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Fragment of the stage 16 Drosophila embryo. On the upper left panel

macrophage is labeled with serpentGal4,UAScytoplasmicGFP (green) and
apoptotic cells are labeled with fluorescent Annexin V (red).
Image: Estee Kurant.

Clearance of apoptotic cells is essential for proper development, homeostasis
and termination of immune responses in multicellular organisms. Thus, cellular
and molecular players taking part in the sequential events of this process are of
great interest. Research in the last 20 years has indicated that specific ligands and
receptors take part in the attraction of immune cells toward apoptotic targets
and in the interactions between apoptotic cells and professional as well as non-
professional phagocytes that engulf them. Moreover, phagocytosis of apoptotic
cells (efferocytosis) leads to significant phenotypic changes in the engulfing cells
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suggesting that it is a major fate-determining event for phagocytes. Particularly,
efferocytosis has an importantimpact on the inflammation-resolution axis as well as
embryonic development and tissue morphogenesis. Deficiencies in these processes
can result in health threats, such as autoimmunity, atherosclerosis, bone loss, obesity,
infertility, neurodegeneration, fibrosis and cancer. This eBook brings together 24
original research and review manuscripts that cover various aspects of apoptotic cell
removal during normal development and homeostasis as well as in tumorigenesis
and regenerative processes following injury.
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Editorial on the Research Topic
Apoptotic Cell Clearance in Health and Disease

Clearance of apoptotic cells is essential for proper development, homeostasis, and termination
of immune responses in multicellular organisms. Thus, the cellular and molecular players
orchestrating the sequential events of this process are of great scientific interest. Research in the
last 20 years has revealed that specific ligand-receptor axes mediate the attraction of immune
cells toward apoptotic targets and the interactions between apoptotic cells and professional as
well as non-professional phagocytes that engulf them. Moreover, phagocytosis of apoptotic cells
(also known as efferocytosis) has been shown to induce significant phenotypic changes in the
engulfing cell implicating that it is a major fate-determining event for phagocytes. Efferocytosis is
of pivotal importance for the resolution of inflammation as well as for embryonic development
and tissue morphogenesis. Accordingly, defects in dying cell clearance can strongly impair the
mentioned processes and thus can result in severe health threats, including chronic inflammation,
autoimmunity, atherosclerosis, bone loss, obesity, infertility, neurodegeneration, fibrosis, and
cancer.

This volume compiles 24 manuscripts covering various aspects of apoptotic cell removal
during normal development and homeostasis as well as during tumorigenesis and regenerative
processes following injury. Eight of the manuscripts present original research on molecular
mechanisms underlying the emergence and function of professional and non-professional
phagocytes emphasizing the critical elements required for eflicient clearance of apoptotic and
necrotic cells. The remaining 16 papers provide overviews of evolutionarily conserved basic
mechanisms and distinct efferocytosis pathways operating in particular organs and tissues under
normal and/or pathological conditions, such as cancer, autoimmune diseases, injury, and viral
infection.

Using Drosophila melanogaster embryonic macrophages as a model system for development of
professional phagocytes Shlyakhover et al. demonstrate that the GATA transcription factor Serpent
is critical for the specific expression of the phagocytic receptors Six-Microns-Under (SIMU),
Draper (Drpr), and Croquemort (Crq). The authors show that each of these receptors is essential for
the establishment of efferocytic ability, thereby unraveling crucial molecular aspects of Drosophila
macrophage development.
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Two research articles are dedicated toward the tyrosine kinase
receptors TYRO3, AXL, and MERTK (collectively named TAM
receptors), which are fundamental regulators of inflammatory
responses and efferocytosis. Lumbroso et al. report increased
expression and release of Protein S (PROS1), a known ligand
for all TAM receptors, in macrophages during the resolution
of inflammation. In turn, PROS1 acts as a key effector
molecule in regulating efferocytosis as well as maturation and
reprogramming of macrophages, identifying it as a new potential
therapeutic target in the context of inflammatory and fibrotic
disorders. Geng et al. provide evidence that activation of TAM
receptors by their known ligand GAS6 requires y-carboxylation
of its N-terminal Gla domain and complex formation with
phosphatidylserine (PS), generating a functional protein/lipid
ligand for TAMs.

Two further research papers address the impact of known
efferocytic mediators on the clearance of apoptotic or
necrotic cells. The study by Tacnet-Delorme et al. provides
first experimental evidence for a direct interaction between
complement Clq and the neutrophil-specific serine protease
Proteinase 3 which is externalized together with PS on apoptotic
cells. This interaction impairs Clq-dependent efferocytosis,
suggesting implications of this mechanism for the resolution of
inflammation and/or autoimmunity. Grossmayer et al. report
increased levels of lysophosphatidylcholine (LPC, a dying
cell-derived “find-me” signal) in the sera of systemic lupus
erythematosus (SLE) patients, which inhibit the clearance of
dead cells by macrophages in vitro. The authors suggest that high
levels of LPC may interfere with macrophage chemotaxis toward
their dead cell targets, thus contributing to the establishment
and/or maintenance of SLE disease.

Three research articles focus on microenvironmental aspects
of apoptotic cell clearance. Graubardt et al. uncover a new role of
Ly6CP monocytes and macrophages derived thereof (MoMF) in
regulating neutrophil activity and clearance during the resolution
of acetaminophen-induced liver injury (AILI). Initially, liver-
infiltrating Ly6CM monocytes regulate innate immune functions
and survival of neutrophils following injury, while later on their
MoMF descendants exert clearance of apoptotic neutrophils
during the resolution phase. Yang et al. describe a novel
mechanism underlying the pro-coagulant activity of apoptotic
cells through coagulation factor XII, which preferentially binds
to apoptotic cells via PS and becomes activated, thus initiating an
intrinsic coagulation pathway. Michaeli et al. demonstrate that
ex vivo generated pro-resolving CD11b'°" macrophages (Mres)
secrete anti-angiogenic mediators, including endostatin, thereby
inhibiting angiogenesis in vitro and in vivo. Apparently, this
macrophage phenotype plays an important role in terminating
tissue repair and restoring tissue structure.

The remaining articles include three mini reviews and thirteen
reviews. Four of them discuss molecular aspects of the multi-step
process of efferocytosis, including interactions of various “eat-
me” signals with their cognate phagocytic receptors as well as
consequences for anti-inflammatory and regenerative responses.
The mini review by Barth et al. focuses on the molecular details
of the “phagocytic synapse” which facilitates phagocytosis and
subsequent signaling events, such as surface alterations and

molecular opsonization. Hughes et al. discuss how phagocytes
manage to respond appropriately to apoptotic cells in different
immunological settings during everyday tissue turnover, tissue
damage, infection, and/or inflammation.

Along similar lines, Gordon and Pluddemann accentuate
the wide spectrum of phagocytic responses upon efferocytosis
emanating from the variety of targets and effector cells. Zheng et
al. summarize the current knowledge of apoptotic cell clearance
in D. melanogaster.

Three reviews emphasize the role of non-professional
phagocytes in the context of organ-specific efferocytosis. Davies
et al. discuss recent research on efferocytosis by epithelial cells in
the liver. Serizier and McCall survey phagocytosis of apoptotic
germline cells by follicular epithelial cells in the D. melanogaster
ovary with comparison to similar mechanisms in Caenorhabditis
elegans and mammals. DeBerge et al. cover emerging knowledge
on efferocytosis in the heart, including its role in cardiac
development, homeostasis, and disease.

Six reviews focus on the impact of apoptotic cells on their
cellular microenvironment with regards to immune homeostasis,
treatment of autoimmunity, and anti-viral responses. Dalli and
Serhan review the role of microvesicles and apoptotic cells
in the production of specialized pro-resolving mediators as
well as the biological actions of the latter during efferocytosis.
Szondy et al. focus on anti-inflammatory mechanisms triggered
by apoptotic cells during their removal. Trahtemberg and
Mevorach summarize signaling events induced by apoptotic
cells in macrophages and dendritic cells that direct immune-
silencing and tolerance. The authors also discuss the use of
apoptotic cells as therapeutic agents in mice and humans. Saas
et al. provide an overview of the mechanisms behind this
approach and suggest how it may be utilized to treat autoimmune
arthritis. Manfredi et al. focus on the events that determine
neutrophil fate amid phagocytosis and formation of neutrophil
extracellular traps (NET) and their potential exploitation for
the development of novel therapeutic approaches. Nainu et al.
highlight an evolutionarily conserved anti-viral response that
relays on apoptosis-dependent phagocytosis of virus-infected
cells.

Three additional review articles discuss the role of apoptotic
cells as important effectors in an oncological context of the tumor
microenvironment. Ucker and Levine describe how tumor cells
hijack conserved homeostatic processes instigated by apoptotic
cells, including wound healing and regenerative processes, in
order to promote cancer development and progression. Lynch
et al. discuss how extracellular vesicles (EVs) derived from
apoptotic tumor cells mediate host responsiveness to cell death
in cancer and suggest that the monitoring of such EVs and their
cargoes will improve cancer diagnosis, staging, and therapeutic
efficacy. Jung et al. survey iron handling in tumor-associated
macrophages highlighting the effect of dying tumor cells on
an iron-release macrophage phenotype which appears to affect
tumor progression.

Altogether, the articles in this volume cover a wide spectrum of
aspects in apoptotic cell clearance and illuminate its high degree
of complexity. A more detailed understanding of the molecular
and cellular mechanisms governing this eminent process will
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enable us to unravel potential routes of clinical translation in the
context of various diseases—both for diagnostic and therapeutic
purposes.
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During Drosophila embryogenesis, a large number of apoptotic cells are efficiently
engulfed and degraded by professional phagocytes, macrophages. Phagocytic recep-
tors Six-Microns-Under (SIMU), Draper (Drpr) and Croquemort (Crq) are specifically
expressed in embryonic macrophages and required for their phagocytic function.
However, how this function is established during development remains unclear. Here we
demonstrate that the key regulator of Drosophila embryonic hemocyte differentiation,
the transcription factor Serpent (Srp), plays a central role in establishing macrophage
phagocytic competence. Srp, a homolog of the mammalian GATA factors, is required
and sufficient for the specific expression of SIMU, Drpr and Crq receptors in embryonic
macrophages. Moreover, we show that each of these receptors can significantly rescue
phagocytosis defects of macrophages in srp mutants, including their distribution in the
embryo and engulfment of apoptotic cells. This reveals that the proficiency of macro-
phages to remove apoptotic cells relies on the expression of SIMU, Crg and/or Drpr.
However, Glial Cells Missing (GCM) acting downstream of Srp in the differentiation of
hemocytes, is dispensable for their phagocytic function during embryogenesis. Taken
together, our study discloses the molecular mechanism underlying the development of
macrophages as skilled phagocytes of apoptotic cells.

Keywords: Drosophila, macrophages, phagocytosis, apoptosis, SIMU, Serpent, GATA, development

INTRODUCTION

During normal development of multicellular organisms superfluous cells are eliminated through
apoptosis and subsequent phagocytosis by “professional” phagocytes, macrophages and immature
dendritic cells, and “non-professional” tissue-resident neighboring cells (1-3). Phagocytes efficiently
remove apoptotic cells with high level of specificity, which is achieved through an ability of trans-
membrane phagocytic receptors or secreted bridging molecules to recognize “eat me” signals exposed
on the surface of apoptotic cells (4-10). Most of the phagocytic receptors are exclusively expressed
in phagocytic cells, however, how their specific expression is regulated during development remains
poorly understood.

Drosophila “professional” phagocytes macrophages (plasmatocytes) are the most abundant cells
in Drosophila hemolymph (~95%), which similarly to mammalian macrophages are responsible for
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phagocytosis of apoptotic cells, microbes and tissue remodeling
(11-15). They originate from the cephalicmesodermin theembryo
and remain in circulation throughout all stages of development
(12, 16). The ability of macrophages to phagocytose apoptotic
cells is mediated by several receptors such as Croquemort (Crq),
a member of the CD36 superfamily (17, 18), Six-Microns-Under
(SIMU), Drosophila homolog of Stabilin-2 (19-21) and Draper
(Drpr), Drosophila homolog of MEGF10 and Jedi (2, 22-25).
During embryogenesis Crq is expressed mostly in macrophages
whereas SIMU and Drpr are expressed both in macrophages and
in “non-professional” phagocytes glia and ectoderm (19). Our
previous study demonstrated that the specific expression of SIMU
and Drpr in glia is part of the developmental program responsible
for glial cell differentiation (26). However, how the expression of
SIMU and Drpr is regulated in macrophages remains unknown.

Serpent (Srp) is a key regulator of macrophage development
during embryogenesis (27, 28). Its two isoforms, SrpC and
SrpNC, are required for proper differentiation of plasmatocytes
(28). srp mutant embryos contain lower number of macrophages,
which are abnormally distributed throughout the embryo (27).
Transcription factors Glial Cells Missing (GCM) and GCM2
are involved in differentiation of embryonic macrophages
downstream of Srp (28). gem,gcm2 double mutants contain a
reduced number of macrophages as well (29). However, we have
shown previously that in gcrm,gem2 mutants the expression of the
phagocytic receptors SIMU, Drpr and Crq is not altered in the
remaining hemocytes (26).

In the work presented here, we demonstrate that Srp is
required for apoptotic cell clearance by embryonic macrophages
through regulation of SIMU, Drpr and Crq expression in these
cells. In addition, we show that Srp is sufficient to drive SIMU
and Drpr ectopic expression. We also found that expression of
each phagocytic receptor, SIMU, Drpr or Crq, alone in srp mutant
macrophages is sufficient to partially rescue their phagocytic skills
and distribution, revealing the crucial role each receptor plays
in establishment of cell phagocytic ability. However, our data
disclose that GCM and GCM?2 are dispensable for the phagocytic
clearance of apoptotic cells by embryonic macrophages.

MATERIALS AND METHODS

Fly Strains and Constructs

The following fly strains were used in this work: srpGal4,
UAScytGFP (1. R. Evans), UASsrpNC and UASsrpC-FLAG/
cyo (J. Casanova, K. Campbell and M. Haenlin), repoGal4 (B.
Jones), srp’/TM3 (#2485; Bloomington), UASdrpr (M. Freeman),
UASgem (#5446; Bloomington), UASsimu (30), UAScrq (ORF
collection), tubGal80* (#7019; Bloomington), gcm-lacZ (#5445;
Bloomington), simu-cytGFP (19), Df(2L)Exel7042 (#7812;
Bloomington). repoGal4::UASsrp; tubGal80* crosses were placed
at 18°C and third instar larvae were transferred to 29°C for
14 hours.

Reporter constructs were generated by cloning different parts
of a 2 kb DNA region upstream of the simu OREF, which recapitu-
lates simu embryonic expression in all phagocytic cell popula-
tions (glia, macrophages and ectoderm) (19) into the pattB vector

containing a cytoplasmic GFP coding sequence. These transgenic
constructs were inserted into the attP51C site on chromosome
2R using the QC31 system (31). All strains were raised at 25°C.

Bioinformatic Analysis

The 650 bp sequence was analyzed in Genomatix Mathinspector
tool for known Drosophila melanogaster and vertebrate transcrip-
tion factors binding sites. Only results with matrix similarity
greater than 0.7 were selected. Ci value of the results was greater
than 60.

Immunohistochemistry and Live Imaging
For immunohistochemistry embryos were fixed and stained
according to standard procedures. Guinea pig anti-SIMU (30)
and guinea pig anti-Drpr (32) were used at a 1:5000 and 1:100
concentrations, respectively. Rabbit anti-activated caspase 3
(Dcp-1) (Cell Signaling) and mouse anti-GFP (Roche) were used
at 1:100 concentration. Rabbit anti-Crq antibody (1:500) is a gift
from N. Franc. Rabbit anti-Srp antibody (1:100) is a gift from J.
Casanova, K. Campbell and N. Martin. Rabbit anti-Peroxidasin
antibody (1:2000) is a gift from Jiwon Shim. Fluorescent second-
ary antibodies (Cy3/and Cy5/Jackson ImmunoResearch; Alexa
Fluor 488/Molecular Probes) were used at 1:200 dilutions. For
TUNEL labeling embryos were re-fixed, washed and labeled with
the In Situ Cell Death Detection kit (Roche) according to the
manufacture instructions. Images were acquired on a confocal
microscope Zeiss LSM 700 or on a Zeiss Axio Observer micro-
scope equipped with an Apotome system using the AxioVision
software. 75% Glycerol solution was used as the imaging medium.

Live imaging was carried out by dechorionating embryos
(stage 15), mounting them under Halocarbon oil, injecting 2-3%
egg volume of LysoTracker (Molecular Probes) as described in
Ref. (33). Recording started 30 min following injection.

Statistical Analysis
For statistical analysis in each embryo number of apoptotic
particles was quantified inside 10 macrophages that contain at
least one apoptotic particle. 5-8 embryos of each genotype were
tested (n = number of embryos, indicated in each figure legend).
The average number of apoptotic particles per macrophage
(“phagocytic index”) was calculated per embryo by dividing the
total number of apoptotic particles inside labeled macrophages by
the number of macrophages taken into account in this embryo.
Significance was calculated by an unpaired Student’s ¢-test or by
one-way ANOVA followed by Bonferroni post hoc test.

To count the number of REPO-positive nuclei, apotome stacks
(19 um) were acquired from the whole CNS followed by Image
analysis of the designated area using IMARIS (Bitplane) software.

RESULTS

srp Is Required for Expression of SIMU in
Embryonic Macrophages

We have previously shown that during embryogenesis simu
expression is differentially regulated in macrophages and glia;
GCM directly controls simu transcription in glia, but not in
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macrophages (26). Therefore, how simu expression is regulated
in embryonic macrophages remained unclear.

To identify factors responsible for SIMU expression in mac-
rophages, we decided to limit our search to the smallest regu-
latory unit responsible for SIMU expression in these cells. For
that, we reduced a 2 kb DNA region upstream of the simu ORF
that directs cytoplasmic GFP expression in all phagocytic cell
populations (glia, macrophages and ectoderm) (19) (Figure 1A)
to a series of smaller overlying fragments. These fragments of the
2 kb regulatory region, fused to cytoplasmic GFP, were used for
transfection in S2 cells and/or for generation of transgenic flies.
A 650 bp fragment (Figure 1A) was found as the minimal region
that drives GFP expression in S2 cells, as well as in macrophages
and glia in the embryo, as shown by a complete overlap of anti-
GFP and anti-SIMU labeling (Figures 1C-D”). The 650 bp frag-
ment contains one GCM binding site (Figure 1B), which explains
GFP expression in glia. Smaller fragments were not able to induce
any GFP expression in S2 cells. We applied the 650 bp sequence
to the Genomatix software to identify binding motifs of known
transcription factors.

The Genomatix software identified more than 50 different
sites, which have been further evaluated by the expression pattern
of the corresponding transcription factors. From these potential
regulators we focused on three most promising candidates:
dSTAT, pangolin and srp, since they are all expressed in embryonic
macrophages at stages when simu expression originates (Flybase
data base). To examine whether these factors are required for
simu expression, we tested SIMU expression in mutant embryos

of each candidate, using the anti-SIMU antibody. stat92E and
pangolin mutant embryos exhibited normal SIMU staining
in embryonic macrophages (results not shown), however, srp
mutant embryos containing a strong hypomorph mutation
(srp?) (27) did not reveal detectable SIMU staining in embry-
onic macrophages labeled with a srpGal4, UAScytGFP marker
(Figures 2C-D”). srp mutant embryos exhibited significantly
smaller macrophages as evaluated by measuring their diameter
(Figure 2E), which were abnormally distributed throughout the
embryo compared to control (Figure 2A) and often clustered in
the anterior part of the embryo (Figure 2C). Importantly, the
CNS of srp mutant embryos was also deformed as visualized
with a specific marker for glial cells, an anti-REPO antibody
(Figure S1 in Supplementary Material). However, the number
of glial cells was not different from control embryos (Figure S1
in Supplementary Material) and SIMU expression was detected
in relatively normal levels in glial cells (Figures 2A’-A”,C’-C”).
Together, these data demonstrate that Srp is required for SIMU
expression in embryonic macrophages.

srp Is Required for the Phagocytic

Function of Embryonic Macrophages

Given that macrophages of srp mutant appear abnormal and do
not express SIMU, we tested their ability to phagocytose apoptotic
cells. To evaluate their phagocytic capacity, we detected apoptotic
particles with an anti-activated Dcp-1 antibody (Drosophila Caspase
3 homolog and a marker of apoptotic cells) (Figures 3A’,A”,B’,B”)

>
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FIGURE 1 | 650 bp region upstream to simu ORF recapitulates simu endogenous embryonic expression and contains multiple GATA binding sites. (A) Schematic of
2 kb region of simu promoter fused to cytoplasmic GFP sequence. (B) Schematic map of 650 bp region of simu promoter fused to cytoplasmic GFP sequence with
depicted putative GATA sites and one GCM binding site. (C-D”) Projections from confocal stacks of the stage 13 (C-C”) and stage 16 (D-D”) embryos, ventral
view. (C,C”,D,D”) Cytoplasmic GFP reporter and (C’,C”,D’,D”) SIMU protein as detected on membranes with anti-SIMU antibody. Bar, 20 pm. Note colocalization
of GFP and SIMU in macrophages (arrows) and glia (arrowheads) but not in ectoderm (stars).
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FIGURE 2 | SIMU is not expressed in srp mutant macrophages. (A-D”) Projections from confocal stacks of the stage 16 embryos, lateral view. Macrophages are
labeled with srpGal4, UAScytGFP (green). Anti-SIMU in red. Glial nuclei are labeled with anti-REPO (blue). (A-B”) Control srpGal4, UAScytGFP embryo. (C-D”)
srpGal4,UAScytGFP; srp® mutant embryo. (B-B”,D-D”) Close up of rectangle areas in (A”,C’”) respectively. All GFP-positive macrophages express SIMU on their
membranes in control embryo [(B,B”), arrows] but no one expresses SIMU in srp mutant embryo [(D,D”), arrows]. Note SIMU expression in glia (non GFP-positive
cells, arrowheads). Bar, 20 pm. (E) Columns represent mean diameter of 10 macrophages in each embryo + SEM. Control embryos (n = 5). srp® mutant embryos
(n = 7). Asterisks indicate statistical significance versus control, as determined by Student’s t-test, **p < 0.0001.
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FIGURE 3 | Srp is required for phagocytic ability of embryonic macrophages. (A-B”) Projections from confocal stacks of the stage 16 embryos, ventral view,
anterior region. Macrophages are labeled with srpGal4, UAScytGFP (green) and apoptotic particles are labeled with anti-Dcp-1 (red). In control srpGal4, UAScytGFP
embryo (A-A”) apoptotic particles are mostly inside GFP-positive macrophages (arrows). In srp® mutant embryo (B-B”) all apoptotic particles are outside
GFP-positive macrophages (B”). Bar, 20 um. (C) Quantitation of apoptotic particles in macrophages of described genotypes. Columns represent mean phagocytic
index + SEM. Control embryos (n = 6). srp® mutant embryos (n = 7). Asterisks indicate statistical significance versus control, as determined by Student’s t-test,
***p < 0.0001.

and labeled macrophages with srpGald,UAScytGFP (Figures Srp Is Required for Expression of Drpr and
3A,A”,B,B”). We counted the number of apoptotic particles per ~ Crq in Embryonic Macrophages

macrophage, termed “phagocytic index” (explained in Materials ~ The impaired phagocytosis phenotype of srp mutant embryos
and Methods). As expected, apoptotic particles were found inside ~ appears much stronger than simu mutant phenotype (19), sug-
GFP-positive macrophages in wild type embryos (Figures 3A”,C).  gesting that additional phagocytic receptors may be affected by

However, we could not detect any apoptotic particles inside mac-  the absence of srp. To test this, we examined srp mutant embryos
rophages of srp mutant (Figures 3B”,C), suggesting their abnormal  for the expression of two additional phagocytic receptors known
ability to phagocytose apoptotic cells. to participate in apoptotic cell clearance by macrophages, Drpr

We took an additional approach to evaluate phagocytosis ~ and Crq (Figure 5). In control embryos, Drpr is specifically
by macrophages using LysoTracker (LT), which specifically  expressed in macrophages, glia and ectodermal cells as detected
labels phagolysosomes/phagosomes (Figures 4A,A,A”,B,B’,B”). with anti-Drpr antibody (Figures 5A-A"). However, we were
Macrophages were labeled by srpGal4,UAScytGFP (Figures  unable to detect any Drpr protein in macrophages of srp mutant
4A-A",B-B”) and contained multiple LT-labeled phagolysosomes  labeled with srpGal4, UAScytGFP, though Drpr expression in the
in wild type embryos (Figures 4A,A,C). However, in srp mutant ~ ectoderm remained normal (Figures 5B-B”). This reveals that
embryos we could not detect any LT labeling in GFP-positive  Srp is required for Drpr expression in embryonic macrophages.
cells (Figures 4B,B’,C) once more demonstrating an impaired  Similarly, using an anti-Crq antibody (Figures 5C-D”) we found
phagocytic ability of srp mutant macrophages. that Crq expression was undetectable in srp mutant embryos
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FIGURE 4 | srp mutant macrophages are impaired in phagocytosis. (A-B””) Projections from confocal stacks of the stage 16 live embryos, lateral view.
srpGal4,UAScytGFP marks macrophages in green. Phagolysosomes are labeled with LysoTracker (LT, red). (A=A") Control srpGal4, UAScytGFP embryo shows
numerous LT labeled phagolysosomes inside GFP-positive cells (arrows). (B-B”) In srp® mutant embryo there is no LT labeling in GFP-positive cells (arrows). LT
labels glial phagolysosomes in the CNS on the ventral side (arrowheads). Bar, 20 um. (C) Quantitation of LT-labeled phagolysosomes in macrophages of described
genotypes. Columns represent mean number of phagosolysosomes per macrophage + SEM. Control embryos (n = 5). srp® mutant embryos (n = 5). Asterisks
indicate statistical significance versus control, as determined by Student’s t-test, ***p < 0.0001.

(Figures 5D-D””), indicating that Srp is required for Crq expres-
sion in embryonic macrophages as well.

Srp Is Sufficient to Induce SIMU and Drpr

Expression in Larval Glia

To test whether Srp is sufficient to induce SIMU expression,
we ectopically expressed different isoforms of Srp, SrpNC
(UASsrpNC) or SrpC (UASsrpC), in larval glial cells which
normally do not express SIMU (Figure 6A’), using a repoGal4
driver. srp ectopic expression in embryonic glia was prevented
by a tubGal80 temperature sensitive (ts) allele until the third
instar larval stage. At this stage we moved the progeny (repo
Gal4,UAScytGFP;tubGal80"::UASsrpNC or repoGald, UAScyt
GFP;tubGal80*::UASsrpC) from the permissive (18°C) to the
restrictive (29°C) temperature of tubGal80*. Dissected larval
brains were stained with anti-Srp (Figures 6A”,A”,B”B”,C*,C”)
and anti-SIMU (Figures 6A’,A”,B’,B,C’,C”) antibodies, which

revealed that glial cells ectopically expressing Srp concomitantly
expressed SIMU on their membranes (Figures 6B™,C™). These
results demonstrate that srp is sufficient to drive SIMU expres-
sion. Both isoforms, SrpNC (Figures 6B-B™) and SrpC (Figures
6C-C”) were able to induce SIMU expression in larval glia
(Figures 6BB™,C,C”).

Following ectopic expression of Srp in larval glia, we tested
appearance of Drpr in dissected larval brains (repoGal4, UAScyt
GFP;tubGal80"::UASsrpNC or repoGal4, UAScytGFP;tubGal80"::
UASsrpC) by staining with anti-Srp and anti-Drpr antibodies.
Compared to control glia (Figure 7A), we detected more Drpr
protein on membranes of glial cells ectopically expressing Srp
(Figures 7B,C’). Both isoforms SrpC and SrpNC were able to ele-
vate Drpr expression in larval glia (Figures 7A,A”,B’,B”,C’,C”),
indicating that Srp is sufficient to induce Drpr expression.
Importantly, it has been shown previously that SrpC is sufficient
to induce Crq ectopic expression whereas SrpNC is not (28).
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G4, UAScytGEFP Drpr

FIGURE 5 | Srp is required for Drpr and Crq expression in embryonic macrophages. (A-D””) Projections from confocal stacks of the stage 16 embryos, ventral
(A-A") or dorsal view (B-D’”). Macrophages are labeled with srpGal4, UAScytGFP (green). (A-B*’) Anti-Drpr in red, ectoderm (e) and glia (g). (C-D*”) Anti-Crq in
red. (K-A"”, B’-B””, C’-C’”, D’-D””) Close up of rectangle areas in A,B,C and D respectively. (A=A) Control srpGal4, UAScytGFP embryo expressing Drpr in
GFP-positive macrophages (arrows) and GFP-negative glia (arrowheads). (C-C””) Control srpGal4, UAScytGFP embryo expressing Crq in GFP-positive
macrophages (arrows). (B-B””, D-D”) srp® mutant embryos show no detectible Drpr (B, B””) and Crq (D,D’”) staining in GFP-positive cells (arrows). Bar, 20 pm.

srpG4,UAScytGFP
C 23

These data suggest that the isoform C of Srp is sufficient to drive
Drpr, Crq and SIMU expression, whereas the NC isoform can
induce only SIMU and Drpr expression.

GCM Is Dispensable for the Phagocytic

Ability of Embryonic Macrophages

We have previously shown that GCM,GCM2 directly regulate
simu expression only in embryonic glia but not in macrophages
(26). Moreover, mutant gcm,gcm2 macrophages still express
SIMU, Drpr and Crq (26) (Figure 8). However, mutant embryos
lacking gcm and gem2 contain a significantly lower number of
embryonic macrophages (29, 34) suggesting that GCM,GCM2
are required for their proliferation, differentiation and/or
survival. Nevertheless, whether GCM,GCM2 are essential
for phagocytosis of apoptotic cells by macrophages has not

been previously established. Using simultaneous labeling of
embryonic macrophages with anti-SIMU and apoptotic cells
with anti-Dcp-1 antibodies (Figures 8A-B™), we observed
that gem,gem2 mutant macrophages contain apoptotic particles
inside them (Figures 8B-B™), demonstrating that they are
capable of engulfing apoptotic cells. In addition, we performed
terminal deoxynucleotidyl transferase dUTP nick and labeling
(TUNEL) staining to label DNA fragments, characteristic of
apoptotic cells in wild type (Figures 8C-C™) and gcm,gcm?2
mutant (Figures 8D-D”) embryos. Similarly to control
embryos, in gcm,gcm2 mutants SIMU-labeled macrophages
contain TUNEL-positive particles confirming their ability to
phagocytose apoptotic cells (Figures 8C-D”). These data dem-
onstrate that GCM,GCM2 are not required for the phagocytic
ability of embryonic macrophages.
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FIGURE 6 | Each Srp isoform (SrpC and SrpNC) is sufficient to drive SIMU expression. (A-C””) Projections from confocal stacks of the 3 instar larval brains stained
with anti-SIMU [red, (A’,A”,B’,B””,C’,C)], glia are labeled with repoGal4, UAScytGFP [green, (A,A”,B,B”,C,C"”)], anti-Srp [blue, (A”,A”,B”,B"”,C”,C")]. Bar,

Based on our previous study showing that GCM,GCM2
directly regulate simu expression in embryonic glia (26) we
assumed that GCM,GCM2 may also induce simu expression
in macrophages. However, since Srp binding sites in simu
promoter are located in close proximity to the GCM binding
site (L. Waltzer—personal communication) we hypothesized
that it may sterically prevent GCM,GCM2 binding. To test
this we aimed to examine whether GCM,GCM2 are able to
induce SIMU expression in the absence of Srp (srp mutant).
Normally GCM expression is not detected in srp mutants
(Figures 9B”,b). Therefore, we expressed GCM (UASgcm) in
srp mutant macrophages using the srpGal4 driver (srpGal4,
UAScytGFP;srp’::UASgem;srp®) and tested whether it induces
SIMU expression (Figure 9). No evident appearance of SIMU
has been detected in srp mutant macrophages expressing GCM
(Figures 9C”,¢), indicating that GCM is not sufficient to induce
simu in the absence of Srp. Moreover, in these embryos no Drpr
expression was noticed in macrophages as well (Figures 9C”,c)

demonstrating that GCM is also not sufficient to induce Drpr
expression in embryonic macrophages.

Each Phagocytic Receptor (SIMU, Drpr or
Crq) Partially Rescues Distribution of srp
Mutant Macrophages and Their Defects in
Phagocytosis

To investigate whether the impaired phagocytic ability of
srp mutant macrophages results merely from the absence
of the receptor expression, we performed rescue experi-
ments. We expressed either SIMU (Figures 10C-C”), Drpr
(Figures 10D-D””) or Crq (Figures 10E-E”) specifically in srp
mutant macrophages using the srpGal4 driver and tested their
ability to phagocytose apoptotic cells by immunostaining with
the anti-Dcp-1 antibody (Figure 10). Surprisingly, we found
that srp mutant macrophages expressing SIMU, Drpr or Crq
(srpGal4, UAScytGFP;srp*:: UASsimu;srp® or srpGal4, UAScytGF
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FIGURE 7 | Each Srp isoform (SrpC and SrpNC) is sufficient to drive Drpr expression. (A—C*) Projections from confocal stacks of the 3 instar larval brains stained
with anti-Drpr [red, (A’,A”,B’,B™”,C’,C””)], glia are labeled with repoGal4,UAScytGFP [green, (A,A”,B,B”,C,C”)], anti-Srp [blue, (A”,A”,B”,B™,C”,C")]. Bar,

P;srp::UASdrpr;srp® or srpGald, UAScytGFP;srp’::UAScrg;srp?)
did not appear in clusters in the anterior part of the embryo
like in srp mutants (Figures 9B-10B-B”) but were distributed
throughout the embryo (Figures 10C-E). Moreover, their
diameter was significantly bigger as compared to srp mutant
macrophages (Figure 10G) and we found engulfed apoptotic
cells inside these macrophages (Figures 10C’,D’,F’), indicating
that they are capable of apoptotic cell clearance. We counted the
number of apoptotic cells per macrophage (phagocytic index)
in control, srp mutant and embryos carrying different rescue
constructs (Figures 10A-E,H). These data revealed a signifi-
cantly higher phagocytic index in srp mutant macrophages that
express each receptor alone (Figure 10H), demonstrating that
each phagocytic receptor, SIMU, Drpr or Crq is able by itself to
partially rescue srp mutant phagocytosis phenotype. However,
interestingly, in these rescued embryos significantly more
apoptotic cells were detected inside macrophages compared
to control embryos, demonstrating apoptotic cell accumula-
tion. Importantly, we tested the effect of overexpression of

each receptor in wild type macrophages using srpGal4 driver
(srpGal4::UASsimu or srpGal4::UASdrpr or srpGal4::UAScrg).
Compared to control no significant difference was detected in
phagocytic index of macrophages overexpressing each receptor
(Figure S2 in Supplementary Material), suggesting that in wild
type embryo phagocytic ability of macrophages is not affected by
overexpression of phagocytic receptors and might be limited by
the overall amount of apoptotic cells in the embryo.

The situation is different in srp mutant where compared to wild
type much more apoptotic particles are present in the embryo
(Figures 10A,B). When we tested co-expression of simu and drpr
simultaneously in srp mutant macrophages using the srpGal4
driver  (srpGal4, UAScytGFEP;srp*:: UASsimu, UASdrpr;srp®)  we
obtained a similar amount of cells inside the macrophages as with
each receptor alone (Figure 10H), suggesting the same engulf-
ment/degradation ratio in clearance of apoptotic cells. However,
when all three receptors SIMU, Drpr and Crq were expressed in
srp mutant macrophages (srpGal4, UAScytGFP;srp’::UASsimu, UA
Sdrpr;UAScrq,srp®), we observed a significantly higher phagocytic
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(arrows). Bar, 20 pm.

FIGURE 8 | gcm,gcm2 mutant macrophages phagocytose apoptotic cells. (A-D™) Projections from confocal stacks of the stage 16 embryo; (A-B”) apoptotic cells
are in red (Dcp-1), SIMU protein with anti-SIMU in green. (C-D’”) TUNEL in red, SIMU protein with anti-SIMU in blue. (A=A, C-C’”) Ventral view of control embryos
displays SIMU expression in glia (g) and macrophages (m). Dcp-1 and TUNEL staining are found inside SIMU-labeled cells [(A-A™”, C-C””) arrows]. (B-B’”, D-D*”)
gcm,gem?2 deficient embryos; no glia are labeled with SIMU but macrophages are (m). Dcp-1 and TUNEL staining are found inside SIMU-positive macrophages

index as compared to each receptor alone (Figures 10F-F”,H),
which indicates additional accumulation of apoptotic cells inside
macrophages. This result may designate a higher engulfment/
degradation ratio in macrophages expressing all three phagocytic
receptors.

To test this assumption we evaluated degradation ability of
srp mutant macrophages expressing SIMU and Drpr only or all
three receptors SIMU, Drpr and Crq by quantifying LT-positive
phagolysosomes in macrophages labeled with srpGal4,cytGFP
(Figures 11A-E). No significant difference in the number of
LT-positive phagosolysosomes was found between control
macrophages (Figures 11A-A”E) and srp mutant macrophages
expressing two receptors (srpGal4,UAScytGFP;srp’::UASsi
mu, UASdrpr;srp®) (Figures 11C-C™E) or three receptors

together  (srpGal4, UAScytGFP;srp*::UASsimu, UASdrpr; UASc
rg,srp’) (Figures 11D-D™E) indicating the similar degrada-
tion rate. These data strongly support our suggestion that the
higher phagocytic index and bigger diameter of srp mutant
macrophages expressing all three receptors than in srp mutant
macrophages expressing only SIMU and Drpr is a result of
the higher engulfment/degradation ratio and accumulation of
apoptotic particles inside them.

DISCUSSION

Apoptotic cell clearance by “professional” and “non-profes-
sional” phagocytes plays a critical role during development
of multicellular organisms. How the phagocytes acquire their
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srpG4,UAScytGFP;srp3
gem-lacZ :srp3

FIGURE 9 | GCM is not sufficient to drive SIMU and Drpr expression in embryonic macrophages. (A-c) Projections from confocal stacks of the stage 16 embryos,
(A-a) ventral view and (B-c) lateral view. Macrophages are labeled with srpGal4, UAScytGFP [green, (A,A”,a,B,B",b,C,C"”,c)] and SIMU protein with anti-SIMU
[olue, (A”,A”,a,B”,B”,b,C”,C"”,c)]. (A-b) gcm-lacZ reporter in red and (C~c) Drpr with anti-Drpr in red. (A-a) Control sroGal4, UAScytGFP embryo. p-Gal and
SIMU are expressed in GFP-positive macrophages (arrows). (B-b) srp® mutant embryo. No B-Gal and SIMU are detected in GFP-positive cells (arrows). (C-c) srp®
mutant carrying GCM (srpGal4.::UASgem) in macrophages. No SIMU and Drpr are detected in GFP-positive cells (arrows). Bar, 20 pm.

UASgcm, srp3

ability to phagocytose apoptotic cells remains poorly under-
stood. Key regulators of this process are phagocytic receptors
for apoptotic cells that are specifically expressed on plasma
membranes of phagocytes. However, the molecular mechanisms
controlling expression of phagocytic receptors and therefore
creating phagocytic ability of embryonic macrophages were
unknown.

