoptotic cells was associated
with a dramatic clinical, histological, and immunological ame-
lioration of DSS colitis in Balb/c and B6 mice following a single
administration of apoptotic cells (86).

Apart from apoptotic cell opsonization, MFGE8 was also
found to be an endogenous inhibitor of inflammasome-induced
IL-1p production (91). MFGES inhibited necrotic cell-induced
and ATP-dependent IL-1p production by macrophages through
mediation of integrin B3 and P2X7 receptor interactions in
primed cells. itgh3 deficiency in macrophages abrogated the
inhibitory effect of MFGE8 on ATP-induced IL-1p production.
Furthermore, in a setting of post-ischemic cerebral injury in
mice, MFGES8 deficiency was associated with enhanced IL-1p
production and larger infarct size. The latter was abolished after
treatment with IL-1p receptor antagonist. MFGE8 supplementa-
tion significantly dampened caspase-1 activation and IL-1§
production and reduced infarct size in wild-type (WT) mice,
but did not limit cerebral necrosis in IL-1f-, ItgB3-, or P2rx7-
deficient animals.

What is the mechanism by which apoptotic cells inhibit
inflammasome? We could show the involvement of three
mechanisms in the resolution by apoptotic cells of inflamma-
some-induced inflammation (86). First, other groups (92, 93)
and our lab (86) have shown that apoptotic cells are able to
reduce and inhibit the formation of ROS at rates similar to
those shown for the chemical inhibitor N-acetyl cysteine. It
is well established that macrophages make use of toxic ROS
to control microbial pathogens as part of the innate immune
response, and ROS were identified as major mediators of
inflammatory signals believed to play a role in the development
of IBD. Furthermore, generation of ROS was found to induce
IL-1f via ERK phosphorylation (94). In addition, IL-1f signals
may induce ROS generation (95). While it has been shown
that DSS induces formation of ROS (96, 97), we were able to
see a marked reduction in ROS generation, and consequently
less IL-1f secretion, when macrophages were pretreated with
apoptotic cells (86).

The second mechanism involves the lysosome. It was shown
that lysosomal damage or leakage may serve as an endogen-
ous danger signal and is sensed by the NLRP3 inflammasome
(96, 98). We have analyzed involvement of the lysosome vac-
uole and were first to discover that lysosomes from peritoneal
macrophages that were introduced to apoptotic cells were more
stable to DSS challenge, and were not affected or damaged (86).
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Inflammasomes were also suggested to be activated in res-
ponse to signaling pathways that deplete intracellular potas-
sium, such as the potassium ionophore nigericin pathway (99).
We noted that when macrophages were pretreated with apop-
totic cells, nigericin-induced IL-1f secretion was significantly
inhibited. The mechanisms for apoptotic cell inhibition of this
secretion are not clear.

Taken together, these results demonstrate a mechanism of
inflammasome inhibition and resolution of inflammation stem-
ming from apoptotic cell clearance and illustrate a mechanism
for regulation of inflammation that could take place in both
infectious and noninfectious inflammatory conditions.

Additional related possible mechanisms include a functional
subgroup of NLRs that negatively regulate inflammation (100),
including the possible effect of apoptotic cells on NLRPI2.
This suppressor of pro-inflammatory cytokine and chemokine
production downstream of TLRs targets multiple points in
the NF-xB pathway. However, it is clear that failure to clear
apoptotic cells will trigger persistent inflammasome-dependent
inflammation, as perhaps is seen in failure to clear intracellular
organelles (101).

LIPID-ACTIVATED NUCLEAR RECEPTORS

Nuclear receptors are transcription factors that regulate gene
transcription in response to their ligand and include lipids,
vitamins, and hormones. They suppress or activate transcrip-
tion, allowing regulation diverse biological functions that
include cytokine production, lipid metabolism, and more (102).
Following internalization of apoptotic cells, lipids, carbohy-
drates, protein, and nucleotides are acquired from the apoptotic
cell. This content was suggested to be a significant metabolic bur-
den on the phagocyte (103) and may also influence its immune
response.

Several studies have shed light on the metabolic changes
macrophages undergo to restore normal cellular function and
homeostasis following apoptotic cell ingestion. Macrophages
and DCs express several nuclear factors, most with a role in
clearance of apoptotic cells, including peroxisome proliferator-
activated receptor (PPAR)-a, -p/d and -y isotypes, liver x
receptor (LXR) o and P isotypes, retinoid x receptor (RXR) a
and P isotypes, retinoic acid receptor, vitamin D receptor, and
glucocorticoid receptor (104). The putative natural ligands of
LXR are oxysterols, which have been suggested to arise from
the lipids derived from apoptotic cell/body membranes. This
exemplifies the anti-inflammatory effects of the PPAR and LXR
receptors (104).

Mukundan et al. (105) and A-Gonzalez et al. (106) showed
how lipids in apoptotic cells induce activation of the transcrip-
tion factors PPAR-6 and LXR, respectively. Activation of these
transcription factors results in macrophage upregulation of cell
surface receptors and soluble ligands that suppresses inflamma-
tory cytokine production and promotes removal of apoptotic
cells. In their absence, apoptotic cell clearance is impaired and a
lupus-like autoimmunity develops.

Concerning the mechanism of action, like other members of
the same nuclear receptor family, PPAR-§ and LXR heterodimerize

with the RXR to regulate transcription of target genes. Depending
on the presence of corepressors or coactivators, these dimeric
transcription factors can either suppress or initiate transcription
(107).

Mukundan et al. (105) showed that the lipids contained in
apoptotic cells activate PPARs. They observed that PPAR-9, but
not PPAR-Y, was induced in macrophages after exposure to
apoptotic cells. Furthermore, macrophages obtained from mice
deficient in PPAR-§ showed reduced engulfment of apoptotic
cells and impaired clearance of apoptotic cells in vitro and in vivo.
To prove that these changes were due to defects in macrophages,
they created mice that were PPAR-3-deficient exclusively in
macrophages and observed similar defects in clearance of apop-
totic cells, but not of necrotic cells.

A-Gonzalez et al. (106) observed that knockout of the genes
encoding both the o and f chains of LXR led to defective
phagocytosis of apoptotic cells. They then identified candidate
genes responsible for this defect by microarray. In contrast to
the reduced expression of opsonins observed with PPAR-3
deficiency, loss of LXR led to a marked reduction in the expres-
sion of the macrophage receptor Mer (see below), which binds
either the GAS6 or Pro S opsonins. Both of these opsonins
attach to PtdSer on apoptotic cells, resulting in apoptotic cell
engulfment. Experimental support for regulation of Mer by LXR
was obtained by detection of LXR binding to the promoter of
Mertk (which encodes Mer) by gain of function experiments and
by demonstration of increased phagocytosis of apoptotic cells
after macrophage stimulation with the synthetic LXR agonist
GW3965. The findings suggest that, after the ingestion of apop-
totic cells, oxysterols (oxidized derivatives of cholesterol) activate
transcription of Mer by LXR and like PPAR-6. This transcription
factor enhances the clearance of dying cells (104).

Macrophage activation via adenosine receptors is followed by
the upregulation of TSP-1 and Nr4a gene expression, especially
of Nur77, NOR-1, and Nurrl. TSP-1 is the major activator of
TGFp (108) and Nr4a family members inhibit the expression
of pro-inflammatory cytokines such as TNFa, IL-8, and IL-6 in
macrophages (109) by recruiting a repressor complex to their
promoter (110). Yamaguchi et al. (27) found that AMP was
present at 30- to-100-fold higher concentrations than ATP in
the culture supernatants of apoptotic thymocytes and a T cell
line. When cells undergo apoptosis, ATP is quickly hydrolyzed
to AMP, while its generating system is inactivated by caspases
(111). The caspase-cleaved Pannexin channel also contributes to
cellular loss of ATP by allowing ATP to exit cells through the
plasma membrane. Chekeni et al. (112) showed that caspases
cleave Pannexin 1 in the early stages of apoptosis, resulting in the
release of ATP, which can serve as a “find me” signal to attract
macrophages. Depending on the types of cells and apoptotic
stimuli, intracellular ATP levels remain high (113-115) or rapidly
decrease (116, 117).

INHIBITION OF INFLAMMATION BY Tyrog3,
Axl, AND Mertk (TAM) RECEPTORS

Early indications that these RTKs may have an important
immune function came from observations made in studies by
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Camenisch et al. (118), who used Mertk~~ mice. These mice had
an approximately threefold enhancement of serum TNFa when
administered 100 mg/kg of LPS in vivo. In 2001, Lu and Lemke
(119) further characterized RTK’s role in the immune system by
using mice that were triple knockout for TAM receptors Tyro3~'~
Axl~'= Mertk™"~ (TAM RTK). These TAM RTK animals did not
present with serious developmental anomalies and appeared
normal (119). They had apparently normal immune systems
with no differences in the size of the secondary lymphoid organs,
and their role in inflammation was only clarified later.

The TAM receptors were originally discovered by Lai and Lemke
(120). TAM receptors are key inhibitors of the immune system
(121). Diverse immune cells in humans and mice express TAM
components and are severely perturbed if their TAM-dependent
cellular pathways are ablated (122). TAM signaling provides an
indispensable inhibitory feedback mechanism responsible for
safeguarding the shutdown of inflammation and promotion of
tissue-repair processes. Blocking TAM signaling causes severe
defects in apoptotic cell clearance, widespread inflammation,
overactivation of the immune system, and development of sys-
temic autoimmunity (123, 124).

TAM receptors are activated via two known mediators,
ProS and GAS6 (125). Both bind to apoptotic cells and thereafter
mediate ligation to TAM receptors. Both are Gla domain-con-
taining proteins, ie., proteins containing gamma-carboxylated
glutamic acid residues. The gamma-carboxylation of glutamate
residues vastly increases their ability to bind Ca?*. GAS6 and Pro$S
contain Gla domains consisting of ~50 amino acids stretched
near their N termini. Gamma-carboxylation and PtdSer binding
are essential for the maximal bioactivity of both full-length TAM
ligands (126-129). For example, ProS has a cofactor activity;
its ability to activate the TAM RTKs is dependent on gamma-
carboxylation of the GLA domain and binding to PtdSer (130).

The current thought is that TAM RTKs are significantly
upregulated as part of a pro-inflammatory response, for exam-
ple, TLR engagement. However, in the case of apoptotic cell
clearance there may be direct signaling following receptor
binding. For example, and as mentioned earlier, A-Gonzalez
et al. (106) observed that knockout of the genes encoding both
the alpha and beta chains of LXR led to a marked reduction in
the expression of Mer. Experimental support for regulation of
Mer by LXR was obtained by detection of LXR binding to the
promoter of Mertk, which encodes Mer, by gain of function
experiments and demonstration of increased phagocytosis of
apoptotic cells after macrophage stimulation with the synthetic
LXR agonist. The findings suggest that, after the ingestion of
apoptotic cells, oxysterols (oxidized derivatives of cholesterol)
activate transcription of Mer by LXR and like PPAR-6.