Using Drosophila embryonic macrophages as a model for
development of “professional” phagocytes, we discovered that
the GATA factor Srp is necessary for the specific expression of

the phagocytic receptors SIMU, Drpr and Crq in these cells and
sufficient to induce their expression in ectopic places. Therefore,
the absence of Srp results in formation of abnormal macrophages
lacking phagocytic receptors and thus incapable of apoptotic cell
clearance. The defects in clearance can be substantially rescued
by specific expression of each of the phagocytic receptors alone
in embryonic macrophages. Surprisingly, we found that the
presence of phagocytic receptors in srp mutant macrophages
could also partially rescue their abnormal distribution.
Interestingly, expression of each receptor, SIMU, Drpr or Crq
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resulted in comparable rescue of phagocytosis defects evaluated
by phagocytic index. Similar phagocytic capacity of srp mutant
macrophages expressing only one receptor suggests that each
receptor is capable of persuading engulfment of apoptotic cells

by macrophages. However, strikingly less apoptotic cells per
macrophage are detected in the wild type embryos even if they
overexpress the phagocytic receptors SIMU or Drpr or Crq. This
could be explained by, in general, higher number of apoptotic
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FIGURE 10 | Each phagocytic receptor SIMU, Drpr or Crq rescues phagocytosis defects and distribution of sro mutant macrophages. (A-F) Projections from
confocal stacks of the stage 16 embryos. Macrophages are labeled with srpGal4, UAScytGFP [green, (A,A’,B,B’,C-C”,D-D”,E-E”,F-F”)], SIMU protein with
anti-SIMU [blue, (A,A”,B,B”)] and apoptotic cells with anti-Dcp-1 [red, (A,A”,B,B”,C,C’,C”,D,D’,D”,E,E’,E™”,F,F’,F””)]. (A-A”) Control srpGal4, UAScytGFP embryo.
(B-B”) srp® mutant embryo. (C-C*) srpGal4, UAScytGFP; srp®::UASsimu;srp®. (D-D”) srpGal4, UAScytGFP; srp®::UASdrpr;srpd. (E-E™) srpGal4, UAScytGFP;
srp®::UAScrq, srp’. (F-F) srpGald4, UAScytGFP; srp®::UASsimu, UASdrpr; UAScrq, srp’. Bar, 20 um. (G) Columns represent mean diameter of 10 macrophages in each
embryo + SEM of following genotypes: control embryos (n = 5), srp® mutant embryos (n = 7), srpGal4, UAScytGFP; srp®::UASsimu,srp® (n = 6), srpGald, UAScytGFP;
srp®::UASdrpr;srod (n = B), srpGald, UAScytGFP; srp®::UAScrq,srp’ (n = 8), srpGald, UAScytGFP; srp®::UASsimu, UASdrpr;sro® (n = 8), srpGald, UAScytGFP;
srp’::UASsimu, UASdrpr;UAScrq, srp® (n = 6). Asterisks indicate statistical significance versus control, as determined by one-way ANOVA followed by Bonferroni

post hoc test, **p < 0.0001, *p < 0.05, n.s. >0.05. (H) Columns represent mean phagocytic index + SEM of following genotypes: control embryos (n = 6), srp®
mutant embryos (n = 7), srpGal4, UAScytGFP; srp®::UASsimu;srp® (n = 6), srpGald, UAScytGFP; srp®::UASdrpr;srp’ (n = 6), srpGald, UAScytGFP; srp’::UAScrq, srp®
(n = 8), srpGal4, UAScytGFP; srp®::UASsimu,UASdrpr;srp® (n = 8), srpGal4, UAScytGFP; srp®::UASsimu, UASdrpr;UAScrq, srp® (n = 6). Asterisks indicate statistical
significance versus control, as determined by one-way ANOVA followed by Bonferroni post hoc test, **p < 0.0001.
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FIGURE 11 | Phagocytic receptors SIMU, Drpr and/or Crq rescue phagocytosis defects of srp mutant macrophages. (A-D””) Stage 16 embryos. Macrophages are
labeled with sroGal4, UAScytGFP [green, (A-A”,B-B”,C-C”,D-D”)], Phagolysosomes are labeled with LysoTracker (LT, red). (A-A™) Control srpGal4, UAScytGFP
embryo. (B-B””) srp® mutant embryo. (C-C””) srpGal4, UAScytGFP; srp®::UASsimu, UASdrpr;srp®. (D-D”) srpGal4, UAScytGFP; srp®::UASsimu, UASdrpr, UAScrq, srp’.
Bar, 20 ym. (E) Quantitation of LT-labeled phagolysosomes per macrophage of described genotypes. Columns represent mean number of phagosolysosomes + SEM
of following genotypes: control embryos (n = 5), srp® mutant embryos (n = 5), srpGal4, UAScytGFP; srp’::UASsimu, UASdrpr;srp® (n = 5), sroGald, UAScytGFP;
srp’::UASsimu, UASdrpr; UAScrq, srp® (n = 5). Asterisks indicate statistical significance versus control, as determined by one-way ANOVA followed by Bonferroni

post hoc test, ***p < 0.0001, n.s. >0.05.

cells present in srp mutant embryos and/or by their slower or
impaired degradation inside phagolysosomes. Our results from
the experiments with LT labeling of phagosomes suggest that
higher number of engulfed apoptotic cells in the rescued mac-
rophages is not accompanied by higher number of LT-positive
phagolysosomes and therefore indicates slower degradation of
engulfed apoptotic particles. This suggests that Srp may regulate
expression of factors involved in the phagosome maturation pro-
cess and therefore the degradation step in apoptotic cell clearance
might be affected by its absence.

Furthermore, since SIMU and Crq are tethering receptors
that are required for recognition and engulfment of apoptotic
cells, expression of each receptor in srp mutant macrophages
leads to the similar phenotype of engulfment and accumula-
tion of apoptotic cells inside macrophages. However, we have
previously shown that Drpr is mostly involved in degradation
of apoptotic cells when SIMU and Crq are present (19). Our
current results suggest that Drpr is capable of both engulfment
and degradation of apoptotic particles when other receptors
are missing, which is revealed by comparable phagocytic index
in srp mutant macrophages that express Drpr alone with those
that express SIMU or Crq. However, surprisingly, SIMU and
Drpr joint expression demonstrates no additive effect on the
phagocytic index. The possible explanation for this finding is
that while SIMU allows more efficient engulfment compared
to Drpr alone, Drpr itself permits faster degradation of the
engulfed material. This is finally resulting in the similar
phagocytic index of SIMU and Drpr joint expression to the
expression of each one of them by itself. Interestingly though,
when all three receptors are expressed (SIMU, Drpr and Crq),
the amount of apoptotic cells per macrophage is significantly
increased compared to SIMU and Drpr joint expression. These
data suggest increased engulfment (by two tethering receptors
SIMU and Crq) but limited degradation, which is mediated
only by Drpr. Further confirmation of this conclusion comes
from the same number of LT-positive phagolysosomes in the
rescued macrophages expressing two receptors (SIMU and
Drpr) and expressing all three receptors (SIMU, Drpr and Crq)
demonstrating the same degradation rate and accumulation of
more apoptotic cells in the macrophages expressing all three
receptors. Taken together we demonstrate here that Srp creates
phagocytic ability of embryonic macrophages by inducing bal-
anced expression of the tethering receptors SIMU and Crq and
the signaling receptor Drpr.

Our previous results revealed that GCM was not required for
SIMU, Drprand Crq expression in embryonic macrophages (26).
Here we expanded our analysis on GCM role in apoptotic cell
clearance by macrophages and demonstrate that GCM,GCM2
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FIGURE 12 | Schematic representation of two waves regulating development
of embryonic macrophages. First wave starts from general Srp-positive
hemocyte precursors and second develops from Lz-positive crystal cell
precursors (CCPs). During the first wave Srp regulates SIMU, Drpr and Crqg
expression in plasmatocytes with no involvement of GCM,GCM2 and Lz. In
the CCPs Lz expression likely (?) inhibits SIMU, Drpr and Crq expression
resulting in formation of crystal cells that do not express these receptors. The
second wave evolves from CCPs where GCM,GCM2 repress Lz, which
allows expression of SIMU, Drpr and Crg and formation of macrophages. Srp
may regulate additional factors involved in macrophage differentiation.

are not required for their function in phagocytosis of apoptotic
cells. Significantly lower number of macrophages has been
previously reported in gcm or gem,gem2 double mutants com-
pared to wild type (29, 34). Our data exhibit that the remaining
macrophages express SIMU, Drpr and Crq. This finding sug-
gests two possible scenarios: (1) the lack of gcm,gcm2 may lead
to apoptosis of macrophages resulting in the reduction of their
number; Increased volume of apoptotic particles detected in
gem,gem2 mutants may also outcome from increased apoptosis
of macrophages in addition to the abnormal apoptotic cell clear-
ance by glial cells (26).

Another possibility (2) could be as shown in Figure 12. It has
been demonstrated previously that GCM,GCM2 repress Lozenge
(Lz)—a fate determinant factor of crystal cell development (35,
36). Two waves of plasmatocyte development were proposed: first
starts from general Srp-positive hemocyte precursors and second
develops from Lz-positive crystal cell precursors (CCPs) (35, 36).
We suggest that during the first wave Srp regulates SIMU, Drprand
Crq expression in plasmatocytes independently of GCM,GCM2
and Lz. However, later on Lz-positive CCPs differentiate to crystal
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cells that do not express SIMU, Drpr and Crq, which may result
from Lz function in these cells (Figure 12). The second wave
of plasmatocyte formation evolving from CCPs requires GCM/
GCM2, which repress Lz expression in part of CCPs that become
macrophages (36) and express all three phagocytic receptors
(Figure 12). If gcm,gcm2 are absent, the second wave does not
occur resulting in the reduced number of macrophages that
express SIMU, Drpr and Crq compared to wild type embryos.
We suggest that both possibilities can lead to the reduced number
of macrophages in the gcm,gcm2 mutant embryos.

The question why GCM,GCM2 do not regulate SIMU
expression in embryonic macrophages through their binding
sites remains open. We suggest that a repressor of GCM activity
may act at early stages of embryogenesis in hemocyte precur-
sors. During later stages of embryogenesis GCM,GCM2 directly
induces simu expression in glial cells (26). Intriguingly, the same
transcription factors GCM,GCM2 behave differently in two
phagocytic cell populations glia and macrophages. This finding
demonstrates that the phagocytic competence of different cell
populations is determined by specific expression of phagocytic
receptors that is regulated by diverse developmental programs.
Using the Drosophila embryo as a model, we were able to
expose basic molecular mechanisms essential for establish-
ment of embryonic macrophages as potent phagocytes during
development.
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Polymorphonuclear Cell Clearance
by Resolution Phase Macrophages
and Supports Their Reprogramming
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and Tal Burstyn-Cohen?*
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The complete resolution of inflammation requires the uptake of apoptotic polymorpho-
nuclear cells (PMN) by local macrophages (efferocytosis) and the consequent repro-
gramming of the engulfing phagocytes to reparative and pro-resolving phenotypes.
The tyrosine kinase receptors TYROS, AXL, and MERTK (collectively named TAM) are
fundamental mediators in regulating inflammatory responses and efferocytosis. Protein S
(PROS1) is a ligand for all TAM receptors that mediates various aspects of their activity.
However, the involvement of PROS1 in the resolution of inflammation is incompletely
understood. Here, we report the upregulation of Pros? in macrophages during the
resolution of inflammation. Selective knockout of Pros7 in the myeloid lineage signifi-
cantly downregulated macrophage pro-resolving properties. Hence, ProsT-deficient
macrophages engulfed fewer apoptotic PMN remnants in vivo, and exogenous PROS1
rescued impaired efferocytosis ex vivo. Moreover, Pros7-deficient peritoneal macro-
phages secreted higher levels of the pro-inflammatory mediators TNFa and CCL3, while
they secreted lower levels of the reparative/anti-inflammatory IL-10 following exposure
to lipopolysaccharide in comparison to their WT counterparts. Moreover, Pros1-deficient
macrophages expressed less of the anti-inflammatory/pro-resolving enzymes arginase-1
and 12/15-lipoxygenase and produced less of the specialized pro-resolving mediator
resolvin D1. Altogether, our results suggest that macrophage-derived PROS1 is an
important effector molecule in regulating the efferocytosis, maturation, and reprogram-
ming of resolution phase macrophages, and imply that PROS1 could provide a new
therapeutic target for inflammatory and fibrotic disorders.

Keywords: inflammation, macrophages, protein S, apoptosis, efferocytosis

INTRODUCTION

Inflammation normally resolves in an active process that eliminates the inflammatory effector
components that harm the host (1-4). This is hallmarked by leukocyte apoptosis and clearance
by macrophages (5-8). Apoptotic cell (AC) engulfment by phagocytes is mediated by signals that
are expressed on the surface of ACs and their corresponding receptors [reviewed in Refs. (7, 9)].
Efferocytosis leads to macrophage reprogramming/immune-silencing (5, 10-13) in response to
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bacterial moieties through specific kinases, such as p38 MAPK,
JNK, and cAMP production (14, 15). Macrophage reprogram-
ming is defined by a reduction in the release of pro-inflammatory
cytokines and chemokines, concomitant with the production of
TGEFp and IL-10 (16-18), cytokines that can promote resolution
and wound repair. In addition, the uptake of ACs promotes the
expression of 15-lipoxygenase (LO)-1, which is involved in the
generation of pro-resolving lipid mediators by macrophages
(19-21). A new resolution phase macrophage phenotype—
distinguishable from either M1 or M2—and characterized by low
expression of CD11b, is generated from the CD11b"%" phenotype
upon the engulfment of threshold numbers of apoptotic poly-
morphonuclear cells (PMN) (21). This phenotypic conversion of
macrophages results in significant immune-silencing in addition
to the reduction in the expression of arginase-1, surface CD11b,
and F4/80 (21). Specifically, CD11b"" macrophages stop produc-
ing TNFa and IL-1f, but increase the production of TGFp and
the expression of 12/15-LO, and emigrate to the lymphatics (21).

Protein S (PROS1) is a secreted multifunctional glycoprotein
encoded by the ProsI gene and best known for its potent antico-
agulant activity as a cofactor for activated protein C (22). Outside
the coagulation system, PROS1 functions as an agonist for the
TAM family of receptor tyrosine kinases, comprising TYRO3,
AXL, and MERTK (23, 24), which are negative regulators of
immunity (25-28). TAM receptors and their cognate ligands
PROSI1 and growth-arrest-specific-6 (GAS6) are expressed by
immune cells, including macrophages and dendritic cells (DCs)
(29, 30). This signaling axis dampens immune reactivity and
contributes toward resolving inflammation through at least two
distinct mechanisms: the molecular inhibition of the production
and the secretion of pro-inflammatory cytokines and by the
phagocytic clearance of ACs.

In macrophages, MERTK inhibits the production and secretion
of the pro-inflammatory cytokine TNFa following lipopolysac-
charide (LPS) exposure (31), while unchallenged macrophages
isolated from TAM triple-mutant mice express aberrantly high
levels of MHC class Il moleculesand IL-12 (32). The role of PROS1
as a TAM agonist in vivo was demonstrated in the phagocytic
clearance of photoreceptor outer segments by retinal-pigment
epithelial cells (33) and in T-cell-DC immune interaction (29).
However, its role in macrophage-mediated resolution of inflam-
mation has not been investigated.

To test the physiological role of PROSI in resolution phase
macrophages, we generated mice genetically ablated for ProsI
expression in the myeloid lineage and assessed macrophage
efferocytosis and reprogramming in a model of zymosan
A-induced peritonitis. Here, we report that ProsI is produced
by resolution phase macrophages and promotes key features of
these macrophages. We show that in vivo efferocytosis is com-
promised in PROS1-deficient macrophages. Exogenous PROS1
was able to rescue the engulfment of ACs ex vivo. We also show
that PROSI ablation attenuates macrophage conversion toward
anti-inflammatory/reparative phenotypes, as determined by their
cytokine secretion balance. Moreover, PROSI deficiency resulted
in the hampered expression of the pro-resolving enzymes argi-
nase-1 and 12/15-LO, as well as the latter’s product, resolvin D1
(RvD1). Hence, PROSI is a key mediator in successful resolution
of inflammation.

MATERIALS AND METHODS

Reagents

ELISA Kkits for mouse TNFa, IL-10, and IL-6 were obtained from
Biolegend; a mouse CCL3 detection kit was obtained from R&D
Systems. LPS (from Escherichia coli, clone 055:B5) and zymosan
A (from Saccharomyces cerevisiae) were purchased from Sigma-
Aldrich (St. Louis, MI, USA). Docosahexaenoic acid (DHA) was
purchased from Cayman Chemicals.

Murine Peritonitis

Male C57BL/6 LysM“**; Pros1"# and ProsI/" mice (8-10 week
old), were injected intra-peritoneally (i.p.) with freshly prepared
zymosan A (1 mg/25 g body weight; Sigma-Aldrich) from
S. cerevisiae in sterile PBS or left unchallenged. After 24, 48, and
66 hrs, mice were euthanized and peritoneal exudates were col-
lected by lavage with 5 ml of sterile PBS. All animal experiments
were approved by the Hebrew University—Hadassah ethics
committee.

Macrophages Isolation

Peritoneal exudates were recovered with 5 ml PBS and centri-
fuged (1300 rpm for 5 min). Then, cells and cell-free peritoneal
fluids were separated. Peritoneal macrophages were isolated
from exudate cells by EasySep™ mouse PE-positive selection
magnetic beads kit (StemCell Technologies) using PE anti-mouse
F4/80 antibody (#123110, Biolegend). Isolated macrophages were
used for RT-qPCR, microscopic analysis, and ex vivo stimulation
experiments.

Quantitative Real-time PCR (qPCR)

Isolated macrophages were harvested, washed once with PBS, and
their RNA content was isolated with TRIZOL (Sigma-Aldrich).
cDNA was synthesized with qScript cDNA synthesis kit (Quanta
Biosciences). Real-time PCR reactions were performed in trip-
licates using KAPA SYBR FAST qPCR Kit (KAPA-Biosystems)
following the manufacturer’s instructions on a CFX96 Real-
Time PCR Cycler (Bio-Rad). The reactions were normalized to
mGapdh using the AA threshold cycle (Ct) method. Specificity of
the primers was confirmed by dissociation curves. Mouse primer
sequences were as follows: mPros] Forward 5-TTC CGT GTT
GGC TCA TTC C-3'; mProsl Reverse 5-TTG GTC TGA GAT
GGCTTT GAC A-3', mGapdh-Forward 5'-AGT TGG GAT AGG
GCCTCT CTT-3', and mGapdh-Reverse 5-TCC CAC TCT TCC
ACCTTC GA-3".

In Vivo Engulfment Assay

Peritoneal macrophages were isolated at the indicated time points
and plated (2 X 10° cells/well) onto eight-well chamber glass slides
for 2 h at 37°C in RPMI 1640 (Gibco) to allow adhesion. Then, the
cells were rinsed briefly with PBS, fixed for 15 min with 4% para-
formaldehyde (PFA) containing 5% sucrose in PBS, and washed
twice in PBS. Fixed cells were incubated overnight at 4°C with
phalloidin CF488A conjugate (5 units/ml, for F-actin, Biotium).
Then, the cells were washed twice with PBS, stained with Hoechst
(20 pg/ml for nuclear DNA, Invitrogen H3570) for 5 min, and
washed thoroughly, but gently. Mounted slides were kept in the
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dark at 4°C until analyzed. Macrophages and engulfed apoptotic
remnants were enumerated under a confocal fluorescent micro-
scope (Zeiss) as previously described (21). Briefly, macrophages
from five to eight fields per chamber (approx. 200 cells) were ana-
lyzed per mouse, and the average number of neutrophils engulfed
per macrophage, as well as the number of macrophages that have
actively engulfed apoptotic moieties, was calculated. Engulfed
nuclear material was identified by a spherical bright nuclear
Hoechst staining of 1-10 pum in diameter. Then, phagocytic
efficiency was calculated as in Ref. (34). Briefly, the phagocytic
efficiency index was calculated based on a weighted average of
ingested apoptotic DNA-containing particles per macrophage
and the number of macrophages containing a certain number of
such particles. Phagocytic efficiency (%) = [(1 X Xq) + 2 X X +
3 X X ... + n X X)/total number of macrophages] x 100. X,
represents the number of macrophages containing n apoptotic
particles (n =1, 2, 3, ..., up to a maximum of six points for more
than five apoptotic particles ingested per macrophage).

In Vitro Engulfment of ACs

Jurkat cells (10 X 10°) were induced for apoptosis with stauro-
sporine (Sigma-Aldrich, 1 uM/10¢ cells in 1 m] RPMI medium
containing pen/strep/glutamine and 10% FBS) for 5 h. Cells
were washed three times in PBS, labeled with CypHer5E (GE
Healthcare; 1 pl CypHer5E/1 ml serum-free medium) for 30
min, and washed twice with PBS. Peritoneal macrophages were
isolated as described, and 150 X 10° cells were plated on an
eight-well glass chamber slide (Nunc) and fed with 750 x 10°
pre-labeled apoptotic Jurkat cells for 4 h in a total of 150-pl
medium with or without soluble PROSI (25 nM; from Enzyme
Research Laboratories). Next, the medium was aspirated, and
bound cells were washed gently with PBS. Adherent cells were
subsequently fixed in 200 pl of 4% PFA; 5% sucrose for 15 min.
Cells were washed in PBS and incubated with 200 ul phal-
loidin (5 U/ml, CF488A conjugate, Biotium) at 4°C overnight.
Then, cells were washed three times with PBS (10 min each)
and stained in 200 yul of Hoechst 3570 (20 pg/ml, Invitrogen)
for 5 min, and rinsed with PBS. The chambers were removed,
mounted with Fluoromount G, and visualized under a Nikon A1l
confocal microscope. The number of CypHer5E* engulfed ACs
per macrophage was scored.

Cytokine and Chemokine Secretion
Ex Vivo

Peritoneal macrophages were isolated using PE selection mag-
netic beads (StemCell Technologies) and incubated (5 X 10° cells
in 5 ml of culture media) with LPS (1 pg/ml) or vehicle in RPMI
1640 under a humidified 5% CO, atmosphere at 37°C. After
24 h, the supernatants were collected, and their TNFa, IL-6,
CCL3, and IL-10 contents were determined by standard ELISA
(Biolegend kits for TNFa, IL-6, and IL-10 and R&D Systems kit
for CCL3).

Western Blot Analysis
Protein extracts from equal volumes of peritoneal fluids or equal
total protein content of isolated macrophages were subjected

to SDS-PAGE using 10% polyacrylamide gels, transferred (1 h,
15 V) to PVDF membranes (Bio-Rad), and blocked for 1 h
with 5% BSA in TBST (0.1% Tween 20 in Tris-buffered saline).
Then, membranes were immuno-blotted overnight at 4°C
with either goat anti-mouse CD11b (M-19, 1:200, SantaCruz
Biotechnology), goat anti-mouse arginase-1 (ab60176, 1:20,000,
Abcam), rabbit anti-mouse 12/15-LO (160704, 1:1,000, Cayman
Chemical), rabbit anti-mouse PROSI (AB15928, 1:1,000, Merck
Millipore), and goat anti-mouse actin (I-19, 1:500, SantaCruz
Biotechnology). Then, the membranes were washed three times
with TBST and incubated with the appropriate HRP-conjugated
secondary antibodies (1:10,000, 1 h, room temperature, Jackson
ImmunoResearch). Blots were washed and developed using the
EZ-ECL (Biological Industries) chemiluminescence kit and ana-
lyzed using the LAS-4000 luminescent image analyzer (Fujifilm)
and the TotalLab TL-100 software (Nonlinear Dynamics). Band
densitometric intensities among different samples were normal-
ized to actin.

RvD1 Quantification

Peritoneal macrophages were isolated 66 h post peritonitis
initiation from the indicated mice; 10° cells were resuspended
in 1-ml medium and immediately supplemented with DHA
(20 uM, Cayman Chemicals) for 4 h. Then, the incubation was
stopped with cold MeOH, the supernatants were collected in a
glass tube, and the MeOH was allowed to evaporate completely;
5 ml of ddH,O and 200 pl of MeOH (pH 3.5) were added to the
tubes and the samples were loaded through activated Sep-pak
Vac 6¢c (500 mg) C18 Cartridges (Waters, WAT043395) allow-
ing for MeOH-activated lipid binding. Next, the bound lipids
were released using methyl formate, which was then evaporated
completely while adding small amounts of MeOH under nitro-
gen flow. Finally, RvD1 content in lipid-extracted samples was
determined using a commercial ELISA kit (Cayman Chemicals),
according to the manufacturer’s instructions.

Statistical Analysis

Experiments were repeated at least three times with at least three
replicates per experiment. Results were analyzed by two-way
analysis of variance (for multiple groups) or Student’s t-test (for
comparison between two groups), unless otherwise mentioned.
P-values (P), *P < 0.05, **P < 0.01, and ***P < 0.001, were
considered statistically significant. Results are expressed as
means + SEM.

RESULTS

PROS1 Expression Is Upregulated

in Resolution Phase Macrophages

The phagocytosis of apoptotic neutrophils is a key step during
the resolution of inflammation. To investigate the role of PROS1
during the resolution of inflammation, we utilized the zymosan
A-induced peritonitis as a prototypic model (35). Peritoneal
macrophages were harvested from unchallenged mice or during
the inflammatory (24 h) and resolving (48-66 h) phases of perito-
nitis. ProsI mRNA levels in isolated macrophages were quantified
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by RT-qPCR and normalized to Gapdh. Our results indicate
that resident macrophages (present at 0 h), inflammatory, and
early resolution phase macrophages (24 h) expressed very little
Pros1, whereas a sharp upregulation of Pros] mRNA in resolving
macrophages (66 h) was observed (Figure 1A). To verify Prosl
upregulation in macrophages, we measured Prosl transcripts
in peritoneal macrophages of LysM““*; ProsI™" mice, in which
Prosl expression is ablated following Cre-mediated excision in
myeloid cells. We did not observe basal expression nor zymosan-
induced upregulation of Pros1 in peritoneal macrophages isolated
from LysM®*; ProsI™" mice (36, 37) (Figure 1B). During the
resolution phase, PROSI1 protein levels present in the peritoneal
fluids of LysM*; Pros1™" mice, were also significantly reduced
compared to ProsI”" controls (Figure 1C). Thus, macrophages
seem to express higher levels of PROS1 during the resolution of
inflammation and contribute to its peritoneal levels.

PROS1 Deficiency in Resolution Phase
Macrophages Impairs Their Ability
to Engulf Apoptotic Remnants

The clearance of apoptotic neutrophils from resolving inflam-
mation sites is essential for resolution and return to homeostasis
(38). Considering the role of PROSI in the phagocytosis of
ACs (39), and its expression by resolution phase macrophages
(Figure 1), we examined whether ProsI-deficient macrophages
exert modified uptake of apoptotic neutrophils. To this end,
we determined the phagocytic capacity in vivo of peritoneal
resolution phase macrophages between LysM““*; Pros 1" (cKO)
and their control ProsI"' littermates. Our results indicate that
macrophages deficient in PROS1 display a reduced ability
to phagocytose apoptotic particles in vivo (Figures 2A-C).
Quantification of this phenomenon showed that PROS1-deficient
macrophages had impaired phagocytic capacity, reflected by
a lower phagocytic efficiency index compared to control cells
(174 + 16 and 271 + 20%, respectively, Figure 2B). The majority

of PROS1-deficient macrophages did not engulf any apoptotic
particles (55 & 4% compared to 37 + 3% in controls) (Figure 2C).
While a similar percentage of cKO and control cells had engulfed
one or two apoptotic particles (25.9 + 2 and 26.6 + 2%, respec-
tively), control cells were twice as active in engulfing three to
seven apoptotic moieties compared to cKO cells (31.4 + 2.5 and
16.2 + 2.6%, respectively). Finally, the uptake efficiency declined
for both cell types scored with 8 or more Hoechst-positive foci,
with a nonsignificant trend pointing to decreased efferocytosis
in cKO cells, with 5.4 & 1% of control cells, but only 2.8 + 1% of
cKO cells (Figure 2C).

We next tested whether the addition of purified PROS1 would
rescue the impaired phagocytosis exhibited by PROS1-deficient
macrophages. For this, we performed an ex vivo phagocytosis
assay, assessing the efferocytosis of resolution phase peritoneal
macrophages that were fed with pre-labeled apoptotic Jurkat
cells (Figure 2D). Akin to their in vivo performance, a decreased
phagocytic index was recorded for PROS1-cKO macrophages
(I = 0.008 compared to 1.7 + 0.03 in controls) (Figure 2E).
The supplementation of exogenous PROS1 rescued the phago-
cytic performance of cKO cells, bringing it to normal levels of
untreated control macrophages, and augmented the phagocytic
capacity of Pros/ control cells (phagocytic indices of 1.7 + 0.14
and 2.2 + 0.08, respectively) (Figure 2E).

Taken together, our results identify endogenously expressed
PROSI as an important mediator of efferocytosis in resolution
phase macrophages. Given the importance of phagocytic mac-
rophages in clearing apoptotic neutrophils during the resolution
of inflammation, we conclude that ProsI-deficient macrophages
exhibit a hampered pro-resolving phagocytic phenotype.

PROS1-Deficient Macrophages Display

Reduced Reprogramming
Apoptotic neutrophil engulfment by resolution phase mac-
rophages results in their conversion from pro-inflammatory cells

(three to five mice per experiment) is shown.

* % %
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FIGURE 1 | Protein S (PROS1) mRNA expression in resolution phase macrophages. (A) Peritoneal cells were harvested from unchallenged Pros 1" mice or mice
undergoing zymosan A-initiated peritonitis for 24, 48, or 66 hrs. RNA was extracted from isolated macrophages, and Pros7 transcript levels were quantified by
RT-gPCR and normalized to GAPDH (n = 3-7 mice per time point). Results represent the distribution of individual mice and the mean + SEM. Statistical significance
by one-way ANOVA (**P-value < 0.0001) is indicated. (B) PROS1 expression in Pros1"" and LysM®®+; Pros1"" resolution phase macrophages (66 h post peritonitis
initiation) was quantified by RT-gPCR. Results are presented as the mean + SEM from six mice/genotype. Student’s t-test, ***P < 0.0001. (C) Peritoneal fluids from
individual mice were collected 66 h after zymosan A injection and analyzed for PROS1 protein levels by Western blot. A representative blot of three experiments
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FIGURE 2 | Protein S (PROS1)-deficient macrophages demonstrate a decreased engulfment of apoptotic neutrophils in vivo. (A) Resolution phase peritoneal
macrophages from Pros 1™ (left) and LysM°*; Pros1™ (right) mice were isolated and stained with Hoechst (blue) and FITC-phaloidin (green). Z-stack 3D confocal
images were taken with a Nikon A1-R microscope. (B) The number of PMN particles in each macrophage was enumerated using the Nikon NIS-Elements
microscope imaging software, and the percentage of phagocytic macrophages and the number of apoptotic particles (arrows in A) per macrophage were calculated
into the overall phagocytic efficiency index. **P = 0.004 (t-test). (C) Engulfment according to thresholds of intracellular apoptotic particles was calculated. Two-way
analysis of variance (ANOVA), **P < 0.0001. (D) Confocal images of in vitro phagocytosis using pre-labeled apoptotic Jurkat cells (red). (E) The phagocytic index
was calculated in the absence or presence of purified PROS1. Two-way ANOVA, *P < 0.02, **P = 0.005. Results are representative images (A,D) or means + SEM
(B,C,E) from at least three independent experiments (n = 8-11 mice; over 1,500 macrophages scored).

to anti-inflammatory/reparative ones (40). These M2-like mac-  that following LPS stimulation, PROS1-deficient macrophages

rophages prevent unwanted excessive inflammatory responses
during the resolution phase of inflammation and promote tissue
repair. To determine whether PROS1 expressed by resolution phase
macrophages plays a role in this in vivo transition, termed repro-
gramming, we isolated resolution phase peritoneal macrophages
66 h post zymosan A treatment from ProsI-proficient or deficient
mice. Isolated macrophages were then stimulated with LPS, and
the secretion of pro-inflammatory cytokines and chemokines
(TNFa, IL-6, and CCL3) or the anti-inflammatory cytokine
IL-10 was determined (Figures 3A-D). Our results indicate

secreted significantly elevated levels of TNFa in comparison to
their ProsI™/ counterparts (820 + 114.6 and 320.3 + 61.3 pg/ml,
respectively). The secretion of CCL3 and IL-6 was also elevated
in cKO macrophages following stimulation with LPS in com-
parison to ProsI"' ones, although the latter was not statistically
significant (25.6 + 3.3 versus 10.7 + 1.8 pg/ml for CCL3 by cKO
and controls, and 12,771 + 4,432 versus 5,106 + 2,684 pg/ml
for IL-6 by cKO and control cells, respectively) (Figures 3B,C).
Concomitantly, the secretion of IL-10 from LysM“**; Pros1"/
macrophages was significantly lower than its secretion by Pros1"”
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FIGURE 3 | Protein S (PROS1)-deficient macrophages display reduced reprogramming. Macrophages from Pros1”" or LysM®®*; Pros1”" mice were isolated
from peritoneal exudates 66 h after zymosan A injection and incubated for 24 h with vehicle or lipopolysaccharide (LPS, 1 pg/ml). Then, supernatants were
collected and analyzed for their content of TNFa« [(A), **P = 0.003], IL-6 (B), CCL3 [(C), *P = 0.02], and IL-10 [(D); *P < 0.03] by standard ELISA. (E) IL-10
secretion by untreated or LPS-stimulated control and Pros7-cKO peritoneal macrophages, or by macrophages supplemented with either PROS1 (25 nM),
apoptotic cells (AC) or both (AC + PROS1). Results represent the means + SEM of at least three independent experiments. Two-way ANOVA, “P = 0.02,
***P < 0.0001.

macrophages under baseline conditions and upon stimulation  secretion from untreated and LPS-stimulated macrophages (both
with LPS (861 + 136 and 1,990 + 258 pg/ml for unstimulated =~ WT and PROSI1-deficient). This may be due to the biochemical
cKOs and controls, and 1,165.5 & 431 and 2,783.2 + 368 pg/ml  nature of PROS1. PROSI acts as a bridging molecule that binds
for stimulated cKO and controls, respectively) (Figure 3D). Thus, ~ phosphatidylserine (PstSer) exposed on the outer leaflets of ACs
Pros1-deficient macrophages present a shift toward exacerbated  via its amino terminus and to the extracellular domain of TAM
pro-inflammatory cytokine secretion, suggesting hampered receptors on phagocytes and macrophages via its carboxy termi-
reprogramming compared to their control counterparts. Since  nus (24). Thus, the addition of excess PROSI to the combined
IL-10 is a key cytokine in macrophage reprogramming (5), we  culture of macrophages and ACs may saturate the binding sites
next determined the effect of exogenous PROSI on AC-induced ~ on ACs and macrophages without physically bridging between
IL-10 secretion ex vivo. Our results indicate that ACs promoted  them. It is conceivable that the controlled and sequential addi-
the secretion of IL-10 in both control and ProsI-cKO mice when  tion of PROS1 to macrophages and ACs would favor the bridging
unstimulated, but upon LPS stimulation, this effect was absentin ~ and subsequent reduction of IL-10 production. Nevertheless, our
PROS1-deficient macrophages (Figure 3E). Unexpectedly, the  results indicate that compared to controls, PROS1-deficient mac-
addition of PROSI was unable to enhance the effect of ACs on  rophages present a hampered response to AC uptake that results in
IL-10 secretion in PROS1-deficient mice and in fact reduced IL-10 ~ a pro-inflammatory imbalance with elevated TNFa and CCL3 as
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well as lower IL-10 production and could only partially be rescued
by exogenous PROSI.

Pros1-Deficient Macrophages Express
Reduced Levels of Pro-Resolving

Enzymes

During the resolution of inflammation, the engulfment of apo-
ptotic neutrophils leads to macrophage metamorphosis from
an M1-like phenotype to an M2-like phenotype and then to a
pro-resolving phenotype (Mres) highlighted by the expression
of the functionally important enzyme 12/15-LO (40). These
changes are associated with reprogramming of the engulfing
macrophages (41). Since our results so far indicate that ProsI
expression by resolution phase macrophages is required for their
uptake of apoptotic neutrophils and reprogramming, we sought
to analyze the expression of proteins that are instrumental to
inflammation and its resolution (19, 42-44). 12/15-LO is a
key enzyme involved in the synthesis of lipoxins, protectins,
resolvins and other specialized lipid mediators that promote
the resolution of inflammation by macrophages (45-47).
Arginase-1 enzymatically inhibits nitric oxide (NO) produc-
tion by inducible NO synthase (iNOS), thereby supporting
an anti-inflammatory/reparative milieu (48). Since iNOS
characterizes M1-like macrophages and is highly expressed
by pro-inflammatory macrophages, the levels of arginase-1
expression reflect the maturation level of macrophages and
their progression to the reparative phenotype during resolution
(40). To evaluate macrophage maturation and differentiation,
peritoneal macrophages from LysM“**; Pros1*%; and Pros1#
mice were isolated 66 h post peritonitis initiation, and their
protein content was immuno-blotted for the macrophage M2/
maturation markers arginase-1 and CD11b as well as for the pro-
resolving enzyme 12/15-LO (Figure 4). Our results indicate that
LysM©*; Pros 1" macrophages express significantly lower levels
of all three proteins (86, 83, and 81% of controls, for 12/15-LO,
arginase-1, and CD11b, respectively). Thus, LysM“**; Pros1”

A B [Pros1f @ LysM/*; Pros1?/?
Cre/+ 150
prosy | WSM™ 5
Pros1//ft g * % * % *
~ GJ
12/15-10 [ < 100
<
| -
Arginase 1 ‘ R g
- 50
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(1]
B-actin — — 2

0
12/151L0 Arg-1 CD11b

FIGURE 4 | Protein S (PROS1)-deficient macrophages express reduced
levels of resolution phase enzymes. Peritoneal macrophages from Pros1”" or
LysMc®*; Pros1™" mice (n = 5/group) were isolated 66 h after zymosan A
injection and lysed, and their protein content was analyzed by Western blot
for the resolution phase markers 12/15-LO, arginase-1, and CD11b. A
representative blot is shown (A). Band intensities were quantified, and graphs
represent the normalized means + SEM from three independent experiments
(B). Student’s t-test, *P = 0.03, **P < 0.02.

macrophages display a reduced capacity to mature and convert
to the M2-like and Mres phenotypes during the resolution
of inflammation. 12/15-LO catalyzes the derivation of DHA
into resolvin (Rv) D1. Given the importance of RvD1 as a key
mediator involved in the resolution of inflammation, we tested
whether the decreased levels of 12/15-LO in PROSI1-deficient
macrophages (Figure 4) would also affect the potential produc-
tion of RvD1 by these cells. We found a 25% decrease in the
production of RvD1 by PROS1-defiecient cells compared to that
of controls (1,899 + 33.2 and 2,527 + 57.8 pg/ml for cKO and
controls, respectively) (Figure S1 in Supplementary Material).
Thus, the reduced expression of 12/15-LO in PROS1-deficient
resolution phase macrophages results in a reduced capacity
to produce specialized pro-resolving lipid mediators. Taken
together, our results indicate that macrophage-derived PROS1
is a molecular effector in the uptake of apoptotic neutrophils and
participates in the consequent reprogramming and maturation
of macrophages in resolving inflammation.

DISCUSSION

Protein S is a pleiotropic mediator involved in various processes,
such as vasculogenesis, blood clotting, and immune regulation
(29,33, 37,49). While hepatocytes are considered to be the major
source of plasma PROSI, significant contributions to the volume
and function of PROS1 were attributed to other sources, such as
endothelial and T cells (29, 33, 37). Our findings now indicate
that PROSI is produced by macrophages during the resolution of
murine peritonitis, and consequently its production and release
by peritoneal macrophages as well as other cells contribute to
peritoneal levels of PROS1 (Figure 1). While peritoneal PROSI
levels probably increase during the inflammatory phase of peri-
tonitis, due to exudation of plasma proteins, it is unlikely that
peritoneal PROS1 will remain at high levels in the absence of
additional sources. Along these lines, PROS1 from macrophages
seems to be an important component in its peritoneal levels dur-
ing resolution. Notably, PROS1 produced by resolution phase
macrophages is functionally important. This could be due to
a critical concentration of the peritoneal protein or due to a
local regulation of PROS1 function as seen in the lymph nodes
(29) and the retina (33). Similarly, our results indicate that the
discrete secretion of macrophage-generated PROSI is essential
for key-resolving features of efferocytosis and molecular repro-
gramming. Such localized secretion could be envisioned in the
contact area between apoptotic PMN and the macrophages that
engulf them (50).

Protein S was previously found to bind the tyrosine kinase
receptors from the TAM family and mediate their interac-
tions with ACs through the binding of PstSer (39, 51-53). As
expected in this setting, the deficiency in PROS1 production by
efferocytosis-competent macrophages resulted in a significant
reduction in the uptake of apoptotic PMNs in LysM®®*; Pros1//
macrophages, which was rescued following the addition of
purified PROS1 (Figure 2). The engulfment of apoptotic PMNs
is essential for the resolution of inflammation [reviewed in
Refs. (5,40)]. Thisisin partdue to the phenotypic changes that take
place in the engulfing monocytes/macrophages (5, 10, 54). These
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changes, also termed macrophage reprogramming/immune-
silencing, are characterized by a reduction in the production of
pro-inflammatory cytokines and chemokines concomitant with
an increase in the production of anti-inflammatory cytokines,
such as IL-10, upon exposure to bacterial moieties (21, 41, 55).
Notably, the TAM receptors were previously shown to block
TNFa- and TLR-mediated inflammatory signals (25, 31, 56).
In addition, the PROS1-mediated phagocytosis of ACs by periph-
eral blood monocytes contributes to the elimination of dying
and dead cells in the circulation (39), thus avoiding the induc-
tion of harmful inflammatory responses. Our current results
indicate that a myeloid-specific deficiency in ProsI culminates
in increased amounts of the pro-inflammatory mediators TNFa
and CCL3 and reduced amounts of the anti-inflammatory/pro-
resolving cytokine IL-10, upon stimulation with LPS (Figure 3),
a profile resembling pro-inflammatory rather than resolution
phase macrophages.

During murine peritonitis, CD11b™ monocytes differenti-
ate to CD11bM&" macrophages that engulf apoptotic PMNs
in a self-limiting fashion and convert to CD11b""-satiated
macrophages (21, 35). These phenotypic changes are associ-
ated with a temporal increase in the expression of arginase-1, a
hallmark of M2 macrophages that is induced by AC uptake (19,
57). 12/15-LO, an enzyme that is involved in the production of
pro-resolving lipid mediators including RvD1 (1, 58) and the
uptake of ACs (59), is progressively upregulated by macrophages
during the resolution of inflammation. Moreover, it is a hallmark
of macrophage conversion from the CD11b"¢" to the CD11b""
phenotype (21). Although CDI11b protein levels were reduced
in Pros1-cKO-resolving macrophages, the expression of argi-
nase-1 and 12/15-LO—two bona fide markers of resolution
phase macrophages—was lower in efferocytosing macrophages
lacking PROS1 (Figure 4). In line with the reduced levels of
12/15-LO, less RvD1 is produced by macrophages devoid of
PROS1 (Figure S1 in Supplementary Material). Together, with
their impaired efferocytosis and a pro-inflammatory cytokine
profile, these results suggest that the conversion to resolution
phase macrophages in the absence of PROS1 is either incomplete
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The Tyro3, Axl, and Mertk (TAM) receptors are homologous type | receptor tyrosine kinases
that have critical functions in the clearance of apoptotic cells in multicellular organisms.
TAMs are activated by their endogenous ligands, growth arrest-specific 6 (Gas6), and
protein S (Pros1), that function as bridging molecules between externalized phospha-
tidylserine (PS) on apoptotic cells and the TAM ectodomains. However, the molecular
mechanisms by which Gas6/Pros1 promote TAM activation remains elusive. Using TAM/
IFNYR1 reporter cell lines to monitor functional TAM activity, we found that Gas6 activity
was exquisitely dependent on vitamin K-mediated y-carboxylation, whereby replacing
vitamin K with anticoagulant warfarin, or by substituting glutamic acid residues involved
in PS binding, completely abrogated Gas6 activity as a TAM ligand. Furthermore, using
domain and point mutagenesis, Gas6 activity also required both an intact Gla domain
and intact EGF-like domains, suggesting these domains function cooperatively in order
to achieve TAM activation. Despite the requirement of y-carboxylation and the func-
tional Gla domain, non-y-carboxylated Gas6 and Gla deletion/EGF-like domain deletion
mutants still retained their ability to bind TAMs and acted as blocking decoy ligands.
Finally, we found that distinct sources of PS-positive cells/vesicles (including apoptotic
cells, calcium-induced stressed cells, and exosomes) bound Gas6 and acted as cell-
derived or exosome-derived ligands to activate TAMs. Taken together, our findings
indicate that PS is indispensable for TAM activation by Gas6, and by inference, provides
new perspectives on how PS, regulates TAM receptors and efferocytosis.