INHIBITION OF IFNs BY SOCS 1/3
UPREGULATION

Type Il IFN

The phenotype that defines activated macrophages and DCs is
characterized by increased microbicidal or autoimmune activ-
ity, high antigen-presenting activity associated with increased

MHC class II expression, and increased production of IL-12
(131). These characteristics are promoted by an IFNy-mediated
Janus kinase signal transducer and activator of transcription
(JAK-STAT) signaling. Stimulation of the IFNYy receptor triggers
JAK-mediated tyrosine phosphorylation and subsequent dimeri-
zation of STAT1, which binds as a homodimer to elements known
as gamma-activated sequences in the promoters of the genes
encoding NOS2, the MHC class II transactivator, and IL-12,
among others (132).

We were the first to show that clearance of apoptotic cells
inhibits type II IFN (human y-IEN) signaling by upregulation
of SOCS (59). We showed that interaction of macrophages with
apoptotic cells had no activation effect for MAPKs p38, INK, or
ERK1/2 (59). By contrast, apoptotic cells suppressed the LPS-
induced IFN-mediated autocrine loop by attenuating STAT1
activation and suppressing IFN activation of STAT1-dependent
genes such as CXCL10 (133, 134). It has been suggested that
apoptotic cell induction of SOCSI and SOCS3 expression con-
tributes to suppression of IFN-induced gene expression (135),
and thus suppresses JAK-STAT signaling and IFN-mediated
responses downstream of TLR4.

Interferon-y is a key activator of macrophages and is mainly
produced by NK cells, Thl cells at later stages of the immune
response, and chimeric antigen receptor T cells. STAT1 mediates
most of the IFN-y activating effects on macrophages. We ana-
lyzed the effect of apoptotic cells on the IFN-y signaling pathway
in macrophages both in vitro and in vivo. We found that IFN-y
induced STAT1 activation at both the tyrosine phosphorylation
and DNA-binding levels, and was significantly inhibited in
macrophages that had interacted with apoptotic cells in vitro
and in vivo in a chemically induced peritonitis murine model
of inflammation. Inhibition of STAT activation was somewhat
selective for STAT1 relative to STAT3, which is activated by
IL-10 and is strongly anti-inflammatory. This selective inhibi-
tion pattern of cytokines and STATs would have the net effect of
suppressing inflammatory macrophage activation while leaving
deactivation pathways intact.

Suppressor of cytokine signaling ubiquitin ligases are res-
ponsible for downregulation of the immune response through the
turnover of molecules that function in critical, positive, regula-
tory signaling cascades such as the TLR, NF-kB, and JAK-STAT
pathways (136). Substrates of SOCS1 and SOCS3 include MAL,
TRAFs, and JAKSs.

Type | IFN
Rothlin and Lemke showed later that the TAM RTK-dependent
upregulation of SOCS required the type I IFN receptor and
STAT1 (89). Consistent with a central role for TAM RTK in the
negative regulation of inflammation, the upregulation of SOCS by
type I IFNs was contingent on TAM RTK. SOCS1 induction by
IFN-a was significantly reduced in TAM RTK TKO DCs (89). Axl
mRNA was induced by type I IFNs produced downstream of TLR
activation (89, 137, 138), indicating that the braking mechanism
is not available at the onset of the immune response but only
following its initiation.

The mechanism of TAM RTK action in type I IFNs involves
upregulation of the SOCS proteins SOCS1 and SOCS3 (89).
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Consistent with a central role for TAM RTK in the negative
regulation of inflammation, the upregulation of SOCS by type I
IFNs was contingent on TAM RTK. SOCS1 induction by IFN-«
was significantly reduced in TAM RTK TKO DCs (89). It was
suggested that TAM RTKs can complex with type I IFN receptors
and modify STAT function (89), potentially by altered phos-
phorylation. An additional mechanism of TAM RTK-mediated
inhibition of inflammation includes upregulation of the tran-
scription factor twist, which in turn leads to downregulation of
TNFa (138).

Lipopolysaccharide-induced cytokine production is mainly
mediated by activation of NF-kB, MAPKs, and IRF-3, and by
induction of a type I IFN-mediated STAT1-dependent autocrine
loop (139).

Taken together, these observations illustrate tight negative
regulation of type I (89) and II (59) IFN pro-inflammatory
signaling.

APOPTOTIC CELLS AND MAINTENANCE
OF PERIPHERAL TOLERANCE

Recognition of an autoantigen by the T cell receptor (TCR) is
the capability that distinguishes autoreactive T cells from other
T cell subsets. The TCR repertoire is generated in immature
T cells in a relatively random manner, and some TCRs rec-
ognize self-antigens. The majority of T cell clones with high-
affinity TCRs that recognize self are deleted as a consequence
of self-antigen presentation by thymic epithelial cells (140).
Thymic selection is imperfect; therefore, autoreactive T cells are
present in the peripheral T cell repertoire of healthy individuals
(141). T cells that escape negative selection in the thymus must
be held in check by additional peripheral tolerance mecha-
nisms, and the ability to tightly control and avoid the activa-
tion of peripheral self-reactive T cells is crucial for avoiding
autoimmunity.

Dendritic cells are the most potent antigen-presenting cells,
and as such they are key regulators of the immune system (142).
They share with macrophages many of the roles described earlier
inthe engulfmentand clearance of apoptotic cells (85). Two main
issues differentiating DCs from macrophages, in the context of
this review, are the existence of more than two subpopulations
of DCs with different roles and anatomical locations (85, 143),
and their main role initiating the adaptive immune response
classically described after migrating to a lymphoid organ (144).
For example, CD8a* murine DCs and their suggested human
analog, the CD141* DCs (145) are specialized in the uptake
of apoptotic cells and the cross-presentation of their antigens
to T cells (146). In this review, we will concentrate on myeloid
DCs, although there are reports on the effects of plasmacytoid
DCs after engulfment of apoptotic cells (147), and they can have
anti-inflammatory effects via mechanisms similar to those used
by myeloid DCs (148).

T cell activation requires a first signal provided by TCR ligation
and a second signal provided by engagement of costimulatory
molecules with their respective ligands on antigen-presenting
cells. A third signal related to IL2/IL2R interactions should also
sometimes be considered. The coordinated triggering of these

two independent signaling systems ensures full T cell activation,
including proliferation and acquisition of effector function.
TCR occupancy in the absence of costimulatory signals leads to
a sustained loss of antigen responsiveness called clonal anergy
or T cell apoptosis, and therefore DCs interacting with apop-
totic cells contribute to the maintenance of peripheral tolerance
(9, 12, 149). We were able to show downregulation of costimula-
tory molecules, including CD40 and CD86 as well as MHC-DR,
following apoptotic cell ingestion by DCs. Interestingly, DCs
did not lose the ability to migrate to the lymph nodes fol-
lowing this effect, and upregulated CCR7, which is normally
upregulated upon activation and allows tolerogenic DCs to
migrate to naive areas of the lymphatic system to encounter
potential autoimmune T cells that may react to apoptotic cell
antigens (9, 12).

Lung DCs are an excellent example of the dual role of DCs
that can induce tolerance or activate naive T cells, making these
DCs well-suited to their role as lung sentinels. Lung DCs are
supposed to serve as a functional signaling/sensing unit to
maintain lung homeostasis and orchestrate host responses to
benign and harmful foreign substances [reviewed in Ref. (150)].
In vitro observations demonstrating this role were further
investigated using in vivo murine studies. CD11c+ CD11b+
CD8a+ DCs were found in the pancreatic lymph nodes, car-
rying fluorescently labeled dead cells that had been injected
directly into the pancreas (151). Furthermore, apoptotic cells
were phagocytosed by CD8a+ DCs within the spleen and apop-
totic cell antigen was cross-presented to antigen-specific CD8
T cells, leading to their deletion as a mechanism of immune
tolerance (10, 11).

Later, a role for specialized CD169+ macrophages in han-
dling dead tumor cells and cross-presentation was also suggested
(152), and identification of special subsets in different localiza-
tions within organs like lung, brain, and gut led to the suggestion
that the nature of a phagocyte that recognizes, samples, and/or
internalizes apoptotic cells is likely dependent on the tissue and
its physiological state at any given time (84, 85). Further details
are found elsewhere (85, 153).

With respect to apoptosis of antigen-presenting cells, we
were able to show that apoptotic monocytes secrete TSP-1,
which, by itself, induces a tolerogenic phenotype in DCs (26).
While it has long been known that apoptotic cells change their
phenotype during the death process (154), this has not been
given much attention in the literature. Our group has shown that
there are two subpopulations of human monocyte-derived DCs
with different immune phenotypes and functions. Apoptotic
cells are not necessarily homogeneous; thus, upon entering the
process of apoptotic cell death, these two cell types differentially
regulate their expression of cell surface antigens in a way that
will dramatically influence interaction with T cells (149). Thus,
even while dying, these DCs are explicitly signaling the cells
they interact with and conveying information, their “immune
will” We identified three general patterns of expression: Pattern
1, surface marker expression increases for both subpopulations
as cell death progresses; Pattern 2, surface marker expression
increases in one subpopulation; and Pattern 3, surface marker
expression shows a mixed pattern as cell death progresses
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with behavior dependent on the stimuli used. Importantly,
one subpopulation dramatically increased CD86 expression
in correlation to advanced apoptosis, suggesting that even dur-
ing the death process DCs can signal to T cells for immune
responses.

In another example, it has been shown that the susceptibility
of different DC subpopulations to apoptosis has significance for
the immune response to viral infections (155). These processes
highlight the importance of apoptosis of the antigen-presenting
cells themselves as an immune regulatory event that is a less
recognized way for apoptosis to affect the immune system.

One of the main effects of DCs after the uptake of apoptotic
cells is secretion of TGF-f, IL-10, and retinoic acid, which pro-
mote the development of T-regulatory (Treg) cells (85, 156-159).

These could be induced via the abovementioned mechanism,
but also by the induction of indoleamine 2,3 dioxygenase-1
(IDO-1), whose activity can be induced by TGF-p (160) and
whose expression is induced by apoptotic cells. Both in vitro
(161, 162) and in vivo administration of apoptotic cells to
mice induce the expression of IDO in splenic marginal zone
macrophages (163). IDO-1 promotes immune tolerance by the
induction of Treg cell differentiation (163-168).

Other studies have shown that DC phagocytosis of apop-
totic cells initiates naive CD4 T cell differentiation into Treg
cells (169-174).

In conclusion, apoptotic cells induce a tolerogenic DC
phenotype and may directly (anergy- or activation-induced cell
death) or indirectly (Tregs) inactivate potential autoreactive
T cells. In this way they represent a potent peripheral tolerance
mechanism.

APOPTOTIC CELLS AS THERAPEUTIC
AGENTS

The in vitro and in vivo properties of apoptotic cells suggest their
potential use in a broad range of inflammatory and immune-
mediated conditions such as autoimmunity, graft rejection,
post-ischemic injury, cytokine storm, and more.