Keywords: phosphatidylserine, Tyro3, Axl, and Mertk receptors, growth arrest-specific 6, vitamin K,
y-carboxylation, tumor exosomes

Frontiers in Immunology | www.frontiersin.org 36

November 2017 | Volume 8 | Article 1521


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01521&domain=pdf&date_stamp=2017-11-10
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01521
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:birgera@njms.rutgers.edu
https://doi.org/10.3389/fimmu.2017.01521
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01521/full
http://loop.frontiersin.org/people/473560
http://loop.frontiersin.org/people/152642
http://loop.frontiersin.org/people/473323
http://loop.frontiersin.org/people/473584
http://loop.frontiersin.org/people/293032

Geng et al.

PS-Dependent Activation of TAM Receptors

INTRODUCTION

Tyro3, Axl, and Mertk (TAMs) comprise homologous type I trans-
membrane receptor tyrosine kinases that are implicated as both
oncogenic kinases that drive transformation and tumorigenicity
of cancer cells, as well as receptors for the clearance of apoptotic
cells and regulate innate immunity and dampen inflammation
(1-3). Structurally, TAM receptors have a similar topology and
domain organization, whereby their ecto-domains are comprised
of dual tandem immunoglobulin-like domains (Igl and Ig2)
that bind ligand, two fibronectin type III repeats, followed by a
transmembrane and intracellular tyrosine kinase domain with a
conserved sequence KW(I/L)A(I/L)ES (4-7).

The main ligands for TAMs are two homologous proteins,
growth arrest-specific 6 (Gas6) and protein S (Prosl), that are
y-carboxylated by a process that depends on vitamin K. Gas6 and
Pros1 also share similar spatial topologicalhomology, includingan
N-terminus y-carboxyglutamic acid (Gla) domain, four tandem
EGF-like repeats followed by LG1 and LG2 domains, that bind to
Igl and Ig2 domains of TAM receptors to initiate receptor activa-
tion (8, 9). However, despite a high degree of homology between
TAMs and their ligands, the ligand-inducible TAM activation
follows a biochemical hierarchy whereby (i) Axl is preferentially
activated by Gas6 with 100-1,000% higher binding affinity over
Mertk and Tyro3 (kd in the nM range), (ii) Tyro3 is preferentially
activated by Prosl, and (iii) Merk displays lower sensitivity to
both ligand proteins (in the pM range) (10-12). Notably however,
both Tyro3 and Mertk become hyperactivated in the presence of
phosphatidylserine (PS)-positive liposomes and apoptotic cells,
implying that Mertk and Tyro3 may act as “PS sensors” for exter-
nalized PS on apoptotic cells and in the tumor microenvironment
(13, 14). By utilizing this arrangement, the TAM receptors act as
indirect receptors for apoptotic cells, and through their bridg-
ing molecules Gas6 and Prosl, are critical for the clearance of
apoptotic cells under both homeostatic and stress conditions (15,
16). In mouse models, knockout of TAMs results in inefficient
apoptotic cell clearance, and subsequently, in the development
of a SLE-like autoimmune condition (17). Single knockout of
Mertk partially phenocopies these defects on clearance, whereby
resident and bone-marrow derived macrophages fail to engulf
apoptotic cells leading to increased circulating inflammatory
cytokines and subsequent anti-dsDNA antibodies (18). Therefore,
at a functional level, TAMs are thought to have homeostatic
roles in higher metazoans that mediate the tolerogenic clearance
of apoptotic cells as well as the resolution of inflammation. In
other physiological processes, TAMs are also expressed on retinal
pigmented epithelial cells (RPEs), Sertoli cells, resident brain
microglia where they are involved in the uptake and clearance of
rod outer segments, immature spermatogonium, and apoptotic
neurons/pruned synapses, respectively, processes that also appear
to depend on externalized PS (19-23).

In addition to their homeostatic roles under physiological
conditions and in the resolution phase of inflammation, in recent
years TAMs have been implicated in human cancers where they
have dual roles, first as direct oncogenes expressed on cancer cells
to influence proliferation, metastasis, and chemoresistance (3,
24-28), and second as potential checkpoint inhibitors on myeloid

cells that induce expression of immunosuppressive cytokines to
drive immune escape (26, 29, 30). Therefore, from a targeting
therapeutic standpoint, TAMs are intriguing receptor targets
(31), since they utilize the same receptor ligand pairs to promote
both oncogenic progression and immune escape, and as such,
there is great excitement in the field to develop TAM therapeutics.
However, despite the importance of TAMs and their ligands in
signaling, presently the mechanisms by which Gas6 and Prosl
activate TAMs, and the role that PS plays in this process, is not
well understood. Furthermore, no crystal structures or cryo-EM
models for Gas6-induced TAM dimerization/activation have
been reported. Therefore, how TAMs achieve ligand-dependent
dimerization and activation is not clear.

In the present study, we used biochemical, molecular, and
reporter cell-based models to study Gas6-mediated activation of
TAMs as well as the requirements for PS. Using TAM/IFNyRI
reporter cell lines to monitor functional TAM activity, we
found that Gasé6 activity was exquisitely dependent on vitamin
K-mediated y-carboxylation, and that replacing vitamin K with
anticoagulant warfarin abolished the y-carboxylation of Gasé,
and abrogated activity toward TAM receptors. Furthermore, using
domain mutagenesis, we found that Gas6 activity required both
an intact Gla domain and intact EGF-like repeats, as mutant Gas6
that carries intact Gla and LG1 and LG2 domains but only lacks
EGF-like repeats was also inactive, suggesting these domains are
used cooperatively in order to achieve TAM activation, possibly
by facilitating dimerization. Using LC/MS/MS to map important
y-carboxylation sites predicted to bind PS, we found that E54/
E55 mutants abrogated Gas6 activity, supporting a direct role for
PS binding in Gas6-mediated activation of TAMs. In addition,
we found that different forms of PS-positive cells and tumor
exosomes (comprising important sources of PS in the tumor
microenvironment) all recruited Gasé to their surfaces and acted
as cell-based or exosome-based ligands to activate TAMs. Taken
together, our findings indicate that PS is indispensable for TAM
activation by Gas6, and add new perspectives on how PS impinges
on the activation of TAMs.

MATERIALS AND METHODS

Human Gas6-Containing Media (Gas6-CM)

and Cell Culture

HEK?293 cells were grown in DMEM media supplemented with
10% fetal bovine serum (FBS, Sigma) and 1% penicillin/strepto-
mycin and incubated in 37°C and 5% CO, humidified incubator.
To produce wild-type Gas6-CM, when cells reached approxi-
mately 60% confluency, pSecTaq-hGas6 (10) was transfected
into the cells using LipoD293 transfection reagent (SignaGen).
pUcD2SRa-rGas6-Myc plasmids that encode the domain-deleted
mutant Gas6 were described previously (32). AG, AE, and AGE
represent the mutant Gas6 proteins with Gla domain deleted,
EGF-like repeats deleted, and both Gla domain and EGF-like
repeats deleted, respectively. The expected molecular weight of
these mutant Gas6 proteins is AG, 70 kDa; AE, 59 kDa; and AGE,
49 kDa. These plasmids were transfected into the HEK293 cells
with the same method to produce mutant Gas6-CM. 18 h after
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transfection, the cells were washed twice with PBS and the growth
media was replaced with serum-free DMEM media supplemented
with 4.4 uM vitamin K (Hospira) or 2 uM warfarin (Sigma) to
promote, or abrogate, y-carboxylation, respectively. The Gas6-CM
(Gas6-CM) was collected 72 h later and filtered through 0.22 pm
filter. Gas6 concentrations were evaluated using a standard curve
against purified recombinant Gas6 (R&D Systems) as previously
reported, and unless otherwise stated, approximately 250 nM was
used to stimulate TAM receptors in this study (13). Human TAM/
IENYRI1 chimeric reporter cells were grown in HAM’s F12 media
supplemented with 10% FBS, 2 mM glutamine, and 400 ug/ml of
G418 as previously described (10). H1299 and Jurkat cells were
grown in RPMI1640 media supplemented with 10% FBS and
1% penicillin/streptomycin. MDA-MB231 and U118 cells were
grown in DMEM media supplemented with 10% FBS and 1%
penicillin/streptomycin.

Site-Directed Mutagenesis

Primers for mutagenizing E54 and E55 were designed from
QuikChange and purchased from Sigma. The sequences of
primers are: Forward 5'-gcgcctttcaggtcttcgacgacgccaageagg-3';
Reverse 5'-cctgcttggegtegtcgaagacctgaaaggege-3'. Site-directed
mutagenesis was performed by using QuikChange II XL site-
directed mutagenesis kit and following the protocol provided
within the kit.

Mass Spectrometric Analysis

The Gas6-CM collected from the transfected HEK293 cells was
subjected to SDS-PAGE electrophoresis followed by Coomassie-
blue staining. Gel band at approximately 72 kDa of Gas6 was
excised and sent for mass spectrometric analysis. In-gel trypsin
digestion was performed and the resulting peptides were ana-
lyzed by LC-MS/MS on Orbitrap Velos MS. The MS/MS spectra
were searched against a Swissprot human database using a local
MASCOT search engine (V.2.3).

Homology Modeling of Gas6/PS

Association

A homology model of Gla domain of Gas6 was build based
on the available X-ray structure of bovine prothrombin that
contained a PS lipid and Ca** ions, PDB access code is INL2.
An amino acid sequence of the Gla domain of hGAS6 was
obtained from UniProt server (http://www.uniprot.org/),
access code Q14393, residues 53-94. After a homology model
was created in Molecular Operating Environment (MOE)
2016.08, all CGU (carboxylated glutamic acid residues), a PS
lipid and calcium ions were transferred from 1NL2 into the
homology model. The model refinement was performed by
all atom minimization with Amberl10EHT force field in MOE.
The second PS lipid was manually docked into the refined
model of Gas6 around residue 55 which followed by the sec-
ond refinement by all atom minimization as described earlier.
A structural analysis and a visualization of the interaction
network of PS lipids with Gas6 were also completed in MOE
(2016.08; Chemical Computing Group ULC, Montreal, QC,
Canada, H3A 2R7, 2017).

Western Blotting

Western blotting was performed as described previously (10).
Briefly, Gas6-CM or hTAM/IFNYR1 cell lysate was mixed with 6x
sample buffer and subjected to SDS-PAGE gel for electrophoresis,
and the antibodies used were as follows: anti-hGas6 monoclonal
antibody (R&D Systems), anti-Myc antibody (Cell Signaling
Technology), anti-y-carboxyglutamyl residues monoclonal
antibody (Sekisui Diagnostics), anti-STAT1 (pY701) antibody
(BD Biosciences), and anti-p-actin antibody (Cell Signaling
Technology).

TAM/IFNYR1 Reporter Cells Stimulation
Human TAM/IFNYR1 cells were seeded in 6-well plate one day
prior to stimulation experiment. When the cells reached approxi-
mately 90% confluency on the day of experiment, growth media
was replaced with serum-free HAM’s F12 medium to starve the
cells for 6 h. Gas6-CM or purified Prosl (isolated from human
plasma, purchased from Haematologic Technologies, Inc. HCPS-
0090) was added to the reporter cells for 30 min in 37°C incubator.
After removing the stimulant, \TAM/IFNYR1 cells were washed
with ice-cold PBS, and cellular proteins were extracted by using
1% HNTG lysis buffer (20 mM HEPES, 150 mM NaCl; Triton
X100; 10% glycerol; 1 mM phenylmethylsulphonyfluoride; 1 mM
sodium vanadate; 0.1 mM sodium molybdate; and 20 pg/ml
aprotinin). Protein concentration of cell lysate was determined
by Bradford assay using Protein Assay Reagent (Bio-Rad). Same
amount of protein from lysate was subjected to SDS-PAGE
gel for electrophoresis, and the activation of hTAM/IFNyR1
chimeric receptors was determined by phosphorylated-STAT1
immunoblotting.

For TAM/IFNYRI cells stimulation by PS positive cells
equivalent numbers of apoptotic (UV-treated) or calcium-
stressed cells (calcium ionophore A23187-treated) were mixed
with Gas6-CM or Prosl and incubated at room temperature for
30 min first, then the mixture was added to the starved reporter
cells for another 30 min at 37°C to trigger receptor activation.
To induce PS externalization on native hAxl/TFNyR1 cell lines,
the cells were first treated with calcium ionophore A23187, at
concentrations of 1, 5, or 10 uM, for 15 min at 37°C. Conversely,
to block the externalized PS, PS targeting antibody PGN635 (a
gift from Peregrine Pharmaceuticals) was added to the serum-
free HAM’s F12 medium at concentrations of 100 and 200 pg/
ml and then incubated with the hAxI/IFNyR1 reporter cells
for 15 min at 37°C. The antibody-containing solution was
washed off by PBS, and Gas6-CM was added to activate the
hAxI/TFNyR1 reporter cells.

PS Externalization

To induce PS externalization by UV-mediated apoptosis, H1299,
Jurkat or MDA-MB231 cells were radiated by UV (CL-1000 Ultra
Violet Crosslinker, UVP) for 5 min (25,000 pJ/cm?) to activate
apoptosis pathways. Then the cells were kept in serum-free
medium for 2-3 h at 37°C. To induce PS externalization under
calcium stress, H1299, Jurkat, and MDA-MB231 cells were
detached from plates, washed and treated with 10 uM calcium
ionophore A23187 in Ca**/Mg** free PBS for 15 min at 37°C.
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The apoptotic or stressed cells were stained with FITC-Annexin
V apoptosis detection kit with Propidium Iodide (Biolegend) to
assess the extent of PS exposure by flow cytometry following the
product’s protocol.

Exosome Purification

Cell-free media from MDA-MB-231 were collected for exo-
some isolation using two methods: ExoQuick-TC Exosome
Precipitation Solution (System Biosciences) or serial ultracen-
trifugation at 100,000 g for 80 min as previously described (33,
34). The pellets from both methods were washed with PBS and
then resuspended in 1 mL of PBS. The samples were diluted at
1/200 and studied by NanoSight Range (Malvern, Westborough,
MA, USA). In six different analyses the average particle size was
90 nm with 5.35 X 10" particles/ml.

PS Staining on the Surface of Exosomes
Exosomes purified from MDA-MB-231 cells were first isolated
by using exosome-human CD63 isolation reagent following
manufacturer’s instruction (Invitrogen Thermofisher). Briefly,
the exosomes were incubated with the Dynabeads overnight at
4°C. After this, the beads were washed twice with PBS, with the
aid of a magnetic stand. The bound exosomes were stained with
FITC-Annexin V using the Apoptosis Detection Kit (BioLegend)
to assess PS distribution on the surface by flow cytometry.

Gas6 Binding by Flow Cytometry

Growth arrest-specific 6 binding assays were performed fol-
lowing the method described by Dransfield et al. (35). Briefly,
calcium-stressed H1299 cells were firstly prepared as described
above and then washed once and re-suspended in washing buffer
(PBS with 1 mM CaCl, and 1 mM MgCL). 50 nM of recombinant
Gas6 (R&D Systems) was added to the cell and incubated in rota-
tion at room temperature for 30 min. The cells were then washed
with washing buffer and re-suspended in washing buffer with
diluted (1:100) primary Gas6 antibody (Abcam, Ab136249) and
incubated in rotation at 4°C for 40 min. After this, the cells were
washed twice using washing buffer to remove unbound antibody,
and an Alexa Fluor 647-conjugated secondary antibody (Rabbit
IgG, Thermo Fisher) diluted (1:500) in washing buffer was added
to the cells for 30 min incubation at 4°C in dark. The cells were
washed again to remove unbound antibody, and Gas6 binding to
the cell surface was assessed by flow cytometry.

To assess Gas6 binding to Axl receptor, hAxI/TFNyR1 cells
were detached from the plate and washed twice with PBS that
contains 5 mM EDTA to eliminate natively-bound proteins. The
cells were then centrifuged and resuspended in the Myc-tagged
wild-type or mutant Gas6-CM for 30 min in rotation at room
temperature. The cells were then washed once with washing buffer
and resuspended in diluted (1:100) anti-Myc-PE antibody (Cell
Signaling Technology) for 40 min at 4°C in dark. The cells were
washed again to remove unbound antibody, and Gas6 binding to
Axl receptors was assessed by flow cytometry.

Statistical Analysis
Student’s t-tests or two-way ANOVA followed by post/hoc tests
were performed to analyze statistical differences between groups

using GraphPad Prism software. p Values lesser than 0.05 were
considered significant (*p < 0.05; **p < 0.005; ***p < 0.001;
o p < 0.0001).

RESULTS

y-Carboxylation of the Gas6 Gla Domain

Is Required for Gas6 Activity

In a previous study, we developed TAM/IFNYR1 chimeric
receptor CHO reporter cell lines, whereby the extracellular and
trans-membrane domains of each human and mouse TAM recep-
tor were fused in frame to the intracellular domain of IFNyR1
to investigate the molecular mechanisms of TAM activation by
endogenous ligands Gas6 and Prosl (10). Using these report-
ers, and subsequently validating their utility with native TAM
receptors, we reported that TAMs have differential specificities
for Gas6 and Pros1, as well as differential affinities as PS sensing
receptors to stimulate TAM activity and induce efferocytosis (13).
Here, we extended these studies to investigate the requisite role
of PS with respect to Gas6-mediated TAM activation, as well as
inquiring whether PS externalization on apoptotic cells, calcium-
stressed cells, or tumor exosomes have different capabilities to
activate TAMs.

To examine the requirement of y-carboxylation and Gas6
activity toward TAM receptors, we generated recombinant non-y-
carboxylated Gas6 by culturing Gas6 expressing HEK293 cells in
the presence of warfarin, an anticoagulant that blocks vitamin K
epoxide reductase, an enzyme that reduces vitamin K to its active
form, thereby blocking an essential step in vitamin K-dependent
y-carboxylation (36). As shown in Figure 1A, when we assessed
non-y-carboxylated versus fully y-carboxylated Gas6 proteins
(produced in the presence of exogenous vitamin K), the warfarin-
treated Gas6 showed no detectable y-carboxylation compared
with its vitamin K-treated counterpart, and this was confirmed by
LC/MS/MS (data not shown). Moreover, while overall production
yields of non-y-carboxylated and y-carboxylated Gas6 were simi-
lar (Figure 1A. lower panel), only y-carboxylated Gas6 activated
hAxI/TFNyR1 reporter cells and the non-y-carboxylated Gas6 was
inactive under these conditions [compare warfarin (W) versus
vitamin K (K) in Figure 1B]. Interestingly, however, while only
y-carboxylated Gas6 was effective to activate hAxI-IFNyR1 cells,
both non-carboxylated (Gas6-W) and y-carboxylated (Gas6-K)
forms of Gas6 are capable of binding to the hAxI-IFNyR1 cells
with similar efficacy (i.e., geometric mean intensity) (Figure 1C),
suggesting that while y-carboxylation is not required for Axl
binding, it appears to be critical to induce a conformational
change following Gas6 binding to Axl, presumably in order to
achieve dimerization and postreceptor signaling.

Structure/Activity Analysis of Gas6

by Domain Mutagenesis

To better understand why N-terminal y-carboxylation is required
for TAM activation (which is mediated via the binding of the car-
boxyl-terminal LG1 and LG2 domains to TAMs), we performed
structure activity experiments on Gas6 (for TAM activation)
using a series of Gas6 domain deletion mutants (Figure 1D).
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FIGURE 1 | y-Carboxylation is required for growth arrest-specific 6 (Gas6) activity. (A) HEK293 cells were transfected with pSecTaq-hGas6 plasmid (10) to collect
GasB-containing media (CM). Serum-free culture media was supplemented with either 2 pM warfarin (W) or 4.4 uM vitamin K (K) to abolish or induce y-carboxylation
of Gas6. The conditioned media was subjected to SDS-PAGE gel to assess total Gas6 and y-carboxylation level by Gasé and y-carboxylglutamic acid
immunoblotting. (B) hAxI/IFNyR1 reporter cells were stimulated by warfarin-treated Gas6-CM (W) or vitamin K-treated Gas6-CM (K). The activation of Axl receptor
was assessed by pSTAT1 immunoblotting. (C) hAxI/IFNyR1 cells were incubated with warfarin-treated Gas6 (Gas6-W, red) conditioned media or vitamin K-treated
Gasb6 (Gasb-K, black) conditioned media. The binding of Gas6 to hAxI/IFNyR1 receptors was assessed in flow cytometry by using anti-Myc-PE antibody (left), with
geometric MFI quantification from independent experiments (n = 3) in the right panel. Error bar, SEM. n.s., not significant. (D) Schematic structure of Myc-tagged
mutant Gas6 proteins. WT, wild-type Gas6; AG, Gas6 that lacks Gla domain; AE, Gas6 that lacks EGF repeats; AGE, Gas6 that lacks both Gla domain and EGF
repeats. (E) HEK293 cells were transfected with the pUcD2SRa-rGas6-Myc plasmid (32) in the presence or absence of vitamin K. The expression level of the Gasé
proteins in the conditioned media was assessed by Myc-immunoblotting. (F) The y-carboxylation level of the Gas6 proteins was assessed by y-carboxylglutamic
acid immunoblotting. (G) Human TAM/IFNyR1 reporter cells were stimulated by wild-type or mutant Gas6-CM, and the activations of TAM receptors were assessed
by pSTAT1 immunoblotting. (H) The binding of different (warfarin or vitamin K-treated wild-type, or mutant) Gas6 proteins to hAxI/IFNyR1 cells was assessed by flow
cytometry using anti-Myc-PE antibody (left), with MFI quantification from independent experiments (n = 3) in the right panel. Error bar, SEM, n.s., not significant. (1)
Warfarin-treated (W) or mutant Gas6 was added to hAxI/IFNyR1 cells in culture dish for 30 min. The cells were then washed by PBS and wild-type Gas6 with fully
y-carboxylation was added to the cells. The activation of AxI was assessed by pSTAT1 immunoblotting. The Western blotting results are representative results from
at least three independent experiments.

Previous studies, for example, predicted that non-y-carboxylated
Gas6 might form an intramolecular inhibitory structure to
block LG domains, that becomes released by y-carboxylation of
the Gla domain to activate Gas6 (32). To explore this idea, we

expressed Myc-tagged domain mutant recombinant Gas6 pro-
teins (Figure 1D), either in the presence of warfarin or vitamin
K to generate secreted recombinant mutant proteins expressed
in similar amounts (Figure 1E). As expected, only WT Gas6 and
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AE mutant Gas6 (that deletes the 4 tandem EGF-like domains)
showed vitamin K-dependent y-carboxylation (Figure 1F, lanes 1
and 5), which were subsequently blocked in Gas6-producing cells
treated with warfarin (Figure 1F, lanes 2 and 6). Interestingly,
however, when Gas6 domain mutants were tested on the TAM/
IENYR1 cell lines (Tyro3/IFNyR1, AxI/IFNyR1, and Mertk/
IENYRI lines), none of the mutant Gas6 proteins (AG, AE, and
AGE) showed detectable activity for TAM receptors compared
to WT Gasé6 (Figure 1G). Notably, the lack of activity of the AE
mutant Gas6 (that contains Gla and LG1/LG2 domains) implies
that the 4 tandem EGF-like repeats are also required for Gas6-
mediated TAM activation, a domain region of Gas6 that has not
previously been implicated in regulating the function of Gasé.
To explore whether Myc-Gas6 mutants retained ability to bind
to the TAM receptors (and are functional proteins), we incubated
each of the aforementioned proteins with hAxI/IFNyR1 reporter
cells. All of the aforementioned proteins bound TAMs as evident
by flow cytometry (Figure 1H) with similar efficacy (i.e., geo-
metric mean intensity) but could not dimerize/activate the TAMs
(Figure 1G). Indeed, when mutant proteins were first incubated

with hAxl/TFNYRI1 cells, and subsequently cells were treated with
WT Gas6, prior exposure to inactive mutant proteins blocked
subsequent Gas6 activity, suggesting they may act as dominant
negative or ligand traps to block TAM function (Figure 1I).
Indeed, these data are consistent with previous reports that war-
farin can block TAM signaling in cancer models by producing
inactive TAM ligands (29).

Mapping Gas6 y-Carboxylation
by LC-MS/MS

The above mentioned experiments employing a series of Gas6
domain mutants implicated y-carboxylation as an essential
feature for Gas6-mediated activation of TAMs. To investigate the
relationship between y-carboxylation and binding to PS in more
detail, we performed LC-MS/MS analysis on hGas6, prepared
from vitamin K-treated Gas6-producing cells (Figure 2A).
After SDS-PAGE electrophoresis, the Gas6 band at ~72 kDa was
excised, and peptide bands were assessed for y-carboxylation
(i.e., increased mass of 44 Da). Under these conditions, (whereby
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FIGURE 2 | LC-MS/MS analysis of y-carboxylation sites in Gla domain of growth arrest-specific 6 (Gas6). (A) Gas6-containing media (Gas6-CM) was subjected to
SDS-PAGE electrophoresis, and the band at 72 kDa was excised and subjected to LC-MS/MS analysis. (B) In the Gla domain of Gas6, glutamic acids 54, 55, 64,
73, 74,77, 80, and 84 were identified as y-carboxylated by LC-MS/MS. Among them, three independent carboxylated peptides, “AFQVFEEAK®’, SEEAR’®, and
TEVFENDPETDYFYPR?', were identified with glutamic acid residues shown in red. Each peptide was found in three forms: non-y-carboxylated (N), single
carboxylated at one of the E residues (M), or dually carboxylated at both E residues (D). The frequencies of each form of the peptides were listed. (C) Representative
MS/MS spectrum of a doubly-charged ion (m/z 578.76) is corresponding to the peptide sequence of “AFQVFEEAK®” with carboxylation modification at E54 and
E55. The observed y- and b-ion series confirmed the peptide sequence and modification.
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Gas6 is functionally active; Figure 1), we isolated three peptides
from the trypsin-digested protein for stoichiometry analysis,
and found a complex pattern of y-carboxylated glutamic acids
in the active species of Gas6. A representative MS/MS spectrum
of the y-carboxylated peptide “ AFQVFEEAK® was shown in
Figure 2C. For example, in the peptide *AFQVFEEAKY, E54
and E55 were found either dually y-carboxylated at a frequency
of 66.5%, or single y-carboxlated at one or the other glutamic
acid at a frequency of 19.87%, or non-carboxylated at a fre-
quency of only 13.6%. Similarly, for peptide ?EEAR’, E73 and
E74 were either dually y-carboxylated at a frequency of 55.85%,
or single y-carboxylated at one or the other residue at 41.72%,
or non-carboxylated at a frequency of 2.43%, while in a third
y-carboxylated peptide ’EVFENDPETDYFYPR®, the frequency
of dually, single, and non-y-carboxylation at E77 and E80 were
found to be 12.5, 80.7, and 6.8%, respectively (Figure 2B). Other
residues at lower stoichiometry included E64, E67, and E84.
Together, these data suggest that y-carboxylation of Gas6 is
highly dynamic, likely to fine-tune Gas6 activity via the activity
of enzymes that are required for this post-translational modifica-
tion, such as gamma-glutamyl carboxylase (GGCX) and vitamin
K epoxide reductase complex I (VCOR1).

Model for Interaction between Gas6-Gla
Domain and PS Based on the PDB
Structure of Bovine Prothrombin

Having identified a complex pattern in the y-carboxylation of
active Gas6, including residues E54, E55, E64, E73, E74, E77,
E80, and E84 we aligned hGas6 across species, as well as to
other y-carboxylated clotting factors that belong to the vitamin
K-dependent proteins family, that require y-carboxylated in their
Gla domains to bind PS exposed on activated platelets (37). As
shown in Figures 3A,B, the arrangement of glutamic acid motifs
in Gla domain of Gas6 is well-conserved across species, and pair-
wise analysis showed considerable conservation among members
of Gla-containing proteins in human such as F7, F9, thrombin,
Prosl, Gas6, and bovine prothrombin, that latter of which there
is a derived crystal structure in the presence of PS (38). Indeed,
based on the available structure and the high degree of homology
between bovine Prothrombin and human Gas6 (Figure 3C), we
generated homology models of hGas6 in complex with PS.

From these models and the experimental-derived constel-
lation of y-carboxylated glutamic residues identified in the Gla
domain of Gas6 by LC-MS/MS, a synergy model is predicted
whereby two or more PS head-groups can interact symmetrically
with the Gla domain. In these models, one molecule of PS (PS1)
is predicted to interact with E54 and E64 on one surface, while
a second molecule of PS (PS2) is predicted to interact with
E55, E73, and E77 on the opposite surface of the Gla domain
(Figures 3D,E). Indeed, since the E54/E55 motif are located
at the base of the Gla domain that makes a direct contact with
phospholipids, and therefore predicted to bind PS directly, we
generated a Gas6 E54/E55 double mutant (Figure 3F). As indi-
cated, this mutant abrogated Gas6-mediated activation of hAxl/
IENYRI cells, even though E54D/E55D retained almost complete
net y-carboxylation levels, as evident from Western blotting with

an anti-y-carboxyglutamic acid (Gla) specific mAb (Figure 3F).
These data suggest that critical PS interacting glutamic acid resi-
dues in Gas6, when substituted, abrogate ligand-binding activity
of Gas6, further supporting this idea that direct PS binding is
indispensable for Gas6-mediated activation of TAMs.

PS-Positive Cells Opsonize Gas6
and Stimulate TAMs

Given the essential role for PS for the Gas6-mediated activation
of TAMs, we next examined physiological sources of PS, and how
they influence Gas6-mediated activation of TAMs (Figure 4). It
is well known that PS is predominantly distributed on the inner
leaflet of the plasma membrane, but can be externalized (i) dur-
ing apoptosis, (ii) during cell stress (particularly calcium induced
stress), and (iii) on exosomes derived from tumor cells (tumor
exosomes) (39, 40). Over the past several years, molecular mecha-
nisms for PS externalization have been described, including the
identification of scramblases and mechanisms of PS externaliza-
tion under the aforementioned conditions. For example, during
apoptosis, PS is externalized via activation of a caspase 3/caspase
7-activated scramblase called Xkr8 (41), while PS is externalized
in calcium-stress cells by a calcium-activated scramblase called
TMEMI6F (42).

In order to compare physiological sources of externalized PS,
including PS externalized following calcium ionophore treat-
ment (stress) versus PS externalized following UV irradiation
(apoptosis), and how these cells impinge on Gas6-mediated TAM
activation, we induced PS externalization on distinct cancer cell
lines, including Jurkat T cell leukemia cells, MDA-MB-231 breast
cancer cells, and H1299 lung cancer cells, and tested their ability
to (i) recruit soluble recombinant Gas6 to their surface and (ii)
to activate, as cell-based ligands, TAM/IFNYRI1 reporter lines via
cell to cell interactions (Figure 4).

As shown in Figure 4A, When Jurkat cells, MDA-MB-231
cells, or H1299 cells were transiently exposed to calcium iono-
phore A23187 for 15 min as an acute non-apoptotic stressor, all
three cell lines displayed clear PS externalization (as evident from
FITC-Annexin V positive/PI-negative staining). In an independ-
ent experiment, these cells also expose PS on their surface due to
the UV radiation-induced apoptosis (Figure 4B). Quantifications
using geometric mean staining of annexin V-positive cells revealed
similar PS externalization under both conditions (Figure 4C).

Next, to assess whether PS positive cells induced by stress ver-
sus apoptosis recruited Gas6, cells were normalized for the extent
of PS exposure, and subsequently incubated cells with 50 nM
recombinant Gas6. Under these conditions, both cell populations
recruited Gas6 to a similar amount (~30%) as evident by flow
cytometric analysis (Figure 4D). Subsequently, aforementioned
PS positive cells from Figure 4A were normalized for PS (after
flow cytometry), incubated with Prosl or Gas6-CM, and further
added to the TAM/IENYR1 reporter lines as opsonized cell-based
ligands. As indicated, both apoptotic cells and calcium stressed
cells profoundly enhanced Mertk and Tyro3 activation by Gas6
and Prosl, respectively, compared with receptor activation
induced by Gas6 or Prosl alone. Axl activation by Gas6, on the
other hand, was not further enhanced in the presence of apop-
totic cells and decreased by calcium stressed cells in some cases
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of Gla domain of Gas6 was shown in pink, and the y-carboxylated E residues shown in green, associated with calcium ions as brown balls, two PS molecules are
shown in blue and POC lipids as gray wire models. (E) Possible contacts between PS and E residues are highlighted with magenta clouds. (F) Point mutations were
induced to switch 54 and 55 glutamic acids (E) to aspartic acids (D). HEK293 cells were transfected with the mutant Gas6 plasmid, and the y-carboxylation and
expression of wild-type or E54 and 55D Gas6 proteins were assessed by y-carboxylglutamic acid or Gas6 immunoblotting (upper panel). hAxI/IFNyR1 reporter cells
were stimulated by wild-type or E54 and 55D Gas6, and the activation of Axl was assessed by pSTAT1 immunoblotting (lower panel). The Western Blotting results
are representative results from at least three independent experiments.

(Figure 4E). These data support our previous models and suggest
that among TAMs, mainly Tyro3 and Mertk act as PS sensors to
amplify PS signaling from stress-activated or apoptotic cells.

PS-Positive Tumor Exosomes Opsonize
Gas6 and Stimulate TAMs

Having established that apoptotic and calcium-mediated stressed
cells, via externalized PS, could act as cell-based ligands to
activate TAMs in the presence of Gas6/Prosl1, we next explored

whether PS-positive tumor exosomes could also activate TAMs
(Figure 5). To address this, tumor-derived exosomes were
first isolated from either cultured MDA-MB-231 cells or U118
glioblastoma cells (data not shown) after which, nanoparticles
with diameter in the range of 70-100 nm were purified by ultra-
centrifugation (Figure 5A). To assess whether the tumor-derived
exosomes were positive for PS, we subsequently incubated the
vesicles from Figure 5A with Dynabeads conjugated with anti-
CD63 antibody, followed FITC-Annexin V staining (Figure 5B).
As shown in Figure 5C, only the “exosome + beads” were stained
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specific 6 (Gasb) or protein S (Pros1). (A) Jurkat, H1299, and MDA-MB231 cells (top to bottom) were treated with calcium ionophore A23187 (10 pM) for 15 min in
37°C and then stained with FITC-Annexin V and Pl to assess PS externalization. (B) Jurkat, H1299, and MDA-MB231 cells (top to bottom) were treated with UV
radiation and then stained with FITC-Annexin V and Pl to assess PS externalization. (C) Percentage (left) and MFI (right) quantification of the Annexin V*/PI- cells that
were induced by calcium stress or UV radiation from independent experiments (n = 3). Error bar, SEM, **p < 0.005, ****p < 0.0001. (D) Recombinant Gas6 protein
at concentration of 50 nM was added to 1.0 x 10° apoptotic or calcium-stressed Jurkat cells and subsequently stained with anti-hnGas6 primary and antirabbit Alexa
Fluor 647 secondary antibody to assess Gas6-cell surface association by flow cytometry. Background (gray): Jurkat cells without treatment were stained with
primary and secondary antibodies; Mock + Gas6 (blue): Jurkat cells without treatment were incubated with 50 nM Gas6 and then stained with primary and
secondary antibodies. (E) Three modes (resting, calcium-stressed and apoptotic) of Jurkat, H1299 and MDA-MB231 cells were mixed with Gas6-containing media
(Gasb-CM, Gas6 concentration estimated as 250 nM) or Pros1 (100 nM) to stimulate hTAM/IFNyR1 reporter cells. The activation of TAM receptors was assessed by

pSTAT1 immunoblotting. The Western blotting results are representative results from at least three independent experiments.

the FITC-Annexin V, indicating PS distribution on the surface
of the exosomes. These results revealed that in addition to apop-
totic and calcium-stressed cancer cells, tumor exosomes are also
PS-positive, in agreement with recent published results of Schroit
and colleagues (40). To assess whether Gas6/Prosl-opsonized
exosomes could activate TAMs, they were subsequently
incubated with the hTAM/IFNYR1 reporter cells. Under these
conditions, PS-positive exosomes (opsonized with their TAM
ligands, Gas6 or Prosl) reproducibly hyper-activated all three
TAM receptors (Figures 5D,E). This pattern of activation of AxI
by PS + exosomes is distinct to the Axl activation observed for
PS + apoptotic cells and PS + calcium stressed cells (Figure 4E),

possibly suggesting different mechanisms of Axl activation by
exosomes.

Cell Intrinsic Role for Gasé6 in the
Activation of TAMs

The aforementioned findings that externalized PS from calcium-
activated cells or apoptotic cells could act in trans as cell-derived
opsonins to activate TAM reporter lines. However, to evaluate
whether PS externalization on TAM expressing cells could also
act intrinsically, i.e., in cis, to activate TAMs by an autocrine
mechanism (Figure 6), we treated the hAxl/IFNyR1 cell line with
10 puM calcium ionophore A23187 to achieve PS externalization.
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As shown in Figure 6A, 16.1% of the cells were stained with ~ hAxI/IFNyR1 activation compared with the cells that were not
FITC-Annexin V, indicating the native existence of PS-positive  treated with PS antibody (Figure 6B, lanes 2-4), demonstrat-
cells in cell culture. After 15 min of calcium ionophore treat-  ing the requirement of PS for Axl activation. Further, to assess
ment, 48.4% of the cells displayed PS exposure on their surface. ~ whether PS externalization is sufficient for TAM activation, we
When PS targeting antibody PGN632 was preincubated with the  increased the concentration of calcium ionophore A23187 (of 1,
non-treated hAxI/IFNYR1 cells to mask the native PS-positive 5, and 10 pM) and subsequently exposed cells to a subthreshold
cells, the subsequently added Gas6 induced drastically reduced  concentration of Gas6. As shown in Figure 6C, Axl activation
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(Gas6)-Axl activation after calcium-ionophore treatment. (A) hAxI/IFNyR1 cells
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at 37°C for 15 min were stained with FITC-Annexin V to assess PS
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The activation of Axl receptor was assessed by pSTAT1 immunoblotting.
Schematic illustration of this experiment is shown in the right panel. The
Western blotting results are representative results from at least three
independent experiments.

by Gas6 was most profoundly enhanced when cells were treated
with 10 uM calcium ionophore, indicating native (intrinsic) PS
externalization could also induce TAM activation. These results
suggest that PS-Gas6 can activate TAM-expressing cells as both
cell-based ligands and possibly also in an autocrine fashion (see
model in Figure 6C).

DISCUSSION

In the present study, we used structure-function mutagen-
esis and cell biological approaches to investigate molecular
mechanisms for the Gas6-mediated activation of TAM recep-
tors. Using a series of engineered TAM/IFNYRI reporter lines,
designed to detect ligand-inducible TAM receptor dimerization
and postreceptor tyrosine phosphorylation (i.e., TAM receptor
activation), our studies demonstrate that activation of TAM

receptors by Gas6 requires y-carboxylation of the N-terminal
Gla domain. Supportive evidences include findings that; (i) non-
y-carboxylated Gas6 produced in the presence of warfarin fails
to activate TAM receptors, as well as structure/activity analysis
that (ii) Gla-less Gasé6 fails to activate TAM receptors, and (iii)
point mutations of key glutamic acid residues (E54/E55) that
directly interact with PS abrogate Gas6-mediated TAM activa-
tion. By inference that y-carboxylated Gla domains bind the
surface of anionic phospholipids such as PS, our studies indicate
that Gas6 requires interaction with PS and that the active ligand
is a functional protein/lipid hybrid. These data are consistent
with previous observations showing that Gas6 y-carboxylation
is required for the proliferation of vascular smooth muscle cells
(43), for the antiapoptotic function of Gas6 on fibroblasts and
endothelial cells (44), and most relevant to the present study,
for the clearance of rod outer segments by RPEs (45, 46), as well
as apoptotic cell clearance and synaptic pruning in the central
nervous system that is mediated by TAM receptors expressed
on resident microglia (23). Furthermore, elevated distribution
of PS on the surface of many virus, including HIV, has been
thought to function in concert with Gas6 and TAM receptors on
the targeted cells to facilitate viral entry and infection effectively
(47-50).

Although Gas6 requires y-carboxylation for TAM receptor
activation (dimerization), y-carboxylation does not appear to
be required for Gas6/TAM ligand/receptor interactions, as both
non-carboxylated and y-carboxylated forms of Gas6 bind to
the surface of AxI/IFN-yR1 cells as shown by flow cytometry
(Figures 1C,H). These data are consistent with previous reports
of Lemke and colleagues showing that Gla-less Gas6 could still
bind to TAM receptors (12), as well as our previous data that
soluble TAM ecto-domains could also bind non-carboxylated
Gas6 (10). Although it is not clear whether Gas6/TAM recep-
tor complexes exist preformed in the absence of PS in vivo, or
whether there is sufficient steady-state levels of extracellular PS
vesicles or PS + cells to achieve the activation of Gas6, the high
level of externalized PS dysregulation that occurs in stressed tis-
sues, virally infected tissues, or in the tumor microenvironment
is expected provide a strong activation platform for the Gas6/
TAM axis, and a molecular rationale for why TAMs are active
in the cancer microenvironment and in virally infected tissues.
Similarly, it is also possible that non-y-carboxylated Gas6 pro-
teins, to possibly developed as cancer therapeutics, might act as
ligand traps to bind and prevent subsequent TAM activation. This
latter idea might offer a molecular explanation that the in vivo
administration of warfarin could block the Gas6-Axl signaling
complex in a pancreatic cancer model (29), as well as that warfa-
rin exerts an antimetastatic action in mice via the Cbl-Gas6-TAM
axis in NK cells (25).

The finding that Gas6 requires y-carboxylation and PS binding
for biological activity has important implications in cancer biology.
This is because, unlike the case of native tissues under homeostatic
conditions where externalized PS is undetectable, externalized PS is
widely dysregulated and elevated in the tumor microenvironment
via three interactive events that include (i) the high apoptotic index
of highly proliferative cancers, (ii) the high metabolic and hypoxic
stress of viable cancer cells, and (iii) tumor-derived exosomes (51).
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Mechanistically, PS externalization following apoptosis and stress
is mediated by distinct molecular processes; Apoptotic cells exter-
nalize PS via the combined activity of Xkr8 and ATP11C (41, 52),
while stress-induced PS-externalization is regulated by TMEM16
family members, in response to (transient) rise in intracellular
calcium (42). Recent studies suggest that tumor exosomes are also
PS-positive, likely based on the constitutive externalization of PS
on native cancer cells (40). Here, we show that all of the aforemen-
tioned sources of externalized PS are able to bind y-carboxylated
Gas6 and serve as cell-based or exosome-based scaffolds to activate
TAMs, although they appear to do so with different biological char-
acteristics; Apoptotic cells and stressed cells hyperactivate Mertk
and Tyro3 as cell-based opsonins with Gas6, while cell-based
sources of PS do not appear to be hyperactive for Axl. On the other
hand, 70-100 nm exosomes, derived from MDA-MB-231 cells are
also PS positive, and these small extracellular vesicles hyperactivate
all three TAMs. Whether PS + exosomes reflect a functional differ-
ence in the activation of TAMs in the tumor microenvironment is
an important consideration.

Finally, while these studies support an essential role for
y-carboxylation of Gas6, and subsequent interaction with a lipid
source of PS, for its ability to activate TAM receptors, we also show
by using LS-MS/MS that Gas6 y-carboxylation has a complex and
likely dynamic arrangement in this post-translational modifica-
tion. Both of the enzymes required for y-carboxylation, namely
GGCX and VCORI, appear to be broadly expressed in cells,
including a variety of cells that express Gas6 and contribute to the
tumor microenvironment, such as monocytic cells (macrophages)
and cancer cells themselves. It is possible that overexpression of
these enzymes, or upregulation in their activity, could enhance
the y-carboxylation of Gas6, and by inference from the results
developed here, enhance the activity of TAM ligands (model in
Figure 6). Further studies examining the levels of GGCX and
VCORI in the tumor microenvironment are meritorious, as well
as developing suitable mouse models to genetically manipulate
these rate-limiting enzymes for y-carboxylation.
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Proteinase 3 (PR3) is the autoantigen in granulomatosis with polyangiitis, an autoimmune
necrotizing vasculitis associated with anti-neutrophil cytoplasmic antibodies (ANCAS).
Moreover, PR3 is a serine protease whose membrane expression can potentiate inflam-
matory diseases such as ANCA-associated vasculitis and rheumatoid arthritis. During
apoptosis, PR3 is co-externalized with phosphatidylserine (PS) and is known to modu-
late the clearance of apoptotic cells through a calreticulin (CRT)-dependent mechanism.
The complement protein C1q is one mediator of efferocytosis, the clearance of altered
self-cells, particularly apoptotic cells. Since PR3 and C1q are both involved in the clear-
ance of apoptotic cells and immune response modulation and share certain common
ligands (i.e., CRT and PS), we examined their possible interaction. We demonstrated
that C1q binding was increased on apoptotic rat basophilic leukemia (RBL) cells that
expressed PR3, and we demonstrated the direct interaction between purified C1q and
PR3 molecules as shown by surface plasmon resonance. To better understand the
functional consequence of this partnership, we tested C1g-dependent phagocytosis of
the RBL cell line expressing PR3 and showed that PR3 impaired C1g enhancement of
apoptotic cell uptake. These findings shed new light on the respective roles of C1qg and
PR3 in the elimination of apoptotic cells and suggest a novel potential axis to explore in
autoimmune diseases characterized by a defect in apoptotic cell clearance and in the
resolution of inflammation.

Keywords: proteinase 3, C1q, apoptotic cells, efferocytosis, autoimmunity

INTRODUCTION

Proteinase 3 (PR3) is a neutrophil-derived serine protease located together with its homologs, human
neutrophil elastase, and cathepsin G, in azurophilic granules as reviewed in Martin and Witko-Sarsat
(1). One particular feature of PR3 is its affinity for membranes leading to its surface expression on
viable and apoptotic neutrophils (2). Indeed, PR3 possesses a unique membrane insertion domain
composed of four basic (R193, R194, K195, and R227) and four hydrophobic (F180, F181, L228, and
F229) amino acids that allows it to anchor to the membrane (3, 4). During neutrophil activation

Abbreviations: ANCA, anti-neutrophil cytoplasmic antibody; CRT, calreticulin; cClg, collagenous-like fragment of C1q; gClg,
globular region of Clq; GPA, granulomatosis with polyangiitis,; PS, phosphatidylserine; PLSCR1, phospholipid scramblase 1;
PR3, proteinase 3; RBL, rat basophilic leukemia; SPR, surface plasmon resonance.
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and apoptosis, membrane expression of PR3 increases, and
soluble PR3 is also released into the extracellular environment
during degranulation (4). PR3 is a pro-inflammatory factor whose
membrane expression can potentiate chronic inflammatory dis-
eases such as anti-neutrophil cytoplasmic antibodies (ANCAs)
systemic vasculitis (AAV) and rheumatoid arthritis (5). PR3 has
been characterized as the autoantigen in granulomatosis with
polyangiitis (GPA) (6). During apoptosis, PR3 is co-externalized
with phosphatidylserine (PS) via its association with phospholipid
scramblase 1 (4). Furthermore, it has been proposed that PR3
can modulate apoptotic cell clearance (7) through a mechanism
linked to the ability of PR3 to associate with calreticulin (CRT),
a protein involved in apoptotic cell recognition and an important
“eat-me” signal (8).

Apoptotic cells release “find-me” signals that recruit phagocytes
that will recognize, engulf, and degrade them (9, 10) promoting
a monocyte/macrophage program that promotes inflammation
resolution, tissue repair, and wound healing (11). The function
of the complement protein C1q, well known for its role in innate
immunity, has been reconsidered over the past 15 years with
evidence that it is one mediator of efferocytosis, the mechanism
of clearance of altered self-cells and of apoptotic cells in particular
(12, 13). Clq serves as a physical bridge between the phagocyte
and its prey. Numerous C1q-binding molecules on both sides of
the phagocytic synapse have been characterized (14). Among
these, cell surface CRT and PS have also been characterized as PR3
partners (7). Clq is a hexamer of heterotrimers, which consists
of two typical regions and a collagenous-like fragment of Clq
(cClq) from which six globular regions (GR) [globular region
of Clq (gC1q)] emerge. gClq is involved in the specific recogni-
tion of apoptotic cells, and cClq has primarily been described
in Clq recognition by phagocyte membranes (15). However, as
the C1q collagenous tail (cClq) is known to interact with several
membrane receptors (14), widely distributed on various cell
types, Clq can enter into a vast array of interactions by binding
of its heads or/and its stalks depending on their accessibility in a
particular situation. Of note, C1q deficiency is strongly associated
with autoimmune diseases, such as systemic lupus erythematosus
(SLE) and glomerulonephritis and may be associated with com-
promised removal of apoptotic cells (16).

One other major effect of C1q modulation concerns its func-
tion in regulating immune cells, independently from efferocyto-
sis. This includes the role of Clq in neutrophil function. It has
previously been shown that the C1q—CRT interaction modulates
cytokine release by macrophages, and CRT is released from
activated neutrophils (17). Thus, it might be hypothesized that
C1g-CRT interaction could also interfere in neutrophil-mediated
inflammatory processes.

Given the evidence that PR3 and Clq are involved in both
immune response modulation and in clearance of apoptotic cells
and share common ligands (i.e., CRT and PS) (7, 18, 19), this
study was designed to examine their possible interaction. We
investigated Clq binding to apoptotic neutrophils and showed
the direct interaction between purified C1q and PR3. To better
understand the functional consequence of this partnership, we
tested the C1q-dependent phagocytosis of rat basophilic leuke-
mia (RBL) cell line expressing PR3.

These findings shed new light on the respective role of Clq
and PR3 in the elimination of apoptotic cells. A number of
autoimmune diseases are characterized by defects in apoptotic
cell clearance, and this novel potential axis may play a role in the
appropriate resolution of inflammation.

MATERIALS AND METHODS

Proteins, Antibodies

C1q was purified from human serum, C1q GR, and the collagen-
like region (CLF) were prepared and quantified as described pre-
viously (20). Rabbit polyclonal antibody directed against human
Clq was from IRPAS group (IBS, Grenoble, France). Mouse
monoclonal antibody against Clq (A201) was from Quidel
(San Diego, CA, USA), and mouse monoclonal anti-PR3 (clone
CLB12.8) was from Sanquin (Amsterdam, Holland). Ficolin 3 was
obtained from Nicole Thielens’s team (IBS, Grenoble, France).
PR3 was from Athens Research and Technology.

Blood Cell Isolation, Cells Culture,

and Apoptosis Induction

This study was carried out and approved in accordance with the
recommendations of the INSERM Institutional Review Board
and the Cochin Hospital Ethics Committee (Paris, France). Blood
from healthy donors was provided by the Etablissement Frangais
du Sang (Paris, France). Human neutrophils were isolated from
EDTA-anticoagulated healthy donor blood using density-gradient
centrifugation through polymorphoprep (Nycomed) as previously
described (5). To induce physiologic apoptosis, neutrophils were
resuspended at 2 X 10%ml in RPMI (Gibco) supplemented with
10% fetal calf serum (FCS) and kept for 16 h at 37°C in a humidi-
fied 5% CO, atmosphere. RBL and RBL-PR3 used in this study
refers to a previously described cell line (21), transfected with
pcDNA3 plasmid alone, or pcDNA3/PR3, respectively. To induce
the differentiation of THP1 monocyte cells to macrophages, the
cells were treated with 10 nM PMA for 72 h as previously described
(20). Apoptosis of RBL cells was induced as follows: briefly, cells
were grown in sterile dishes overnight to 60-80% confluence
and exposed to 1,000 mJ/cm? UV-B irradiation at 312 nm in a
fresh DMEM medium. Cells were then incubated for 17 h at 37°C
under 5% CO,. Measurement of apoptosis was performed by
flow cytometry using the FITC-Annexin V Kit (MACS Miltenyi
Biotec) according to the manufacturer’s instructions.

PR3 and C1q Immunolabeling

RBL cells were washed with PBS and then incubated with Clq
(80 pg/ml) during 40 min at 4°C. For all experiments on RBL
cells, FcyR blockade was performed with the FcyR-blocking
solution (Miltenyi Biotec). Then cells were incubated for 30 min
with mouse anti-Clq Abs (A201, Quidel) diluted 1:100. PR3 was
detected by a monoclonal anti-PR3 Abs (CLB12.8) at 2 ug/ml.
Bound antibodies were visualized with Alexa 488-conjugated
goat anti-mouse IgG or cyanine-3 (Cy3) rat anti-mouse IgG.
Alexa488-labeled C1qGR and Alexa 647-labeled Clq were
prepared using the AlexaFluor-488 and AlexaFluor-647 labeling
kits (Invitrogen, ThermoFisher Scientific). For experiments
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on PMN by confocal microscopy, cells were induced to adhere
to poly-L-lysine-precoated coverslip cells. Fixed PMN were
incubated with FcyR-blocking solution and then with anti-PR3
Abs, then incubated with Cy3-conjugated anti-mouse IgG before
labeling with Alexa488-C1qGR or with Alexa 488-conjugated rat
anti-mouse IgG before labeling with Alexa647-Clq (80 pg/ml).
Cell slides were mounted glass slides using Vectashield solution
with 4,6’-diamidino-2-phenylindole (Vector Laboratories) and
were visualized under a laser spinning-disk confocal microscope
(Olympus and Andor, M4D cell imaging platform, IBS). Data
were evaluated with Volocity software.

Uptake of Apoptotic Cells

Rat basophilic leukemia cells were labeled with CFSE (Cell-
TraceTM CESE Cell Proliferation Kit, Life Technologies) as
follows: cells were washed twice and then resuspended at
1 X 10° cells/ml in PBS and incubated with 1 pM CFSE at 37°C
for 20 min. The remaining CFSE was quenched with the addition
of DMEM-10% FCS for at least 10 min. Cells were then pelleted
by centrifugation and resuspended in DMEM-10% FCS before
the induction of apoptosis. THP1 cells were labeled with PKH26
dye (Sigma-Aldrich) before PMA induction. Apoptotic RBL
cells were then added to THP1-derived macrophages that had
been preincubated or not with Clgq, at a ratio of 5:1 (RBL:THP1)
for 1 h at 37°C, 5% CO; in RPMI medium supplemented or not
with 10% of decomplemented FCS. After incubation, cells were
washed and harvested with 0.25% trypsin/EDTA and analyzed by
flow cytometry (MACSQuant VYB Cytometer, Miltenyi Biotec),
and collected data were treated with MACSQuantify software.
Phagocytosis was calculated as the percentage of the double CFSE
and PKH26 labeled cells in the THP1 macrophage population.
Phagocytosis negative controls performed at 4°C or at 37°C in the
presence of 5 M of cytochalasin were subtracted. Significance
was tested using non-parametric Wilcoxon signed-rank test for
paired samples.

Surface Plasmon Resonance (SPR)

Spectroscopy

Analyses were carried out on a BIAcore 3000 instrument (BIAcore,
GE Healthcare). 100 pg of purified PR3 was resuspended in H,O
to give a final concentration of 1 mg/ml. The running buffer for
PR3 immobilization was 10 mM HEPES, 145 mM NaCl, 5 mM
EDTA, pH 7.4. PR3 was diluted in acetate buffer (pH 4.5) to
achieve a final concentration of 50 pg/ml and was immobilized
onto a CM5 sensor chip (GE Healthcare) using the BIAcore
amine coupling kit. Binding of C1q, GR, or CLF to immobilized
PR3 was measured at a flow rate of 20 ml/min in the running
buffer of 50 mM Tris, 150 mM NaCl, 2 mM Ca*" containing
0.005% surfactant P20 (pH 7.4). Surfaces were regenerated by
one injection of 5 pl of 20 mM NaOH. The specific binding sig-
nal shown was obtained by subtracting the background signal,
obtained by injection of the sample over an activated-deactivated
surface. Data were analyzed by global fitting to a 1:1 Langmuir
binding model of the association and dissociation phases for
several concentrations of PR3, using the BIAevaluation 3.2
software (GE Healthcare) and were obtained with a statistic y?

value < 2. The apparent equilibrium dissociation constants (Kp)
were calculated from the ratio of the dissociation and association
rate constants (Kog/kon).

PR3 Proteolytic Activity

Proteinase 3 activity on fibronectin (FN) and C1q was analysis
by the method described by Rao et al. (22). Briefly, digestion of
purified FN and Clq by PR3 was performed in 0.15 M NaCl,
0.002 M CaCl,, 0.01 M HEPES buffer, pH 7.4 at 37°C for 18 h,
with an enzyme/substrate molecular ratio of 1:25. The samples
were analyzed by SDS-PAGE under reducing conditions. The gel
was stained with Coomassie Blue R-250.

RESULTS

C1q Binding to Apoptotic Cells Increases
With Surface PR3 Exposure

We first examined the colocalization of Clq and PR3 at the
surface of apoptotic neutrophils from healthy human donors.
As shown in Figure 1, under physiologic apoptosis induc-
tion, apoptotic neutrophils were recognized by Clq and PR3
partially colocalized with Clq. Similar colocalization was also
observed using the Clq globular head (not shown). As it has
been shown that PR3 expression on the neutrophil population
is non-homogenous and is characterized by important interin-
dividual variability, further experiments were conducted using
the previously established RBL cell line that expresses PR3 at
the cell surface during apoptosis (7). Late apoptosis was induced
in RBL-PR3 and RBL (transfected with the empty plasmid) cells
using UVB irradiation and demonstrated by double Annexin V/
PI labeling (Figure 2A). Immunolabeling experiments of RBL
cells confirmed that wild-type RBL cells did not express PR3
(Figure 2B, blue curves). PR3 was significantly externalized at
the surface of apoptotic RBL-PR3 cells whereas almost no PR3
was detected on untreated PR3-RBL cells (Figure 2B, PR3
labeling, red curves). In addition, we analyzed the Clq binding
to these cell populations. As expected from its capacity to rec-
ognize apoptotic bodies, C1q bound to both RBL and PR3-RBL
cell subsets which appeared after UV irradiation (Figure 2C, P3
subset). However, we observed an increase of the C1q binding
to apoptotic PR3-RBL compared with RBL cells (Figures 2C,D).
Together, these observations prompted us to investigate the
direct PR3-Clq interaction.

Purified C1q Binds PR3

To further investigate whether there is a direct interaction between
PR3 and Clgq, SPR experiments were performed using purified
PR3 immobilized on a sensor chip. Intact Clq, its globular heads
(gC1q), or its collagenous tail (cC1q) were used as soluble ligands.
As illustrated in Figure 3, intact Clq, its gClq and cC1q regions,
all bound to immobilized PR3 while no interaction was detected
using the Clqg-related protein Ficolin 3 (data not shown). The
kinetic parameters of PR3-Clq interaction were determined
by recording sensorgrams at varying ligand concentrations. For
intact Clq and its globular heads, the kinetic (k., ks) and dissocia-
tion (Kp) constants were calculated with a simple 1:1 Langmuir
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correlation coefficient >0.9.

FIGURE 1 | Colocalization of proteinase 3 (PR3) and C1q in neutrophils. Apoptotic neutrophils (prepared as described in Section “Materials and Methods”) were
double labeled for membrane PR3 expression and C1q binding using an anti-PR3 mAb followed by an Alexa488-conjugated anti-mouse IgG and then incubating
cells with Alexa647-C1q. Nuclei were labeled with DAPI. Samples were visualized by confocal microscopy under differential interference contrast (DIC), DAPI, A488,
and AB47 filters, and merge is shown (as indicated). Higher magnification is shown for one selected cell indicated by a white arrow. Scatterplot of red and green
pixel intensities collected from the focal plane of the cell shown is represented. Scale bar 8 um. Colocalization (yellow regions in merge) was evaluated by Pearson’s

C1q

Green pixel intensity

binding model (Table 1) with Ky values of 1.9 X 1077 and
4.0 X 1077 M, respectively. Thus, the Kp value of the interaction
with PR3 was significantly lower for the full-length C1q com-
pared with its isolated GR, accounting for an increased binding
avidity of Clq arising from its hexameric structure. In addition,
cClq bound in a dose-dependent manner to PR3. Although the
curve fitting was not adequate to determine accurately the kinetic
value of this interaction, this result suggests that components of
the collagen tail of C1q could also be involved in the interaction.

PR3 Impaired C1q Enhancement of

Apoptotic Cell Uptake

To analyze the possible PR3/C1q-dependent effect on the uptake
of apoptotic cells by macrophages, we measured the capacity of
PMA-stimulated THP1 cells to phagocytose PR3-expressing RBL
cells. Late apoptotic RBL cells or RBL-PR3 cells were added to
THPI macrophages, and their uptake was determined by flow
cytometry. To assess the effect of C1q on phagocytosis specifically,
whole C1q at a physiological concentration (80 pg/ml) was added
to opsonize apoptotic cells before macrophage-target cell con-
tact. RBL cells were efficiently engulfed by THP1 macrophages,
and the phagocytosis increased significantly with Clq either in
presence or absence of serum (Figure 4). Remarkably, this C1q
enhancement of phagocytosis was abolished for PR3-expressing
cells as we did not observe any effect of Clq on the uptake of

RBL-PR3 cells. In addition, we observed that apoptotic RBL-PR3
cells were more readily phagocytosed by THP1 macrophages than
the RBL cells in absence of serum (P = 0.043, n = 5). Interestingly,
this difference is not apparent when experiments were done in
presence of serum (P = 0.108, n = 4). This is possibly due to the
presence of serum protein(s) that could interfere with PR3.

C1qg Was Not Proteolytically
Cleaved by PR3

As PR3 is able to cleave a broad range of matrix proteins such as
elastin, FN, or laminin, we tested the hypothesis that PR3 could
degrade Clq and thus impair its ability to enhance phagocytosis.
After 18 h of incubation, PR3 did not degrade C1q but efficiently
cleaved FN used as a control (Figure 5). This suggests that pro-
teolytic cleavage of Clq was not the mechanism explaining the
failure of Clq to enhance uptake of apoptotic RBL-PR3 cells.

DISCUSSION

This study provides the first experimental evidence that Clq, well
known to be involved in the recognition of apoptotic cells and
their uptake by phagocytes interacts with the neutrophil-specific
serine protease PR3 with potentially relevant consequences
for apoptotic cell uptake. Our conclusion is based on the follo-
wing observations: (1) Clq and PR3 colocalize at the surface of

Frontiers in Immunology | www.frontiersin.org

52

April 2018 | Volume 9 | Article 818


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

Tacnet-Delorme et al.

PR3 and C1q Interaction Modulates Efferocytosis

A Apoptosis B Cell surface PR3
UV-irradiated RBL UV-irradiated RBL-PR3 Non-irradiated cells UV-irradiated cells
T3 86% Ted ‘ % 1 —
5 2 isotype ct
&~1 RBL
162 1e2 %
T RBL-PR3
o o g
' A 3
7 £
0 of FT
R e 162 1e3 e q Te1 162 163 <=é Sz e w0 el 2 1e3 Sz a0 et m\ 1e3
Annexin V A488 Annexin V A488 8 |
FI
c C1q binding
Non-irradiated cells UV-irradiated cells
RBL RBL-PR3 RBL-PR3
100
7501
3 500] 3 500
wv wv
250
0 250 500 750 1000 0 250 500 750 1000 750 280 50 750 1000
FSC FSC FSC
P1 P1 P2
I ] I j&\
£
[
N
T
£
S
=
T
Q
£
2 — - - o - - : - L —
= 401  fel 1e2 1ed 401  fel  1e2 1e3 101 fel  1e2  Ae3 401 tel  1e2 e
v —’
P3 P3
FI
1 1
k=)
b
T
€
s
£
x
< 401 fel 162 1e3 401 fel 1e2 1e3
g >
FI
D *
40
ol 35 —
2 30
(*)]
£ 25
©
£ 20
(on
] 15
10
5
0 —
RBL RBL-PR3 RBL RBL-PR3 RBL RBL-PR3
P1 P1 P3
Non-irradiated UV-irradiated
FIGURE 2 | Continued

Frontiers in Immunology | www.frontiersin.org

April

2018 | Volume 9 | Article 818


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

Tacnet-Delorme et al.

PR3 and C1q Interaction Modulates Efferocytosis

SSC, side scatter; FSC, forward scatter.

FIGURE 2 | C1q binding increases on apoptotic cells that express proteinase 3 (PR3) on their surface. (A) Apoptosis of rat basophilic leukemia (RBL) and RBL-PR3
was analysed by double Annexin V/PI labeling. FSC/SSC dot plot of the irradiated population is shown, and gating strategy used for AV/PI analysis is indicated.
Percentages correspond to the AV/PI positive population. (B) Untreated and UV-B irradiated RBL and RBL-PR3 cells were labeled with anti-PR3 antibody. Isotype
controls in green for PR3-RBL cells are shown. (C) Cells were incubated with soluble C1q, and its binding was detected using a monoclonal antibody against C1q.
Representative experiments are shown. Blue curves correspond to C1q binding on P1 gate (non-irradiated cells) or on P2 gate (UV-irradiated cells). Black curves
represent the fluorescence of the P3 gate which appears with apoptosis; green curves represent the fluorescence of cells in the same gate in the absence of C1q.
(D) Quantification of the C1q binding as shown in panel (C), done on the P1 and P3 subsets (three independent experiments, *P < 0.05, Student’s t-test). Analyses
were monitored by flow cytometry as described in Section “Materials and Methods.” Abbreviations: Fl, fluorescence intensity; MFI, median fluorescence intensity;
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FIGURE 3 | Globular region of C1q (gC1q) and collagenous-like fragment
of C1q (cC1q) fragments bind to proteinase 3 (PR3). Binding of intact C1q
(A), of the globular C1q heads, gC1q (B), and of the collagen tail of C1q,
cC1q (C) to immobilized PR3. All interactions were measured in the running
buffer at a flow rate of 20 pl/min. Association and dissociation curves were
each recorded for 120 s. The concentrations of soluble ligands were as
follows: C1q: 0.05, 0.10, 0.20, 0.30, and 0.50 pM; gC1q 0.10, 0.40, 0.70,
0.80, and 1.0 pM; ¢C1g 0.3, 0.4, 0.5, 0.7, 0.8, 0.9, 1.0, 1.2, and 1.4 uM.
The kinetic parameters of the interactions were determined by recording
sensorgrams at varying concentrations are listed in Table 1. All other

conditions are described in Section “Materials and Methods.”

neutrophils; (2) Clq binds more efficiently apoptotic RBL cells
when they expose PR3 at their surface and; (3) Clq recognizes
PR3 with a sub-micromolar affinity (Kp = 1.9 X 1077 M) as

TABLE 1 | Kinetic constants for the binding of C1q to immobilized proteinase 3
(PR3).

Soluble analyte PR3

kon (M~'s7")  kor (s7) Kb (M)
Ciq 7.8x10° 1.51 x 10°° 1.9x%x 107
gC1q (globular domain) 1.8 x 10* 7.2x10°8 4.0x 107
cC1q (collagenous-like fragment) nd nd nd

Binding of C1q, its globular region of C1q (9C1q), and collagenous-like fragment of
C1q (cC1q) to PR3 were measured as described in Section “Materials and Methods.”
The association (k.,) and dissociation (k. rate constants were determined by global
fitting of the data using a 1:1 Langmuir binding model (A + B < AB, BlAevaluation

3.2). The dissociation constants Kp were determined from the Koi/kon ratios. The data
presented were obtained with a statistic y? value < 2.

ND, not determined (i.e., despite the dose-dependent response the Kp value cannot be
determined satisfactorily).

shown by SPR analysis. The ability of Clq to bind PR3 on the
cell surface is further substantiated by the effect of PR3 exposure
on the phagocytosis of apoptotic cells in the presence of Clq.
Remarkably, when apoptotic RBL cells express cell surface PR3,
the Clq effect on their uptake is undetectable in contrast to the
wild-type RBL cells and what has previously been observed with
other apoptotic cell types (13, 23). The mechanism of inhibition
does not appear to be simple cleavage of Clq by the protease
activity of PR3. It should be noted that in this phagocytosis model,
PR3 expression did not impair the uptake of apoptotic cells even
in absence of C1q. However, together with the characterization of
the PR3-Clq direct interaction, it might suggest that PR3 could
affect C1q-mediated functions.

Interestingly, we have previously observed using an in vivo
phagocytosis assay of RBL cells in mice, that PR3 membrane
expression efficiency decreases the phagocytosis of apoptotic cells
by peritoneal macrophages (7) in contrast to the increased phago-
cytosis in vitro using macrophages differentiated from the THP1
monocyte cell line in this study. We hypothesize that PR3 could
bind to other mediators implicated in the phagocytosis process,
e.g., serum proteins such as C1q. Our present study showing that
Clg-mediated enhancement of phagocytosis is impaired when
cells expose PR3 on their surface supports this hypothesis and
strongly suggests that PR3 binding to C1q disables C1q-mediated
phagocytic macrophage function. We have also observed dif-
ferences between phagocytosis in the presence and absence of
serum, indicating that other serum molecules could interfere
with this process in the specific tissue environment. Of note, it
has been demonstrated that C1q and PR3 share common bind-
ing partners involved in efferocytosis, the well-known “eat-me
signals” and immune modulators CRT and PS (7, 18, 19, 24, 25).
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products were separated on a 10% SDS-PAGE gel under reducing
conditions and visualized by Coomassie staining. The position of the
three (A—C) subunits of C1qg and of FN is shown.

Importantly, we have previously shown that the ectoCRT-Clq
interaction modulates the efferocytosis process. As co-externali-
zation of CRT and PR3 occurs during neutrophil apoptosis, this
presumably could interfere with the Clq-dependent PR3 effect
on phagocytosis. These findings should be taken into considera-
tion when interpreting the role of PR3 under pathophysiological
conditions.

Neutrophils play a key role in the molecular pathology of
number of autoimmune diseases since these cells can generate
neo-epitopes that have the potential to break immune tolerance

resulting in the generation of autoantibodies (26). Of particular
interest, PR3 is the major target of ANCA in GPA, and a high
percentage of neutrophils bearing membrane PR3 is considered a
risk factor for autoimmune vasculitis. Indeed, we have previously
proposed that PR3 can inhibit the clearance of apoptotic neutro-
phils by phagocytes, acting as a “don’t eat me” signal by interfering
with the ability of CRT to promote phagocytosis (7) and perturbing
the normally anti-inflammatory response following phagocytosis
of apoptotic cells by macrophages (27). Furthermore, PR3 acts as
an alarmin inducing pro-inflammatory cytokine and chemokine
production by macrophages and dendritic cell activation leading
to dysregulated T cell polarization and favoring autoimmunity
(27). Another key protein of immune tolerance is Clq through
its facilitation of apoptotic cell clearance. Indeed, C1q deficiency
is linked to development of autoimmune diseases including SLE,
probably through the alteration of efferocytosis (28). Genetic vari-
ants in the region of the C1q genes have also been associated with
rheumatoid arthritis (29). Interestingly, the frequency of circulating
PR3-high neutrophils also increases in patients with rheumatoid
arthritis (5). Our current data reinforce the idea that the PR3 pro-
inflammatory effect could be mediated by its ability to specifically
bind molecules involved in the safe removal of apoptotic cells. On
the other hand, the variability of PR3 expression on the neutrophil
population raises the question of its physiological role. It is tempt-
ing to speculate that PR3 membrane exposure could be associated
with subpopulations of neutrophils that exhibit specific regulatory
functions linked to innate clearance or inflammatory response.

In summary, together with previously published data, our
findings highlight the existence of interactions between key serum
and tissue proteins involved in the efferocytosis process (recogni-
tion and/or phagocyte signaling pathways) including multiva-
lent proteins (e.g., C1q) with a propensity to aggregate molecules
(Figure 6). We hypothesize that regulation of the immune response
and the initiation of pathological events may be dependent on
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the relative abundance of these proteins. Efficient apoptotic body
removal has important inflammatory consequences, and these
molecules may be important to target in neutrophil-associated
autoimmune disorders.
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Objectives: Impaired clearance of dying and dead cells by professional and amateur
phagocytes plays a crucial role in the etiology of systemic lupus erythematosus (SLE).
While dying, cells expose and release a plethora of eat-me and find-me signals to ensure
their timely removal before entering the dangerous stage of secondary necrosis. A well-
described chemoattractant for macrophages is dying cell-derived lysophosphatidylcho-
line (LPC). However, its implications for and/or its association with SLE disease, so far,
have not been examined. In the present study, we analyzed the LPC serum concentra-
tions of patients with SLE and rheumatoid arthritis (RA). Subsequently, we examined
if and to which extent the measured serum concentrations of LPC and an LPC-rich
environment can impact the phagocytosis of necrotic cells.

Methods: Sera from patients with SLE, RA, and normal healthy donors (NHD) were
characterized for several parameters, including LPC concentrations. Phagocytosis of
dead cells by human macrophages in the presence of SLE and NHD sera was quanti-
fied. Additionally, the impact of exogenously added, purified LPC on phagocytosis was
analyzed.

Results: Patients with SLE had significantly increased LPC serum levels, and high serum
LPC of SLE patients correlated significantly with impaired phagocytosis of dead cells in
the presence of heat-inactivated serum. Phagocytosis in the presence of sera from NHD
showed no correlation to LPC levels, but exogenous addition of purified LPC in the range
as measured in SLE patients’ sera led to a concentration-dependent decrease.

Conclusion: Our data show that high levels of LPC as observed in the sera of SLE
patients have a negative impact on the clearance of dead cells by macrophages.
Chemoattraction requires a concentration gradient. The higher the LPC concentration
surrounding a dying or dead cell, the smaller the achievable gradient upon LPC release
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LPC Serum Levels in SLE

will be. Thus, it is feasible to assume that elevated LPC levels can interfere with the
build-up of a local LPC gradient during cell death, and hence might play a role in the
establishment and/or perpetuation of SLE disease.

Keywords: systemic lupus erythematosus,

rheumatoid arthritis, efferocytosis, lysophosphatidylcholine,

phagocytosis, necrotic cells, serum, clearance deficiency

INTRODUCTION

The process of apoptotic cell clearance—commonly referred to as
efferocytosis—works with an impressively high degree of effec-
tiveness and eliminates billions of dying cells in the context of
tissue homeostasis and cell turnover every day (1). It is so efficient
that, under physiological conditions, apoptotic corpses are rarely
to be found. Defects and perturbations in this highly coordinate
process result in the persistence of cellular debris and have been
linked to the etiology and pathogenesis of systemic autoimmune
diseases such as systemic lupus erythematosus (SLE) (2-5).
Chronic, generalized inflammation, and multi-organ damage are
the most typical manifestations of SLE (6).

It is widely accepted that uncleared secondary NEcrotic
cell-derived material (SNEC) in germinal centers of secondary
lymphatic organs serves as survival and proliferation signal
for autoreactive B cells, which will then produce antinuclear
antibodies (ANAs) in the periphery (7, 8). The co-existence of
ANAs and accumulated SNEC leads to the formation of immune
complexes in several tissues (9). This favors a pathological, pro-
inflammatory mode of elimination leading to increased organ
damage and accumulation of more dying cell debris, thus fueling
a self-amplifying vicious circle (10). The result is a systemic type
I interferon signature in response to the ANA-SNEC complexes
analogous to a viral infection (3, 11).

Clinically, SLE presents as a very heterogeneous autoimmune
disease with a broad range of manifestations. The prevalence of
20-150 cases per 100,000 has remained constant in the US in the
last 20 years (12-14). Adult women are affected seven times more
often than men and their life expectancy is considerable lower
than that of the healthy population (15). Typically, the course of
disease is characterized by remissions and relapses ranging from
mild to severe with the latter ones also being known as flares (16).
The classification as SLE of a patient with autoimmune manifesta-
tions is usually done by rheumatologists after meeting at least 4
out of 13 clinical and serological criteria of the American College
of Rheumatology (17). Although efferocytosis is closely related
with the etiopathogenesis of SLE, none of these criteria so far are
associated with the clearance of dead and dying cells.

In order to attract phagocytes for their timely removal, dying
cells release soluble find-me signals. Apart from nucleotides,
the chemokine CX;CL1, sphingosine-1-phosphate, and others,
lysophosphatidylcholine (LPC) was one of the first dying cell-
derived find-me signals that has been identified (3, 18, 19).
We and others have shown that the release of LPC during apoptosis
is orchestrated by caspase-3-mediated cleavage and activation of
calcium-independent phospholipase A, (iPLA,), and subsequent
involvement of the ATP-binding-cassette transporter ABCALl
(18, 20). Once released, LPC stimulates chemotaxis of monocytes

and macrophages with involvement of the G protein-coupled
receptor G2A (21-24). Intriguingly, mice with genetic deletion
of G2A develop a late-onset multi-organ autoimmune condition,
which closely resembles human SLE (25), suggesting that interfer-
ence with the LPC-G2A axis—presumably via disturbed phago-
cyte recruitment during efferocytosis—favors the development of
autoimmunity. Therefore, the question arises if patients with auto-
immune diseases display alterations in the LPC-G2A axis. To date,
this has not been studied systematically. Previously, we performed
transcriptomic profiling analyses in peripheral blood monocytes
of SLE patients. G2A was among the examined candidate genes,
but we did not detect any significant alterations in the SLE group
in comparison to normal healthy donors (NHD) (26).

In the present study, we focused on LPC and analyzed the corre-
sponding serum levels in SLE patients, patients with rheumatoid
arthritis (RA), and NHD. We observed significantly increased
LPC serum levels in the SLE group and particularly high levels in
patients with involvement of vessels or kidneys, respectively. Since
this can be a cause as well as a consequence of impaired effero-
cytosis, we next examined dead cell phagocytosis in the presence
of SLE sera and in the presence of NHD sera supplemented with
LPC concentrations that have been observed in the SLE group.
A significant correlation of elevated LPC levels with impaired
phagocytosis of dead cells in the presence of heat-inactivated SLE
sera was detected and further confirmed by exogenous addition
of purified LPC to NHD sera. Accordingly, we conclude that
increased LPC levels can interfere with local dead cell-derived
LPC, which functions as a phagocyte attraction signal. This might
contribute to the impairment of clearance and consequently to the
establishment and/or maintenance of SLE disease.

PATIENTS AND METHODS

Patients

We obtained sera from patients with SLE visiting our inpatient
and outpatient departments. Demographic and clinical data
available in 50 patients with SLE were summarized together with
routine serology in Tables 1 and 2. Serologic parameters were
measured in our routine laboratory immediately after blood
drawing. Disease activity was recorded according to the SLE

TABLE 1 | Demographics of the cohorts studied.

Demographics Normal healthy Rheumatoid Systemic lupus
donors arthritis erythematosus

n 25 20 50

Sex M/F 13/12 138/7 5/45

Mean age (years) 31.5+73 498 +17.8 43.2 +14.0
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Disease Activity Index 2000 (SLEDAI-2K) or to the European
Consensus Lupus Activity Measurement (ECLAM). All patients
showing disease activity defined as a SLEDAI score of at least 5 or
asan ECLAM score of at least 4 were considered as in flare. Organ
involvement was determined by the affection of a specific system

TABLE 2 | Serological and clinical characteristics of the systemic lupus
erythematosus cohort.

In flare No flare p
Serology
n 12 33
CRP, median in mg/d! (IQR) 1.2(1.7) 0.4 (1.5) 0.189*
C3, median in mg/dl (IQR) 72.5(37.5) 93.0 (63.0) 0.098=
C4, median in mg/dl (IQR) 10.7 (10.2) 14.2 (10.2) 0.038*
Anti-dsDNA, median in U/ml (IQR) 33.8(140.2) 11.8 (44.5) 0.0972
Antinuclear antibody titer, median-" 210.0 (280.0)  320.0(980.0) 0.518%
(IQR)
APS, n (%) 4(33.3) 6(17.1) 0.237°
Treatment
n 12 35
Prednisone median in mg/day (IQR) 7.5(39.4) 5.0 (10.0) 0.258°
Azathioprine, n (%) 3(25.0) 15 (42.9) 0.272°
Chloroquine, n (%) 4(33.3) 13 (37.1) 0.813°
Cyclophosphamide, n (%) 2(16.7) 2(5.7) 0.241°

IQR, interquartile range; APS, seropositive antiphospholipid syndrome.
2Wilcoxon-Mann-Whitney test.

bChi square test.

Bold font indicates p < 0.05.

due to lupus pathology as ascertained by the treating physicians.
Sera from further 41 patients with SLE, from 20 patients with RA,
and from 25 NHD were used for the measurement of LPC levels
(no clinical data available). All patients fulfilled the American
College of Rheumatology criteria for the classification of SLE
and RA, respectively (17, 27). A written informed consent was
obtained from all blood donors and the study received the final
approval from the ethics committee of the Friedrich-Alexander
University Erlangen (Permit number 52_14 B).

Handling of Serum Samples

Thirty nine serum samples from patients with SLE and 14 from
NHD were used for phagocytosis assays in the presence of native
serum. One aliquot of each serum was treated with heat (56°C)
for 30 min for complement inactivation (28). Native and heat-
inactivated samples were stored together at —20°C from the day
of blood withdrawal and thawed once immediately before each
phagocytosis assay. Additional 15 samples from patients with SLE
and 4 from NHD were available for phagocytosis assays only in
form of heat-inactivated serum.

Measurement of Serum LPC

Serum LPC concentrations were measured by a multi-step
coupled enzymatic assay with slight modifications according to
the protocol described (29). LPC was converted stepwise to glyc-
erophosphocholine, choline, and betaine, which eventually was
detected in a peroxidase reaction with Amplex Red (Figure 1).
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FIGURE 1 | Multi-step coupled enzymatic test for the detection of lysophosphatidylcholine (LPC). LPC is stepwise converted to glycerophosphocholine, choline,
and betaine, which eventually is detected in a peroxidase reaction with Amplex Red. Methodologically, baseline fluorescence is recorded by incubating the samples
with all ingredients except for the first enzyme (lysophospholipase A1) whose addition defines the start of LPC conversion and the value of fluorescence, which is
subtracted from the final value of fluorescence for calculating the amount of LPC on the basis of a standard curve of purified LPC.
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Briefly, 20 pl of diluted sera (1:100) were added to 96-well plates,
250 pl of prewarmed mix A consisting of 100 mM Tris-HCI pH
8.0, 0.01% Triton X-100, 1 mM calcium chloride, 20 uM Amplex
Red, 1 U/ml horseradish peroxidase, 0.1 U/ml glycerophospho-
choline phosphodiesterase, 1 U/ml choline oxidase (all from
Sigma-Aldrich, Taufkirchen, Germany) were added, and baseline
fluorescence was recorded for 15 min at 37°C in a Synergy Mx
plate reader (BioTek Instruments, Bad Friedrichshall, Germany)
at 563 nm excitation and 587 nm emission. Then, the reaction was
started by adding 75 pl of mix B consisting of 100 mM Tris-HCI
pH 8.0, 0.01% Triton X-100, and 20 pg/ml lysophospholipase
A1 (cloned and purified from human THP-1 cells), and Amplex
Red conversion was recorded over 40 min every minute. LPC
concentrations were determined from the delta in fluorescence
with a standard curve of purified LPC (Sigma-Aldrich).