Autoimmune and autoinflammatory conditions, including
type 1 diabetes in non-obese diabetic mice, experimental
autoimmune encephalomyelitis, arthritis, colitis, pulmonary
fibrosis, fulminant hepatitis, contact hypersensitivity, acute-
and chronic-graft rejection, hematopoietic cell engraftment,
acute graft-versus-host disease (GvHD), and reduction of
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or NK cel .
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Shutdown of pro-inflammatory
cytokines

Anti-inflammatory cytokine secretion
Down regulation of MHC-Il and
costimulatory molecules

IDO induction

Apoptoticcell: -8

AMP, ADP & nucleotide secretion

Lipid secretion

aop  Attraction: LPC, fractalkine, S1P
Glycosylation modification
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FIGURE 1 | Multiple mechanisms of immune modulation following interaction with apoptotic cells in macrophages and dendritic cells (DCs). Multiple mechanisms
are used by apoptotic cells to create an immune homeostatic anti-inflammatory state in macrophages and DCs. In apoptotic cells themselves, in parallel with
PtdSer exposure, caspase activation plays a critical role by deactivating potential danger-associated molecular patterns (DAMPs) and by releasing “find me” signals
such as adenosine monophosphate (AMP), lysophosphatidylcholine (LPC), fractalkine, and sphingosine-1-phosphate (S1P). Apoptotic cells possess a direct
immunosuppressive effect by the release of “calming” agents TGF-$, IL-10, adenosine diphosphate (ADP), thrombospondin-1 (TSP-1), and more. Direct binding
to PtdSer receptors (PtsR) and indirect binding to TAM receptors, as well as signaling via opsonins/bridging molecules that use additional integrinsor scavenger
receptors (ScRs) or complement receptors, act to reprogram the phagocyte, to inhibit toll-like receptors (TLRs), nuclear factor kB (NF-kB), signal transducer and
activator of transcription 1 (STAT1), and interferon (IFN) signaling, and to activate liver X receptor (LXR), peroxisome proliferator-activated receptor delta (PPAR-8),
suppressors of cytokine signaling (SOCS) 1/3, and hepatic growth factor (HGF), and to downregulate costimulation and induce induction of indoleamine 2,3
dioxygenase-1 (IDO), that promote tolerogenic phenotype and the induction of T-regulatory (Treg) cell differentiation. The sum of these events leads to
downregulation of the inflammatory characteristics of macrophages and DCs, repair, and peripheral tolerance. Pro-inflammatory pattern are marked

in red and anti-inflammatory patterns in blue.
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infarct size after acute myocardial infarction have all been
treated quite successfully by apoptotic cell infusion (175).
While these works have been performed in animal models, our
group has shown a remarkable reduction in the occurrence
of grade II-IV GvHD following heterologous hematopoietic
stem cell transplantation in humans with apoptotic cell
treatment (176).

In the IBD study mentioned earlier (86), a single infusion of
apoptotic cells significantly ameliorated both the clinical score
and histological appearance of DSS-induced colitis. We showed
that apoptotic cell infusion is beneficial in murine models of
IBD and inhibits both inflammasome- and NF-kB-dependent
inflammation.

In another example of the use of apoptotic cells for the treat-
ment of inflammatory conditions in post-ischemic cerebral
injury in mice, MFGES deficiency was associated with enhanced
IL-1p production and larger infarct size. The latter was abolished
after treatment with IL-1p receptor antagonist. MFGE8 sup-
plementation significantly dampened caspase-1 activation and
IL-1p production and reduced infarct size in WT mice, but did
not limit cerebral necrosis in IL-1p-, Itgf3-, or P2rx7-deficient
animals (91).

Lipopolysaccharide is a main causative agent of Gram-
negative bacterial septic shock. Ren et al. (177) examined the
possible protective effect of apoptotic cell infusion. They found
that when apoptotic cells were administered 24 h after LPS chal-
lenge, B6 mice benefited, with a reduction in circulating pro-
inflammatory cytokines, suppression of polymorphonuclear
neutrophil infiltration in target organs, decreased serum LPS
levels, and decreased mortality. Interestingly, LPS can quickly
bind to apoptotic cells and these LPS-coated apoptotic cells
can be recognized and cleared by macrophages accompanied
with suppression of TNFa and enhancement of IL-10 expres-
sion. LPS-treated mice began to die at 8-12 h and all mice died
within 3 days in the control group. By contrast, mice in the
group injected intravenously (IV) with apoptotic cells (1 x 107/
mouse) immediately after challenge with LPS exhibited fewer
signs of sickness. Only 20% of treated mice died at day 7; that is,
treatment with apoptotic cells resulted in 80% survival (n = 12,
p <0.001). Late deaths in the treatment group were not observed
during the 3 weeks after LPS injection, indicating that apoptotic
cell treatment conferred a complete and lasting protection
against lethal endotoxemia.

To further examine whether the administration of apop-
totic cells has a beneficial effect in another animal model, the
authors induced sepsis in mice by cecal ligation and puncture
(CLP) (177). Without any treatment, 52% of the mice (12 of
25) died within 5 days. Mice with apoptotic cell treatment
1 h after CLP exhibited fewer signs of sickness and less than
20% of treated mice (4 of 22) died in the first 3 days. The
authors also investigated whether delayed administration of
apoptotic cells would prevent mice from endotoxic lethality.
Treatment with apoptotic cells was initiated 1, 3, 6, and 24 h,
respectively, after the onset of endotoxemia. Delayed treat-
ments at all time points significantly protected mice from

lethal shock (n = 6/group, p < 0.05). No late deaths occurred
during the subsequent 3-week period of observation. These
results indicated that delayed administration of apoptotic
cells in mice provided protection from LPS-induced lethal
shock.

Other works showed that timing is important, and if apop-
totic cells were given 5 days before sepsis induction, worsened
survival was observed (178). Sepsis and septic conditions were
also examined in vivo in Mertk™~ mice, by Camenisch et al.
(118), who used Mertk™= mice. In vivo, the LDs, of LPS for
Mertk™'~ mice was half of that for WT mice. Mertk™'~ mice had
an approximately threefold enhancement of serum TNFa when
administered 100 mg/kg of LPS, and about 90% of mice died of
endotoxic shock (118).

Taken together, these studies suggest that the best timing
for apoptotic cell treatment during sepsis is after its onset. The
treatment response mechanism is most probably a systemic
increase in the ability to return to a homeostatic state and a
reduction of the intensity of the initial unwanted immune
response characterized by cytokine storm. Other possible
mechanisms by which apoptotic cells could provide protection
in sepsis include binding to toxins, promoting APC survival,
and recovering APCs from their septic “reprogramming”
(179, 180).

SUMMARY

Multiple mechanisms are used by apoptotic cells to create an
immune homeostatic anti-inflammatory state in macrophages
and DCs. As illustrated in Figure 1, these include direct bind-
ing to PtdSer and indirect binding to TAM receptors, as well as
signaling via opsonins/bridging molecules that use additional
integrins and ScRs to inhibit TLRs as well as NF-xb, STAT1,
and IFN signaling, and to activate LXR, SOCS 1/3, PPAR-§,
and hepatic growth factor (HGF). The sum of these events
leads to downregulation of the inflammatory characteristics of
macrophages and DCs, repair, and peripheral tolerance. Despite
establishment of a pattern recognition effect in the clearance of
apoptotic cells, some controversies in the field exist, including
the role of complement, the importance of different receptors for
PtdSer, the “cross-talk” between different opsonins and recep-
tors, and the specific conditions where “immunogenic” clearance
is occurring.

AUTHOR CONTRIBUTIONS

DM: prepared the manuscript. UT: Helped prepare the
manuscript.

FUNDING

Funding for the different scientific projects mentioned in
this review was provided by the Israeli Science Foundation
to DM. No specific source was provided for this specific
manuscript.

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Trahtemberg and Mevorach

Immune Homeostatic Regulation by Apoptotic Cells

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Botto M, DellAgnola C, Bygrave AE, Thompson EM, Cook HT, Petry F,

et al. Homozygous Clq deficiency causes glomerulonephritis associated
with multiple apoptotic bodies. Nat Genet (1998) 19(1):56-9. doi:10.1038/
ng0598-56

. Mevorach D, Zhou JL, Song X, Elkon KB. Systemic exposure to irradiated

apoptotic cells induces autoantibody production. ] Exp Med (1998) 188(2):
387-92. doi:10.1084/jem.188.2.387

. Munoz LE, Lauber K, Schiller M, Manfredi AA, Herrmann M. The role

of defective clearance of apoptotic cells in systemic autoimmunity. Nat
Rev Rheumatol (2010) 6(5):280-9. doi:10.1038/nrrheum.2010.46

. Asano K, Miwa M, Miwa K, Hanayama R, Nagase H, Nagata S, et al.

Masking of phosphatidylserine inhibits apoptotic cell engulfment and
induces autoantibody production in mice. ] Exp Med (2004) 200(4):459-67.
doi:10.1084/jem.20040342

. Shoshan Y, Shapira I, Toubi E, Frolkis I, Yaron M, Mevorach D.

Accelerated Fas-mediated apoptosis of monocytes and maturing macro-
phages from patients with systemic lupus erythematosus: relevance to in vitro
impairment of interaction with iC3b-opsonized apoptotic cells. J Immunol
(2001) 167(10):5963-9. doi:10.4049/jimmunol.167.10.5963

. Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, Uchiyama Y,

et al. Autoimmune disease and impaired uptake of apoptotic cells in
MFG-E8-deficient mice. Science (2004) 304(5674):1147-50. doi:10.1126/
science.1094359

. Kawane K, Ohtani M, Miwa K, Kizawa T, Kanbara Y, Yoshioka Y, et al.

Chronic polyarthritis caused by mammalian DNA that escapes from deg-
radation in macrophages. Nature (2006) 443(7114):998-1002. doi:10.1038/
nature05245

. Kawane K, Tanaka H, Kitahara Y, Shimaoka S, Nagata S. Cytokine-

dependent but acquired immunity-independent arthritis caused by DNA
escaped from degradation. Proc Natl Acad Sci U S A (2010) 107(45):19432-7.
doi:10.1073/pnas.1010603107

. Verbovetski I, Bychkov H, Trahtemberg U, Shapira I, Hareuveni M,

Ben-Tal O, et al. Opsonization of apoptotic cells by autologous iC3b facilitates
clearance by immature dendritic cells, down-regulates DR and CD86, and
up-regulates CC chemokine receptor 7. ] Exp Med (2002) 196(12):1553-61.
doi:10.1084/jem.20020263

Iyoda T, Shimoyama S, Liu K, Omatsu Y, Akiyama Y, Maeda Y, et al.
The CD8+ dendritic cell subset selectively endocytoses dying cells in
culture and in vivo. J Exp Med (2002) 195(10):1289-302. doi:10.1084/jem.
20020161

Liu K, Iyoda T, Saternus M, Kimura Y, Inaba K, Steinman RM.
Immune tolerance after delivery of dying cells to dendritic cells in situ.
J Exp Med (2002) 196(8):1091-7. doi:10.1084/jem.20021215

Mevorach D. The role of death-associated molecular patterns in the patho-
genesis of systemic lupus erythematosus. Rheum Dis Clin North Am (2004)
30(3):487-504, viii. doi:10.1016/j.rdc.2004.04.011