Necrotic Cells

Necrotic Raji cells served as target cells in our phagocytosis
experiments. Viable Raji cells were labeled with carboxyfluores-
cein succinimidyl ester-diacetate (CFSE-DA, Molecular Probes,
Eugene, OR, USA) 1 day prior to the phagocytosis experiments
according to manufacturer instructions and kept at 37°C
in 5.5% CO, atmosphere in complete medium [RPMI 1640
medium containing 1% L-glutamine (Thermo Fisher Scientific,
Munich, Germany)], 1% N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; Merck, Darmstadt, Germany),
and 1% penicillin-streptomycin (Thermo Fisher Scientific)
supplemented with 10% fetal calf serum (FCS, Thermo Fisher
Scientific). Necrosis was induced immediately before phagocyto-
sis by incubation at 56°C for 30 min. Verification of necrosis was
done by propidium iodide staining in phosphate-buffered saline
(PBS) (Thermo Fisher Scientific). More than 99% of the cells were
positive for propidium iodide.

In Vitro Differentiation of Human

Monocyte-Derived Macrophages (HMDM)

Peripheral blood mononuclear cells (PBMC) of three healthy
volunteers (blood group 0) were isolated from venous heparin-
ized blood by Ficoll density-gradient centrifugation (Lymphoflot;
Biotest, Dreieich, Germany). Platelets were depleted by cen-
trifugation through a cushion of FCS. Monocytes were separated
from PBMC by magnetic cell sorting employing human CD14
MicroBeads following the manufacturer’s instructions (Miltenyi
Biotec, Bergisch-Gladbach, Germany) and stained with the car-
bocyanine membrane dyes Dil or DiD (Thermo Fisher Scientific).
Monocytes were differentiated to HMDM in vitro either at
50,000 cells/well (assays with patients’ sera) or 100,000 cells/
well (LPC interference assay) for 7 days at 37°C and 5.5% CO,
humidified atmosphere in complete medium supplemented with
10% autologous serum and 10 ng/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF; Pharmaserv, Marburg,
Germany). Fresh medium wasadded at days 3 and 5 after isolation.

Phagocytosis of Necrotic Cells
Medium from wells containing stained HMDM was removed
and replaced by 100,000 necrotic Raji cells suspended in 200 pl

complete medium containing 10% FCS, 10% serum samples
from SLE patients or healthy controls, 10% autologous serum,
and varying concentrations of LPC (Sigma-Aldrich), respectively.
Medium containing up to 0.7% ethanol as LPC-vehicle was used
as control in phagocytosis assays with added LPC. Phagocytosis
was allowed for 1 h at 37°C in 5.5% CO, atmosphere. Adherent
HMDM were detached by rinsing with cold PBS containing
2 mM ethylenediamine tetraacetic acid (EDTA; Merck).

Flow Cytometry and Data Management

The uptake of necrotic cells by HMDM was monitored by two-
color flow cytometry. HMDM were identified by size and by
positive staining for Dil or DiD. HMDM being double-positive
for CFSE and Dil or DiD, respectively, were considered to have
ingested necrotic cells, which was further confirmed by confocal
laser microscopy as reported previously (30). The phagocytosis
index (PhlIx) was calculated as the standardized product of the
percentage of double-positive HMDM and the mean CFSE
fluorescence intensity (relative amount of engulfed material) of
double-positive HMDM. Experiments with patients’ sera were
carried out in duplicates and assays with exogenously added
LPC in triplicates. Standardization enabled fusion of results from
different days and dyes and was achieved by normalizing the
measured Phlx to phagocytosis in the absence of human serum
of each experiment. In the LPC titration assays, normalization
was done by defining the Phlx of the LPC-free samples as 100%.

Statistical Analyses

Statistical analyses were performed using Prism 5 for Windows
(GraphPad Software, Inc., La Jolla, CA, USA) or SPSS Statistics
21 (IBM Corp., Armonk, NY, USA), respectively. Correlations
were calculated according to the non-parametric Spearman algo-
rithm. For comparisons between groups, normal distribution was
confirmed by Kolmogorov-Smirnov tests followed by two-sided
Student’s t-tests. If normality was rejected, group comparisons
were performed by two-sided Wilcoxon-Mann-Whitney tests.
Independence of variables was examined by Chi square tests.
Levels of p < 0.05 were considered as statistically significant.

RESULTS

In order to examine if SLE patients display alterations in LPC
serum levels and if this might be of functional relevance for prey
cell engulfment, we established a multi-step enzymatic test for
the detection of LPC and applied the sera to in vitro phagocytosis
assays with HMDM and dead Raji cells.

SLE Patients Exhibit Increased Levels
of Serum LPC

The mean LPC serum concentration in the group of NHD
as measured by the multi-step coupled enzymatic test was
886 + 493.3 uM. In comparison, patients with SLE had signifi-
cantly increased LPC serum levels (1,298 + 687.9 uM; p = 0.0132;
after Dunn’s correction p < 0.05). No significant differences were
observed when comparing RA patients (953.1 + 233.4 puM)
with NHD or with SLE patients, respectively (Figure 2). To our
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knowledge, this is the first detailed report about concentrations
of LPC in sera of patients with SLE.

Demographical, Serological, and Clinical
Characteristics of the SLE Cohort

Clinical and serological information about SLE patients are
shown in Tables 1 and 2. Considering the actual clinical activity
status of the patients, we observed that patients in flare (SLEDAI
score >5 or ECLAM score >4, Table 2) showed significantly lower

levels of serum complement C4 (in flare median: 10.7 mg/dl;
no flare median 14.2 mg/dl; p = 0.038). The concentration of
serum LPC was slightly elevated in patients with flares, but this
difference did not reach statistical significance (not shown). We
observed particularly high LPC serum levels in patients with
vessel (p = 0.036) and kidney (p = 0.030) involvement (Table 3).
Unfortunately, no complete data on renal function were available.
Five out of 16 patients with renal involvement showed severely
compromised renal function as manifested by high protein levels
in urine and creatinine clearance lower than 50 ml/min (not
shown), but no significant association with LPC serum levels was

detected. Interestingly, serum LPC levels correlated significantly
p=0.0132 and inversely (p = 0.014) with antinuclear antibody (ANA) titers
3 l in patients with SLE (Figure 3). No other statistical association
o with laboratory parameters (Tables 1 and 2) or prednisone treat-
o ment was found (not shown).
= oS80
E 2 Wogao Destruction of Heat-Labile Serum
o o)
g . °°.°<g.§2’g Components Reveals the Distinct Effect
1 D) . .
£ . % %Od’ —°°—e—'—oo;(§20 of Thermostable Factors on Phagocytosis
5 1 —oete— %89%“; B8 00 of Necrotic Cells In Vitro
% . In a first step to address the potential association of serum LPC
e ° "o:.:o"' levels with the process of dying cell clearance and SLE disease,
0 : we analyzed the effects of NHD and SLE sera in their native and
NHD RA SLE heat-inactivated form on the phagocytosis of necrotic cells by
n=25 n=20 n=91 HMDM (Figure 4). The uptake of necrotic cells was quantified by
the PhIx. Phagocytosis in the presence of native sera from NHD
FIGURE 2 | Lysophosphatidylcholine (LPC) serum levels of patients with (13_9 + 4.3) was similar to that in the presence of native sera from
systemic lupus erythematosus (SLE) are elevated. In serum samples of . . .. .
normal healthy donors (NHD), patients with rheumatoid arthritis (RA) and SLE patients with SL,E (13'2 = 4'7). In order to ehm%nate the influ-
LPC concentrations were analyzed by a multi-step coupled enzymatic test as ence of heat-labile serum factors on phagocytosis and to focus
depicted in Figure 1. LPC levels from individual serum samples, their means, on the effects of thermally stable components (like LPC), sera
and SDs are shown. Open symbols (only LPC values available), filled symbols were heat inactivated at 56°C for 30 min. This strongly reduced
(LPC values and phagocytosis index available), bold bars (cohort means), thin the uptake of necrotic cells in comparison to native serum in
pars (cohort SOs). the NHD (p < 0.0001) as well as the SLE (p < 0.0001) cohort,

TABLE 3 | Serum concentrations of LPC and phagocytosis of necrotic cells in inactive serum stratified by organ involvement in patients with systemic lupus

erythematosus.

Organ Involvement n (%) LPC (uM) p Phix P
Mean + SD Mean + SD

Vessels Yes 6 (12.5) 1,561.7 + 519.0 0.036 295.1 + 104.4 0.051
No 42 (87.5) 952.2 + 660.4 427.8 + 190.1

Kidney Yes 16 (33.3) 1,322.4 + 715.5 0.030 371.3 + 166.9 0.137
No 32 (66.7) 881.3 + 607.0 433.0 + 194.8

APS Yes 10 (20.0) 1,091.1 + 653.4 0.760 427.1 +119.8 0.386
No 40 (80.0) 1,013.9 +672.8 407.6 + 200.8

Skin Yes 25 (52.1) 1,107.9 + 648.2 0.398 414.2 + 178.2 0.459
No 23 (47.9) 941.9 + 699.3 408.6 + 198.9

Joints Yes 18 (37.5) 998.1 + 644.5 0.691 406.1 + 192.1 0.351
No 30 (62.5) 1,078.9 + 729.7 414.5 + 186.1

Leukopenia Yes 14 (29.2) 770.0 £ 490.4 0.088 477.2 £197.8 0.060
No 34 (70.8) 1,134.6 = 7121 385.4 + 177.5

Central nervous system Yes 6 (12.5) 945.7 + 812.6 0.751 422.2 +130.2 0.448
No 42 (87.5) 1,040.2 + 659.4 410.4 = 192.7

Serosal membranes Yes 11 (22.9) 926.2 + 529.0 0.571 455.8 + 247.3 0.189
No 37 (77.1) 1,058.7 + 711.5 398.8 + 166.5

LPC, lysophosphatidylcholine; Phlx, phagocytic index; APS, seropositive anti-phospholipid syndrome.

Bold font indicates p < 0.05
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FIGURE 3 | Lysophosphatidylcholine (LPC) serum levels of patients with
systemic lupus erythematosus inversely correlated with antinuclear antibody
(ANA) titers. Correlation analysis of serum LPC values and ANA titers. The
values of ANA titers and serum LPC concentrations were transformed to rank
values, and the Spearman rho correlation coefficient was calculated

(o = 0.014 after Bonferroni correction).
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FIGURE 4 | Influence of heat-labile serum components on the phagocytosis
of necrotic cells by human monocyte-derived macrophages. Uptake of
necrotic cells was analyzed by flow cytometry and quantified by the
phagocytosis index (Phlx). Phagocytosis was allowed in the presence of
native or heat-inactivated (56°C for 30 min) serum from normal healthy
donors (NHD) or patients with systemic lupus erythematosus (SLE).
Phagocytosis in heat-inactivated serum was lower in both cohorts than in
native serum (NHD and SLE each p < 0.0001). There was no significant
difference in phagocytosis between the NHD and SLE cohort neither in native
serum nor in heat-inactivated serum. Open symbols (only Phlix available),
filed symbols (Phlx and lysophosphatidylcholine concentration available),
bold bars (cohort means), thin bars (cohort SDs).

respectively—most likely due to inactivation of complement and
other heat-sensitive opsonins. Again, addition of inactivated sera
from NHD (4.3 + 1.5) and SLE patients (4.1 + 1.9) resulted in

similar levels of phagocytosis, and no significant difference in
PhlIx was observed.

Serum LPC Levels of SLE Patients
Negatively Correlate with Phagocytosis

of Necrotic Cells In Vitro

In the next step, we analyzed the relationship between serum
LPC concentrations and phagocytosis as quantified by the Phlx.
No significant correlation was observed in case of native sera, nei-
ther in the NHD (not shown) nor in the SLE group (Figure 5A).
In line with our previous findings and reports by others, comple-
ment C4 and ANA titers revealed significant correlations with
phagocytosis in native serum (not shown) (30). Upon heat
inactivation, the impact of thermosensitive components, includ-
ing complement, is eliminated, and the influence of thermostable
serum factors on the engulfment process can be examined. LPC
belongs to the group of thermostable serum components due to
its lipid nature. Whereas phagocytosis in the presence of heat-
inactivated serum from NHD showed no significant association
with LPC concentrations (not shown), a highly significant nega-
tive correlation (r = -0.556, p < 0.0001) between LPC levels and
phagocytosis in case of heat-inactivated serum from patients with
SLE was observed (Figure 5B).

We also performed group comparisons for all organ involve-
ment groups. Sera from patients with kidney or vessel involve-
ment with particularly high LPC levels displayed a tendency
toward reduced phagocytosis activity. However, this did not reach
statistical significance. In turn, sera from patients with leukopenia
showed particularly low LPC levels and a trend toward increased
phagocytosis activity (Table 3). This underlines the negative
relationship between LPC serum concentration and phagocytosis
activity and raises the question of causality.

Exogenously Added LPC Reduces

Phagocytosis of Necrotic Cells In Vitro

As a first approach to analyze the causality between high serum
LPC levels and decreased uptake of necrotic cells, NHD serum
was supplemented with increasing concentrations of purified
LPC (in the range that was measured in the SLE sera). Figure 6
compares the phagocytosis results of LPC supplementation
versus the corresponding vehicle control. All Phlxs were nor-
malized to the PhlIx value of the original serum (added LPC
concentration = 0 mM). Addition of LPC resulted in a significant
concentration-dependent decline in phagocytosis in native serum
(p < 0.0001) as well as in heat-inactivated serum (p = 0.0027) in
comparison to the LPC-free control (Figures 6A,B). The phago-
cytosis of necrotic cells was similarly inhibited by LPC to 35% in
native and to 34% in heat-inactivated serum. The vehicle control
showed no influence on phagocytosis, neither in native nor in
heat-inactivated serum.

DISCUSSION

Billions of cells die in the context of normal tissue regeneration
every day. If they are not cleared in time, the process of death
enters the stage of secondary necrosis and SNEC accumulate in
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FIGURE 5 | Serum lysophosphatidylcholine (LPC) levels of systemic lupus erythematosus (SLE) patients correlate negatively with phagocytosis of necrotic cells
in vitro. Serum LPC levels of SLE patients were correlated to phagocytosis of necrotic cells in the presence of the respective serum as determined by the
phagocytosis index (Phlx). Each data point represents an individual serum value. (A) Phagocytosis assays in the presence of native serum. n.s., not significant.
(B) Phagocytosis assays in the presence of heat-inactivated serum. Dashed lines indicate the 95% confidence interval.
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FIGURE 6 | Exogenously added lysophosphatidylcholine (LPC) reduces phagocytosis of necrotic cells in vitro. Normal healthy donor serum was supplemented with
the indicated concentrations of purified LPC, added to phagocytosis assays with necrotic cells in its native or heat-inactivated form, and phagocytosis was
measured as % of unsupplemented serum (100% control). (A) Data for native serum. (B) Data for heat-inactivated serum. The addition of LPC resulted in a
significant concentration-dependent decline in phagocytosis in comparison to the LPC-free control (two-way ANOVA test). Means + SEs of triplicates are shown.

peripheral tissues (3). Pioneering experimental evidence for the ~ neutrophils have been reported in patients with SLE (37, 38).
existence of this kind of non-engulfed cellular debris in tissue ~ The process of apoptosis itself turned out not to be affected (39).
samples from patients with SLE was already provided in the  Instead, an engulfment dysfunction was identified as the underly-
late 1950s (31). Several studies reported so-called hematoxylin  ing reason for the accumulation of uncleared, dead cell material
bodies defined as exclusively extracellular, single, clustered, or in patients with SLE (40).

coalescent corpses found specifically in tissues of 70-90% of In the course of apoptosis, the plasma membrane of cells
virtually untreated patients with SLE (32-35). Regrettably, at that ~ undergoes characteristic changes. Whereas viable cells exhibit
time, these alterations could not be associated with cell death  a clear membrane phospholipid asymmetry, during apoptosis,
phenomena, because apoptosis was firstly described much later  redistribution of phospholipids between the membrane leaflets
(36). More recently, increased amounts of apoptotic PBMC and ~ occurs (41, 42). Moreover, phospholipases (PLA,) generate LPC
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by hydrolyzing the fatty acid at the sn-2 position of glycerophos-
pholipids (43-45). Calcium-independent phospholipase A2
(iPLA;) is processed during apoptosis by caspase-3-mediated
cleavage leading to a truncated form with increased activity (46),
and LPC appears to be the major product of lipid catabolism
in apoptotic cells (45, 47). Its release under participation of the
membrane transporter ABCA1 and its role as chemoattractant in
the clearance of dead cells has been confirmed by us and others
(18, 21, 24).

In the present study, we observed increased LPC levels in
sera of patients with SLE, and the highest levels were detected
in patients with vessel or kidney involvement (Figure 2).
In principle, elevated serum LPC levels could be a cause as well
as a consequence of SLE disease. It is feasible to assume that
accumulating dying cell material due to known clearance defi-
ciencies in SLE could give rise to accumulation of LPC in organs
and tissues, which might finally “spill over” into the serum. This
might be particularly strong in case of vasculitis since, here, cell
death occurs in very close proximity to the blood. In case of
kidney involvement, renal dysfunction and impaired lipid clear-
ance might additionally contribute to the increase in LPC serum
levels as has been reported in the context of type II diabetes and
renal transplantation (48, 49). Vice versa, elevated LPC serum
levels could affect dying cell clearance by interfering with proper
phagocyte recruitment leading to delays in dying cell clearance
and establishment as well as maintenance of SLE disease.

Lysophosphatidylcholine is a potent find-me signal of dying
cells (50-53), provided that a concentration gradient between
the dying/dead cell and the phagocyte can be established.
Experimental neutralization of this gradient by adding exog-
enous LPC can efficiently interfere with chemoattraction of
THP1-monocytes by supernatants of apoptotic cells (21), and
sera from patients with SLE reportedly reduce chemoattraction of
macrophages by supernatants of apoptotic cells (54). In contrast,
NHD sera or sera from RA patients show no inhibition of phago-
cyte migration (54). Hence, the elevated LPC levels in SLE sera
reported here might be the reason for the inhibition of chemoat-
traction in our previous study (54). Along the same lines, we now
observed a significant correlation between high LPClevels in SLE
sera and interference with phagocytosis of dead cells, but only
in case of heat-inactivated sera, where the influence of ANAs,
antiphospholipid antibodies, complement factors, and other
heat-labile opsonins has been minimized (Figure 5B). ANAs,
antiphospholipid antibodies, and complement factors are well-
known to affect the internalization of dying cells, and their titers
can vary strongly in sera of SLE patients (55-58). In turn, heat-
inactivation of serum allows studying the phagocytic impact of
heat-stable compounds, including LPC. This might be specifically
relevant in tissues where the concentration of serum proteins is
low. It should be noted that we observed this correlation between
high LPC serum levels and interference with phagocytosis of
dead cells only in SLE but not in NHD sera. Further subgroup
analyses revealed that the correlation was particularly strong for
LPC serum levels >1 mM (not shown). This might explain why
no significant correlation for NHD sera (mean LPC concentra-
tion 886 + 493.3 uM) was observed and suggests that a certain

type of threshold does exist in this regard. Detailed analyses of
the groups with different organ involvements revealed trends
of high serum LPC levels and low phagocytosis activity in case
of kidney and vessel involvement as well as low serum LPC level
and high phagocytosis activity in case of leukopenia. Although
these trends did not reach statistical significance, they argue in
favor of a negative relationship between increased serum LPC
concentrations and phagocytic activity.

Evidence for the causal involvement of LPC in phagocytosis
inhibition derives from our add-in experiments: NHD serum sup-
plemented with increasing concentrations of purified LPC ham-
pered dead cell phagocytosis in an LPC concentration-dependent
manner irrespective if it was heat-inactivated or not (Figure 6).
Of note, the add-in phagocytosis experiments were performed
with NHD serum which—in contrast to SLE sera—is of rather
constant composition and lacks relevant titers of autoantibodies.
This represents a plausible explanation why addition of LPC to
native and inactivated NHD serum had similar effects on phago-
cytosis, while the correlation between LPC levels in SLE sera and
phagocytic activity was only measurable upon heat inactivation.

Interestingly, we observed higher LPC serum levels in patients
with flare than patients with non-flare. Although this trend was
statistically not significant, it might be speculated that elevated
levels of LPC function as a clearance inhibitor at a cellular level
and lead to SLE disease exacerbation ensuing from reduced
efferocytosis, augmented release of autoantigens, and immune
complex formation, and resulting in enforced inflammatory
conditions and clinical symptoms.

Eat-me signals presented on the membrane surface require
a direct cell-cell contact in order to be functional. In contrast,
find-me signals are released from dying and dead cells and oper-
ate over a certain distance [reviewed in Ref. (59)]. The existence
of a chemotactic concentration gradient is a prerequisite for the
attraction and migration of phagocytes. Under non-pathological
conditions (as is the case in the presence of NHD sera), local
gradients of find-me signals can be successfully built up around a
dying cell (Figure 7A). Macrophages follow the gradient until they
encounter dying cells and then can recognize and engulf them via
exposed eat-me signals. In conditions of abnormally high LPC
concentrations in the extracellular milieu (as we observed in SLE
sera and upon supplementation of NHD sera in our phagocytosis
assays), the LPC amount that is locally released by dying and
dead cells appears not to be sufficient to establish an effective
chemotactic gradient (Figure 7B). Consequently, macrophages
cannot follow the gradient and do not find their way to the dying
prey. Our data suggest that impaired chemoattraction decreases
the likelihood of macrophages meeting dead cells, thus resulting
in the observed decrease in phagocytosis.

Overall, our study is the first to provide experimental evi-
dence for increased serum LPC levels in SLE patients. In vitro,
this correlated with impaired phagocytosis of dead cells when
the respective SLE sera were added to phagocytosis assays and
when NHD sera were supplemented with LPC concentrations in
the range as measured in SLE sera. Accordingly, we suggest that
high extracellular LPC levels can neutralize local LPC gradients,
which are required for phagocyte attraction in the context of
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dying cells is reduced resulting in decreased phagocytosis.
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FIGURE 7 | Effect of abnormal high lysophosphatidylcholine (LPC) levels on chemotaxis of macrophages. A local chemotactic concentration gradient is required for
the attraction and migration of phagocytes toward dying and dead cells. Under non-pathological conditions, an LPC concentration gradient is formed around a
dying cell (A). Macrophages follow the gradient until they encounter the dying cell and then start the phagocytic process. In conditions with increased extracellular
LPC concentrations, like we observed in systemic lupus erythematosus (SLE) sera, the amount of LPC released by the dying cell might not be high enough to
establish a functional chemotactic gradient (B). Macrophages cannot be attracted, they move randomly. The likelihood of contacts between macrophages and

dying cell clearance, thus contributing to the establishment and/
or perpetuation of SLE disease and rendering serum LPC a poten-
tial, mechanisms-based marker of SLE disease, which deserves
further validation.
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Ly6C" Monocytes and Their
Macrophage Descendants Regulate
Neutrophil Function and Clearance in
Acetaminophen-Induced Liver Injury

Nadine Graubardt'?, Milena Vugman’, Odelia Mouhadeb'?, Gabriele Caliari’,
Metsada Pasmanik-Chor*, Debby Reuveni', Ehud Zigmond', Eli Brazowski', Eyal David?,
Lousie Chappell-Maor?, Steffen Jung? and Chen Varol™**

" The Research Center for Digestive Tract and Liver Diseases, Tel-Aviv Sourasky Medical Center and Sackler School of
Medicine, Tel-Aviv University, Tel Aviv, Israel, 2 Department of Immunology, Weizmann Institute of Science, Rehovot, Israel,
SDepartment of Clinical Microbiology and Immunology, The Sackler School of Medicine, Tel-Aviv University, Tel Aviv, Israel,
4Bioinformatics Unit, G. S. Wise Faculty of Life Science, Tel-Aviv University, Tel Aviv, Israel

Monocyte-derived macrophages (MoMF) play a pivotal role in the resolution of acet-
aminophen-induced liver injury (AILIl). Timely termination of neutrophil activity and
their clearance are essential for liver regeneration following injury. Here, we show that
infiltrating Ly6C" monocytes, their macrophage descendants, and neutrophils spatially
and temporally overlap in the centrilobular necrotic areas during the necroinflammatory
and resolution phases of AlLl. At the necroinflammatory phase, inducible ablation of
circulating LyBC" monocytes resulted in reduced numbers and fractions of reactive oxy-
gen species (ROS)-producing neutrophils. In alignment with this, neutrophils sorted from
monocyte-deficient livers exhibited reduced expression of NADPH oxidase 2. Moreover,
human CD14*+ monocytes stimulated with lipopolysaccharide or hepatocyte apoptotic
bodies directly induced ROS production by cocultured neutrophils. RNA-seg-based
transcriptome profiling of neutrophils from LyBC" monocyte-deficient versus normal
livers revealed 449 genes that were differentially expressed with at least twofold change
(o < 0.05). In the absence of Ly6C" monocytes, neutrophils displayed gene expression
alterations associated with decreased innate immune activity and increased cell survival.
At the early resolution phase, Ly6C" monocytes differentiated into ephemeral Ly6C®
MoMF and their absence resulted in significant accumulation of late apoptotic neutro-
phils. Further gene expression analysis revealed the induced expression of a specific
repertoire of bridging molecules and receptors involved with apoptotic cell clearance
during the transition from LyBC" monocytes to MoMF. Collectively, our findings establish
a phase-dependent task division between liver-infiltrating Ly6C" monocytes and their
MoMF descendants with the former regulating innate immune functions and cell survival
of neutrophils and the later neutrophil clearance.

Keywords: macrophages, monocytes, neutrophils, drug-induced liver injury, liver immunology

Abbreviations: AILI, acetaminophen-induced liver injury; ALT, alanine aminotransferase; APAP, N-acetyl-p-aminophenol;
AST, aspartate aminotransferase; BM, bone marrow; KCs, Kupffer cells; MoME monocyte-derived macrophages; PMB, poly-
mixin B; ROS, reactive oxygen species.
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INTRODUCTION

One of the most peculiar characteristics of the liver is the regen-
erative process that occurs in response to damage and/or injury.
Key players of this healing reaction are recruited monocytes and
macrophages that undergo marked phenotypic and functional
changes that, which license them to promote the initiation, main-
tenance, and resolution phases of tissue repair (1). Macrophages
are an integral functional component of the liver during homeo-
stasis (2), however, their contribution to liver inflammation
and resolution remains under debate, with a plethora of studies
reporting on both deleterious and hepatoprotective functions of
these cells (3-11). The controversy likely arises from the hetero-
geneity of the liver macrophage compartment, comprising both
liver resident Kupffer cells (KCs) and monocytic infiltrates with
considerable functional plasticity. Specifically, proinflammatory
activity has been attributed to liver infiltrating Ly6C" monocytes
in various acute and chronic liver injury models (12-16). In a
model of reversible hepatic fibrosis, these monocytes advance
fibrogenesis (7), yet at the resolution phase, the same cells give
rise to distinct Ly6C" prorestorative macrophages that actively
promote liver regeneration (5, 8). Similar functional dichotomy
was reported in the healing of other tissue-specific injuries such
as heart (17), skeletal muscle (18), spinal cord (19), retina (20),
and sterile wounds (21).

Others and we have recently embarked on the phenotypic,
ontogenic, and molecular definition of the liver macrophage
compartment following acute injury caused by overdose of
acetaminophen [N-acetyl-p-aminophenol (APAP); paracetamol]
(22, 23). KCs are significantly reduced upon APAP-induced
liver injury (AILI) and recover by self-renewal at the resolution
phase (22, 23). In contrast, Ly6C" monocytes are recruited in a
CCR2- and M-CSF-mediated manner to become the predomi-
nant macrophage subset at the necroinflammatory phase (24 h
postchallenge) and subsequently differentiate into ephemeral
Ly6C monocyte-derived macrophages (MoMF) at the early
resolution phase (starting from 48 h) (22). The conditional
selective ablation of Ly6Ch monocytes and consequently of their
MoMF descendants results in impaired recovery from injury
suggesting their pivotal involvement in the resolution from liver
damage (22). These results extended earlier studies showing
impaired liver resolution following AILI in Ccr2™~ mice in which
liver monocyte recruitment was diminished (6, 24).

Extensive cell necrosis during AILI initiates an innate inflam-
matory response with neutrophil recruitment (25). Neutrophils
facilitate the recovery from tissue injury by production of lytic
enzymes and reactive oxygen species (ROS) necessary for the
removal of damaged tissue and necrotic cells (26-29). However,
impaired regulation of this neutrophil activity leading to exces-
sive ROS production can cause collateral liver damage. Indeed,
neutrophils can aggravate tissue damage in various liver injury
models, including hepatic ischemia-reperfusion injury (30),
endotoxemia (31, 32), alcoholic hepatitis (33), and bile duct
ligation (34), though their role in the pathogenesis of AILI has
remained controversial (35-38). Therefore, timely termination
of neutrophil activity and their clearance are essential for the
resolution of liver injury.

Previous studies suggested that phagocytes including neutro-
phils, monocytes, and macrophages cooperate during the onset,
progression, and resolution of inflammation (28). Yet, the specific
interplay of these cells during acute liver injury has remained
elusive. Here, we demonstrate that liver infiltrating monocytes,
MoME, and neutrophils spatially and temporally overlap in the
centrilobular necrotic areas following AILI. Moreover, we show
that Ly6C" monocytes directly promote ROS production by neu-
trophils localizing in their proximity. RNA-seq transcriptomic
profiling of neutrophils extracted at 24 h following AILI from
normal versus Ly6C" monocyte-deficient livers suggests that
monocytes activate neutrophils innate immune pathways and
facilitate their apoptosis. At the resolution phase, monocytes dif-
ferentiate into MoMF and promote neutrophil clearance.

MATERIALS AND METHODS

Mice

The following 8- to 12-week-old male mouse strains were used:
C57BL/6] wild-type mice were purchased from Harlan Labo-
ratories (Rehovot, Israel) and Cx3cr1¢”*mice (39) were bred at the
Sourasky Medical Center animal facility and originally provided
by Prof. Steffen Jung, the Weizmann Institute of Science. If not
noted otherwise, mice had free access to standard mouse food.

Acetaminophen-Induced Liver Injury
(AILI)

Mice were fasted overnight for 12 h prior to intraperitoneal (i.p.)
administration of 300 mg/kg Acetaminophen (APAP, Sigma-
Aldrich, USA). Water was returned concomitantly with APAP
administration and the food at 2 h later.

Quantification of Hepatic Damage

Liver samples were obtained at 24 h after AILI, fixed (4% para-
formaldehyde), paraffin-embedded, sectioned, and stained with
H&E. Pathologic evaluation was performed by a pathologist (Eli
Brazowski). Necrosis was scored as 0 (no necrosis), 1 (spotty
necrosis), 2 (confluent, zone 3 necrosis), 3 (confluent, zone 2 plus
3 necrosis), or 4 (panlobular necrosis). Bridging necrosis was
scored as 0 (absent) or 1 (present) and ballooning of hepatocytes
as 0 (absent), 1 (mild), 2 (moderate), or 3 (severe). Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were measured using a Hitachi 747 Automatic Analyzer.

MC-21-Mediated Ablation of MOMF

When monocyte ablation was required, mice received an i.p.
injection of 400 pL anti-mouse CCR2 mAb (clone MC-21)-
conditioned media (29 ug Ab/mL). The injections were per-
formed, starting at 12 h prior to APAP challenge and every 24 h,
till the time of sacrifice.

Isolation of Hepatic Non-Parenchymal
Cells

Isolation of hepatic non-parenchymal cells was performed as
previously described (22). In brief, mice were anesthetized and
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perfused livers were collected, cut into small fragments, and incu-
bated with 5 mL digestion buffer composed by 5% fetal bovine
serum (Biological Industries, Israel), 0.5 mg/mL Collagenase
VIII from Clostridium histolyticum (Sigma-Aldrich, USA),
0.1 mg/mL Deoxyribonuclease I from bovine pancreas (Sigma-
Aldrich, USA) in Dulbeccos phosphate-buffered saline with
calcium and magnesium (PBS**, Biological Industries, Israel),
in a shaker-incubator at 250 rpm, 37°C for 45 min. The samples
were then subjected to three cycles of washing with Dulbecco’s
phosphate-buffered saline without calcium and magnesium
(PBS™7) at 400 rpm, 4°C for 5 min from which the supernatant
was kept, omitting the parenchymal cell pellet. Subsequently, the
supernatant was centrifuged at 1,400 rpm, 4°C for 5 min and the
cell pellet was lysed for erythrocytes by 2 min incubation with
ACK buffer composed by 0.15 M NH,Cl, and 0.01 M KHCO;,
and washed with PBS™~.

Flow Cytometry Analysis

The following antibodies were used for flow cytometry analysis
(dilutions are indicated): anti-mouse CD45 (clone 30-F11,
1:100), anti-mouse/human CD11b (clone M1/70, 1:300), anti-
mouse Ly6C (clone HK1.4, 1:300), anti-mouse MHCII (clone
M5/114.15.2, 1:200), anti-mouse CD64 (clone X54-5/7.1, 1:50),
anti-mouse Ly6G (clone 1A8, 1:100), and anti-mouse Tim4 (clone
RMT4-54, 1:50), which were purchased from BioLegend, San
Diego, CA, USA. Anti-mouse F4/80 (clone A3-1, 1:50) was pur-
chased from BIORAD. The staining for ROS was performed with
0.1 mM of 2,7-dichlorodihydrofluoresceindiacetate (Molecular
Probes Invitrogen). Staining for apoptosis and necrosis mark-
ers with Annexin V and propidium iodide was performed with
MEBCYTO-Apoptosis Kit (MBL International Corporation).
Cells were analyzed with BD FACSCanto™ II (BD Bioscience).
Flow cytometry analysis was performed using FlowJo software
(TreeStar, Ashland, OR, USA).

Immunohistochemistry and

Immunofluorescence

Ly6G-hematoxylin immunostaining was performed on paraffin-
embedded liver sections. For antigen retrieval, slides were placed
in 10 mM citric buffer at pH 6 in autoclave at 100 kP. Next, the
incubation slides were transferred to H,O, and DDW and then
processed with Optimax Wash Buffer (BioGenex, USA). Sections
were stained with primary antibody anti-mouse Ly6G (clone
1A8, BioLegend, 1:100) in CAS-Block (Invitrogen, USA) for 24 h
at 4°C in a wet chamber. After incubation, sections were washed
in Optimax Wash Buffer and treated with MACH 3 Mouse Probe
and MACH 3 Mouse HRP-Polymer (BIOCARE MEDICAL),
according to the manufacturer’s protocol. Peroxidase substrate kit,
3,3-diaminobenzidine tetrahydrochloride (Vector Laboratories)
was added to the sections in order to develop the color. Cx3crl-
GFP and Ly6G immunofluorescent staining was performed on
frozen liver sections of 13 pm. Z-stacking, imaging was performed
on 20 um thick slides. Slides were incubated in cold acetone for
6 min and dried at room temperature. Following washing, slide
sections were blocked with Normal Donkey Serum (Jackson
ImmunoResearch, Inc.) for 2 h at room temperature. Samples

were stained with primary anti-Ly6G-A647 antibody (clone 1A8,
1:100, BioLegend, San Diego, CA, USA) and for 24 h at 4°C fol-
lowed by double washing. Subsequently, slides were washed with
PBST and mounted with Fluorescent Mounting Medium with or
without 4,6-diamidino-2-phenylindole (GBI Labs). Images were
taken with ZEISS Confocal Microscope (Microlmaging GmbH,
ZEISS, Germany). Processing was performed with ZEN 2010
software.

Quantitative Real-Time PCR

CD45*CD11b*Ly6G"Ly6C~"*CX5CR1- neutrophils were sorted
from livers of mice treated with PBS or MC-21, at 24 h follow-
ing AILI. RNA was isolated using the Ambion Dynabeads®
mRNA DIRECT™ Kit, catalog number 61012. Fifty thousand
neutrophils were sorted directly into the Lysis/Binding buffer
supplied with the kit and isolation was performed according
to the manufacturers instructions. RNA was then reverse
transcribed with the AffinityScript cDNA synthesis kit (Agilent
Technologies). PCRs were performed with the SYBER green PCR
Master Mix (Applied Biosystems) and the Applied Biosystems
7300 Real-Time PCR machine. The Cybb gene expression was
compared with ribosomal protein, large PO (Rplp0) housekeep-
ing gene. Primer sequences (forward and reverse, respectively)
were: RPLPO, 5'-T CCAGCAGGTGTTTGACAAC-3" and 5'-CC
ATCTGCAGACACACACT-3';CYBB,5-CCTCTACCAAAACC
ATTCGGAG-3" and 5'-CTGTCCACGTACAATTC GTTCA-3".

Human Cell Purification and Culture

CD14* monocytes were isolated (>90% purity) from peripheral
blood of healthy donors by negative selection using the Monocyte
Isolation Kit I Human (Miltenyi Biotec, Germany). The enriched
monocyte fraction was suspended for 2 h in RPMI 1640 medium,
supplemented with Penicillin/Streptomycin and L-Glutamine
only, or activated for 2 h with either 100 ng/mL of Escherichia coli
lipopolysaccharide (LPS, Sigma- Aldrich, USA) or human hepato-
cyte apoptotic bodies (generated by exposure of Hep G2 human
hepatocellular carcinoma cell line to UV light 0-100 mJ/cm?,
142 s). Monocytes were then double washed to exclude direct
activation of neutrophils by LPS or apoptotic hepatocytes. In
case of LPS stimulation, 50 ug/mL of Polymyxin B (PMB sulfate
salt, Sigma-Aldrich, USA) were added to the neutrophil cultures
in order to ensure neutralization of LPS residuals, which may
directly affect neutrophil activity. Neutrophils were purified
(>90% purity) from peripheral blood of healthy donors by Ficoll
gradient (Ficoll-Paque™ PLUS, GE Healthcare) as previously
described (40). The purified neutrophils were then cultured in
96-well tissue culture round bottom plates at 37°C with the stimu-
lated monocyte cells or with fresh cell-free supernatants extracted
from these monocyte cultures. In both cases, non-stimulated
monocytes and sole neutrophil cultures were used as controls.
After 2 h incubation, pelleted cells were stained with anti-
human neutrophil marker CD66b antibody (clone G10F5, BD
Biosciences) and for ROS production by flow cytometry. Healthy
donors were enrolled after providing informed consent in accord-
ance with the ethical standards on Human Experimentation and
the Declaration of Helsinki (#920080132).
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RNA-seq

For RNA-seq 50,000 neutrophil cells per liver were sorted by
FACSAria directly into a 1.7 mL microtube containing 50 uL
lysis buffer [RNase-free H,O, 0.2% Triton-X (Roth) and 0.4 U/pL
RNasin (Promega)]. Next, the tube was centrifuged, snap frozen
on dry ice and stored at —80°C. RNA-seq library generation,
sample preparation and analysis were carried out as previously
described (41).

RNA-seq Processing and Analysis

Four control neutrophil samples and three neutrophil samples
extracted from livers of MC-21-treated mice were analyzed
by NGS (Illumina NextSeq 500). FastQ files were indexed
and mapped for Mm9 genome assembly using HISAT 0.1.5
(42). SAM files were converted to BAM using SAMtools (43).
BAM files were analyzed using Partek Genomics Suite 6.6
software.! Gene RPKM (Reads Per Kilobase of transcript per
Million mapped reads) (44) normalized reads were obtained,
and differentially expressed genes were filtered with cutoffs of
p < 0.05 (unpaired, two-tailed #-test) and fold-change differ-
ence of at least twofold. Functional enrichment analyses were
performed using DAVID tool (45). All RNA-seq data have been
deposited at the National Center for Biotechnology Information
Gene Expression Omnibus public database under accession no.
GSE95182.

Gene-Expression Data Mining

Gene expression of apoptotic cell bridge molecules and recep-
tors was extracted out of our previously published database (22)
deposited at the National Center for Biotechnology Information
Gene Expression Omnibus public database* under accession
number GSE55606. Heat maps were performed using Partek
Genomics Suite software.

Statistical Analysis

Data were analyzed by unpaired, two-tailed ¢-test with GraphPad
Prism 5.0b (San Diego, CA, USA). Data are presented as
mean + SEM; values of p < 0.05 were considered statistically
significant.

Ethics Statement

Studies with human cells were carried out in accordance with
the recommendations of Tel-Aviv Sourasky Medical Center
Helsinki committee. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol
was approved by the Tel-Aviv Sourasky Medical Center Helsinki
committee (protocol # 920080132). All mouse studies were car-
ried out in accordance with the recommendations of Tel-Aviv
Sourasky Medical Center ethical committee for animal studies.
The protocols were approved by the local committee (protocol #
8-3-13 and 29-10-15).

'http://www.partek.com/pgs.
*http://www.ncbi.nlm.nih.gov/geo.

RESULTS

Liver Infiltrating Monocytes, MoMF, and
Neutrophils Display Overlapping Migratory
Behavior following AlLI

Acetaminophen-Induced Liver Injury is associated with massive
liver infiltration of monocytes and neutrophils (6, 22, 35, 37).
To dissect the kinetics of these phagocyte infiltrates and probe
for potential communication between them, we performed a
detailed histological analysis of liver sections of APAP-challenged
C57BL/6 mice. Hematoxylin and eosin (H&E) staining discovered
extensive hepatocyte damage, with bridging necrosis, ballooning
degeneration, and massive immune cell infiltration at 12, 24, and
48 h following APAP administration. At 72 h, liver regeneration
was already initiated, though hepatocyte ballooning was still evi-
dent (Figure 1A). Ly6G-Hematoxylin immunostaining revealed
that neutrophils infiltrate the centrilobular necrotic areas at 24 h,
and are still apparent at early resolution phase at 48 h (Figure 1B).
To visualize the mononuclear infiltrates, we took advantage
of Cx3cr1¢%* reporter mice (39), in whose livers monocyte-
derived cells, but not resident KC, are GFP-labeled (22, 46).
Immunofluorescent staining of Cx3cr1¢#’* liver sections revealed
that Ly6G* neutrophils and CX;CR1-GFP* monocyte-derived
cells colocalize within the centrilobular necrotic areas at 24 and
48 h following AILI (Figure 1C, Movie S1 in Supplementary
Material).

To accurately follow the migration kinetics of neutrophils,
monocytes, and macrophage subsets in the injured Cx3cr1e#*
livers at various time points following AILI, we performed
multiparameter flow cytometry analysis on purified non-
parenchymal liver cells (22). Neutrophils were defined as
CD11b*Ly6C°CX;CR1-GFP-Ly6G* cells, while monocytes were
defined as CD11b*Ly6CMCX;CR1-GFP*MHCII Ly6G- cells.
KC and MoMF expressed similar levels of the macrophage
markers F4/80, CD64 (FcyR), and MHCII, but could clearly be
discriminated according to presence and absence of the CX;CR1-
GFP label (Figure 1D). Neutrophils and monocytes displayed
similar recruitment kinetics and accumulated to be the dominant
phagocyte populations in the necroinflammatory phase (24 h).
Neutrophils are the first cell type to infiltrate tissue after injury.
Indeed, neutrophil infiltration preceded that of monocytes at
6 and 12 h after AILI (Figure 1E). At early resolution phase
(48 h), neutrophils were still dominant, while many of the Ly6C™
monocytes have already differentiated toward Ly6C" MoMF. At
the resolution phase (72 h), neutrophils were scarcely present
and MoMF turned to be the major macrophage subset. Resident
KCs were significantly reduced at the necroinflammatory
phase of AILI and started to repopulate at the resolution phase
(Figure 1E). Collectively, these results show considerable overlap
in the infiltration patterns of liver neutrophils and monocytes
with respect to location and time.

Liver Infiltrating Ly6C" Monocytes Induce
ROS Production by Neutrophils

The spatial and temporal colocalization of liver infiltrating
neutrophils and Ly6C" monocytes following AILI prompted us
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inflammatory and resolution phases of acetaminophen-induced liver injury (AILI). (A) Hematoxylin and eosin (H&E) staining of liver sections at 12, 24, 48,
and 72 h following AlLI. Original magnification x20. Bars, 100 pm. (B) Immunostaining for Ly6G and hematoxylin on paraffin-embedded liver sections at 24 and 48 h
after AILI. Original magnifications x20 (left image) and x40 (right image). Bars, 100 um (x20) and 85 pm (x40). (C) Immunofluorescence staining at 24 and 48 h after
AlLI'in Cx3cr197+ mice. At 48 h, 3D-reconstruction was performed of Z-stacks acquired from 20 um thick slides. In green are infiltrating monocyte-derived cells and
in red are neutrophils, which are stained for Ly6G. Original magnification x20. Bars, 50 um for 24 h and 20 ym for 48 h. (D) Flow cytometry-based definition of
non-parenchymal Cx3cr19%+ liver cells isolated at 24 h (Ly6C" monocytes and neutrophils) or 72 h [MoMF and Kupffer cell (KC)] following AlLI. (E) Flow cytometry-

based analysis of the dynamics of neutrophils and liver-macrophage subsets at steady state (SS) and at different time points following AlLI: Ly6G* neutrophils
(white), infiltrating LyBC"CXsCR1-GFP+ monocytes (black), resident CXsCR1-GFP™9* KC (red), and Ly6C°CXsCR1-GFP" MoMF (blue), presented as cell counts
normalized per liver tissue mass in gram. Data are presented as mean + SEM; n > 5 mice for each time point. Experiments were repeated at least three times.

to determine whether these cells are functionally intertwined.
Ly6C" monocyte egress out of the bone marrow to the circulation
is CCR2-dependent (47), and are hence amenable to conditional
in vivo ablation already at the circulation by the anti-CCR2 anti-
body MC-21 (19, 48, 49). Efficient and specific ablation of circu-
lating and liver infiltrating Ly6C" monocytes and of their MOMF
descendants by MC-21 was confirmed by flow cytometry at 24
and 72 h following AILI, respectively (Figures 2A-C). At 24 h
following AILI, MC-21-induced monocyte ablation had no effect
on the numbers of liver resident KC, infiltrating neutrophils, and
eosinophils (Figure 2A), as well as on the abundance of circulating
neutrophils and Ly6C" monocytes (Figure 2B). At 72 h post AILI,
MC-21-mediated ablation had no affect on Tim4* KC repopula-
tion and eosinophil recruitment, but there was a significant
increase in neutrophil number (Figure 2C). We have previously
reported that the inducible ablation of Ly6C" monocytes and
their MoMF descendants impairs liver resolution at 48 h follow-
ing AILI (22). Corroborating these results, blinded histopatho-
logical assessment of livers extracted from MC-21 treated mice

revealed extended necrotic damage specifically at 48 h following
AILI (Figure S1A in Supplementary Material) with significant
increase in the pathological score (Figure S1B in Supplementary
Material). Importantly, we could not detect any significant impact
on hepatic damage at the necroinflammatory phase as manifested
by similar histopathological score at 12 and 24 h post-AILI
(Figures S1A,B in Supplementary Material) and similar levels
of the liver enzymes ALT/AST in the serum (Figures SIC,D in
Supplementary Material) at 24 h post-AILL Liver enzyme levels
were profoundlyand graduallyreduced startingat48h post AILI with
no significant impact for MC-21-mediated ablation (Figures S1C,
D in Supplementary Material). Therefore, these results point to
MC-21-induced Ly6C" monocyte ablation as being a suitable
model for studying monocyte effects on neutrophil activity and
clearance during AILIL

A hallmark of neutrophil recruitment to sites of injury is their
synthesis of ROS, which can cause collateral tissue damage, if
not restrictively controlled (26-29). Flow cytometry analysis at
the necroinflammatory phase uncovered that ROS production
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FIGURE 2 | MC-21 treatment induces the specific ablation of Ly6C" monocytes and MoMF. (A) Flow cytometry analysis of hepatic non-parenchymal cells
at 24 h following acetaminophen-induced liver injury (AlLI) in mice injected with MC-21 or phosphate-buffered saline (PBS). Below, graphical summary of Kupffer cell
(KC), neutrophil, eosinophil, and Ly6C" monocyte cell numbers normalized for liver tissue mass. Note the specific depletion of Ly6C" monocytes. (B) Flow cytometry
analysis of peripheral blood of control versus MC-21-treated mice showing Ly6C" and Ly6C° CD115* monocyte subsets as well as CD115-Ly6G" neutrophils. Next,
graphical summaries showing the cell numbers per 50 plL blood of neutrophils and Ly6C" and Ly6C° monocyte subsets at 24 h following AlLI. (C) Flow cytometry
analysis of hepatic non-parenchymal cells at 72 h following AILI in mice injected with MC-21 or PBS. Below, graphical summary of KC, neutrophil, eosinophil, Ly6C"
monocyte and monocyte-derived macrophage (MoMF) cell numbers normalized for liver tissue mass. Note the specific depletion of Ly6C" monocytes and their
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between PBS and MC-21-treatments, and are presented as mean + SEM with significance: *p < 0.05 and ***p < 0.001 (n > 5 mice/group). Experiments were
repeated at least twice.

is restricted to CD11b* myeloid cells; among them the frac-
tion of Ly6G* neutrophils was profoundly greater than that of
Ly6C" monocytes (Figure 3A). Interestingly, monocyte ablation
resulted in a significantly reduced percentage of ROS* neutrophils
during both the necroinflammatory and the resolution phase

after injury (Figures 3B,C). Moreover, ROS mean fluorescence
intensity out of ROS* neutrophils was reduced at all analyzed
time points (Figure 3D). With respect to the numbers of ROS*
neutrophils, there was a significant decrease in response to Ly6Ch
monocyte-ablation specifically at the 24 h time point of the
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For H, data were analyzed by unpaired, two-tailed t-test, comparing sorted neutrophils from livers of PBS (white) versus MC-21-treated (gray) mice and are
presented as mean + SEM with significance: **p < 0.01 (n > 4 mice/group).
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necroinflammatory phase (Figure 3E). In contrast, we observed
a significant accumulation of ROS™ cells at the resolution phase
(48 and 72 h) (Figure 3F), which were smaller and less granular
than ROS* cells (Figure 3G). In alignment with the reduced
ROS production in neutrophils at the necroinflammatory phase,
liver neutrophils sorted at 24 h following AILI displayed marked
reduction in the gene encoding for NADPH Oxidase 2 (Cybb)
(Figure 3H), a key driver of ROS production in neutrophils
(50). Collectively, these data suggest that liver infiltrating Ly6Ch
monocytes promote ROS-production by neutrophils at the
necroinflammatory phase of AILL

CD14+ Human Monocytes Directly
Activate ROS Production in Neutrophils

In order to examine whether monocytes directly induce ROS pro-
duction in neutrophils, we performed coculture assays of human
CD14" monocytes, the equivalent of the murine Ly6C" mono-
cytes, and CD66b* neutrophils isolated from the blood of human
healthy donors. We resorted to the human setup due to the better
survival of these cells following isolation. Monocytes were incu-
bated with medium only or activated with LPS for 2 h, carefully
washed to remove LPS, and then cocultured with neutrophils for
2 h. Neutrophil activation was assessed by their production of
ROS. PMB was added to the culture in order to exclude any direct
activation of neutrophils by LPS remnants. Indeed, PMB was
efficient in preventing neutrophil activation even following direct
exposure to LPS (Figure 4A). Notably, LPS-stimulated monocytes
induced greater ROS production by neutrophils in comparison to
naive monocytes or direct LPS stimulation (Figure 4A). A similar
effect was observed in response to 2 h exposure of neutrophils
to cell-free supernatants (+ PMB) of activated versus naive
monocytes (Figure 4A). Moreover, neutrophils exposed to LPS-
activated monocyte cells or their cell-free supernatants exhibited
an activated phenotype as manifested by a significant increase in
the protein expression of the neutrophil activation marker CD66b
(Figure 4B). Interestingly, AnnexinV* apoptotic cells were more
prevalent in neutrophil cultures exposed to supernatants of LPS
activated CD14* monocytes in comparison to supernatants of
naive monocytes (Figure 4C). To mimic possible physiological
cues encountered by liver infiltrating monocytes during AILI,
human CD14* monocytes were cultured for 2 h with hepatocyte
apoptotic bodies generated from the human hepatocyte cell line
HepG2. Also under these settings, stimulated monocytes induced
significant increase in ROS production by the cocultured neu-
trophils (Figure 4D). Collectively, these results demonstrate the
potent ability of monocyte-derived secreted factors to directly
activate ROS production by neutrophils.

Gene Expression Profiling of Neutrophils
from Monocyte-Deficient Livers Indicates

Altered Innate Immune Functions

We next studied the effect of monocyte-absence on neutro-
phil function. RNA-seq-based gene expression profiling was
performed on neutrophils sorted from livers of MC-21- and
PBS-treated animals, at 24 h following AILI Initial analysis
revealed 449 genes that were significantly different (p < 0.05,

t-test) with at least twofold change. Forest plot analysis of the
differentially expressed genes uncovered a higher percentage of
down-regulated genes for each functional group (Figure 5A),
suggesting an overall decreased activity of “MC-21 neutrophils”
Utilizing the DAVID bioinformatics database, we revealed among
the downregulated genes a functional enrichment for biological
processes, such as antigen processing and presentation, angio-
genesis, phagocytosis, complement pathway, extracellular matrix
(ECM) remodeling, and neutrophil migration. In contrast, the
list of upregulated genes displayed enrichment for genes associ-
ated with regulation of cell death, acute inflammatory response,
proteolysis, negative regulation of JAK-STAT cascade, negative
regulation of metabolic processes, negative regulation of kinase
activity, and cAMP signaling pathway (Figure 5B).

In depth gene expression comparison further supported the
idea that monocytes positively regulate innate immune activity
of colocalized neutrophils (Figure 5C). In alignment with the
reduction in ROS-producing neutrophils in the absence of
monocytes (Figure 3), the gene encoding for NADPH Oxidase 2
(Cybb) was significantly reduced in “MC-21 neutrophils” in com-
parison with “PBS neutrophils” (Figure 5C). Neutrophils also
serve as rapid and potent phagocytes during tissue regeneration;
however, “MC-21 neutrophils” displayed decreased expression
of phagocytosis genes including the lysozymes Lyzl and Lyz2,
the actin binding protein allograft inflammatory factor 1 (Aif1),
the phospholipase D4 (Pld4), the lysosomal acid phosphatase 2
(Acp2), and the Fc gamma receptor-1 CD64 (Fcgrl). On a differ-
ent note, up-regulation of genes associated with antigen process-
ing and presentation are often identified in activated neutrophils
under certain inflammatory scenes (51-53). In support of their
lower activation, “MC-21 neutrophils” exhibited clear reduction
in the expression of several MHC class II molecules, including
H2-Aa, H2-Abl, H2-DMa, and H2-DMb]1, the CD74 invariant
chain of MHCII (Cd74) as well as the lysosomal thiol reductase
Ii30. Indeed, flow cytometry analysis confirmed a reduction in
the fraction of MHCII* neutrophils following Ly6C" monocyte
ablation (Figure S2 in Supplementary Material). With respect to
tissue ECM remodeling features, “MC-21 neutrophils” had lower
expression of cathepsins C and S (Ctsc and Ctss), fibronectin
(Fnl), and heme-containing peroxidase (Pxdn), though they
had higher expression of the ECM covalent cross-linker trans-
glutaminase 2 (Tgm2), and a disintegrin and metalloproteinase
8 (Adams).

Notably, transcriptomic profiling of “MC-21 neutrophils” also
indicated an overall reduced inflammatory activity (Figure 5C).
Accordingly, there was elevated expression of anti-inflammatory
transcriptional regulators, including the suppressor of cytokine
signaling 1 (SocsI) and 2 (Socs2), which negatively regulate
cytokine-induced signaling through the JAK/STAT3 pathway,
the megakaryocyte-associated tyrosine kinase (Matk), which
negatively regulates Src family kinases, and the transducing-
like enhancer of split 1 (Tlel), which is a suppressor of NFkB
transcriptional activity (54). Furthermore, nuclear factor kappa
B subunit 2 (Nfkb2) was significantly reduced in “MC-21 neu-
trophils” (1.3-fold-change, p = 0.0001) (data not shown). They
have also displayed higher levels of myeloid inhibitory receptors
that carry tyrosine-based inhibitory motifs (ITIMs), such as
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CD300 molecule-like family member F (Cd300lf) and C-type
lectin domain family 12 member A (Clec12A). In addition, they
had increased expression of the inhibitor interleukin 1 receptor
antagonist (Il1rn) and of the FK506 Binding Protein 5 (Fkbp5);
the latter was shown to play a key role in the immune suppressive
activity of tumor associated suppressor granulocytes (55).
Intriguingly, “MC-21 neutrophils” exhibited altered expres-
sion of genes related to lipid metabolism. Specifically, there was
upregulation in the gene expression of the oxidized low-density
lipoprotein receptor 1 (OlrI), which drives the internalization of

oxidized-LDL. There was also increased expression of the free
fatty acid transporters, fatty acid binding protein 4 (Fabp4), and
5 (Fabp5). In contrast, there was a reduction in the expression of
genes involved with triglyceride uptake, including the low-den-
sity lipoprotein receptor-related protein 1 (LrpI), which drives
the uptake of triglycerides rich very low-density lipoproteins
(VLDLs), and lipoprotein lipase (Lpl), which catalyzes the hydrol-
ysis of triglycerides. Concomitantly with the reduced triglycerides
uptake, there was an increased expression of hypoxia-inducible
lipid droplet-associated (Hilpda), which induces intracellular
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triglyceride storage through the inhibition of VLDL secretion.  expression of the enzymes lipase G (Lipg) and cholesterol
“MC-21 neutrophils” also displayed an altered expression of  25-hydroxylase (Ch25h), and reduced expression of the nuclear
lipid and cholesterol metabolism regulators, including increased ~ receptor Liver X receptor alpha (LXRa, Nr1h3) (Figure 5C).
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Collectively, these results suggest that Ly6C" monocytes induce
in neutrophils transcriptional changes that are overall associated
with increased inflammatory phenotype and activity.

Ly6C" Monocytes and their MoMF
Descendants Mediate Neutrophil
Apoptosis and Clearance, Respectively
Once neutrophils exerted their function, they launch apoptotic
pathways that ensure clearance of ROS-producing neutrophils
from injured tissue to avoid excessive inflammation and oxida-
tive damage (29, 56). RNA-seq analysis at the necroinflammatory

phase revealed that neutrophils upregulate anti-apoptotic genes
and downregulate proapoptotic genes in the absence of Ly6C™
monocytes (Figure 6A). Striking was the upregulation of Bcl-2A1
genes (Bcl2ala, Bcl2alb, and Bcl2ald) that promote neutrophil
survival (57-59). There was also downregulation in the expres-
sion of proapoptotic mediators, including the serine/threonine
kinase death-associated protein kinase 2 (Dapk2) and galectin-1
(LgalsI) (Figure 6A). Together with the findings that activated
CD14* monocytes induce ROS production by neutrophils and
the fraction of AnnexinV* apoptotic neutrophils (Figure 4),
these gene expression alterations suggest that Ly6C" monocytes
facilitate neutrophil apoptosis.
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Therefore, we next sought to investigate how Ly6C" monocyte
and MoMF ablation influence neutrophil survival. Interestingly,
monocyte ablation had no impact on neutrophil numbers in the
liver at 12 and 24 h following AILI (Figure 6B). In contrast, there
was a significant increase in neutrophil numbers in the resolution
phase at 48 and 72 h following AILI (Figure 6B), which coincided
with the conversion of Ly6C" monocytes into MoMF (Figure 1E).
It also coincided with the accumulation of ROS™ neutrophils,
which were smaller and less granular in comparison with the
ROS* (Figures 3E,G). We next stained hepatic non-parenchymal
cells from injured livers of MC-21-treated mice and controls at
different time points after AILI for cellular markers of apoptosis
and necrosis (Figure 6C). Selective ablation of Ly6C" monocytes
had no effect on the frequency of apoptotic or necrotic neutrophils
during the necroinflammatory phase (Figures 6D-F). Yet, there
was a significant accumulation of late apoptotic AnnexinV*PI*
neutrophils at both 48 and 72 h post-AILI (Figure 6D) and an
increase of PI* necrotic and AnnexinV* apoptotic neutrophils at
72 h post-AILI (Figures 6E,F). High-resolution confocal imag-
ing further exposed the internalization of Ly6G* neutrophils by
Ly6C monocyte-derived cells at AILI-48 h (Figure 6G, Movie S2
in Supplementary Material), most probably MoMF that dominate
this early phase of resolution (Figure 1E). Therefore, these results
suggest continued involvement of Ly6C" monocytes and their
MoMEF descendants in the regulation of neutrophil apoptosis and
clearance.

MoMF Express a Unique Set of Apoptotic

Cell Bridge Molecules and Receptors
Recognition of apoptotic cells is performed by an increasing
number of bridge molecules and macrophage receptors (29).
We previously performed a comprehensive microarray-based
molecular profiling of Ly6Ch infiltrating liver monocytes sorted
from APAP 24 h livers, MoMF sorted from APAP 72 h livers, and
KC sorted from steady state and APAP 72 h livers (22). Mining
out of this database revealed their variable expression of bridge
molecules and receptors involved with the engulfment of apop-
totic cells (Figure 7). Specifically, upon their differentiation into
MoME, Ly6C" monocytes significantly upregulated the expres-
sion of the TAM receptor protein tyrosine kinases Mertk and Axl
(p = 0.0001 and 0.01, respectively) and their bridging molecule
Gas6 (p =0.0001), as well as the gene expression of C1qa, b, and ¢
subunits of the complement complex C1q (p =0.0001,0.0001, and
7.90E—05, respectively). Interestingly, C1q complement complex
genes were also reduced in the MC-21 neutrophils (Figure 5C).
MoMF were also significantly higher for the Clq-receptor CD93
compared to recovering KC (p = 0.0001). Moreover, MoMF
expressed the bridging molecule milk fat globule-EGF factor
8 gene (Mfge8) (Figure 7) and CX;CR1 (Figure 1C). Of note,
CX;CL1 is suggested to induce the clearance of apoptotic cells
through the induction of MFG-E8 (60).

Notably, clearance of late apoptotic neutrophils was eventu-
ally accomplished between 48 and 72 h in spite of the absence
of MoMF (Figure 6D). This is at the time, when resident KC
starts recovering (Figure 1D). Indeed, both steady state and
recovering KC expressed a large variety of apoptotic cell bridge

molecules and engulfment receptors, but the recovered KC were
significantly higher for the oxidized PS scavenger receptor CD36
(p = 0.005) (Figure 7), suggesting its possible involvement in

KC
AlLI
72h

KC
steady
state

MoMF
AILI
72h

Ly6C" mono
AlLI
24h

Thbs1
Mfge8
Pros1
Gas6
C1qc
C1gb

C1qa

Ptafr
Cdo3

Vav3

Havcr2
(Tim3)

Gpr132
ltgh2
oIr
Cd14
Msr1
Cd36
Scarb1
Timd4
Mertk
Stab2
Parp9
Cdés8
Axl
Lrp1

Itgav

I 0000000
-2 0 2

FIGURE 7 | Continued

Frontiers in Immunology | www.frontiersin.org

80

June 2017 | Volume 8 | Article 626


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

Graubardt et al.

Monocytes Regulate Neutrophil Activity and Clearance

FIGURE 7 | Continued

Variable expression of apoptotic cell bridging molecules and
receptors between Ly6C" monocytes, monocyte-derived
macrophages (MoMF), and Kupffer cell (KC). Heat map analysis
generated using Partek Genomics Suite version 6.6 (Partek, St. Louis, MO,
USA). The heat maps show the fold-change gene-expression differences of
bridge molecules (upper panel) and macrophage receptors (lower panel)
involved with apoptotic cell clearance. The heat map presents comparison
between Ly6C" monocytes [acetaminophen-induced liver injury (AILI) 24 h],
MoMF (AILI 72 h), and KC (steady state and AlLI 72 h). Color legend is
presented at the bottom of the figure. Statistical significance for specific
genes is mentioned as p-value in the text and was analyzed by ANOVA
followed by Bonferroni’s multiple comparison test. These results were
analyzed out of a published database (22).

apoptotic neutrophil clearance. Nevertheless, our results show
that neutrophils accumulate mostly in the centrilobular areas
of necrosis (Figures 1A,B), while KC mainly localize to liver
sinusoids. Finally, the expression of G2A receptor (Gpri32),
which drives the clearance of dying neutrophils through its bind-
ing to lyso-phosphatidylserine (lyso-PS) (61), was significantly
higher in Ly6C" monocytes than in MoMF (p = 5.7E—05) and
recovering KC (p = 1.4E—06). Ly6C" monocytes were also
significantly higher for the bridge molecule thrombospondin-1
(ThbsI) compared to MoMF (p = 0.009) and KC (p = 6.1E—06)
(Figure 7). While the ablation of Ly6C" monocytes had no effect
on the accumulation of dying or necrotic neutrophils during the
necroinflammatory phase of AILI (Figure 6), they still may be
involved in neutrophil clearance at 24-48 h. Noteworthy, G2A
and THBSI gene expression levels remained significantly higher
on MoMF versus recovering KC (p = 0.0003 and p = 6E—05,
respectively), implying on their possible involvement in MoMF-
governed neutrophil clearance during early resolution phase.

DISCUSSION

The concerted action of professional phagocytes, including
tissue-resident macrophages, recruited monocytes, and neutro-
phils, is fundamental for the effective elimination of noxious
agents and the restoration of tissue homeostasis after injury or
infection (28). Our data uncover a new immunoregulatory role
for Ly6C" monocytes and their MoMF progenies by their regula-
tion of neutrophil activity and clearance during AILL. Specifically,
we demonstrate that liver-infiltrating Ly6C" monocytes activate
ROS production in neutrophils in a direct manner. Further
transcriptomic profiling implies that Ly6C" monocytes positively
regulate neutrophil-mediated phagocytosis and inflammation. It
also suggests a role for monocytes in the induction of apoptotic
pathways in colocalized neutrophils. At the resolution phase,
MoMEF play a major role in the clearance of apoptotic neutrophils
through their expression of a unique set of apoptotic cell recogni-
tion bridge molecules and receptors.

The division of labor between tissue-resident and monocyte-
derived macrophage subsets in the resolution from injuries is
under intense investigation (1). While it is well established that
tissue-resident macrophages are critically involved in the initial
recognition of tissue damage and the subsequent recruitment
of inflammatory neutrophils and monocytes (28), emerging

evidences in gut (49, 62) and liver (22) inflammation suggest
that resident macrophages are also robustly imprinted to resist
stimuli associated with acute inflammation. In contrast, mono-
cytes display extreme functional plasticity and their immediate
availability in the circulation makes them well-suited for a rapid
recruitment and performance of acute effector functions required
for promoting the initiation, propagation, and resolution of tis-
sue inflammation (2). Indeed, monocytes were shown to play a
critical role in the inflammatory and recovery phases of different
tissue-specific injuries (1, 17-20). In liver fibrosis, Ly6Ch mono-
cytes produce proinflammatory mediators that promote hepatic
stellate cell activation and fibrosis (7), but subsequently give rise
to prorestorative Ly6C macrophages (5, 8). Similarly, we have
demonstrated in an acute model of AILI that recruited Ly6C™
monocytes differentiate into distinct short-lived prorestorative
MoMEF that outnumber the resident KC population at the early
recovery phase. Transcriptomic profiling revealed that Ly6Ch
monocytes activate upon their differentiation into MoMF molec-
ular pathways that are associated with regenerative functions,
including among others tissue scavenging, angiogenesis, and
ECM remodeling (22).

Here, we provide a more detailed comprehension of the inter-
play between liver infiltrating monocytes and neutrophils, which
spatially and temporally overlap in the centrilobular necrotic
areas following AILIL. During the initial inflammatory phase,
monocytes and neutrophils become the dominant phagocyte
subsets in the injured liver. Selective ablation of Ly6C" monocytes
has no effect on neutrophil generation or recruitment, as evident
by their similar representation in the circulation and in the liver
tissue during the first 24 h. However, in the absence of Ly6Ch
monocytes, we observe a significant reduction in neutrophil acti-
vation during the inflammatory phase, as manifested by reduced
ROS production, a hallmark of neutrophil activation (26-29). We
also show reduced expression of NADPH oxidase 2 in the “MC-21
neutrophils,” a key mediator of neutrophil-driven oxidative burst
(50). Coculture assays of stimulated CD14* human monocytes
with naive neutrophils further reveal that monocyte-mediated
neutrophil activation is imprinted by a cell-intrinsic and contact-
independent mechanism. Monocyte stimulation with LPS or with
apoptotic bodies of human hepatocytes, the latter as an example
of environmental cues that monocytes encounter at the necrotic
areas of the injured liver, can both induce significant activation
of cocultured neutrophils as manifested by increased ROS pro-
duction and augmented expression of the neutrophil activation
marker CD66b (63). Notably, cell-free supernatants could also
activate ROS production in the naive neutrophils suggesting
that monocyte-secreted mediators are likely to regulate such
interaction. Of note, our results are in dispute with a previous
study performed in a murine model of intestinal parasite infec-
tion (64). In that study, the authors elegantly demonstrated that
Ly6C" monocytes shut down ROS production in neutrophils that
are recruited to the infected tissue (64). Given the plasticity of
monocytes, there might be distinct environmental cues that affect
monocyte ability to control neutrophil activation. The nature of
the potentially involved monocyte-derived factors remains to be
defined, but may include cytokines, and also lipid mediators (65).
With respect to the latter, we have previously shown that Ly6Ch
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monocytes uniquely express the Ptgs2 gene, which encodes for
cyclooxygenase-2 (COX2), and the microsomal PGE synthase-1
gene (Ptges), both of which constitute key enzymes in PGE2
synthesis (22).

RNA-seq profiling comparing between neutrophils from nor-
mal versus monocyte-deficient livers at the necroinflammatory
phase further reinforces our claim that Ly6C" monocyte-derived
signals activate innate immune functions in neutrophils. During
tissue injury, recruited neutrophils play key role in the removal
of damaged cells and cellular debris and prepare the tissue for
regeneration (26-29). We show the inability of neutrophils to
upregulate key genes involved with phagocytosis in the absence
of Ly6C" monocytes. Induction of genes related to antigen pres-
entation has also been noted in neutrophils under different forms
of activation (51-53). Our results imply that monocyte-derived
substances induce the expression of MHCII genes in neutro-
phils. While these results do not necessarily attribute antigen
presentation capabilities to neutrophils, they do provide another
marker of neutrophil activation that is reduced in the absence of
monocytes. Moreover, neutrophils acquire an anti-inflammatory
phenotype in the absence of monocytes. This is manifested by
the upregulation of various anti-inflammatory transcription
factors and myeloid inhibitory receptors in response to Ly6Ch
monocyte ablation. Intriguingly, we show altered expression of
genes involved in the uptake of modified lipoproteins, breakdown
and storage of triglycerides as well as transport and metabolism of
cholesterol. While these changes are well-characterized in mac-
rophages, especially in atherosclerosis, there are only sporadic
evidences for similar gene expression alterations in activated
neutrophils (51), and their mechanistic involvement in tissue
injury and resolution is unclear.

Neutrophil activation has to be tightly controlled to avoid
excessive tissue damage. In terms of resolution, apoptosis of neu-
trophils prevents further neutrophil recruitment and terminates
their production of deleterious substances. We demonstrate a
profound accumulation of AnnexinV*PI* late apoptotic neu-
trophils specifically during the early resolution phase. Previous
studies have indicated that ROS and oxidative stress can lead to
neutrophil apoptosis through disruption of the mitochondria
transmembrane potential [reviewed in Ref. (66)], suggesting that
Ly6C" monocyte-induced ROS production by neutrophils may
facilitate their apoptosis. Indeed, we show that in the absence
of monocytes, neutrophils exhibit reduction in proapoptotic
genes and elevation in cell survival molecules such as BCL21A.
Moreover, supernatants from LPS-activated monocytes directly
increase the fraction of AnnexinV* apoptotic neutrophils. The
phagocytic removal of apoptotic neutrophils is an additional
mechanism to clear effete neutrophils and ultimately facilitate
the resolution of inflammation. We show here that concomitantly
with the need for clearance of apoptotic neutrophils at the early
resolution phase, Ly6C" monocytes differentiate into MoME,
which become the dominant macrophage subset at this stage. Our
gene-expression results further uncover that Ly6C" monocytes
upregulate the expression of various apoptotic cell recognition
bridge molecules and receptors upon their differentiation into
MoME, which may qualify the latter for the clearance of apop-
totic neutrophils. Notably, even in the absence of MoME, there is

still clearance of late apoptotic neutrophil levels between 48 and
72 h following AILI, suggesting that other cells are also likely to
take part in the neutrophil removal process, such as KC, which
start repopulating at that time. We show that the recovering KC
population also expresses a wide variety of apoptotic cell bridge
molecules and receptors, some shared with MoMF and others are
unique. Indeed, the combined absence of KC and MoMF results
in a marked delay in liver repair, greater than each one alone (24).

We have previously reported that inducible and selective mono-
cyte ablation results in impaired liver regeneration, highlighting
MOoMEF as pivotal players in the resolution from liver injury (22).
We showed that already at the necroinflammatory phase, Ly6C"
monocyte ablation aggravates hepatic damage. In contrast, here
we demonstrate that Ly6C" monocyte ablation at both 12 and
24 h following acute AILI has no significant impact on hepatic
damage. This is further supported by a similar elevation in the
serum levels of ALT and AST liver enzymes during the first 24 h
of AILI between PBS and MC-21-treated mice. The discrepancy
in these results may be related to the different routes of APAP
administration implemented in these studies. As Ly6C™ mono-
cytes express both proinflammatory and restorative genes (22),
their ablation may concomitantly interfere with inflammation-
induced damage and resolution. Nevertheless, these results
suggest that Ly6C" monocyte-mediated regulation of neutrophil
activity, and specifically promotion of ROS production, does
not significantly contribute to hepatocyte damage. This is in
alignment with a previous study reporting that neutrophils do
not contribute to the initiation or progression of hepatic damage
during acute AILI (35). Importantly, we corroborate our previous
findings (22) demonstrating that ablation of Ly6C" monocytes
and their MoMF descendants impair liver resolution at 48 h fol-
lowing AILI. We also show that their ablation leads to increased
accumulation of late apoptotic neutrophils. Therefore, it may be
that this delay in neutrophil clearance perpetuates the inflam-
matory response and interferes with hepatic resolution. Of note,
MoMEF express large repertoire of prorestorative factors promot-
ing hepatocyte growth, ECM remodeling, and angiogenesis (22).
Thus, it is has difficult to determine to what extent the altered
neutrophil activity and clearance contribute to the increased liver
damage following monocyte and MoMF ablation.

Collectively, our results suggest a sequence of interactions fol-
lowing AILI between Ly6C™ monocytes, MoMEF, and neutrophils.
We show that Ly6C" monocytes promote neutrophil activation
at the injury site during the initial necroinflammatory phase, an
important step for the removal of damaged tissue. Subsequently,
ROS production in neutrophils may facilitate their apoptosis and
their subsequent clearance by MoMFE.
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Apoptotic cells, by externalizing phosphatidylserine (PS) as a hallmark feature, are
procoagulant. However, the mechanism by which apoptotic cells activate coagulation
system remains unknown. Intrinsic coagulation pathway is initiated by coagulation fac-
tor XII (FXIl) of contact activation system. The purpose of this study was to determine
whether FXll is involved in procoagulant activity of apoptotic cells. Using western blotting
and chromogenic substrate assay, we found that incubation with apoptotic cells, but
not with viable cells, resulted in rapid cleavage and activation of FXII in the presence of
prekallikrein and high molecular weight kininogen (HK), other two components of contact
activation system. As detected by flow cytometry, FXIl bound to apoptotic cells in a
concentration-dependent manner, which was inhibited by annexin V and PS liposome.
Direct association of FXII with PS was confirmed in a surface plasmon resonance assay.
Clotting time of FXIl-deficient plasma induced by apoptotic cells was significantly pro-
longed, which was fully reversed by replenishment with FXII. Corn trypsin inhibitor, a FXII
inhibitor, completely prevented apoptotic cells-induced intrinsic tenase complex forma-
tion. Consistently, apoptotic cells significantly increased thrombin production in normal
plasma, which was not affected by an inhibitory anti-tissue factor antibody. However,
blocking of PS by annexin V, inhibition of FXII, or the deficiency of FXII suppressed apop-
totic cells-induced thrombin generation. Addition of purified FXII to FXII-deficient plasma
recovered thrombin generation to the normal plasma level. In conclusion, FXII binds to
apoptotic cells via PS and becomes activated, thereby constituting a novel mechanism
mediating the procoagulant activity of apoptotic cells.

Keywords: apoptotic cells, factor Xll, phosphatidylserine, coagulation, contact activation system

INTRODUCTION

Apoptosis, or programmed cell death, under physiologic conditions is an active process that
is morphologically and biochemically different from necrosis. Apoptosis can be induced in a
variety of pathological disorders, including inflammation, autoimmune diseases, atherosclerosis,
tissue injury, and degeneration, as well as during radiation treatment and chemotherapy (1).
When a cell undergoes apoptosis, phosphatidylserine (PS) typically becomes exposed on the cell
membrane (2). If apoptotic cells are not rapidly cleared, they become procoagulant and are often
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associated with thrombotic disorders, such as atherothrombosis
and Trousseau syndrome (3-5). Up to date, the mechanisms
by which apoptotic cells activate the coagulation system and
enhance blood clotting are largely unknown. Tissue factor
(TF) is complexed with circulating coagulation factor VII and
triggers the cascade that generates thrombin. Although TF is
involved in the procoagulant activity of apoptotic cells induced
by inflammatory mediators, such as LPS, only a portion of
the thrombin generated during apoptosis is attributable to TF
(3, 6, 7), suggesting the existence of additional mechanisms.

The plasma contact activation system, also called the intrinsic
coagulation pathway, consists of factor XII (FXII), prekallikrein
(PK), and high-molecular-weight kininogen (HK) (8, 9). FXII,
or Hageman factor, is a zymogen of the serine protease factor
XIla (FXIIa). FXII zymogen is activated by limited proteolysis,
involving cleavage of the Arg353-Val354 peptide bond, generat-
ing the two-chain molecule FXIIa (10). Two principal modes of
FXII activation exist. In the first, FXII is activated by binding to
negatively charged surfaces, which induces a conformational
change (auto-activation). In the second, other proteases, such
as kallikrein, cleave and activate FXII (hetero-activation) (10).
FXIIa consists of a heavy chain and a light chain connected by a
single disulfide bond between two cysteine residues (Cys340 and
Cys367) (10, 11). For the last four decades, it has been known that
FXII is activated by a variety of artificial and biological anionic
surfaces (11, 12). These observations suggest that the contact
activation system plays an important role in the enhancement
of coagulation. However, whether FXII is involved in apoptotic
cell-mediated procoagulant activity has never been studied.

In this study, we investigated whether FXII participates in the
procoagulant activity of apoptotic cells. Our results indicate that
FXII binds to apoptotic cells and rapidly becomes cleaved and
activated. The binding of FXII to apoptotic cells is mediated by
PS, and activation of FXII is required for apoptotic cell-mediated
blood clotting and thrombin formation. Our study reveals a novel
function for FXII and a new mechanism underlying apoptotic
cell-mediated procoagulant activity.

MATERIALS AND METHODS

Materials

Human FXII, PK, HK, FIX, FX, and FXI were purchased from
Enzyme Research Laboratories (South Bend, IN, USA). Recom-
binant human FVIII was obtained from American Diagnostica,
Inc. The EZ-Link® Sulfo-NHS-LC-Biotinylation kit was pur-
chased from Thermo Scientific, Inc. Chromogenic substrate for
FXIIa and tissue factor blocking antibody (4501) were purchased
from American Diagnostica. The chromogenic substrate for
FXa was obtained from Chromogenix. Monoclonal antibody
against FXII heavy chain (B7C9) was purchased from Santa Cruz
Biotechnology. Monoclonal antibody against FXII light chain
(C6B7) and PE-labeled anti-TF antibody were obtained from
eBioscience. Polyclonal anti-HK heavy chain antibody was pur-
chased from Abgent. Polyclonal anti-pKal antibody was obtained
from Abcam (catalog number 43084). Corn trypsin inhibitor
(CTTI) was purchased from Merck Chemicals, Ltd. FXII-deficient
plasma and pooled human normal plasma were obtained from

George King Bio-Medical, Inc. Phosphatidylcholine (PC), PS,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),and 1-oleoyl-
2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-
glycero-3-phosphocholine (NBD-PC) were obtained from
Avanti-Polar Lipids. The FITC-labeled Annexin V Apoptosis
Detection kit was purchased from BD Biosciences. Magnetic
annexin V microbeads were obtained from Miltenyi Biotech, Inc.
Annexin V was obtained from BD PharMingen. Calf intestinal
alkaline phosphatase (CIAP) and DNase were purchased from
New England Biolabs. RPMI 1640 medium and fetal bovine
serum (FBS) were purchased from Invitrogen. All other reagents
were obtained from Sigma-Aldrich unless otherwise specified.

Cell Culture and Induction of Apoptosis

The human T lymphoblastoid cell line CCRF-CEM was purchased
from American Type Culture Collection (ATCC® Number: CCL-
119™). CEM cells were propagated in complete RPMI-1640
medium supplemented with 10% FBS, 1 mM Lr-glutamine, and
1% penicillin-streptomycin at 37°C in a humidified atmosphere
with 5% CO, (13). To induce apoptosis, cells (2 X 10°/mL) were
cultured with 10 pM dexamethasone at 37°C in a humidified
atmosphere containing 5% CO; for 24 h. Apoptosis was verified
by the FITC Annexin V Apoptosis Detection kit according to the
manufacturer’s protocol (14). Apoptotic cells were purified with
annexin V magnetic microbeads.

Preparation of Liposomes and

Phospholipid-Coated Beads

To prepare liposomes containing 100% PC (PC liposomes) or PC
and PS at 80:20 mol% (PS liposomes), the appropriate amounts
of each phospholipid were dissolved with chloroform in a glass
tube. Before use, the phospholipids were dried under nitrogen,
suspended in PBS, and sonicated for 3 min (15, 16). The phos-
pholipid concentration was determined by a phosphorus assay.
To prepare phospholipid-coated beads, 6.5 mg/mL Nucleosil
120-3 C18 beads (Macherey-Nagel) in 1 mL of chloroform were
incubated with 2.5 mg/mL DOPC (PC beads) or mixed DOPC/
PS (80:20 mol%; PS beads). The phospholipid-coated beads
were dried under nitrogen, resuspended in PBS, sonicated, and
then labeled with 2.5 uM NBD-PC for 20 min at 37°C. After
centrifugation at 13,000 X g for 10 min, the beads were washed
with ice-cold PBS twice to remove remaining NBD-PC, and then
resuspended in PBS.