Fuchs Y, Steller H. Programmed cell death in animal development
and disease. Cell (2011) 147(4):742-58. d0i:10.1016/j.cell.2011.10.033
Nagata S, Hanayama R, Kawane K. Autoimmunity and the clearance of
dead cells. Cell (2010) 140(5):619-30. doi:10.1016/j.cell.2010.02.014
Ravichandran KS. Beginnings of a good apoptotic meal: the find-me and
eat-me signaling pathways. Immunity (2011) 35(4):445-55. doi:10.1016/j.
immuni.2011.09.004

Fadok VA, de Cathelineau A, Daleke DL, Henson PM, Bratton DL.
Loss of phospholipid asymmetry and surface exposure of phosphati-
dylserine is required for phagocytosis of apoptotic cells by macrophages
and fibroblasts. ] Biol Chem (2001) 276(2):1071-7. doi:10.1074/jbc.
M003649200

Leventis PA, Grinstein S. The distribution and function of phosphati-
dylserine in cellular membranes. Annu Rev Biophys (2010) 39:407-27.
doi:10.1146/annurev.biophys.093008.131234

Suzuki ], Denning DP, Imanishi E, Horvitz HR, Nagata S. Xk-related
protein 8 and CED-8 promote phosphatidylserine exposure in apoptotic
cells. Science (2013) 341(6144):403-6. doi:10.1126/science.1236758

Janssen W], Bratton DL, Jakubzick CV, Henson PM. Myeloid cell turnover
and clearance. Microbiol Spectr (2016) 4(6):1-24. doi:10.1128/microbiolspec.
MCHD-0005-2015

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ravichandran KS. Find-me and eat-me signals in apoptotic cell clearance:
progress and conundrums. ] Exp Med (2010) 207(9):1807-17. doi:10.1084/
jem.20101157

Panaretakis T, Kepp O, Brockmeier U, Tesniere A, Bjorklund AC,
Chapman DC, et al. Mechanisms of pre-apoptotic calreticulin exposure
in immunogenic cell death. EMBO ] (2009) 28(5):578-90. doi:10.1038/
emboj.2009.1

Lauber K, Bohn E, Krober SM, Xiao Y], Blumenthal SG, Lindemann RK,
et al. Apoptotic cells induce migration of phagocytes via caspase-3-mediated
release of a lipid attraction signal. Cell (2003) 113(6):717-30. doi:10.1016/
S0092-8674(03)00422-7

Truman LA, Ford CA, Pasikowska M, Pound JD, Wilkinson §SJ,
Dumitriu IE, et al. CX3CL1/fractalkine is released from apoptotic lympho-
cytes to stimulate macrophage chemotaxis. Blood (2008) 112(13):5026-36.
doi:10.1182/blood-2008-06-162404

Gude DR, Alvarez SE, Paugh SW, Mitra P, Yu ], Griffiths R, et al
Apoptosis induces expression of sphingosine kinase 1 to release sphin-
gosine-1-phosphate as a “come-and-get-me” signal. FASEB ] (2008) 22(8):
2629-38. doi:10.1096/1].08-107169

Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SE,
et al. Nucleotides released by apoptotic cells act as a find-me signal to
promote phagocytic clearance. Nature (2009) 461(7261):282-6. doi:10.1038/
nature08296

Krispin A, Bledi Y, Atallah M, Trahtemberg U, Verbovetski I, Nahari E,
et al. Apoptotic cell thrombospondin-1 and heparin-binding domain lead
to dendritic-cell phagocytic and tolerizing states. Blood (2006) 108(10):
3580-9. doi:10.1182/blood-2006-03-013334

Yamaguchi H, Maruyama T, Urade Y, Nagata S. Immunosuppression
via adenosine receptor activation by adenosine monophosphate released
from apoptotic cells. Elife (2014) 3:e02172. doi:10.7554/eLife.02172

Kazama H, Ricci JE, Herndon JM, Hoppe G, Green DR, Ferguson TA.
Induction of immunological tolerance by apoptotic cells requires caspase-
dependent oxidation of high-mobility group box-1 protein. Immunity (2008)
29(1):21-32. doi:10.1016/j.immuni.2008.05.013

Rongvaux A, Jackson R, Harman CC, Li T, West AP, de Zoete MR,
et al. Apoptotic caspases prevent the induction of type I interferons by
mitochondrial DNA. Cell (2014) 159(7):1563-77. doi:10.1016/j.cell.2014.
11.037

White MJ, McArthur K, Metcalf D, Lane RM, Cambier JC, Herold MJ,
et al. Apoptotic caspases suppress mtDNA-induced STING-mediated type
I IFN production. Cell (2014) 159(7):1549-62. doi:10.1016/j.cell.2014.
11.036

Green DR, Ferguson T, Zitvogel L, Kroemer G. Immunogenic and
tolerogenic cell death. Nat Rev Immunol (2009) 9(5):353-63. doi:10.1038/
nri2545

Bondanza A, Zimmermann VS, Rovere-Querini P, Turnay J, Dumitriu IE,
Stach CM, et al. Inhibition of phosphatidylserine recognition heightens the
immunogenicity of irradiated lymphoma cells in vivo. ] Exp Med (2004)
200(9):1157-65. doi:10.1084/jem.20040327

Gaipl US, Kuenkele S, Voll RE, Beyer TD, Kolowos W, Heyder P,
et al. Complement binding is an early feature of necrotic and a rather late
event during apoptotic cell death. Cell Death Differ (2001) 8(4):327-34.
doi:10.1038/sj.cdd.4400826

Ramirez-Ortiz ZG, Pendergraft WF III, Prasad A, Byrne MH, Iram T,
Blanchette CJ, et al. The scavenger receptor SCARFI mediates the clear-
ance of apoptotic cells and prevents autoimmunity. Nat Immunol (2013)
14(9):917-26. doi:10.1038/ni.2670

Son M, Santiago-Schwarz F, Al-Abed Y, Diamond B. Clq limits dendritic
cell differentiation and activation by engaging LAIR-1. Proc Natl Acad Sci
US A (2012) 109(46):E3160-7. doi:10.1073/pnas.1212753109

Morelli AE, Larregina AT, Shufesky W], Zahorchak AF, Logar AJ,
Papworth GD, et al. Internalization of circulating apoptotic cells by splenic
marginal zone dendritic cells: dependence on complement receptors and
effect on cytokine production. Blood (2003) 101(2):611-20. doi:10.1182/
blood-2002-06-1769

Amarilyo G, Verbovetski I, Atallah M, Grau A, Wiser G, Gil O, et al. iC3b-
opsonized apoptotic cells mediate a distinct anti-inflammatory response
and transcriptional NF-kappaB-dependent blockade. Eur J Immunol (2010)
40(3):699-709. doi:10.1002/€ji.200838951

Frontiers in Immunology | www.frontiersin.org

10

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/ng0598-56
https://doi.org/10.1038/ng0598-56
https://doi.org/10.1084/jem.188.2.387
https://doi.org/10.1038/nrrheum.2010.46
https://doi.org/10.1084/jem.20040342
https://doi.org/10.4049/jimmunol.167.10.5963
https://doi.org/10.1126/science.1094359
https://doi.org/10.1126/science.1094359
https://doi.org/10.1038/nature05245
https://doi.org/10.1038/nature05245
https://doi.org/10.1073/pnas.1010603107
https://doi.org/10.1084/jem.20020263
https://doi.org/10.1084/jem.
20020161
https://doi.org/10.1084/jem.
20020161
https://doi.org/10.1084/jem.20021215
https://doi.org/10.1016/j.rdc.2004.04.011
https://doi.org/10.1016/j.cell.2011.10.033
https://doi.org/10.1016/j.cell.2010.02.014
https://doi.org/10.1016/j.immuni.2011.09.004
https://doi.org/10.1016/j.immuni.2011.09.004
https://doi.org/10.1074/jbc.
M003649200
https://doi.org/10.1074/jbc.
M003649200
https://doi.org/10.1146/annurev.biophys.093008.131234
https://doi.org/10.1126/science.1236758
https://doi.org/10.1128/microbiolspec.MCHD-0005-2015
https://doi.org/10.1128/microbiolspec.MCHD-0005-2015
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1038/emboj.2009.1
https://doi.org/10.1038/emboj.2009.1
https://doi.org/10.1016/S0092-8674(03)00422-7
https://doi.org/10.1016/S0092-8674(03)00422-7
https://doi.org/10.1182/blood-2008-06-162404
https://doi.org/10.1096/fj.08-107169
https://doi.org/10.1038/nature08296
https://doi.org/10.1038/nature08296
https://doi.org/10.1182/blood-2006-03-013334
https://doi.org/10.7554/eLife.02172
https://doi.org/10.1016/j.immuni.2008.05.013
https://doi.org/10.1016/j.cell.2014.
11.037
https://doi.org/10.1016/j.cell.2014.
11.037
https://doi.org/10.1016/j.cell.2014.
11.036
https://doi.org/10.1016/j.cell.2014.
11.036
https://doi.org/10.1038/
nri2545
https://doi.org/10.1038/
nri2545
https://doi.org/10.1084/jem.20040327
https://doi.org/10.1038/sj.cdd.4400826
https://doi.org/10.1038/ni.2670
https://doi.org/10.1073/pnas.1212753109
https://doi.org/10.1182/blood-2002-06-1769
https://doi.org/10.1182/blood-2002-06-1769
https://doi.org/10.1002/eji.200838951

Trahtemberg and Mevorach

Immune Homeostatic Regulation by Apoptotic Cells

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Galvan MD, Foreman DB, Zeng E, Tan JC, Bohlson SS. Complement
component Clq regulates macrophage expression of Mer tyrosine kinase
to promote clearance of apoptotic cells. | Immunol (2012) 188(8):3716-23.
doi:10.4049/jimmunol. 1102920

Colonna L, Lood C, Elkon KB. Beyond apoptosis in lupus. Curr Opin
Rheumatol (2014) 26(5):459-66. doi:10.1097/BOR.0000000000000083
Miksa M, Amin D, Wu R, Ravikumar TS, Wang P. Fractalkine-induced
MFG-E8 leads to enhanced apoptotic cell clearance by macrophages.
Mol Med (2007) 13(11-12):553-60. d0i:10.2119/2007-00019.Miksa
Maceyka M, Harikumar KB, Milstien S, Spiegel S. Sphingosine-1-phosphate
signaling and its role in disease. Trends Cell Biol (2012) 22(1):50-60.
doi:10.1016/j.tcb.2011.09.003

Meyer zu Heringdorf D, Jakobs KH. Lysophospholipid receptors: sig-
nalling, pharmacology and regulation by lysophospholipid metabolism.
Biochim Biophys Acta (2007) 1768(4):923-40. doi:10.1016/j.bbamem.2006.
09.026

Trautmann A. Extracellular ATP in the immune system: more than just a
“danger signal”. Sci Signal (2009) 2(56):e6. doi:10.1126/scisignal.256pe6
Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, Agostinis P,
et al. Consensus guidelines for the detection of immunogenic cell death.
Oncoimmunology (2014) 3(9):€955691. doi:10.4161/21624011.2014.955691
Nagata S, Tanaka M. Programmed cell death and the immune system.
Nat Rev Immunol (2017) 17(5):333-40. d0i:10.1038/nri.2016.153
Medzhitov R, Janeway C Jr. Innate immunity. N Engl J Med (2000)
343(5):338-44. doi:10.1056/NEJM200008033430506

Doyle SL, O'Neill LA. Toll-like receptors: from the discovery of NFkappaB
to new insights into transcriptional regulations in innate immunity. Biochem
Pharmacol (2006) 72(9):1102-13. d0i:10.1016/j.bcp.2006.07.010

Pasare C, Medzhitov R. Toll-like receptors: linking innate and adaptive
immunity. Adv Exp Med Biol (2005) 560:11-8. doi:10.1007/0-387-24180-9_2
Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM.
Macrophages that have ingested apoptotic cells in vitro inhibit proinflam-
matory cytokine production through autocrine/paracrine mechanisms
involving TGF-beta, PGE2, and PAE ] Clin Invest (1998) 101(4):890-8.
doi:10.1172/JCI1112

McDonald PP, Fadok VA, Bratton D, Henson PM. Transcriptional and
translational regulation of inflammatory mediator production by endoge-
nous TGF-beta in macrophages that have ingested apoptotic cells. J Immunol
(1999) 163(11):6164-72.