Flow Cytometric Analysis of FXII Binding

to Apoptotic Cells

Human FXII was biotinylated using the EZ-Link® Sulfo-NHS-
LC-Biotinylation Kit according to the manufacturer’s protocol.
Biotin-labeled FXII (B-FXII) at various concentrations was incu-
bated with apoptotic cells at 4°C for 15 min. After washing, the
cells were labeled with PE-avidin and analyzed by flow cytometry.

Measurement of FXII Activity
and Cleavage

Cells were incubated with FXII in the presence or absence of PK
and HK in HEPES buffer (137 mM NaCl, 5 mM HEPES, 2.7 mM
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KCl, 2 mM MgCl, 0.42 mM NaH,PO,, and 1% BSA, pH 7.5)
supplemented with 50 uM ZnCl, at 37°C for 30 min. After cen-
trifugation at 2,500 rpm for 5 min, the supernatant was collected
and a chromogenic substrate, Pefachrome FXIIa (0.5 mM), was
added. The optical density of substrate hydrolysis was measured
at 405 nm using a spectrophotometer (SpectraMax M5) (17).
Cleavage of FXII was also detected by western blotting with a
monoclonal antibody against FXII heavy chain. The density of the
bands was measured by NIH Image ], and cleavage was defined
as ratio of the percentage of cleaved FXIIa (48 kDa)/[uncleaved
FXII (80 kDa) + cleaved FXIIa (48 kDa)].

Surface Plasmon Resonance Assay

The experiments were performed at 25°C using HBS-N buffer
(20 nM HEPES and 0.15 M NaCl, pH 7.4) containing 50 uM Zn**
as a running buffer. PS liposomes (PS:PC = 1:9) were diluted
in running buffer and immobilized onto flow cell 2 (FL2) of the
L1-sensor chip, and PC liposomes were immobilized onto flow
cell 1 (FL1) of the L1-sensor chip. Subsequent measurements
were obtained at a flow rate of 30 uL/min. A two-fold dilution
series of FXII diluted in running buffer was generated (0, 2.5,
5, 10, 20, 40, 80, 100, 200, 400 nM) and was injected over the
flow cells at a flow rate of 10 uL/min for 120 s and dissociated
for 300 s in order of increasing concentration. Response to PS
liposome binding curves was obtained by subtracting the FL2
curve from the FL1 curve and analysis using BIAevaluation
software.

Intrinsic Tenase Complex Activity

Apoptotic cells were incubated with 200 uL of HEPES buffer
containing 2.5 mM CaCl,, 95 nM purified human FXII, 30 nM
PK, 30 nM HK, 5.8 nM purified human FXI and FIX, 0.25 nM
purified human FVIIL, and (where indicated) 2 pM CTT at 37°C.
Then, the reaction was started by the addition of purified human
FX (170 nM). At various time points, a 25-uL aliquot of the
mixture was removed, and 5 pL of 60 mM EDTA in PBS was
added to stop FXa formation. FXa formation was monitored as
the hydrolysis of the chromogenic substrate S-2222 (0.2 mM)
over 30 min. Optical density at 405 nM was converted to FXa nM
using a dilution curve of human FXa.

Clotting Time Assay

Blood drawn from drug-free healthy volunteers was anticoagu-
lated by adding 1 part sodium citrate (110 mM) to 9 parts whole
blood. Our study using blood from healthy volunteers was
performed after approval by the IRBs of Temple University (IRB
no. 20857) and Soochow University (IRB no. 2012037), obtain-
ing informed consent, and in accordance with the Declaration
of Helsinki. Platelet-poor plasma (PPP) was prepared by
centrifugation at 2,000 X g for 30 min. In some experiments,
commercial FXII-depleted plasma and normal plasma were
used to examine the role of FXII in apoptotic cell-mediated
clotting and thrombin generation. After viable or apoptotic
cells were mixed with plasma and incubated at 37°C for 180 s,
50 pL of warmed 20 mM CaCl, was added to start the reaction,
and clotting time was immediately recorded with an Amelung
KC4A coagulometer (18).

Thrombin Generation Assay

Thrombin generation in plasma was measured over time with
a coagulation analyzer Ceveron® alpha (Technoclone, Vienna,
Austria), which employs a fluorogenic thrombin substrate
(Z-Gly-Gly-Arg-AMC) to continuously monitor thrombin activ-
ity in plasma. Measurements were conducted in a total volume
of 150 pL, including 40 L of normal plasma or FXII-deficient
plasma. Apoptotic cells were pretreated with 5 pg/mL BSA,
annexin V, mouse IgG, and anti-TF antibody (4501) as indicated.
The plasma was treated with mouse IgG and anti-FXII antibody
(C6B7) when there was a need to block FXII. Then, an 80-uL
aliquot of cells (1 X 10°) was added to a 40-uL plasma sample.
After incubation at 37°C for 15 min, 30 pL of fluorogenic buffer
(2.5 mM fluorogenic substrate and 87 mM CaCl,) was added to
start the thrombin generation assay.

SDS-PAGE and Western Blotting

Cleavage of FXII into FXIIa was detected by SDS-PAGE (12%)
under reducing conditions and immunoblotting. After incubation
with apoptotic or viable cells as described above, the cells were
pelleted by centrifugation, and samples containing FXII were col-
lected (14). These samples and samples from a cell-free system were
mixed with SDS-PAGE loading buffer and heated at 95°C. After
the samples were separated by electrophoresis and transferred to
a polyvinylidene difluoride membrane (Millipore), the membrane
was blocked with 5% non-fat dry milk in blocking buffer. After
extensive washing, the immunoblots were incubated for 2 h with
the primary antibodies, including monoclonal anti-FXII (B7C9),
polyclonal anti-HK heavy chain, and polyclonal anti-pKal antibod-
ies. Antibody binding was detected by IRDye 800-conjugated goat
anti-mouse IgG (LI-COR Bioscience) or IRDye 680-conjugated
goat anti-rabbit IgG (LI-COR Bioscience) and visualized with the
ODYSSEY infrared imaging system (LI-COR).

Identification of TF Antigen
by Flow Cytometry

Cells (1 x 10°/mL) were incubated with PE-conjugated monoclo-
nal TF (CD142) antibody or isotype control IgG1 for 30 min at
4°C in the dark. Cells were resuspended in 400 L of PBS before
analysis. The mean fluorescence intensity of 10,000 events was
determined for each sample.

Statistical Analysis

The results are expressed as the mean + SEM of at least three
experiments. One-way analysis of variance followed by Tukey’s
test (for multiple groups) or Student’s t-test (for comparisons
between two groups) was used, and a p value less than 0.05 was
considered statistically significant. Unless stated otherwise, the
data shown are from a single experiment that is representative of
at least three separate experiments.

RESULTS

FXII Binds to Apoptotic Cells

via Phosphatidylserine (PS)
To determine whether FXII binds to apoptotic cells, apop-
totic cells were incubated with B-FXII. As detected by flow
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cytometry, the binding of B-FXII to apoptotic cells increased as
the concentration increased (from 50 to 800 nM), and became
saturated at 400 nM (Figures 1A,B). However, B-FXII did not
bind to viable cells when added at the same concentrations
(Figure 1B), suggesting that FXII specifically binds to apoptotic
cells. PS is a phospholipid component that is usually maintained
on the inner-leaflet (the cytosolic side) of the cell membrane
by flippase (2). However, when a cell undergoes apoptosis, PS
becomes exposed on the surface of the cell (2). Annexin V (or
Annexin A5) is a member of the annexin family of intracellu-
lar proteins that binds to PS in a calcium-dependent manner.
To examine whether FXII binds to apoptotic cells through
PS, apoptotic cells were preincubated with annexin V or BSA
in the presence or absence of 2.5 mM CaCl,. As shown in
Figure 2A, preincubation with annexin V markedly inhibited
the binding of FXII to apoptotic cells in the presence of 2.5 mM
CaCl,, and its inhibitory effect was concentration dependent.
In contrast, no inhibition by annexin V was observed in the
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FIGURE 1 | FXII preferentially binds to apoptotic cells. (A) Biotin-labeled FXII
(B-FXIl) at the indicated concentrations was incubated with apoptotic CEM
cells (2 x 10°) at 4°C for 15 min. After washing, the cells were labeled with
PE-avidin and analyzed by flow cytometry. The fluorescence tracings shown
are representative data from three independent experiments. (B) Viable CEM
cells (VC, closed circles) or apoptotic CEM cells (AC, squares) were
incubated with B-FXII at the indicated concentrations at 4°C for 15 min.
After washing, the cells were labeled with PE-avidin and analyzed by flow
cytometry (n = 5). The data were analyzed by Student’s t-test, *p < 0.05;

**p < 0.01; **p < 0.001.
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FIGURE 2 | Binding of FXIl to apoptotic cells is dependent on
phosphatidylserine (PS). (A) After preincubation with or without annexin

V at the indicated concentrations in the presence of 2.5 mM CaCls for

20 min, apoptotic CEM cells were labeled with 100 nM B-FXIl and PE-avidin
as described above. The binding of FXII was analyzed by flow cytometry and
indicated as a percentage compared to the binding in the absence of annexin
V and CaCl,, which was set to 100% (n = 4). **p < 0.001. (B) B-FXII

(100 nM) was preincubated with or without 1 mM phosphatidylcholine (PC)
or PS liposomes at 4°C for 15 min, and then apoptotic cells were added.
After incubation for 60 min, the binding of B-FXII to apoptotic cells was
analyzed by flow cytometry as described above, and shown as the mean
fluorescence intensity (MFI). **p < 0.01. (C) FXII binds to phosphatidylserine
in a surface plasmon resonance assay. Serial concentrations of FXII were
flowed over PS or PC liposomes immobilized on the Biacore sensor chip.
The response curve of PS/FXII binding was obtained by subtracting the curve
of PC from that of PS. Curves were analyzed with BlAevaluation software.
The Kp was 3.857E-9 M, and the Rmax was 787.0 Ru.
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absence of CaCl, (Figure 2A), suggesting that the inhibitory effect
of annexin V is specific. In addition, when FXII was preincubated
with PS liposomes, its binding to apoptotic cells was significantly
reduced by more than 55% (Figure 2B). However, preincubation
of FXII with PC liposomes did not affect binding to apoptotic
cells (Figure 2B). To evaluate the binding capacity of FXII to PS
liposomes, a Biacore assay was used. The sensorgrams showed an
increase in response units that was reflective of PS binding, and
the binding response was concentration dependent, with a Ky, of
3.857E-9 M (Figure 2C). These results suggest that FXII binds to
apoptotic cells through a high-affinity association with PS.

The Binding of FXII to Apoptotic Cells

Leads to Its Cleavage and Activation

We next examined whether FXII binding to apoptotic cells
induces its cleavage and activation. FXII is converted to its
active form, FXIIa, through auto-activation induced by contact
with charged surfaces. Thus, the activation of FXII is depend-
ent on its cleavage (8). As shown by western blotting using an
antibody recognizing the heavy chain of FXII (Figure 3A,
i and ii), incubation with apoptotic cells markedly induced
the cleavage of full-length FXII zymogen (80 kDa) to pro-
duce a heavy chain fragment (48 kDa). However, FXII was
not cleaved when incubated with viable cells (Figure 3A).
More strikingly, the FXII cleavage induced by contact with
apoptotic cells was significantly enhanced in the presence
of HK and PK (Figure 3A). In the absence of cells, incubation of
FXII with HK and PK induced cleavage of a small percentage
of FXII (Figure 3A), suggesting that FXII may form a complex
with HK and PK on the surface of test tubes, thus leading to
its cleavage. As shown by densitometric measurement of band
intensity, about 85% of the FXII was cleaved in the presence
of HK, PK, and apoptotic cells, which was significantly higher
than that induced in the presence of viable cells (Figure 3A, iii).
Consistent with the observations in the presence of apoptotic
cells, incubation with PS liposomes induced cleavage of >80%
of the added FXII (Figure 3B, i and ii). In contrast, <15% of the
FXII was cleaved when incubated with PC liposomes (PS lipo-
some vs. PC liposomes, p < 0.001; Figure 3B). Taken together,
PS-mediated FXII binding to apoptotic cells results in its cleav-
age. To further examine whether the cleaved FXII induced by
apoptotic cells is proteolytically active, we performed an assay
with a chromogenic substrate. As shown in Figure 3C, in the
presence of HK and PK, incubation of FXII with apoptotic cells
significantly increased FXIIa activity (p < 0.001). This increase
in activity was completely prevented by the addition of a FXII
inhibitor, corn trypsin inhibitor (CTI). This result suggests that
binding of FXII to apoptotic cells promotes its activation.

FXIl Is Required for Apoptotic
Cell-Mediated Intrinsic Tenase

Formation and Procoagulant Activity

The observation that apoptotic cells can activate FXII led us to
hypothesize that this FXII activation is involved in apoptotic
cell-mediated procoagulant activity. First, we determined
whether the extrinsic coagulation pathway is involved in

apoptotic cell-mediated procoagulant activity in our assay system.
As evaluated by FACS analysis (Figure 4A), TF antigen remained
undetectable on both viable and apoptotic CEMs. THP-1 served as a
TF-positive control. Apoptotic CEM-mediated pro-coagulation
is not dependent on the extrinsic coagulation pathway, which
allowed us to evaluate the role of FXII in this process. In the clotting
assay, the addition of apoptotic cells significantly shortened the
clotting time of PPP triggered by the addition of CaCl,, compared
with the clotting time for viable cells (151.8 + 2.1 vs. 281.9 + 2.5,
p < 0.001; Figure 4B). To evaluate the contribution of FXII, we
measured the clotting time of PPP with apoptotic cells in the
presence and absence of FXII. As shown in Figure 4C, compared
to the clotting time of normal plasma with apoptotic cells, the
clotting time of FXII-deficient plasma was significantly longer
(150.8 & 3.7 vs. 281.4 &+ 7.9 s; p < 0.001), which was reversed
by replenishment with a physiological concentration of purified
FXII protein (165.7 + 6.6 s), suggesting the requirement of FXII
for apoptotic cell-mediated pro-coagulation. We next tested the
capacity of FXII to initiate tenase formation, which contributes
to the procoagulant activity of apoptotic cells. As shown in
Figure 4D, in the presence of FXII, PK/HK, FIX, and FVIII,
apoptotic cells increased the activity of FXa as a function of time,
which was 7.3-fold higher than that with viable cells at 30 s. To
examine whether apoptotic cell-mediated FX activation was
FXII-dependent, we tested the inhibitory effect of CTTand found
that 2 uM CTT reduced apoptotic cell-mediated FXa activation
to basal levels (Figure 4D). The above results demonstrate that
FXIIis critical for intrinsic tenase complex formation, contribut-
ing to the procoagulant activity of apoptotic cells.

FXIl Is Important for Apoptotic

Cell-Induced Thrombin Generation

To further determine the contribution of PS to the FXII-dependent
procoagulant activity of apoptotic cells, we employed a thrombin
generation assay. As shown in Figure 5A, apoptotic cells dynami-
cally induced thrombin generation, which was almost entirely
inhibited by annexin V (AxV). Importantly, an inhibitory anti-
FXII antibody (C6B7) greatly decreased apoptotic cell-mediated
thrombin generation, whereas an anti-TF blocking antibody
(TF Ab) did not have such an effect (Figure 5B). Consistently,
apoptotic cells failed to induce thrombin generation in FXII-
deficient plasma. However, the addition of 375 nM purified
FXII to FXII-deficient plasma increased thrombin generation
(Figure 5C). To determine the effect of PS on thrombin genera-
tion, PS or PCliposome-coated beads were used in a test of throm-
bin generation activity. As shown in Figure 5D, PS liposomes
strongly induced thrombin generation, whereas PC liposomes
had only a minor effect. Interestingly, the inhibitory anti-FXII
antibody C6B7 greatly diminished PS-induced thrombin genera-
tion (Figure 5D), suggesting that FXII contributes to apoptotic
cell-mediated thrombin generation by interacting with PS.
It is important to note that there is no clear distinction between
apoptosis and other cell types of cell death, such as necrosis,
and all dying cells exhibit increased PS exposure and enhanced
coagulation. Nucleic acids and polyphosphate that are released
from necrotic cells can be also associated with FXII activation
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FIGURE 3 | Binding of FXIl to apoptotic cells mediates its cleavage and activation. (A) As indicated, 95 nM FXIl was incubated with viable cells (via) or apoptotic
cells (ap) at density of 2 x 10° in the presence or absence of 30 nM prekallikrein (PK) and 30 nM high molecular weight kininogen (HK) at 37°C for 30 min. After
centrifugation at 2,500 rpm for 5 min, the supernatant was collected and analyzed by western blot with an anti-FXII Ab (). The levels of FXII, PK, and HK before
incubation with cells are shown by western blotting (ii). In three independent experiments, the density of bands was measured by NIH Image J software, and the
cleavage of FXII was defined as the ratio of [cleaved FXII chain (48 kDa))/[uncleaved FXII (80 kDa) plus cleaved FXII chain (48 kDa)] shown as relative band density
(iii). *p < 0.01; **p < 0.001. (B) In a cell-free system, 95 nM FXIl was mixed with 30 nM PK and 30 nM HK followed by addition of 50 nM phosphatidylserine (PS)
or phosphatidylcholine (PC) liposomes, one half of the mixture was immediately centrifuged (O min), and the other half was incubated at 37°C for 60 min (60 min).
After centrifugation at 55,000 rpm for 5 h, the supernatant was collected for analysis by western blotting using anti-FXII Ab (i, upper panel). The levels of FXII before
incubation with liposomes are shown by western blotting (i, lower panel). In three independent experiments, the density of bands was measured, and the cleavage
of FXIl was calculated as described above and shown as relative band density (i). ***p < 0.001. (C) Binding of FXII to apoptotic cells mediates its activation.

As indicated, FXII (95 nM) was incubated with or without apoptotic cells (AC; 2 x 10°), PK (30 nM) plus HK (30 nM), and corn trypsin inhibitor (CTI) (2 uM) at 37°C
for 30 min. After centrifugation at 2,500 rpm for 5 min, the supernatant was collected and factor Xlla (FXlla) activity was analyzed as the hydrolysis of a chromogenic
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(19, 20). However, after pretreatment with CIAP and DNase,
which degrade polyphosphate and nucleic acids, respectively,
there was no change in the level of thrombin generation induced
by apoptotic cells (Figure 5E), indicating that polyphosphates
and nucleic acids are not involved in the observed apoptotic cell-
mediated thrombin generation.

DISCUSSION

Changes in phospholipid asymmetry, with outer surface exposure
of PS, is a fundamental feature of apoptosis. On activated plate-
lets, exposure of PS on the outer leaflet is essential for membrane
assembly of the coagulation factor complexes, including the
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tenase complex, which are necessary for thrombin generation
(21). Similarly, upon apoptotic cell death, PS is exposed on the
membrane surface; concomitantly, they become procoagulant
and activate the coagulation pathway. These enhanced procoagu-
lant activities associated with membrane PS exposure have been
widely observed in apoptotic endothelial cells, vascular smooth
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FIGURE 4 | Continued

Apoptotic cell-mediated procoagulant activity and intrinsic tenase formation
is dependent on FXIl activation. (A) Tissue factor (TF) expression as
determined by flow cytometry. CEM cells treated with (apoptotic cells)

or without (viable cells) 10 uM dexamethasone for 24 h were stained with
CD142-PE to analyze TF expression on the cell surface. THP-1 cells were
used as a positive control. The background staining with an isotype control is
shown in black. (B) After viable cells and apoptotic cells (2 x 10°) were
suspended in 150 pL of platelet-poor plasma, clotting was triggered by the
addition of 20 mM CaCl, and measured as described in the Section
“Materials and Methods” (n = 3). ***p < 0.001. (C) After apoptotic cells

(2 x 10° were suspended in normal plasma (normal), FXII-deficient plasma
[FXII(-)] and FXII-deficient plasma supplemented with 375 nM FXII

[FXII(-) + FXII], respectively, clotting was triggered by the addition of 20 mM
CaCl, and measured as described in the Section “Materials and Methods”

(n = 3). (D) Effect of apoptotic cells on intrinsic tenase complex formation.
As indicated, apoptotic or viable cells were incubated with FXIl, prekallikrein,
high molecular weight kininogen, FXI, FIX, and FVIIl. Then FX was added,
and tenase complex formation was analyzed using a chromogenic substrate
(n = 3). Some samples were also treated with 2 uM corn trypsin inhibitor
(CTI). **p < 0.001.

muscle cells, lymphocytes, monocytes, and cancer cells. It has
been shown that tissue factor does not play a major role in this
process, as there is no increase in antigen levels or the functional
activity of tissue factor (3). Thus, the connection between apop-
totic cells and coagulation was largely unknown. In this study, we
showed that the FXII zymogen preferentially binds to apoptotic
cells, leading to its rapid cleavage and activation, thereby contrib-
uting to apoptotic cell procoagulant activity.

Thrombin generation is initiated by two distinct pathways,
and it can be triggered by exposure of blood to either a damaged
vessel wall (extrinsic) or blood-borne factors (intrinsic). The
intrinsic pathway of coagulation is initiated by FXII in a reaction
involving HK and PK. These factors are collectively referred to
as the contact activation system. The present findings of a cor-
relation between thrombin generation and apoptosis showed
increased intrinsic tenase activity; however, there is no available
model that outlines how thrombin formation could be initiated
by highly negatively charged cellular surfaces when functional
TF is absent. It is known that FXII is activated by a variety of
artificial or biological anionic surfaces, such as kaolin (22), ellagic
acid (23), polymers (24), nucleotides (25), sulfatides (26), gly-
cosaminoglycans (27), misfolded proteins (28), polyphosphates
(29), and collagen (30). In this study, we showed, for the first
time, that FXII zymogen directly binds to PS liposomes and PS
on apoptotic cells (Figures 1 and 2). The binding of FXII to PS
mediates its rapid cleavage and activation in the presence of HK
and PK (Figure 3). These results suggest that PS on apoptotic
cells serves as a docking site for FXII binding, which may induce
its auto-activation. The PS on apoptotic cells may also recruit
HK and PK to form a complex with FXII, thereby activating PK,
and activated PK may increase FXII activation. In three assays,
including APTT, intrinsic tenase formation, and thrombin
generation assays, we employed FXII-deficient plasma and FXII
inhibitor and provided evidence that FXII plays an important role
in apoptotic cell-mediated coagulation. We further showed that
TF is not involved in the FXII-mediated procoagulant activity of
apoptotic cells, as a TF Ab did not affect thrombin generation by
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FIGURE 5 | FXIl is important in thrombin generation induced by apoptotic cells. (A-E) Thrombin generation triggered by apoptotic cells in normal plasma was
analyzed as described in the Section “Materials and Methods.” Representative data are shown on the left, and accumulated data with statistical analysis are shown
on the right. (A) Apoptotic cells were pretreated with 5 ug/mL BSA or annexin V, and then used in a thrombin generation assay (n = 3). (B) Apoptotic cells were
pretreated with an anti-FXII antibody C6B7 or anti-tissue factor (TF) blocking antibody (4501; 5 pg/mL each), and then used in a thrombin generation assay (n = 3).
(C) The thrombin generation assay was performed in normal plasma, FXII-deficient plasma, and FXII-deficient plasma reconstituted with human FXIl (n = 3).

(D) Phosphatidylcholine (PC) or phosphatidylserine (PS) liposome-coated beads were used to stimulate thrombin generation in normal plasma. Some samples using
PS liposome-coated beads were also incubated with 5 ug/mL C6B7 (n = 3). (E) Apoptotic cells pretreated with PBS, 100 U/mL Calf intestinal alkaline phosphatase
(CIAP), or 0.01% DNase, before thrombin generation was measured. **p < 0.01; **p < 0.001.

apoptotic cells, which is consistent with the absence of TF expres-  to cleavage and the production of bradykinin in the presence of
sion on the surface of apoptotic cells (Figure 4A). In another =~ FXII and PK (31). Therefore, PS on apoptotic cells may serve as a
study, we found that HK binds to apoptotic cells via PS, leading ~ novel activator of FXII and a docking site for the assembly of the
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contact activation system, which may account for the role of FXII
in apoptotic cell-mediated procoagulant activity.

This new function of FXII in apoptotic cell-mediated coagu-
lation provides novel insight into the pathology of apoptotic
cells. In pathological settings, such as autoimmune disease,
chemotherapy, and inflammation, numerous cells frequently
undergo apoptosis. Rapid clearance of these apoptotic cells is
crucial for maintaining an anti-inflammatory and antithrom-
botic state (2). However, if these apoptotic cells are not removed
efficiently, they may become procoagulant and proinflamma-
tory. For example, in patients with acute leukemia, phagocytes
are overwhelmed by the large numbers of apoptotic cells
because of uncontrolled leukemic cell proliferation and cytotoxic
chemotherapy. In patients with leukemia, coagulation param-
eters could be upregulated by chemotherapy; however, this can-
not account for the hypercoagulable state, as the basal levels of
contact activation system components, including FXII, are fairly
high (>50 pg/mL). Patients with systemic lupus erythematosus
(SLE) often develop microvessel thrombi, concomitant with the
accumulation of apoptotic cells (5). The enhanced functional
interaction of apoptotic cells with activation of coagula-
tion system likely plays a major role. Kunzelmann et al. (32)
demonstrated that malignant hematopoietic cells (HEL cells)
trigger blood coagulation through phosphatidylserine expo-
sure (32). When apoptosis occurs in a microenvironment
in direct contact with circulating coagulation factors such as
FXII, they may contribute to the initiation and enhancement
of unique pro-coagulants on the apoptotic cell surface (33).
In view of the increasing evidence for the occurrence of vascular
cell apoptosis in the above pathological settings, it is important
to characterize the mechanism underlying FXII-driven contact
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Different subtypes of macrophages have been shown to participate in different stages
of inflammation and tissue repair. In the late stage of tissue repair, the macrophages,
following their engulfment of apoptotic neutrophils, acquire a new phenotype termed
alternatively activated macrophages. These macrophages produce growth factors, such
as vascular endothelial growth factor (VEGF), that facilitate the angiogenic response as
part of tissue restoration. Then, in the later stages of tissue healing, capillary regression
takes place. It is presently unknown whether macrophages play an antiangiogenic role in
the final stages of tissue repair. Here, we examined whether soluble mediators secreted
by pro-resolving CD11b°" macrophages (Mres) inhibit angiogenesis in the context of
the resolution of tissue repair. Our findings indicate that soluble mediators produced by
ex vivo generated Mres (CM-Mres) attenuate angiogenesis in vitro by inhibiting human
umbilical vein endothelial cell (HUVEC) proliferation by lowering their cyclin D1 expres-
sion. In addition, CM-Mres lowered HUVEC survival by inducing caspase 3/7 activation,
and also inhibited VEGFR2 activation via VEGF. HUVEC migration and differentiation to
tubular-like structure was also inhibited by CM-Mres. Similarly, CM-Mres significantly
inhibited neovascularization as depicted ex vivo by utilizing the rat aorta ring assay and
in vivo by utilizing the chick chorioallantoic membrane assay. Notably endostatin, which
was shown previously to exert its antiangiogenic effect by inhibiting proliferation, survival,
motility, and morphogenesis of endothelial cells via inhibition of VEGFR2 activation, is
produced by Mres. Taken together, our results suggest that a specialized subset of
macrophages that appear during the resolution of inflammation can produce antiangio-
genic mediators, such as endostatin. These mediators can halt angiogenesis, thereby
restoring tissue structure.

Keywords: pro-resolving macrophages, tissue repair, angiogenesis, antiangiogenic factors, resolution of
inflammation, endostatin

INTRODUCTION

Inflammation and tissue repair are adaptive responses to tissue damage induced by pathogen
infiltration or mechanical or chemical injury. These responses involve sequential stages which are
orchestrated by recruitment and activation of various non-hematopoietic and hematopoietic cells
such as neutrophils, macrophages, fibroblasts, and endothelial cells (1). The return of the tissue to
its homeostatic state is dependent on the tight regulation and final resolution of the inflammatory
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response and the wound healing processes. However, dysregu-
lated and exaggerated tissue repair that fails to subside and resolve
will result in fibrosis and consequently will lead to organ failure
(2, 3). Therefore, it is important to understand the contribution of
the different cellular mediators in the resolution of inflammation
and the various stages of tissue repair.

Macrophages are highly versatile immune cells that can acquire
functionally distinct phenotypes (4, 5). Indeed, recent reports sug-
gest the role of specific subpopulations of macrophages in regu-
lating the different stages of tissue repair (6) and resolution of
inflammation (7). In the initial stage of the inflammatory response
to injury, leukocyte infiltration is followed by recruitment of
monocytes to the site of injury. The monocytes differentiate to
classically active macrophages also known as M1-like macro-
phages (pro-inflammatory) (4, 5). The phenotype of M1-like
macrophages that engulf apoptotic polymorphonuclear leuko-
cytes cells (PMN) shifts to that of alternatively activated mac-
rophages. The latter are also referred to as M2-like macrophages
and are involved in attenuating inflammation and promoting
tissue repair (8, 9). Specifically, M2-like macrophages promote
tissue repair by secreting growth factors such as transforming
growth factor beta-1 which induces myofibroblast differentiation
and deposition of extracellular matrix, and vascular endothelial
growth factor (VEGF) which promotes angiogenesis (2, 10).
Hence, tight temporal regulation of macrophage phenotype is
required to promote resolution of inflammation, tissue repair, and
reinstatement of homeostasis. The potential role of macrophages
in resolving tissue repair and inflammation has been recently
described (7, 11). Schif-Zuck et al. characterized a novel subset
of pro-resolving macrophages designated CD11b"" macrophages
that appear during the resolution of zymosan-induced murine
peritonitis. These macrophages secrete pro-resolving mediators
and are generated in vivo and ex vivo from M2-like macrophages
following the engulfment of apoptotic leukocytes (11). However,
these macrophages display a distinct enzyme expression signa-
ture from either M1 or M2, are devoid of phagocytic potential,
and are prone to migrate to lymphoid tissues. We recently dem-
onstrated that these pro-resolving macrophages can secrete
anti-fibrotic mediators, thus preventing the establishment of a
fibrotic-like milieu by preventing the expression of type I collagen
(Col-I) by activated myofibroblasts (Gilon et al., submitted for
publication). Notably, Col-I remodeling and vasculature regres-
sion are evident in the late phase of resolution. Furthermore,
intraperitoneal zymosan injection is a model of acute inflamma-
tion which self-resolves within 48-72 h (12). Hence, we hypoth-
esized that the recently characterized, pro-resolving macrophages
secrete antiangiogenic mediators in addition to anti-fibrotic
mediators, thus finalizing tissue repair. Here, we demonstrate that
ex vivo generated pro-resolving CD11b*" macrophages (Mres)
secrete antiangiogenic mediators such as endostatin thereby
inhibiting angiogenesis by endothelial cells.

MATERIALS AND METHODS

Cell Line Cultures
Human umbilical vein endothelial cells (HUVECs) (kindly pro-
vided by Prof. Gera Neufeld, Technion, Israel) were grown on 10 cm

plates, coated with 0.2% gelatin in Dulbecco’s phosphate-buffered
saline (PBS; Biological Industries, Israel) and overlaid with
growth medium comprised of Earle’s salt base (M-199) medium
supplemented with 20% fetal bovine serum (FBS), 1% antibiot-
ics, 1% vitamins, and glutamine (Biological Industries, USA) and
freshly added basic fibroblast growth factor (bFGF) (PeproTech,
Israel) (5 ng/ml). Jurkat T cells (kindly provided by Prof. Debbie
Yablonski, Technion, Israel) were maintained in RPMI-1640
(Gibco-Life Technology, USA) with high glucose, 10% heat
inactivated FBS, and 1% antibiotics. All cells were incubated at
37°C, 5% CO, incubator.

Animals

7-to 8-week-old male C57BL/6 mice and 6-week-female Sprague
Dawley rats were purchased from Harlan Biotech Israel. All
animals were maintained under specific pathogen-free condi-
tions. Care and handling of animals was in compliance with
University of Haifa’s experimental protocols. This study was car-
ried out in accordance with the recommendations of University
of Haifa Animal Ethics Committee guidelines. The protocol was
approved by the University of Haifa Animal Ethics Committee.

Ex Vivo Generation of Pro-Resolving

CD11b'* Macrophages

Male C57BL/6 mice were injected i.p. with zymosan A (1 mg) pur-
chased from Sigma-Aldrich, Israel. After 66 h, peritoneal exudates
were collected, and exudate cells were stained with PE-conjugated
rat anti-F4/80 (BioLegend Inc., USA). Macrophages were isolated
using EasySep PE selection magnetic beads following the manu-
facturer’s instructions (StemCell Technologies, Israel). Isolated
macrophages were co-stained with FITC-conjugated rat anti-Ly-6G
and PerCP-conjugated rat anti-mouse CD11b (BioLegend Inc.,
USA) and analyzed by FACSCanto II (BD Biosciences, USA) and
the FACSDiva software. Jurkat T cells were treated with 1 uM
staurosporine (Sigma-Aldrich, Israel) to induce apoptosis and
washed. Then, peritoneal macrophages were incubated in the
presence or absence of apoptotic Jurkat T cells [1:5 macrophage
to apoptotic cell (AC) ratio]. After 8 h of incubation, the cells
were washed with PBS and overlaid with fresh media; RPMI-1640
with high glucose 10% FBS, and 1% antibiotics for additional 12 h
of incubation. Next, conditioned media were collected, and the
macrophages were further characterized for their conversion to
the CD11b"" phenotype using flow cytometry.

Preparation of the Different Conditioned

Media for the Experimental Assays

The following conditioned media, listed below, were diluted
with HUVEC Assay Medium (M-199 medium supplemented
with 10% FBS, 1% antibiotics, 1% vitamins, 1% glutamine, and
freshly added bFGF 5 ng/ml) at a ratio of 1:1. This step was carried
out to ensure viability of HUVEC in all the experimental assays
described below.

Condition medium (CM): Baseline conditioned media com-
prise RPMI supplemented with 10% heat inactivated FBS and
1% antibiotics.
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CM-M¢: Conditioned media collected after 12 h from culture
enriched with CD11b"¢" macrophages (M¢).

CM-Mres: Conditioned media collected after 12 h from culture
enriched with CD11b"" macrophages (Mres).

CM-AC: Conditioned media of un-engulfed ACs.

Proliferation Assay

Human umbilical vein endothelial cell grown in 10 cm plates
were treated for 2 h in M-199, 5% FBS, 1% antibiotics, 1%
vitamins, and 1% glutamine medium. Next, the above treated
cells (3 x 10° cells/well) were cultured in 96-wells plate coated
with Cultrex® growth factor-reduced basement membrane
extract (BME) (Trevigen Inc., USA) and treated with the dif-
ferent conditioned media. After overnight incubation at 37°C,
5% CO, incubator Cell Titer 96 AqueousOne Solution cell
proliferation assay kit (Promega, USA) was added to the wells for
2 h to measure cell proliferation according to the manufacturer’s
instructions. The absorbance was recorded at 490 nm.

Immunofluorescence Staining

Human umbilical vein endothelial cell cultured in 8-well chamber
glass slides coated with BME (Trevigen Inc., USA), as described
previously (13), were treated for 5 min with mixture containing
0.1% Triton X-100 and 4% PFA containing 5% sucrose, and fixed
for an additional 25 min with 4% PFA containing 5% sucrose. The
cells were washed for 10 min with PBS and an additional 15 min
with PBS containing 0.05% Tween 20 (PBS-T). Next, fixed cells
were blocked with IF buffer (130 mM NaCl, 7 mM Na,HPO.,,
3.5 mM NaH,PO,, 7.7 mM NaNj, 0.1% BSA, 0.2% Triton X-100,
and 0.05% Tween 20) containing 10% donkey serum for 1 h
followed by overnight incubation at 4°C with rabbit anti-active-
caspase-3 (1:400) (Cat # 559565; BD Biosciences). The cells were
washed three times with PBS for 15 min each and incubated
for 1 h with donkey anti-rabbit conjugated to Alexa Fluor® 647
(Invitrogen, USA) at room temperature. Next, the cells were
washed as mentioned earlier and mounted with VECTASHIELD
mounting medium with 4’,6-diamidino-2-phenylindole (DAPI).
Immunofluorescent images were captured by Zeiss LSM 700
confocal laser scanning microscope (magnification 40x).

For F-actin staining, cells were incubated overnight with
Alexa Fluor 488 Phalloidin (1:40) (Molecular Probes, USA),
washed three times with PBS for 15 min each and mounted with
VECTASHIELD mounting medium with DAPL

Caspase 3/7 Activity

Human umbilical vein endothelial cells grown in 10 cm plates
were treated for 2 h in M-199, 5% FBS, 1% antibiotics, 1%
vitamins, and 1% glutamine medium. Next, the aforemen-
tioned treated cells were cultured in 96 wells coated with 50 pl
BME (3 x 103 cells/well) and were overlaid with the different
conditioned media. After overnight incubation at 37°C, 5% CO,
incubator, Caspase-Glo® reagent (Promega, USA) was added
for each well according to the manufacturer’s instructions, and
plates were incubated at room temperature for 1 h. Luminescence
of each sample was measured using a plate-reading infinite
M200PRO, TECAN luminometer.

Wound Migration Assay

Wound migration assay was performed using a 12-well plate
coated with 0.2% gelatin in PBS (10 X 10* HUVEC/well). 17 h
post seeding, a wound was induced by mechanical application of
a 1,000 pl sterile tip. Images of wound formation and healing were
acquired at time 0 and at 2.5, 5.5, 7, and 8.5 h post-induction,
using a light inverted microscope magnification 10X (Nikon
Eclipse TS100). Analysis of the wound healing was carried using
the Nikon A1R confocal laser scanning microscopy software (NIS
Elements AR version 4.3, by Nikon). The area of the scratch was
quantified and normalized to the area of the scratch at time 0.

Time-Lapse Microscopy

Human umbilical vein endothelial cells (6 X 10*) were plated
on top of gelatinized 15 mm glass-bottom cell culture dishes
(Nest Scientific USA Inc.) and overlaid with either CM-M¢ or
CM-Mres. Cells were incubated at 37°C, 5% CO, incubator for
30 min to allow adherence of the cells. Thereafter, cell motility
was followed by time-lapse video microscopy using Nikon
AIR confocal laser scanning microscope (20X magnification).
Differential interference contrast (DIC) microscopy images were
acquired every 1 min for a period of 2 h. Motility of the cells for a
period of 2 h was measured by determining the average velocity
of 10 different cells for each treatment utilizing Image] software
(with the “win 64” plug).

Tube-Formation Assay

Human umbilical vein endothelial cells grown in 10 cm plates
were treated for 2 h in M-199, 5% FBS, 1% antibiotics, 1% vita-
mins, and 1% glutamine medium. These cells were then cultured
in eight-chamber glass slides (Lab-TEK® II, Naperville, IL, USA)
coated with BME and overlaid with the different conditioned
media for 16 h. For positive control M-199, 20% FBS, 1% anti-
biotics, 1% vitamins, and 1% glutamine medium was applied.
Pictures were acquired by Nikon Eclipse TS100 light microscopy
(10x magnification), and the number of bifurcations per field was
quantified using Image] software.

Aortic Ring Assay

Aorta ring assay was carried out as previously described (14) with
slight modification. Briefly, thoracic aorta rings were prepared
from female Sprague Dawley rats according to the protocol by
Bellacen and Lewis (14) and placed in 48-well plates coated
with 150 pl Cultrex® growth factor-reduced BME. Plates were
incubated for 10 min at 37°C in a 5% CO, incubator. Following
incubation, each well was overlaid with an additional 150 ul BME
and incubated at 37°C, in a 5% CO, incubator for 20-30 min.
Next, the aorta rings were subjected to the different treatments
for a period of 6 days. For a negative control, vascular cell basal
medium (ATCC® PCS-100-030™) was applied, and for positive
control vascular cell basal medium supplemented with compo-
nents listed in Table S1 in Supplementary Material was utilized.
Images were acquired by Stemi SV 6, ZEISS light microscope (10X
magnification). The micro-vessel sprouting area was analyzed by
Image] software. Sprouting area for each treatment at time point
T = 0 was subtracted from the sprouting area at 2, 4, and 6 days
of treatment.
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Chick Chorioallantoic Membrane

(CAM) Assay

The CAM assay was carried out as previously described (15) with
slight modification. Embryonated chicken eggs (~30 per treat-
ment) were incubated at 38°C incubator. At day 3, ovalbumin was
removed (3 ml per egg), a window was opened [according to the
protocol of Ponce and Kleinmann (15)], and inserts treated with
the different conditioned media were applied. The inserts were
composed of autoclaved filtered paper (5.5 mm in diameter),
which were treated either with CM-M¢ or CM-Mres (10 pl/
insert). Eggs were incubated for additional 48 h at 38°C incubator.
Images were acquired by binocular (0.8 magnification) at time 0
and after 48 h incubation with the above inserts. Quantification of
blood vessel density was carried out using Image]J (by using “win
64” plug). For each treatment, an area of 15 cm” was analyzed with
the filter paper at its center. Vascular density measured at 48 h
posttreatment was normalized to the vascular density measured
at time 0.

Mouse Angiogenesis Array

Mouse angiogenesis array kit (R&D Biosystems) was used acc-
ording to the manufacture’s instructions using either CM-M¢ or
CM-Mres. Membranes were analyzed using ImageQuant LAS-4000
analyzer (GE Healthcare Life Sciences, Pittsburgh, PA, USA) and
“ImageQuant LAS-4000” software (GE Healthcare Life Sciences).
Densitometry analysis was performed using ImageQuant total
lab-7 (GE Healthcare Life Sciences) image analysis software.

VEGFR2 Phosphorylation

Confluent HUVEC cells (cultured on gelatin as described earlier)
were treated in M-199, 5% FBS, 1% antibiotics, 1% vitamins, and
1% glutamine medium for 12 h. Next, the cells were overlaid with
the different conditioned media for 30 min followed by VEGF
supplementation (25 ng/ml) for 5 min. Cell pellets were prepared
for western blot analysis.