Stuart LM, Lucas M, Simpson C, Lamb J, Savill J, Lacy-Hulbert A.
Inhibitory effects of apoptotic cell ingestion upon endotoxin-driven myeloid
dendritic cell maturation. J Immunol (2002) 168(4):1627-35. doi:10.4049/
jimmunol.168.4.1627

Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern
recognition: a cell biological perspective. Annu Rev Immunol (2015)
33:257-90. doi:10.1146/annurev-immunol-032414-112240

Lin SC, Lo YC, Wu H. Helical assembly in the MyD88-IRAK4-IRAK2 com-
plex in TLR/IL-1R signalling. Nature (2010) 465(7300):885-90. doi:10.1038/
nature09121

Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, Tschopp J.
Inhibition of interleukin 1 receptor/Toll-like receptor signaling through
the alternatively spliced, short form of MyD88 is due to its failure to recruit
IRAK-4. ] Exp Med (2003) 197(2):263-8. d0i:10.1084/jem.20021790

Rao N, Nguyen S, Ngo K, Fung-Leung WP. A novel splice variant of inter-
leukin-1 receptor (IL-1R)-associated kinase 1 plays a negative regulatory
role in Toll/IL-1R-induced inflammatory signaling. Mol Cell Biol (2005)
25(15):6521-32. doi:10.1128/MCB.25.15.6521-6532.2005

Kobayashi K, Hernandez LD, Galan JE, Janeway CA Jr, Medzhitov R,
Flavell RA. IRAK-M is a negative regulator of Toll-like receptor signaling.
Cell (2002) 110(2):191-202. doi:10.1016/S0092-8674(02)00827-9

Zhou H, Yu M, Fukuda K, Im J, Yao P, Cui W, et al. IRAK-M mediates
Toll-like receptor/IL-1R-induced NFkappaB activation and cytokine pro-
duction. EMBO J (2013) 32(4):583-96. doi:10.1038/emb0j.2013.2

Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I.
Immunosuppressive effects of apoptotic cells. Nature (1997) 390(6658):
350-1. doi:10.1038/37022

Tassiulas I, Park-Min KH, Hu Y, Kellerman L, Mevorach D, Ivashkiv LB.
Apoptotic cells inhibit LPS-induced cytokine and chemokine production

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

and IFN responses in macrophages. Hum Immunol (2007) 68(3):156-64.
doi:10.1016/j.humimm.2006.12.008

Perruche S, Saas P, Chen W. Apoptotic cell-mediated suppression of
streptococcal cell wall-induced arthritis is associated with alteration of mac-
rophage function and local regulatory T-cell increase: a potential cell-based
therapy? Arthritis Res Ther (2009) 11(4):R104. doi:10.1186/ar2750

Mahajan A, Herrmann M, Munoz LE. Clearance deficiency and cell death
pathways: a model for the pathogenesis of SLE. Front Immunol (2016) 7:35.
do0i:10.3389/fimmu.2016.00035

Marshak-Rothstein A. Toll-like receptors in systemic autoimmune disease.
Nat Rev Immunol (2006) 6(11):823-35. d0i:10.1038/nri1957

Takeuchi O, Akira S. Pattern recognition receptors and inflammation.
Cell (2010) 140(6):805-20. doi:10.1016/j.cell.2010.01.022

Wellen KE, Hotamisligil GS. Inflammation, stress, and diabetes. J Clin
Invest (2005) 115(5):1111-9. doi:10.1172/JCI25102

Zhang Q, Lenardo MJ, Baltimore D. 30 Years of NF-kappaB: a blossoming of
relevance to human pathobiology. Cell (2017) 168(1-2):37-57. doi:10.1016/j.
cell.2016.12.012

Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell
(2008) 132(3):344-62. doi:10.1016/j.cell.2008.01.020

Hansen SK, Baeuerle PA, Blasi F Purification, reconstitution, and I kappa
B association of the c-Rel-p65 (RelA) complex, a strong activator of
transcription. Mol Cell Biol (1994) 14(4):2593-603. doi:10.1128/MCB.14.
4.2593

Bohuslav ], Kravchenko VV, Parry GC, Erlich JH, Gerondakis §,
Mackman N, et al. Regulation of an essential innate immune response by the
p50 subunit of NF-kappaB. ] Clin Invest (1998) 102(9):1645-52. doi:10.1172/
JCI3877

Ishikawa H, Claudio E, Dambach D, Raventos-Suarez C, Ryan C,
Bravo R. Chronic inflammation and susceptibility to bacterial infections in
mice lacking the polypeptide (p)105 precursor (NF-kappaB1) but expressing
p50. J Exp Med (1998) 187(7):985-96. doi:10.1084/jem.187.7.985
Gyrd-Hansen M, Meier P. IAPs: from caspase inhibitors to modulators
of NF-kappaB, inflammation and cancer. Nat Rev Cancer (2010) 10(8):
561-74. doi:10.1038/nrc2889

Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives.
Oncogene (2006) 25(51):6680-4. doi:10.1038/sj.onc.1209954

Karin M, Greten FR. NF-kappaB: linking inflammation and immunity to
cancer development and progression. Nat Rev Immunol (2005) 5(10):749-59.
doi:10.1038/nril703

Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB
action regulated by reversible acetylation. Science (2001) 293(5535):1653-7.
doi:10.1126/science.1062374

Israel A. The IKK complex, a central regulator of NF-kappaB activation.
Cold Spring Harb Perspect Biol (2010) 2(3):a000158. doi:10.1101/cshperspect.
2000158

Harhaj EW, Dixit VM. Regulation of NF-kappaB by deubiquitinases.
Immunol Rev (2012) 246(1):107-24. doi:10.1111/j.1600-065X.2012.01100.x
Sun SC. Non-canonical NF-kappaB signaling pathway. Cell Res (2011)
21(1):71-85. doi:10.1038/cr.2010.177

Lee EG, Boone DL, Chai S, Libby SL, Chien M, Lodolce JP, et al. Failure
to regulate TNF-induced NF-kappaB and cell death responses in A20-
deficient mice. Science (2000) 289(5488):2350-4. doi:10.1126/science.289.
5488.2350

Solt LA, May M]J. The IkappaB kinase complex: master regulator of
NF-kappaB signaling. Immunol Res (2008) 42(1-3):3-18. doi:10.1007/
$12026-008-8025-1

Kool M, van Loo G, Waelput W, De Prijck S, Muskens E Sze M,
et al. The ubiquitin-editing protein A20 prevents dendritic cell activation,
recognition of apoptotic cells, and systemic autoimmunity. Immunity (2011)
35(1):82-96. d0i:10.1016/j.immuni.2011.05.013

Heger K, Fierens K, Vahl JC, Aszodi A, Peschke K, Schenten D, et al.
A20-deficient mast cells exacerbate inflammatory responses in vivo. PLoS
Biol (2014) 12(1):e1001762. doi:10.1371/journal.pbio.1001762

Hammer GE, Turer EE, Taylor KE, Fang CJ, Advincula R, Oshima §,
et al. Expression of A20 by dendritic cells preserves immune homeostasis
and prevents colitis and spondyloarthritis. Nat Immunol (2011) 12(12):
1184-93. doi:10.1038/ni.2135

Frontiers in Immunology | www.frontiersin.org

11

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1102920
https://doi.org/10.1097/BOR.0000000000000083
https://doi.org/10.2119/2007-00019.Miksa
https://doi.org/10.1016/j.tcb.2011.09.003
https://doi.org/10.1016/j.bbamem.2006.
09.026
https://doi.org/10.1016/j.bbamem.2006.
09.026
https://doi.org/10.1126/scisignal.256pe6
https://doi.org/10.4161/21624011.2014.955691
https://doi.org/10.1038/nri.2016.153
https://doi.org/10.1056/NEJM200008033430506
https://doi.org/10.1016/j.bcp.2006.07.010
https://doi.org/10.1007/0-387-24180-9_2
https://doi.org/10.1172/JCI1112
https://doi.org/10.4049/jimmunol.168.4.1627
https://doi.org/10.4049/jimmunol.168.4.1627
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1038/nature09121
https://doi.org/10.1038/nature09121
https://doi.org/10.1084/jem.20021790
https://doi.org/10.1128/MCB.25.15.6521-6532.2005
https://doi.org/10.1016/S0092-8674(02)00827-9
https://doi.org/10.1038/emboj.2013.2
https://doi.org/10.1038/37022
https://doi.org/10.1016/j.humimm.2006.12.008
https://doi.org/10.1186/ar2750
https://doi.org/10.3389/fimmu.2016.00035
https://doi.org/10.1038/nri1957
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1172/JCI25102
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1128/MCB.14.
4.2593
https://doi.org/10.1128/MCB.14.
4.2593
https://doi.org/10.1172/JCI3877
https://doi.org/10.1172/JCI3877
https://doi.org/10.1084/jem.187.7.985
https://doi.org/10.1038/nrc2889
https://doi.org/10.1038/sj.onc.1209954
https://doi.org/10.1038/nri1703
https://doi.org/10.1126/science.1062374
https://doi.org/10.1101/cshperspect.a000158
https://doi.org/10.1101/cshperspect.a000158
https://doi.org/10.1111/j.1600-065X.2012.01100.x
https://doi.org/10.1038/cr.2010.177
https://doi.org/10.1126/science.289.
5488.2350
https://doi.org/10.1126/science.289.
5488.2350
https://doi.org/10.1007/s12026-008-8025-1
https://doi.org/10.1007/s12026-008-8025-1
https://doi.org/10.1016/j.immuni.2011.05.013
https://doi.org/10.1371/journal.pbio.1001762
https://doi.org/10.1038/ni.2135

Trahtemberg and Mevorach

Immune Homeostatic Regulation by Apoptotic Cells

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Zhou Q, Wang H, Schwartz DM, Stoffels M, Park YH, Zhang Y, et al.
Loss-of-function mutations in TNFAIP3 leading to A20 haploinsufficiency
cause an early-onset autoinflammatory disease. Nat Genet (2016) 48(1):
67-73. d0i:10.1038/ng.3459

Mele A, Cervantes JR, Chien V, Friedman D, Ferran C. Single nucleotide
polymorphisms at the TNFAIP3/A20 locus and susceptibility/resistance
to inflammatory and autoimmune diseases. Adv Exp Med Biol (2014) 809:
163-83. d0i:10.1007/978-1-4939-0398-6_10

Cummings RJ, Barbet G, Bongers G, Hartmann BM, Gettler K, Muniz L,
et al. Different tissue phagocytes sample apoptotic cells to direct distinct
homeostasis programs. Nature (2016) 539(7630):565-9. doi:10.1038/
nature20138

Blander JM. The many ways tissue phagocytes respond to dying cells.
Immunol Rev (2017) 277(1):158-73. doi:10.1111/imr.12537

Grau A, Tabib A, Grau I, Reiner I, Mevorach D. Apoptotic cells induce
NF-kappaB and inflammasome negative signaling. PLoS One (2015)
10(3):0122440. doi:10.1371/journal.pone.0122440

Cvetanovic M, Mitchell JE, Patel V, Avner BS, Su Y, van der Saag PT, et al.
Specific recognition of apoptotic cells reveals a ubiquitous and unconven-
tional innate immunity. J Biol Chem (2006) 281(29):20055-67. doi:10.1074/
jbc.M603920200

Lucas M, Stuart LM, Zhang A, Hodivala-Dilke K, Febbraio M, Silverstein R,
et al. Requirements for apoptotic cell contact in regulation of macro-
phage responses. ] Immunol (2006) 177(6):4047-54. doi:10.4049/jimmunol.
177.6.4047

Rothlin CV, Ghosh S, Zuniga EI, Oldstone MB, Lemke G. TAM
receptors are pleiotropic inhibitors of the innate immune response. Cell
(2007) 131(6):1124-36. d0i:10.1016/j.cell.2007.10.034

Schroder K, Tschopp J. The inflammasomes. Cell (2010) 140(6):821-32.
doi:10.1016/j.cell.2010.01.040

Deroide N, Li X, Lerouet D, Van Vre E, Baker L, Harrison J, et al.
MFGES inhibits inflammasome-induced IL-1beta production and limits pos-
tischemic cerebral injury. J Clin Invest (2013) 123(3):1176-81. doi:10.1172/
JCI65167

Johann AM, von Knethen A, Lindemann D, Brune B. Recognition of
apoptotic cells by macrophages activates the peroxisome proliferator-
activated receptor-gamma and attenuates the oxidative burst. Cell Death
Differ (2006) 13(9):1533-40. doi:10.1038/sj.cdd.4401832

Serinkan BE, Gambelli F, Potapovich AI, Babu H, Di Giuseppe M,
Ortiz LA, et al. Apoptotic cells quench reactive oxygen and nitrogen
species and modulate TNF-alpha/TGF-betal balance in activated macro-
phages: involvement of phosphatidylserine-dependent and -independent
pathways. Cell Death Differ (2005) 12(8):1141-4. doi:10.1038/sj.cdd.
4401619

Fubini B, Hubbard A. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) generation by silica in inflammation and fibrosis.
Free Radic Biol Med (2003) 34(12):1507-16. doi:10.1016/S0891-5849(03)
00149-7

Hwang YS, Jeong M, Park JS, Kim MH, Lee DB, Shin BA, et al
Interleukin-1beta stimulates IL-8 expression through MAP kinase and ROS
signaling in human gastric carcinoma cells. Oncogene (2004) 23(39):6603-11.
doi:10.1038/sj.onc.1207867

Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald KA, Dauer M, et al.
Colitis induced in mice with dextran sulfate sodium (DSS) is mediated
by the NLRP3 inflammasome. Gut (2010) 59(9):1192-9. doi:10.1136/gut.
2009.197822

Kwon KH, Ohigashi H, Murakami A. Dextran sulfate sodium enhances
interleukin-1 beta release via activation of p38 MAPK and ERK1/2 path-
ways in murine peritoneal macrophages. Life Sci (2007) 81(5):362-71.
doi:10.1016/j.1£5.2007.05.022

Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL,
et al. Silica crystals and aluminum salts activate the NALP3 inflammasome
through phagosomal destabilization. Nat Immunol (2008) 9(8):847-56.
doi:10.1038/ni.1631

Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-
Girma M, et al. Cryopyrin activates the inflammasome in response to toxins
and ATP. Nature (2006) 440(7081):228-32. doi:10.1038/nature04515

Allen IC. Non-inflammasome forming NLRs in inflammation and tumori-
genesis. Front Immunol (2014) 5:169. doi:10.3389/fimmu.2014.00169

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

116.

117.

118.

119.

Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et al. Loss of
the autophagy protein Atgl6L1 enhances endotoxin-induced IL-1beta
production. Nature (2008) 456(7219):264-8. doi:10.1038/nature07383
Rigamonti E, Chinetti-Gbaguidi G, Staels B. Regulation of macrophage
functions by PPAR-alpha, PPAR-gamma, and LXRs in mice and men.
Arterioscler Thromb Vasc Biol (2008) 28(6):1050-9. doi:10.1161/ATVBAHA.
107.158998

Han CZ, Ravichandran KS. Metabolic connections during apoptotic cell
engulfment. Cell (2011) 147(7):1442-5. doi:10.1016/j.cell.2011.12.006

Kiss M, Czimmerer Z, Nagy L. The role of lipid-activated nuclear receptors
in shaping macrophage and dendritic cell function: from physiology to
pathology. J Allergy Clin Immunol (2013) 132(2):264-86. doi:10.1016/j.
jaci.2013.05.044

Mukundan L, Odegaard JI, Morel CR, Heredia JE, Mwangi JW,
Ricardo-Gonzalez RR, et al. PPAR-delta senses and orchestrates clearance
of apoptotic cells to promote tolerance. Nat Med (2009) 15(11):1266-72.
doi:10.1038/nm.2048

A-Gonzalez N, Bensinger SJ, Hong C, Beceiro S, Bradley MN, Zelcer N,
et al. Apoptotic cells promote their own clearance and immune tolerance
through activation of the nuclear receptor LXR. Immunity (2009) 31(2):
245-58. doi:10.1016/j.immuni.2009.06.018

Kidani Y, Bensinger SJ. Liver X receptor and peroxisome proliferator-
activated receptor as integrators of lipid homeostasis and immunity.
Immunol Rev (2012) 249(1):72-83. doi:10.1111/j.1600-065X.2012.01153.x
Crawford SE, Stellmach V, Murphy-Ullrich JE, Ribeiro SM, Lawler J,
Hynes RO, et al. Thrombospondin-1 is a major activator of TGEF-
betal in vivo. Cell (1998) 93(7):1159-70. doi:10.1016/S0092-8674(00)
81460-9

Bonta PI, van Tiel CM, Vos M, Pols TW, van Thienen JV, Ferreira V,
et al. Nuclear receptors Nur77, Nurrl, and NOR-1 expressed in atheroscle-
rotic lesion macrophages reduce lipid loading and inflammatory responses.
Arterioscler Thromb Vasc Biol (2006) 26(10):2288-94. doi:10.1161/01.
ATV.0000238346.84458.5d

Sajjo K, Winner B, Carson CT, Collier JG, Boyer L, Rosenfeld MG,
et al. A Nurrl/CoREST pathway in microglia and astrocytes protects dopa-
minergic neurons from inflammation-induced death. Cell (2009) 137(1):
47-59. d0i:10.1016/j.cell.2009.01.038

Ricci JE, Munoz-Pinedo C, Fitzgerald P, Bailly-Maitre B, Perkins GA,
Yadava N, et al. Disruption of mitochondrial function during apoptosis
is mediated by caspase cleavage of the p75 subunit of complex I of the
electron transport chain. Cell (2004) 117(6):773-86. doi:10.1016/j.cell.2004.
05.008

Chekeni FB, Elliott MR, Sandilos JK, Walk SE, Kinchen JM, Lazarowski ER,
et al. Pannexin 1 channels mediate “find-me” signal release and membrane
permeability during apoptosis. Nature (2010) 467(7317):863-7. doi:10.1038/
nature09413

Bossy-Wetzel E, Newmeyer DD, Green DR. Mitochondrial cytochrome ¢
release in apoptosis occurs upstream of DEVD-specific caspase activation
and independently of mitochondrial transmembrane depolarization.
EMBO ] (1998) 17(1):37-49. doi:10.1093/emboj/17.1.37

Eguchi Y, Shimizu S, Tsujimoto Y. Intracellular ATP levels determine cell
death fate by apoptosis or necrosis. Cancer Res (1997) 57(10):1835-40.

. Zamaraeva MV, Sabirov RZ, Maeno E, Ando-Akatsuka Y, Bessonova SV,

Okada Y. Cells die with increased cytosolic ATP during apoptosis: a bio-
luminescence study with intracellular luciferase. Cell Death Differ (2005)
12(11):1390-7. doi:10.1038/sj.cdd.4401661

Gleiss B, Gogvadze V, Orrenius S, Fadeel B. Fas-triggered phosphatidylser-
ine exposure is modulated by intracellular ATP. FEBS Lett (2002) 519(1-3):
153-8. doi:10.1016/S0014-5793(02)02743-6

Vander Heiden MG, Chandel NS, Schumacker PT, Thompson CB. Bcl-xL
prevents cell death following growth factor withdrawal by facilitating mito-
chondrial ATP/ADP exchange. Mol Cell (1999) 3(2):159-67. doi:10.1016/
$1097-2765(00)80307-X

Camenisch TD, Koller BH, Earp HS, Matsushima GK. A novel receptor
tyrosine kinase, Mer, inhibits TNF-alpha production and lipopolysaccha-
ride-induced endotoxic shock. J Immunol (1999) 162(6):3498-503.

Lu Q, Lemke G. Homeostatic regulation of the immune system by receptor
tyrosine kinases of the Tyro 3 family. Science (2001) 293(5528):306-11.
doi:10.1126/science.1061663

Frontiers in Immunology | www.frontiersin.org

12

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/ng.3459
https://doi.org/10.1007/978-1-4939-0398-6_10
https://doi.org/10.1038/nature20138
https://doi.org/10.1038/nature20138
https://doi.org/10.1111/imr.12537
https://doi.org/10.1371/journal.pone.0122440
https://doi.org/10.1074/jbc.M603920200
https://doi.org/10.1074/jbc.M603920200
https://doi.org/10.4049/jimmunol.
177.6.4047
https://doi.org/10.4049/jimmunol.
177.6.4047
https://doi.org/10.1016/j.cell.2007.10.034
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1172/JCI65167
https://doi.org/10.1172/JCI65167
https://doi.org/10.1038/sj.cdd.4401832
https://doi.org/10.1038/sj.cdd.
4401619
https://doi.org/10.1038/sj.cdd.
4401619
https://doi.org/10.1016/S0891-5849(03)
00149-7
https://doi.org/10.1016/S0891-5849(03)
00149-7
https://doi.org/10.1038/sj.onc.1207867
https://doi.org/10.1136/gut.
2009.197822
https://doi.org/10.1136/gut.
2009.197822
https://doi.org/10.1016/j.lfs.2007.05.022
https://doi.org/10.1038/ni.1631
https://doi.org/10.1038/nature04515
https://doi.org/10.3389/fimmu.2014.00169
https://doi.org/10.1038/nature07383
https://doi.org/10.1161/ATVBAHA.
107.158998
https://doi.org/10.1161/ATVBAHA.
107.158998
https://doi.org/10.1016/j.cell.2011.12.006
https://doi.org/10.1016/j.jaci.2013.05.044
https://doi.org/10.1016/j.jaci.2013.05.044
https://doi.org/10.1038/nm.2048
https://doi.org/10.1016/j.immuni.2009.06.018
https://doi.org/10.1111/j.1600-065X.2012.01153.x
https://doi.org/10.1016/S0092-8674(00)
81460-9
https://doi.org/10.1016/S0092-8674(00)
81460-9
https://doi.org/10.1161/01.ATV.0000238346.84458.5d
https://doi.org/10.1161/01.ATV.0000238346.84458.5d
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1016/j.cell.2004.
05.008
https://doi.org/10.1016/j.cell.2004.
05.008
https://doi.org/10.1038/nature09413
https://doi.org/10.1038/nature09413
https://doi.org/10.1093/emboj/17.1.37
https://doi.org/10.1038/sj.cdd.4401661
https://doi.org/10.1016/S0014-5793(02)02743-6
https://doi.org/10.1016/S1097-2765(00)80307-X
https://doi.org/10.1016/S1097-2765(00)80307-X
https://doi.org/10.1126/science.1061663

Trahtemberg and Mevorach

Immune Homeostatic Regulation by Apoptotic Cells

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Lai C, Lemke G. An extended family of protein-tyrosine kinase genes
differentially expressed in the vertebrate nervous system. Neuron (1991)
6(5):691-704. doi:10.1016/0896-6273(91)90167-X

Crosier PS, Lewis PM, Hall LR, Vitas MR, Morris CM, Beier DR,
et al. Isolation of a receptor tyrosine kinase (DTK) from embryonic stem
cells: structure, genetic mapping and analysis of expression. Growth Factors
(1994) 11(2):125-36. d0i:10.3109/08977199409001054

Fujimoto ], Yamamoto T. brt, a mouse gene encoding a novel receptor-
type protein-tyrosine kinase, is preferentially expressed in the brain. Onco-
gene (1994) 9(3):693-8.

Bour-Jordan H, Esensten JH, Martinez-Llordella M, Penaranda C,
Stumpf M, Bluestone JA. Intrinsic and extrinsic control of peripheral T-cell
tolerance by costimulatory molecules of the CD28/B7 family. Immunol
Rev (2011) 241(1):180-205. doi:10.1111/j.1600-065X.2011.01011.x

Dai W, Pan H, Hassanain H, Gupta SL, Murphy M]J Jr. Molecular cloning
of a novel receptor tyrosine kinase, tif, highly expressed in human ovary
and testis. Oncogene (1994) 9(3):975-9.

Manfioletti G, Brancolini C, Avanzi G, Schneider C. The protein encoded
by a growth arrest-specific gene (gas6) is a new member of the vitamin
K-dependent proteins related to protein S, a negative coregulator in the
blood coagulation cascade. Mol Cell Biol (1993) 13(8):4976-85. doi:10.1128/
MCB.13.8.4976

Anderson HA, Maylock CA, Williams JA, Paweletz CP, Shu H,
Shacter E. Serum-derived protein S binds to phosphatidylserine and stim-
ulates the phagocytosis of apoptotic cells. Nat Immunol (2003) 4(1):87-91.
doi:10.1038/ni871

Benzakour O, Kanthou C. The anticoagulant factor, protein S, is produced
by cultured human vascular smooth muscle cells and its expression is up-
regulated by thrombin. Blood (2000) 95(6):2008-14.

Hasanbasic I, Rajotte I, Blostein M. The role of gamma-carboxylation in the
anti-apoptotic function of gasé. J Thromb Haemost (2005) 3(12):2790-7.
doi:10.1111/j.1538-7836.2005.01662.x

Nakano T, Kawamoto K, Kishino J, Nomura K, Higashino K, Arita H.
Requirement of gamma-carboxyglutamic acid residues for the biological
activity of Gasé: contribution of endogenous Gasé6 to the proliferation of vas-
cular smooth muscle cells. Biochem ] (1997) 323(Pt 2):387-92. d0i:10.1042/
bj3230387

Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat
Rev Immunol (2008) 8(5):327-36. doi:10.1038/nri2303

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat
Rev Immunol (2005) 5(12):953-64. doi:10.1038/nri1733

Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional
activation in response to IFNs and other extracellular signaling proteins.
Science (1994) 264(5164):1415-21. doi:10.1126/science.8197455

Hoshino K, Kaisho T, Iwabe T, Takeuchi O, Akira S. Differential involve-
ment of IFN-beta in Toll-like receptor-stimulated dendritic cell activation.
Int Immunol (2002) 14(10):1225-31. d0i:10.1093/intimm/dxf089

Kawai T, Takeuchi O, Fujita T, Inoue ], Muhlradt PE Sato S, et al
Lipopolysaccharide stimulates the MyD88-independent pathway and results
in activation of IFN-regulatory factor 3 and the expression of a subset of
lipopolysaccharide-inducible genes. ] Immunol (2001) 167(10):5887-94.
doi:10.4049/jimmunol.167.10.5887

Yasukawa H, Sasaki A, Yoshimura A. Negative regulation of cytokine signal-
ing pathways. Annu Rev Immunol (2000) 18:143-64. doi:10.1146/annurev.
immunol.18.1.143

Yoshimura A, Naka T, Kubo M. SOCS proteins, cytokine signalling and
immune regulation. Nat Rev Immunol (2007) 7(6):454-65. doi:10.1038/nri2093
Scutera S, Fraone T, Musso T, Cappello P, Rossi S, Pierobon D, et al.
Survival and migration of human dendritic cells are regulated by an IFN-
alpha-inducible Axl/Gas6 pathway. ] Immunol (2009) 183(5):3004-13.
doi:10.4049/jimmunol.0804384

Sharif MN, Sosic D, Rothlin CV, Kelly E, Lemke G, Olson EN, et al. Twist
mediates suppression of inflammation by type I IFNs and Axl. J Exp Med
(2006) 203(8):1891-901. doi:10.1084/jem.20051725

Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol (2004)
4(7):499-511. doi:10.1038/nri1391

Nikolich-Zugich J, Slitka MK, Messaoudi I. The many important facets of
T-cell repertoire diversity. Nat Rev Immunol (2004) 4(2):123-32. doi:10.1038/
nril292

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Hafler DA, Slavik JM, Anderson DE, O'Connor KC, De Jager P,
Baecher-Allan C. Multiple sclerosis. Immunol Rev (2005) 204:208-31.
doi:10.1111/j.0105-2896.2005.00240.x

Pulendran B. The varieties of immunological experience: of pathogens, stress,
and dendritic cells. Annu Rev Immunol (2015) 33:563-606. doi:10.1146/
annurev-immunol-020711-075049

Collin M, McGovern N, Haniffa M. Human dendritic cell subsets.
Immunology (2013) 140(1):22-30. do0i:10.1111/imm.12117

Worbs T, Hammerschmidt SI, Forster R. Dendritic cell migration in
health and disease. Nat Rev Immunol (2017) 17(1):30-48. doi:10.1038/nri.
2016.116

Jongbloed SL, Kassianos AJ, McDonald KJ, Clark GJ, Ju X, Angel CE,
et al. Human CD141+ (BDCA-3)+ dendritic cells (DCs) represent a unique
myeloid DC subset that cross-presents necrotic cell antigens. J Exp Med
(2010) 207(6):1247-60. doi:10.1084/jem.20092140

Poulin LE Salio M, Griessinger E, Anjos-Afonso F, Craciun L, Chen JL,
et al. Characterization of human DNGR-14+ BDCA3+ leukocytes as puta-
tive equivalents of mouse CD8alpha+ dendritic cells. ] Exp Med (2010)
207(6):1261-71. doi:10.1084/jem.20092618

Bonnefoy E Perruche S, Couturier M, Sedrati A, Sun Y, Tiberghien P, et al.
Plasmacytoid dendritic cells play a major role in apoptotic leukocyte-induced
immune modulation. ] Immunol (2011) 186(10):5696-705. doi:10.4049/
jimmunol.1001523

Ceroi A, Delettre FA, Marotel C, Gauthier T, Asgarova A, Biichle S,
et al. The anti-inflammatory effects of platelet-derived microparticles
in human plasmacytoid dendritic cells involve liver X receptor activa-
tion. Haematologica (2016) 101(3):e72-6. doi:10.3324/haematol.2015.
135459

Trahtemberg U, Grau A, Tabib A, Atallah M, Krispin A, Mevorach D.
Identification and characterization of two human monocyte-derived
dendritic cell subpopulations with different functions in dying cell clearance
and different patterns of cell death. PLoS One (2016) 11(9):e0162984.
doi:10.1371/journal.pone.0162984

Condon TV, Sawyer RT, Fenton MJ, Riches DW. Lung dendritic cells at
the innate-adaptive immune interface. J Leukoc Biol (2011) 90(5):883-95.
doi:10.1189/j1b.0311134

Turley S, Poirot L, Hattori M, Benoist C, Mathis D. Physiological beta cell
death triggers priming of self-reactive T cells by dendritic cells in a type-1
diabetes model. JExp Med (2003) 198(10):1527-37. doi:10.1084/jem.
20030966

Asano K, Nabeyama A, Miyake Y, Qiu CH, Kurita A, Tomura M, et al.
CD169-positive macrophages dominate antitumor immunity by crosspre-
senting dead cell-associated antigens. Immunity (2011) 34(1):85-95.
doi:10.1016/j.immuni.2010.12.011

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nat Rev Immunol (2015) 15(8):471-85. doi:10.1038/nri3865

Frey T. Correlated flow cytometric analysis of terminal events in apoptosis
reveals the absence of some changes in some model systems. Cytometry
(1997) 28(3):253-63. doi:10.1002/(SICI)1097-0320(19970701)28:3<253::
AID-CYT010>3.0.CO;2-O

Silvin A, Yu CI, Lahaye X, Imperatore F, Brault JB, Cardinaud §,
et al. Constitutive resistance to viral infection in human CD141+ dendritic
cells. Sci Immunol (2017) 2(13). doi:10.1126/sciimmunol.aai8071

Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive foxp3+ regulatory
T cells: more of the same or a division of labor? Immunity (2009) 30(5):
626-35. doi:10.1016/j.immuni.2009.05.002

Liu J, Cao X. Regulatory dendritic cells in autoimmunity: a comprehensive
review. ] Autoimmun (2015) 63:1-12. doi:10.1016/j.jaut.2015.07.011
Mahnke K, Ring S, Enk AH. Antibody targeting of “steady-state” dendritic
cells induces tolerance mediated by regulatory T cells. Front Immunol (2016)
7:63. doi:10.3389/fimmu.2016.00063

Plitas G, Rudensky AY. Regulatory T cells: differentiation and function.
Cancer Immunol Res (2016) 4(9):721-5. d0i:10.1158/2326-6066.CIR-16-0193
Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, Bianchi R,
et al. Indoleamine 2,3-dioxygenase is a signaling protein in long-term
tolerance by dendritic cells. Nat Immunol (2011) 12(9):870-8. doi:10.1038/
ni.2077

Belladonna ML, Volpi C, Bianchi R, Vacca C, Orabona C, Pallotta MT,
et al. Cutting edge: autocrine TGF-beta sustains default tolerogenesis

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/0896-6273(91)90167-X
https://doi.org/10.3109/08977199409001054
https://doi.org/10.1111/j.1600-065X.2011.01011.x
https://doi.org/10.1128/MCB.13.8.4976
https://doi.org/10.1128/MCB.13.8.4976
https://doi.org/10.1038/ni871
https://doi.org/10.1111/j.1538-7836.2005.01662.x
https://doi.org/10.1042/bj3230387
https://doi.org/10.1042/bj3230387
https://doi.org/10.1038/nri2303
https://doi.org/10.1038/nri1733
https://doi.org/10.1126/science.8197455
https://doi.org/10.1093/intimm/dxf089
https://doi.org/10.4049/jimmunol.167.10.5887
https://doi.org/10.1146/annurev.immunol.18.1.143
https://doi.org/10.1146/annurev.immunol.18.1.143
https://doi.org/10.1038/nri2093
https://doi.org/10.4049/jimmunol.0804384
https://doi.org/10.1084/jem.20051725
https://doi.org/10.1038/nri1391
https://doi.org/10.1038/nri1292
https://doi.org/10.1038/nri1292
https://doi.org/10.1111/j.0105-2896.2005.00240.x
https://doi.org/10.1146/annurev-immunol-020711-075049
https://doi.org/10.1146/annurev-immunol-020711-075049
https://doi.org/10.1111/imm.12117
https://doi.org/10.1038/nri.
2016.116
https://doi.org/10.1038/nri.
2016.116
https://doi.org/10.1084/jem.20092140
https://doi.org/10.1084/jem.20092618
https://doi.org/10.4049/jimmunol.1001523
https://doi.org/10.4049/jimmunol.1001523
https://doi.org/10.3324/haematol.2015.
135459
https://doi.org/10.3324/haematol.2015.
135459
https://doi.org/10.1371/journal.pone.0162984
https://doi.org/10.1189/jlb.0311134
https://doi.org/10.1084/jem.
20030966
https://doi.org/10.1084/jem.
20030966
https://doi.org/10.1016/j.immuni.2010.12.011
https://doi.org/10.1038/nri3865
https://doi.org/10.1002/(SICI)1097-0320(19970701)28:3 < 253::
AID-CYTO10 > 3.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0320(19970701)28:3 < 253::
AID-CYTO10 > 3.0.CO;2-O
https://doi.org/10.1126/sciimmunol.aai8071
https://doi.org/10.1016/j.immuni.2009.05.002
https://doi.org/10.1016/j.jaut.2015.07.011
https://doi.org/10.3389/fimmu.2016.00063
https://doi.org/10.1158/2326-6066.CIR-16-0193
https://doi.org/10.1038/ni.2077
https://doi.org/10.1038/ni.2077

Trahtemberg and Mevorach

Immune Homeostatic Regulation by Apoptotic Cells

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

by IDO-competent dendritic cells. JImmunol (2008) 181(8):5194-8.
doi:10.4049/jimmunol.181.8.5194

Williams CA, Harry RA, McLeod JD. Apoptotic cells induce dendritic
cell-mediated suppression via interferon-gamma-induced IDO. Immunology
(2008) 124(1):89-101. doi:10.1111/j.1365-2567.2007.02743.x

Ravishankar B, Liu H, Shinde R, Chandler P, Baban B, Tanaka M, et al.
Tolerance to apoptotic cells is regulated by indoleamine 2,3-dioxygenase.
Proc Natl Acad Sci U S A (2012) 109(10):3909-14. doi:10.1073/pnas.
1117736109

Ravishankar B, Liu H, Shinde R, Chaudhary K, Xiao W, Bradley ],
et al. The amino acid sensor GCN2 inhibits inflammatory responses to
apoptotic cells promoting tolerance and suppressing systemic autoimmu-
nity. Proc Natl Acad Sci U S A (2015) 112(34):10774-9. doi:10.1073/pnas.
1504276112

Liu H, Huang L, Bradley J, Liu K, Bardhan K, Ron D, et al. GCN2-
dependent metabolic stress is essential for endotoxemic cytokine induction
and pathology. Mol Cell Biol (2014) 34(3):428-38. doi:10.1128/MCB.
00946-13

Baban B, Chandler PR, Sharma MD, Pihkala ], Koni PA, Munn DH, et al.
IDO activates regulatory T cells and blocks their conversion into Th17-
like T cells. J Immunol (2009) 183(4):2475-83. doi:10.4049/jimmunol.
0900986

Baban B, Hansen AM, Chandler PR, Manlapat A, Bingaman A,
Kahler DJ, et al. A minor population of splenic dendritic cells expressing
CD19 mediates IDO-dependent T cell suppression via type I IFN signaling
following B7 ligation. Int Immunol (2005) 17(7):909-19. doi:10.1093/
intimm/dxh271

Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D,
et al. GCN2 kinase in T cells mediates proliferative arrest and anergy
induction in response to indoleamine 2,3-dioxygenase. Immunity (2005)
22(5):633-42. d0i:10.1016/j.immuni.2005.03.013

Paidassi H, Acharya M, Zhang A, Mukhopadhyay S, Kwon M, Chow C,
et al. Preferential expression of integrin alphavbeta8 promotes generation of
regulatory T cells by mouse CD103+ dendritic cells. Gastroenterology (2011)
141(5):1813-20. doi:10.1053/j.gastro.2011.06.076

Boucard-Jourdin M, Kugler D, Endale Ahanda ML, This S, De Calisto J,
Zhang A, et al. beta8 integrin expression and activation of TGF-beta by
intestinal dendritic cells are determined by both tissue microenvironment
and cell lineage. ] Immunol (2016) 197(5):1968-78. doi:10.4049/jimmunol.
1600244

Worthington JJ, Czajkowska BI, Melton AC, Travis MA. Intestinal dendritic
cells specialize to activate transforming growth factor-beta and induce
Foxp3+ regulatory T cells via integrin alphavbeta8. Gastroenterology (2011)
141(5):1802-12. doi:10.1053/j.gastro.2011.06.057

172.

173.

174.

175.

176.

177.

178.

179.

180.

Paidassi H, Acharya M, Lacy-Hulbert A. Alpha (v) integrins license
regulatory T cells to apoptotic cells and self-associated antigens. Ann N Y
Acad Sci (2010) 1209:68-76. doi:10.1111/j.1749-6632.2010.05783.x
Torchinsky MB, Garaude J, Martin AP, Blander JM. Innate immune recog-
nition of infected apoptotic cells directs T(H)17 cell differentiation. Nature
(2009) 458(7234):78-82. doi:10.1038/nature07781

Perruche S, Zhang P, Liu Y, Saas P, Bluestone JA, Chen W. CD3-specific
antibody-induced immune tolerance involves transforming growth fac-
tor-beta from phagocytes digesting apoptotic T cells. Nat Med (2008) 14(5):
528-35. doi:10.1038/nm 1749

Saas P, Daguindau E, Perruche S. Concise review: apoptotic cell-based
therapies-rationale, preclinical results and future clinical developments.
Stem Cells (2016) 34(6):1464-73. doi:10.1002/stem.2361

Mevorach D, Zuckerman T, Reiner I, Shimoni A, Samuel S, Nagler A,
et al. Single infusion of donor mononuclear early apoptotic cells as prophy-
laxis for graft-versus-host disease in myeloablative HLA-matched allogeneic
bone marrow transplantation: a phase I/Ila clinical trial. Biol Blood Marrow
Transplant (2014) 20(1):58-65. doi:10.1016/j.bbmt.2013.10.010

Ren Y, Xie Y, Jiang G, Fan ], Yeung J, Li W, et al. Apoptotic cells protect
mice against lipopolysaccharide-induced shock. J Immunol (2008) 180(7):
4978-85. doi:10.4049/jimmunol.180.7.4978

Hotchkiss RS, Chang KC, Grayson MH, Tinsley KW, Dunne BS, Davis CG,
et al. Adoptive transfer of apoptotic splenocytes worsens survival, whereas
adoptive transfer of necrotic splenocytes improves survival in sepsis. Proc
Natl Acad Sci U S A (2003) 100(11):6724-9. doi:10.1073/pnas.1031788100
Delano MJ, Ward PA. The immune system’s role in sepsis progression,
resolution, and long-term outcome. Immunol Rev (2016) 274(1):330-53.
doi:10.1111/imr.12499

van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The immu-
nopathology of sepsis and potential therapeutic targets. Nat Rev Immunol
(2017) 17(7):407-20. doi:10.1038/nri.2017.36

Conflict of Interest Statement: DM is the founder, chief scientist, and a option
holder of Enlivex Ltd. The other co-author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2017 Trahtemberg and Mevorach. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

October 2017 | Volume 8 | Article 1356


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.181.8.5194
https://doi.org/10.1111/j.1365-2567.2007.02743.x
https://doi.org/10.1073/pnas.
1117736109
https://doi.org/10.1073/pnas.
1117736109
https://doi.org/10.1073/pnas.
1504276112
https://doi.org/10.1073/pnas.
1504276112
https://doi.org/10.1128/MCB.
00946-13
https://doi.org/10.1128/MCB.
00946-13
https://doi.org/10.4049/jimmunol.
0900986
https://doi.org/10.4049/jimmunol.
0900986
https://doi.org/10.1093/intimm/dxh271
https://doi.org/10.1093/intimm/dxh271
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1053/j.gastro.2011.06.076
https://doi.org/10.4049/jimmunol.
1600244
https://doi.org/10.4049/jimmunol.
1600244
https://doi.org/10.1053/j.gastro.2011.06.057
https://doi.org/10.1111/j.1749-6632.2010.05783.x
https://doi.org/10.1038/nature07781
https://doi.org/10.1038/nm1749
https://doi.org/10.1002/stem.2361
https://doi.org/10.1016/j.bbmt.2013.
10.010
https://doi.org/10.4049/jimmunol.180.7.4978
https://doi.org/10.1073/pnas.
1031788100
https://doi.org/10.1111/imr.12499
https://doi.org/10.1038/nri.2017.36
http://creativecommons.org/licenses/by/4.0/

	Apoptotic Cells Induced Signaling 
for Immune Homeostasis in Macrophages and Dendritic Cells
	Introduction
	Signaling Inhibition of Toll-Like Receptors (TLRs), Nuclear Factor Kappa B (NF-κB), and the Inflammasome
	Toll-Like Receptors
	Nuclear Factor Kappa B
	Inflammasome

	Lipid-Activated Nuclear Receptors
	Inhibition of Inflammation by Tyro3, Axl, and Mertk (TAM) Receptors
	Inhibition of IFNs by SOCS 1/3 Upregulation
	Type II IFN
	Type I IFN

	Apoptotic Cells and Maintenance of Peripheral Tolerance
	Apoptotic Cells as Therapeutic Agents
	Summary
	Author Contributions
	Funding
	References