Western Blot Analysis

Cell pellets were lysed in WCE (whole-cell extract) buffer
[25 mM HEPES, pH 7.7, 0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.1% Triton X-100, 100 pg/ml PMSE and 25 mM pro-
tease inhibitor cocktail (Roche)], and for p-VEGFR2 detection
the cell pellets were lysed in WCE buffer supplemented with
20 mM NAE 2 mM Na;VO,, and 0.5 mM DTT. The proteins
from cell lysate or from the conditioned media were separated
by SDS-PAGE followed by transfer on to a nitrocellulose mem-
brane. The membranes were blocked with 5% (w/v) non-fat
dried skimmed milk powder either in PBS supplemented with
0.05% Tween 20 (PBS-T) for protein detection or for phosphoryl-
ated VEGFR2 in Tris-buffered saline supplemented with 0.1%
Tween 20 (TBS-T) for 1 h at room temperature. Membrane
was then probed either with rabbit anti-GAPDH (1:500), rabbit
anti-cyclin D1 (1:200), or rabbit anti-VEGFR2 (1:1,000) (Santa
Cruz, Dallas, TX, USA). Rabbit anti-phospho-VEGFR2-Tyr951
(1:500) (Cell Signaling, Danvers, MA, USA), rabbit anti-VEGF
(Abcam, Cambridge, UK), or monoclonal anti-endostatin
(1:1,000) (Merck, Darmstadt, Germany) at 4°C overnight. Next,

the membranes were incubated with the appropriate horserad-
ish peroxidase-conjugated secondary antibodies (1:10,000;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
for 1 h at room temperature and washed 15 min 3X with either
PBS-T or TBS-T (for phosphor-protein detection). Western
Bright ECL (Advansta, Menlo Park, CA, USA) was added to
the membrane for 1 min and analyzed using ImageQuant LAS-
4000 analyzer (GE Healthcare Life Sciences, Pittsburgh, PA,
USA) and “ImageQuant LAS-4000” software (GE Healthcare
Life Sciences). Densitometry analysis was performed using
ImageQuant total lab-7 (GE Healthcare Life Sciences) image
analysis software.

Statistical Analysis

Student’s unpaired t-test was used accordingly. Two-tailed
p values of 0.05 or less were considered to be statistically
significant. Repeated measures ANOVA comparison test was
used accordingly. Values of 0.05 or less were considered to be
statistically significant.

RESULTS

Ex Vivo Generation of Secreted Factors of
Pro-Resolving CD11b'"" Macrophages

To this end, peritonitis was induced, and 66 h later peritoneal
exudates were collected. The percentage of macrophages (M¢)
was determined in peritoneal exudates, based on their size
and granularity and positive staining for F4/80 as previously
described (11). Next, CD11b"s" M¢ were collected and were
either untreated or treated with apoptotic Jurkat cells {a common
apoptotic leukocyte target for macrophages in experimental pro-
cedures [(11, 16) at a ratio of 1:5 respectively]}. Incubation with
ACs resulted in 79% conversion of CD11b"s"-M¢ to CD11b""-
Mg compared with untreated macrophages where only 13% of
CD11b"s"-M¢ were converted to CD11b*¥-M¢, as determined
by surface expression of CD11b by FACS analysis (Figure S1 in
Supplementary Material). Conditioned media were collected after
12 h from cultures enriched with either CD11b"#" macrophages
(CM-M¢) or pro-resolving CD11b" macrophages (CM-Mres)
and from un-engulfed AC (CM-AC).

Proliferation of HUVECs is Modulated
by Factors Secreted by Pro-Resolving
CD11b'"" Macrophages

Angiogenesis, characterized by sprouting of preexisting vascula-
ture to form new vessels, requires several coordinated endothelial
cell activities, such as proliferation, migration, and morpho-
genesis (17, 18). Therefore, initially we determined whether
CM-Mres was able to inhibit the proliferation of endothelial
cells. To this end, conditioned media (condition medium (CM),
CM-M¢, CM-Mres, or CM-AC) were overlaid on HUVECs cul-
tured on top of growth factor-reduced reconstituted BME. The
proliferation was measured after overnight incubation. One-way
repeated measures ANOVA analysis was conducted followed
with repeated contrasts to probe the differences between the
four groups of treatments. Significant difference was found
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between the different treatments [F(3, 12) = 5.699, p = 0.012].
Furthermore, significant difference was found between the
treatments CM-M¢ vs. CM-Mres (p = 0.022) (Figure 1A). By
contrast, no significant difference was found between CM-M¢
vs. CM-AC (p > 0.05). Given that we observed a reduction in
cell number of HUVEC treated with CM-Mres, we next tested
whether this inhibition is also due to an increase in apoptosis
of HUVEC. HUVECs were cultured as described earlier and
scored for apoptosis by (1) percentage of TUNEL positive cells
(Figure S2 in Supplementary Material), (2) activated caspase
3 detected by immunofluorescence staining (Figure 1B), and
caspase 3/7 activity (Figure 1C). Increase in the percentage of
HUVEC positive for TUNEL staining was evident upon treat-
ment with CM-Mres compared with CM-M¢ (Figure S2 in
Supplementary Material). Activated caspase 3 was apparent by
immunofluorescence staining (red staining) in HUVEC treated
with CM-Mres (Figure 1B), whereas no staining was evident
in CM-M¢. In addition, a significant increase in caspase 3/7
activity was observed in HUVEC treated either with CM-Mres
or CM-AC compared with CM-M¢ as determined by one-way
repeated measures ANOVA analysis followed with repeated con-
trasts. Specifically, significant difference was found between the
different treatments [F(4, 20) = 4.549, p = 0.009]. Furthermore,
significant difference was found between CM-Mres compared
with CM-M¢ (p = 0.014) (Figure 1C) and CM-AC compared

with CM-M¢ (p = 0.030). Hence, our results suggest that
CM-Mres inhibits proliferation. Of note, activation of caspase
3/7 by CM-Mres may be also attributed to the presence of media-
tors secreted by un-engulfed ACs.

CM-Mres Inhibits the Motility of HUVEC

Migration of vascular endothelial cells plays an important role in
angiogenesis (18). Therefore, we tested whether CM-Mres may
impact the motility of HUVEC. To this end, wound migration
assay was utilized to study the rate of the wound closure in the
plate (cell migration toward the wound/scratch) as detailed
below. Wounded monolayers of HUVECs were incubated with
the different conditioned media (CM, CM-M¢, CM-Mres, or
CM-AC). The filling of the “wound” was monitored in a period
of 2.5-8.5 h by measuring the % of remaining clear surface, com-
pared with the T'= 0 (scratch initiation). Our results demonstrate
that treatment with CM-Mres delayed overtime the closure of the
wound (Figures 2A,B) compared with treatment with CM-M¢.
Repeated measures ANOVA and repeated contrasts were con-
ducted with treatment (CM, CM-M¢, CM-Mres, and CM-AC) as
repeated measures, at time 8.5 h. A significant difference between
all treatments was found [F(3, 3) = 24.261, p = 0.013].

In addition, at 8.5 h posttreatment, CM-Mres significantly
inhibited the closure of the wound compared with CM-M¢ as
determined by repeated contrast [F(1, 5) = 7.548, p = 0.040].
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FIGURE 1 | CM-Mres inhibits proliferation and induces apoptosis of human umbilical vein endothelial cell (HUVEC). HUVEC were cultured on basement membrane
extract and treated with condition medium (CM), CM-M¢, CM-Mres, or CM-AC. (A) Representative proliferation of HUVEC after overnight treatment. n = 5 with four
to five replicates. (B) Representative confocal images of HUVEC stained for activated caspase 3 (red) and nuclei (DAPI, blue). Magnification 40x, bar = 50 pm.

(C) Caspase 3/7 activity in HUVEC either starved [CM-no-fetal bovine serum (FBS); positive control] or treated with the indicated conditioned media overnight.
Columns; mean, bars; STD, n = 6 with three replicates for each experiment. One-way repeated measures ANOVA analysis with repeated contrasts, *p < 0.05.
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FIGURE 2 | Motility of human umbilical vein endothelial cell (HUVEC) is attenuated upon treatment with CM-Mres. (A,B) Representative results (n = 4) of wound
migration assay of HUVEC treated with the indicated conditioned media. (A) Images taken at indicated time points demonstrate quicker wound closure upon
treatment with either condition medium (CM) or CM-M¢ compared with treatment with CM-Mres or CM-AC. (B) Quantification of the wound closure (motility of the
cells) over time. Points; mean, bars; STD, n = 4. (C) Quantification of the wound closure at 8.5 h post wounding. Columns; mean, bars; STD, n = 6, one-way
repeated measures ANOVA analysis with repeated contrasts, *p < 0.05. (D) Motility of HUVEC cultured on gelatin for a period of 2 h upon treatment with either
CM-M¢ or CM-Mres was monitored by time-lapse microscopy. An average velocity of 10 different cells for each treatment was determined. Columns; mean, bars;

Specifically, 51% of the original area remained (Figure 2C) upon
treatment with CM-Mres whereas, 36% of the original area
remained upon treatment with CM-M¢ (Figure 2C). Whereas,
there was no significant difference between CM-M¢ compared
with CM-AC (p > 0.05).

To further validate that the delay in wound closure was due
to inhibition of motility of HUVEC, we conducted time-lapse
video microcopy for a period of 2 h (DIC images were captured
every minute). Indeed, CM-Mres treatment significantly attenu-
ated the motility of HUVEC cultured on gelatin (Video S1 in
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Supplementary Material; Figure 2D) compared with treatment
with CM-M¢ (Video S2 in Supplementary Material; Figure 2D).
Interestingly, CM-M¢ altered HUVEC morphology and induced
cell expansion and contraction often associated with membrane
blebbing upon their movement, whereas treatment with CM-Mres
induced a spindle shape morphology and no cell expansion or
membrane blebbing was apparent in the migrating HUVEC.

In summary, our findings suggest that CM-Mres inhibits the
motility of HUVEC.

Soluble Mediators Secreted by Pro-
Resolving Macrophages Prevent HUVEC

Morphogenesis to Tubular Structures

Next, we determined whether soluble mediators secreted by
pro-resolving macrophages were able to inhibit the differentia-
tion of endothelial cells to capillary-like networks. To this end,
HUVECs were cultured on BME and treated with CM, CM-Md,
CM-Mres, CM-AC, or Assay Medium that promotes HUVEC
differentiation to tubular structures. After 16-18 h, the extent of
HUVEC differentiation to tubular structures was determined by
light microscopy (Figure 3A). Quantification of the number of
bifurcations of vessel-like tubular structures was carried out in
three independent fields per each experimental condition using
Image] software (Figures 3A,C). F-actin organization of the
tubular-like structures was determined by phalloidin staining
(Figure 3B).

HUVEC grown on BME with Assay Medium undergo spon-
taneous alignment into hollow tubes, forming capillary-like
networks (19). However, we found that endothelial tubule forma-
tion and stability was impaired in the presence of CM-Mres com-
pared with endothelial cells treated with CM, Assay Medium, or
CM-M¢ (Figures 3A,B). This was further supported by one-way
repeated measures ANOVA analysis demonstrating significant
differences between the different treatments [F(4, 16) = 9.997,
p < 0.001]. Utilizing repeated contrasts analysis, we found a
significant reduction in the number of bifurcations in the tubular
network formed by the endothelial cell treated with CM-Mres in
comparison to treatment with CM-M¢ (p = 0.012) (Figure 3C).
By contrast, there was no significant difference between CM-AC
in comparison to CM-M¢ (p > 0.05). The tube-formation assay is
based on the ability of endothelial cells to form three-dimensional
capillary-like tubular structures in the 3D BME system. In this
system, endothelial cells proliferate, differentiate, directionally
migrate to align, branch, and form the tubular polygonal net-
works of blood vessels. This is a well-established assay to study
angiogenesis (19, 20). Given that a significant effect on formation
of the capillary-like tubular structures was only evident upon
treatment with CM-Mres, we proceeded to further validate the
antiangiogenic effect of CM-Mres and compared it to CM-M¢,
as described below.

Sprouting Angiogenesis Ex Vivo and
In Vivo are Attenuated by CM-Mres

To further verify our in vitro findings, we utilized the rat aorta
ring assay as an ex vivo model of angiogenesis. This organ culture
assay scores for sprouting angiogenesis from the segmented aorta

ring cultured on BME. Our results demonstrate that CM-M¢ pro-
moted neovascularization (see black arrow; Figure 4A; Figure S3 in
Supplementary Material), whereas, CM-Mres restrained neovas-
cularization (see white arrows; Figure 4A). We conducted repeated
measures two-way ANOVA analysis, and we found significant
difference between the different treatments [F(4, 40) = 10.828,
p =0.003]. Furthermore, we found significant interactions between
time and treatment [F(8, 40) = 14.127, p < 0.001]. Planned
comparisons were carried out on data from day 6 to probe the
interaction. We found significant difference between CM-Mres
compared with CM-M¢ [F(1, 5) = 55.574, p = 0.001]. Furthermore,
a significant difference was found between negative control vs.
CM [F(1, 5) = 6.663, p = 0.049]. Whereas, no significant difference
was found between CM-Mres vs. negative control [F(1, 5) = 4.839,
p =0.079] (Figure 4B). Hence, CM-MTres contain soluble media-
tors that can inhibit sprouting angiogenesis in the rat aorta ring
assay. Next, we tested whether CM-Mres can inhibit angiogenesis
in vivo by using the chick CAM assay. Similarly, to the in vitro
and ex vivo results, exposure of the CAM to CM-Mres reduced
vessel density (compare vessel density at time T=0vs. T=48 h
post CM-Mres treatment; Figure 4C, see white arrows and
Figure 4D) whereas, treatment with CM-M¢ for 48 h increased
vessel density compared with T' = 0 (Figure 4C see black arrows
and Figure 4D). Altogether, these results suggest that CM-Mres
contains antiangiogenic mediators.

Increased Levels of the Antiangiogenic
Mediator Endostatin and Decrease in
Angiogenic Factor VEGF in CM-Mres
Compared with CM-M¢

Angiogenesis is regulated by a balance between angiogenic and
antiangiogenic factors. Given that CM-Mres inhibited angiogen-
esisin vitro, ex vivo,and in vivo, has promoted us to determine the
presence and predominance of antiangiogenic mediator/s over
angiogenic factors in CM-Mres. To this end, mouse angiogenesis
array was utilized to detect pro- and antiangiogenic factors in
CM-Mres compared with CM-M¢ (Figures 5A-C). Initial dot
blot analysis revealed several pro-angiogenic factors with lower
levels in CM-Mres compared with CM-M¢ such as osteopoetin
(21), HGF (22), CXCL16 (23), and CCL2 (24) (Figure 5B).
Whereas, increase in the levels of the antiangiogenic factors
endostatin, PEDF and thrombospondin-2 [reviewed in Nyberg
et al. (25)] was observed in CM-Mres compared with their
levels in CM-M¢ (Figure 5C). Notably, the levels of the central
pro-angiogenic mediator VEGF (26) decreased significantly
in CM-Mres compared with its levels in CM-M¢ (determined
by western blot analysis; Figures 5D,E), whereas the levels
of endostatin; an inhibitor of VEGF mediated signaling (25),
was significantly higher in CM-Mres compared with CM-Md
(determined by western blot analysis; Figures 5D,F). Next, we
tested VEGFR2 phosphorylation, given that endostatin was
previously shown to block VEGF-induced tyrosine phospho-
rylation of VEGFR2 in HUVEC (see Materials and Methods)
(27). Indeed, VEGFR2 phosphorylation on Y195 was reduced
upon treatment with CM-Mres compared with treatment with
CM-M¢ (Figures 5G-H). Furthermore, CM-Mres inhibited
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FIGURE 3 | CM-Mres hinders human umbilical vein endothelial cell (HUVEC) differentiation to tubular-like structures. HUVECs were cultured on basement
membrane extract for 16-19 h with Assay Medium, condition medium (CM), CM-Md¢, CM-Mres, or CM-AC. (A) Representative light microscopy images (n = 5).
Magpnification 10x. (B) Fluorescence staining of HUVEC cells for F-actin (phalloidin; green) and nuclei (DAPI; blue). Representative confocal images are shown.
Magnification 40x. Bars = 50 um. (C) Quantification of the bifurcation number of vessel-like tubular structures obtained from three to five microscopic fields.
Columns; mean, bars; STD, n = 5, one-way repeated measures ANOVA analysis with repeated contrasts, *p < 0.05.

significantly Cyclin D1 expression in HUVEC compared with  DISCUSSION

treatment with CM-M¢ (determined by western blot analysis;

Figures 51,J). These results are in accordance with previous  Macrophages play a fundamental role in wound healing by generat-
studies demonstrating downregulation of Cyclin D1 expression  ing bioactive mediators that stimulate angiogenesis and fibroplasia
upon endostatin treatment (28). Overall, our results suggest (29, 30). However, the potential role of macrophages in resolving
that reduction in the levels of VEGF and increase in endostatin ~  tissue repair by inhibiting angiogenesis is largely unknown (9).
levels in CM-Mres may mediate in part the antiangiogenic effect Angiogenesis is a multifaceted process required to facilitate
of CM-Mres by inhibiting VEGFR2 mediated signaling. restoration of the damaged tissue during wound healing. This
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FIGURE 4 | Effect of CM-Mres on angiogenesis of rat aorta ring and chick chorioallantoic membrane (CAM). (A) Rat aortic ring assay. Representative
photomicrographs of rat aortic ring sections from 6-week-old rat cultured on basement membrane extract and treated for 6 days with basal media (negative
control), basal media with supplementations (positive control, see Materials and Methods), condition medium (CM), CM-M¢, or CM-Mres. Vascularized area is
indicated by black arrow heads, and avascular area is indicated by white arrow heads. (B) Quantification of the sprouting area of endothelial cells relative to T = 0.
Columns; mean, bars; STD, n = 2 with three replicates for each treatment, two-way repeated measures ANOVA analysis with repeated contrasts *p < 0.05,
***p < 0.001. (C) Representative images of the chick CAM treated for 48 h with either CM-M¢ (n = 15) or CM-Mres (n = 12). Vascularized area is indicated by black
arrow heads, and avascular area is indicated by white arrow head. (D) Quantification of vessel density in panel (C). Columns; mean of the fold change in vessel
density from t = O for each treatment, bars; STD, t-test, “**p < 0.001.

process is orchestrated by: (1) remodeling of the extracellular
matrix, (2) proliferation and migration/chemotaxis of endothelial
cells, and (3) assembly of endothelial cells to vessel tube and its
stabilization by pericytes and smooth muscle cells (17). In this
study, we demonstrate for the first time to our knowledge that
mediators generated by pro-resolving CD11b™" macrophages
(Mres) that participate during resolution of acute murine peri-
tonitis (11) inhibit angiogenesis in vitro and in vivo. The multiple

parameters of angiogenesis, proliferation, viability, and motility,
were modulated by CM-Mres thus culminating in overall signifi-
cant and robust inhibition of the angiogenic process.

Invitro, we demonstrated that bioactive mediators produced by
Mres inhibited HUVEC proliferation significantly and enhanced
their apoptosis. This was depicted by increase in the percentage
of cells positive for TUNEL and increase in caspase 3/7 activity.
Furthermore, a significant reduction in the migration capacity
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FIGURE 5 | Antiangiogenic factors levels are higher in CM-Mres compared with CM-M¢. (A) The Proteome Profiler Mouse Angiogenesis Array Kit (Catalog #
ARY015) was used to simultaneously assess the relative levels of 53 mouse angiogenesis-related proteins in either CM-M¢ (upper panel) or CM-Mres (lower panel).
(B) Quantification of pro-angiogenic factors; HGF, osteopontin, CXCL16, and CCL2. (C) Quantification of antiangiogenic factors; endostatin, thrombospondin-2, and
PEDF. The histograms (B,C) were generated by quantifying the mean spot pixel density from the arrays using image software analysis. (D) Representative western
blot analysis of vascular endothelial growth factor (VEGF) and endostatin levels in CM-M¢ compared with CM-Mres. (E,F) Quantification of VEGF (E) and endostatin
levels (F). Densitometry values in panels (E,F) were normalized to CM-M¢. n = 3, t-test, *o < 0.05. (G) Representative western blot of VEGFR2 phosphorylation in
human umbilical vein endothelial cell (HUVEC) induced by VEGF (25 ng/ml) in the presence of the different conditioned media and its quantification (H). (H)
Densitometry values of p-VEGFR2 were normalized to treatment with condition medium (CM) + VEGF (n = 2). Columns; mean, bars; STD. (I) Representative
western blot of cyclin D1 expression levels in HUVEC treated with either CM-Md¢ or CM-Mres and its quantification (J). (J) Densitometry values were normalized to
treatment with CM-M¢. Columns; mean, bars; STD, n = 3, t-test, *p < 0.05.

of the cells was observed upon exposing HUVEC to CM-Mres Furthermore, tubular formation of HUVEC on BME was also
compared with treatment with CM-M¢ as determined by the significantly reduced upon exposure to CM-Mres in comparison
wound migration assay and time-lapse live video microscopy.  to treatment with CM-M¢. This was further supported by a
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significant reduction in the number of bifurcations in the tubular
network formed by the endothelial cells treated with CM-Mres
in comparison to treatment with CM-M¢. Similarly, CM-Mres
restrained vascular outgrowth, whereas CM-M¢ promoted vas-
cular outgrowth, in the rat aorta ring and CAM model systems.
Notably, rat aorta ring assay and CAM assay exhibit multiple
cell processes involved in angiogenesis as depicted in vitro and
allow analysis of angiogenesis in an environment composed of
multiple cell types and in the physiological context, respectively
(31-33). Hence, our results demonstrate that bioactive mediators
generated by Mres can inhibit different stages in the angiogenesis
process.

Inhibition of angiogenesisis dependent on tilting the delicate
balance between pro- and antiangiogenic factors. Therefore,
if antiangiogenic factors predominate the angiogenic fac-
tors then angiogenesis will not occur (17, 34). Initial insight
into the balance between pro- and antiangiogenic factors in
CM-Mres vs. CM-M¢ was obtained by performing a mouse
angiogenesis array. Preliminary results demonstrate reduction
in some of the pro-angiogenic growth factors and chemokines
such as HGF (22), osteopontin (21), CCL2 (35), and CXCL16
(36) in CM-Mres compared with CM-M¢. Notably, these
mediators were shown previously to modulate motility pro-
liferation and/or survival of endothelial cells. Furthermore,
an increase in some of the antiangiogenic mediators such
as PEDF, thrombospondin-2 and endostatin [reviewed in
Nyberg et al. (25)] was observed in CM-Mres in comparison
to CM-M¢. Endostatin is a potent inhibitor of angiogenesis.
It is a 20-kDa proteolytic fragment of collagen XVIII, which
exerts its antiangiogenic effect by inhibiting VEGF binding
to VEGFR2 and thus prevents VEGFR2 phosphorylation and
activation (27). Notably, along with the increase in endostatin
levels in CM-Mres, VEGF levels were significantly reduced in
comparison to CM-M¢. Hence, this tilt in the balance between
VEGF and endostatin in CM-Mres may have resulted in the
antiangiogenic effect of the CM-Mres on HUVEC. To further
explore this, we tested whether CM-Mres can inhibit VEGF-
induced tyrosine phosphorylation of VEGFR2 in HUVEC
(27). Indeed, VEGFR2 phosphorylation on Y195 was reduced
upon treatment with CM-Mres compared with treatment with
CM-M¢. Furthermore, we demonstrated reduction in cyclin
D1 expression in HUVEC treated with CM-Mres compared
with treatment with CM-M¢. Notably, in these experiments
HUVECs were exposed to angiogenic factors that were added,
for instance, bFGF (supplemented in all prepared conditioned
media) or present in the CM-M¢, such as VEGE This is in
line with a previous report demonstrating endostatin-induced
downregulation of cyclin D1 (28) resulting in G1 arrest of
endothelial cells that were either treated with bFGF or VEGE.
Similarly, the reduction in motility and increase in caspase 3
activity upon treatment with CM-Mres can also be attributed
to endostatin angiostatic activity, as described previously (37).
Opverall, our results suggest that reduction in the levels of VEGF

and increase in endostatin levels in CM-Mres may mediate
in part the antiangiogenic effect of CM-Mres by inhibiting
VEGFR2-mediated downstream signaling. VEGFR2 activation
and induction of its downstream signaling by VEGF is one of
the key pathways in the angiogenesis process and wound heal-
ing repair (38, 39). Hence, the potential antiangiogenic activity
of CM-Mres via inhibition of VEGFR2 downstream signaling
warrants further future experimentation. Overall, our results
suggest that pro-resolving CD11b"" macrophages can resolve
tissue repair by secreting angiostatic mediators, such as
endostatin, thus insuring tissue restoration to its homeostatic
state.
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The “Phagocytic Synapse” and
Clearance of Apoptotic Cells

Nicole D. Barth, John A. Marwick, Marc Vendrell, Adriano G. Rossi and lan Dransfield*

MRC Centre for Inflammation Research, Queen’s Medical Research Institute, University of Edinburgh, Edinburgh,
United Kingdom

Apoptosis and subsequent phagocytic clearance of apoptotic cells is important for
embryonic development, maintenance of tissues that require regular cellular renewal and
innate immunity. The timely removal of apoptotic cells prevents progression to secondary
necrosis and release of cellular contents, preventing cellular stress and inflammation.
In addition, altered phagocyte behavior following apoptotic cell contact and phagocy-
tosis engages an anti-inflammatory phenotype, which impacts upon development and
progression of inflammatory and immune responses. Defective apoptotic cell clearance
underlies the development of various inflammatory and autoimmune diseases. There is
considerable functional redundancy in the receptors that mediate apoptotic cell clear-
ance, highlighting the importance of this process in diverse physiological processes.
A single phagocyte may utilize multiple receptor pathways for the efficient capture of
apoptotic cells by phagocytes (tethering) and the subsequent initiation of signaling events
necessary for internalization. In this review, we will consider the surface alterations and
molecular opsonization events associated with apoptosis that may represent a tunable
signal that confers distinct intracellular signaling events and hence specific phagocyte
responses in a context-dependent manner. Efficient molecular communication between
phagocytes and apoptotic targets may require cooperative receptor utilization and the
establishment of efferocytic synapse, which acts to stabilize adhesive interactions and
facilitate the organization of signaling platforms that are necessary for controlling phago-
cyte responses.

Keywords: macrophage, phagocytosis, apoptotic cells, cell-cell interactions, phagocytic receptor, phosphatidylserine,
opsonin

INTRODUCTION

Elimination of injured or metabolically stressed cells in multicellular organisms is controlled via
engagement of apoptotic programs together with efficient tissue clearance mechanisms (1-3).
Phagocyte/apoptotic cell interactions also initiate anti-inflammatory reprogramming that regulates
inflammation and immunity (4). Deficient clearance of apoptotic cells contributes to the develop-
ment and/or exacerbation of many autoimmune and inflammatory diseases [reviewed in Ref. (5)].

The diversity of molecular pathways mediating recognition and phagocytosis of apoptotic cells
(efferocytosis) reflects the fundamental importance of this process (4). There are several mechanisms
by which viable cells avoid phagocytosis (6). However, altered plasma membrane lipid composition
(7, 8) and/or oxidation status (9), together with changes in cell surface molecule repertoire and
patterns of glycosylation (10) termed “apoptotic cell associated molecular patterns” (11) (Figure 1),
allow phagocytes to distinguish viable and apoptotic cells. Here, we consider the formation of an
“efferocytic synapse” and assembly of molecular platforms that facilitate phagocytosis and subse-
quent signaling events.
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FIGURE 1 | Schematic representation of surface molecular changes associated with apoptosis. Reduced cell surface molecule expression may occur through
metalloprotease-mediated proteolytic shedding. Reduced receptor expression may act to limit apoptotic cell function and generate a distinct cell surface profile from
viable cells. For example, reduced expression of CD47 or disabled CD31 may lead to loss of signals preventing phagocytosis. In addition, loss of integrin regulation
may result in functional uncoupling in apoptotic cells, leading to cell detachment. Altered association of cell surface molecules with lipid rafts may alter functional
activity, including gain-of-function of some receptors, e.g., FcyRlla on myeloid cells. Altered carbohydrate processing may result in reduced sialic acid exposure and
appearance of accessible mannose residues. Downregulation of complement regulatory molecules (e.g., CD55 and CD46) may lead to opsonization with
complement components including C3b. Exposure of anionic phospholipids, including phosphatidylserine (PtdSer), allows binding of a broad range of opsonins to
apoptotic cells. Protein S and Gas6 bind to PtdSer in a Ca?*-dependent manner, whereas milk fat globule EGF-factor 8 (MFG-E8) binds independent of Ca?*. Other
less well defined apoptotic cell surface changes may allow binding of other opsonins including thrombospondin, C-reactive protein, and surfactant protein A. Finally,
proteins with intracellular localizations may appear on the surface of apoptotic cells, including heat-shock proteins and calreticulin. Apoptotic cell surface molecules

PHOSPHATIDYLSERINE (PtdSer)
AS A LIGAND FOR APOPTOTIC CELL
RECOGNITION

A near universal membrane alteration associated with apoptosis
is the caspase-dependent exposure of PtdSer on the outer leaflet
of the plasma membrane (12-14) via the XK-related protein 8
(15). Exposure of PtdSer affects the biophysical characteristics
and organization of the plasma membrane through recruitment
of proteins to PtdSer-enriched regions via electrostatic interac-
tions (16). Phagocytes express transmembrane receptors that
bind PtdSer directly, e.g., brain-specific angiogenesis inhibitor-1
(BAI-1) (17) and stabilin-2 (18). In addition, soluble molecules
such as transthyretin-like protein TTR-52 (19), milk fat globule
EGF-factor 8 (MFG-E8) (20, 21), protein S (Prosl1), Gas6 (22) and
C1q (23) also bind to (and opsonize) PtdSer, providing a scaffold
for phagocyte recognition via a diverse array of counter-receptors.

Phagocytes fail to engulf viable cells that expose low levels
of PtdSer during activation (24-26) or when PtdSer exposure

is induced by overexpression of a phospholipid scramblase,
transmembrane protein 16F (TMEMI16F) (27), suggesting that
additional signals are necessary to initiate efferocytosis. A critical
threshold of PtdSer exposure on the cell surface may be required to
trigger efferocytosis (28). For example, recognition of PtdSer via
T-cell immunoglobulin and mucin-domain-containing molecule
(TIM)-4 was dependent on ligand density, allowing phagocytes
to distinguish between high and low level PtdSer exposure (28).
Further modifications of PtdSer during apoptosis, e.g., oxidation
or formation of lyso-PtdSer (29) may also be important.

CELL SURFACE RECEPTOR
ALTERATIONS ASSOCIATED WITH
APOPTOSIS

Apoptosis-dependent loss of cell surface receptors or appear-
ance of “new” molecules may confer recognition by phagocytes.
For example, signaling via Signal regulatory protein-o (SIRPo)
inhibits myosin-II-mediated phagocytosis (30). Downregulation
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of ligands for SIRPa, e.g., CD47 (31), from the surface of apop-
totic cells would be predicted to promote efferocytosis (32, 33).
SIRPa-mediated signaling has also been reported to be triggered
by binding of surfactant protein (SP)-A and SP-D to phagocytes.
However, SP-A may have a dual role in regulation of phagocytosis
as binding to apoptotic cells/debris results in promotion of phago-
cytosis via a calreticulin/CD91-mediated pathway (34). Early
experiments identified a unique charge-sensitive mechanism
for apoptotic cell recognition (35). The cell glycocalyx provides
a negative surface charge “repulsive” force that counters cell-cell
interactions (36). Loss of N-terminal sialic acid and exposure
of mannose and fucose moieties during apoptosis reduces elec-
trostatic forces that counter phagocyte recognition (37-39). In
addition, the surface charge of apoptotic cells is further altered
by reduced expression of heavily sialylated proteins (e.g., CD43,
CD45,and CD162) (37). Consistent with this suggestion, removal
of sialic acid from the cell surface by neuraminidase treatment
enhances phagocytosis (37, 39).

Apoptosis is associated with loss of expression of comple-
ment regulatory proteins such as CD46/CD55 (40, 41). As a
result, deposition of complement may occur, providing a cue for
recognition by phagocytes. Additional signals for phagocytosis
may occur as a result of exposure of intracellular proteins such as
calreticulin (42) and annexin I (43). Following binding to PtdSer
on apoptotic cells, oxidation of Prosl induces oligomerization,
which promotes Mer-dependent phagocytosis (44). Similarly,
altered glycosylation of membrane proteins or oxidization of low-
density lipoprotein-like moieties on apoptotic cells (8) may also
contribute to the specific recognition by phagocytes. In addition
to increased expression of ligands for phagocytic receptors on
apoptotic cells, patching and/or clustering of surface molecules
may also have important consequences for triggering phagocyte
responses. Clustering might occur through specific association
with membrane microdomains. For example, FcyRIIa redistrib-
utes to membrane microdomains during neutrophil apoptosis
(45). In addition, specific proteolysis of adhesion molecules (e.g.,
CD62L) (46, 47) and uncoupled f, integrin-mediated adhesion
(47) during apoptosis is likely to provide additional molecular
cues for phagocytosis.

PHAGOCYTE MOLECULES THAT
MEDIATE APOPTOTIC CELL
RECOGNITION

Phagocytes are capable of direct recognition of PtdSer exposed
on the apoptotic cell surface. BAI-1 binds PtdSer via thrombos-
pondin (TSP) type 1 repeats present in the extracellular domain
(48). Binding induces the formation of a trimeric complex of
BAI-1 with the Rac-GEF ELMO and DOCK180 that promotes
subsequent engulfment of apoptotic cells (17, 49). This pathway
is homologous to the genetically defined pathway for removal
of apoptotic cells in Caenorhabditis elegans (Ced2-CrkII, Ced5-
DOCK180, Ced10-Rac, and Ced12-ELMO) (50).
Phosphatidylserine is also recognized by the CD300 family
of molecules with an extracellular IgV-like domain and intracel-
lular adaptor molecule binding sites (51). CD300b localizes to

phagocytic cups and binds DAPI12, activating Syk and PI3K/
Akt to promote phagocytosis (52). Stabilin-2 binds PtdSer and
also lacks direct signaling activity (18). However, the cytoplas-
mic domain of stabilin-2 can interact with GULP to facilitate
phagocytosis (53). GULP also binds to NPxY motifs present in
the cytoplasmic domains of CD91/LRP (low-density lipoprotein
receptor-related protein) and the C. elegans scavenger receptor
Ced-1 (54). In contrast, TIM-4 confers Ca**-dependent PtdSer-
dependent apoptotic cell recognition, but lacks intracellular
signaling potential (55). Thus, TIM-4 functions cooperatively
with other receptors that trigger apoptotic cell internalization.

Indirect recognition of apoptotic cells by phagocytes is also
achieved by phagocyte receptors that bind to soluble apoptotic
cell opsonins. In C. elegans, TTR-52 bridges apoptotic cell-
exposed PtdSer to phagocyte Ced-1 (19), which together with
Ced-6 initiates rapid and efficient engulfment of apoptotic
cell corpses by neighboring cells. This module of proteins
(Ced1-MEGF-10; Ced6-GULP; and Ced7-ABCA1) has been
defined genetically in C. elegans (50). Prosl and Gas6 contain
a Gla-domain that binds PtdSer in a Ca**-dependent manner
(22), bridging to the Tyro3/Axl/Mer receptor tyrosine kinases
that signal particle internalization via intrinsic kinase activity
(56). By contrast, MFG-E8 binds PtdSer in a Ca**-independent
manner and bridges to phagocyte integrins o5 via arginine—
glycine-aspartic acid (RGD) peptide motifs in the C1 and C2
domains (21). TSP-1 also bridges apoptotic cells via the phago-
cyte integrin o.f; and CD36 (57, 58).

COOPERATIVE RECEPTOR UTILIZATION
IN PHAGOCYTOSIS OF APOPTOTIC
CELLS

Phagocytes in different tissue settings or microenvironments
express distinct repertoires of efferocytic receptors. Whether
a single phagocytic cell utilizes multiple receptor pathways to
recognize and internalize a single apoptotic target is not clear.
However, the distinct molecular requirements for the capture and
subsequent internalization may require that multiple receptors
are involved (42). In addition, the complex topology of apoptotic
cell surface molecules and co-opsonization of PtdSer with differ-
ent proteins may determine the spectrum of signal transduction
pathways engaged, controlling internalization and subsequent
phagocyte responses in a context-dependent manner.

Tethering of IgG-opsonized particles to FcyR occurs at 4°C
(59) whereas internalization requires cytoskeletal reorganiza-
tion and metabolic activity (60). Similarly, apoptotic cells can
also be tethered by phagocytes via Mer at low temperature (61).
However, the avidity of low affinity receptors is influenced by
receptor density and rapid lateral movement of receptors to
facilitate target capture (62, 63). Receptor mobility is controlled
by cytoskeletal constraint, association with membrane lipid
microdomains and/or other membrane proteins (64). For
example, cytoskeletal-associated CD44 restricts membrane
lipid and receptor motility via interactions with hyaluronan,
forming a glycosaminoglycan barrier that reduces binding of
phagocytic targets (36). Interestingly, CD44 cross-linking with
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antibody augments macrophage phagocytosis of apoptotic
cells, possibly as a result of changes in cytoskeletal regulation
(65, 66). Phagocytic targets are bound at dynamic extensions
of phagocytic cells, including filopodia and membrane ruftles
(67), and receptor aggregation is required for orchestration of
cytoskeletal alterations necessary for internalization [see Ref.
(68) for a comprehensive review of cytoskeletal regulation in
phagocytic synapses].

In contrast with IgG or complement attached to components
of the microbial cell wall, molecules on the surface of apoptotic
cells may exhibit unrestricted lateral mobility as a consequence
of proteolytic cleavage of actin during apoptosis (69). Thus, there
may be key mechanistic differences between efferocytosis and
FcyR-dependent phagocytosis. Engagement of freely mobile mol-
ecules by phagocyte receptors may lead to assembly of receptor
microclusters and significantly impact upon phagocytosis (33).
Alternatively, opsonization of apoptotic cells may result in forma-
tion of immobile molecular complexes [like annexin V (70, 71)]
that promote redistribution of phagocytic receptors necessary for
signaling of internalization.

MOLECULAR SEGREGATION AND THE
FORMATION OF A PHAGOCYTIC
“SYNAPSE”

The cellular contact between phagocyte and apoptotic cells has
parallels with those of antigen-specific T and B cells with antigen
presenting cells that leads to establishment of an immunological
synapse (72). This specialized intercellular contact zone stabilizes
adhesion and facilitates efficient molecular communication
following antigen-specific interactions. A number of different
biophysical factors (including receptor density, ligand-binding
affinity, molecular dimensions, and interactions with cytoskeletal
elements) all contribute to the dynamic redistribution of adhe-
sion and signaling receptors into distinct regions in the plasma
membrane (73, 74).

Following phagocyte contact with IgG-coated surfaces or on
supported lipid bilayers, formation of FcyRII nanoclusters sug-
gests activation-driven organization of receptor redistribution
(75). FcyR clusters are localized in front of ruffles on extending
pseudopods, with rapid recruitment of Syk to advancing pseu-
dopods and subsequent retrograde movement toward the cell
center (76). PI3K co-localized with actin around FcyR clusters,
suggestive of signal propagation from FcyR and consistent with
PI3K-dependent control of actin cytoskeletal rearrangements (76).

Although phagocyte contact with apoptotic cells has not
been examined with the high-resolution imaging techniques
used in T cell-APC interactions, molecular segregation may
also be a key feature of the formation of efferocytic synapses (see
Table 1). For example, exclusion of phosphatases (e.g., CD45)
from the immune synapse is a critical early event in the initiation
of T cell receptor-mediated phosphorylation of Zap70 and Lck
(77). Changes in the distribution of CD45 may also represent a
general feature of membrane alterations that control signaling
events associated with phagocytosis. The C-type lectin contain-
ing receptor for pB-glucan, Dectin-1, mediates the recognition

TABLE 1 | Comparison of phagocytic synapse formation in FcyR-mediated and

apoptotic cell phagocytosis.

FcyR Apoptotic cell phagocytosis
phagocytosis

Receptor signaling®  ITAM or ITIM BAI-1:G protein-coupled (DOCK/
adaptors Src/Syk  ELMO Rac-GEF)
kinases PISK Tyro3/AxI/Mer: receptor tyrosine

kinase, PI3K, Rac
Stabilins:GULP adaptor?
CD300:ITIM or DAP12 adaptors
oy integrins (Rac?)
TIMs:suppression of Src, none?
Not known

Some ligands restrained by
oligomerization?

Ligand restraint Restricted mobility

CD45/CD148
excluded from
contact

Phosphatases Not known

Formation of
exclusion zone

Role of integrins Not known/co-receptors:
aBs and CD36

a.Bs and Mer

B+ integrins and TIM-4
Not known

Receptor Yes

nanoclusters

Molecular
dimensions

7-10 nm (FcyR)
15 nm (IgG)
+Antigenic target

Very small (3-4 nm), e.g., CD300 to
very large (40-50 nm), e.g., SCARF1/
Clqg

aSee Elliott et al. (80) for a comprehensive overview of receptor signaling.
ITIM, immunoreceptor tyrosine-based inhibition motif; ITAM, immunoreceptor tyrosine-
based activation motif; BAI-1, brain-specific angiogenesis inhibitor-1.

and phagocytosis of yeast particles. During Dectin-1-mediated
phagocytosis, exclusion of CD45 and the receptor type protein
tyrosine phosphatase CD148 from the nascent phagocytic cup
(78) is important for signaling associated with particle inter-
nalization (79). Redistribution of phosphatases in the phagocyte
membrane would likely be necessary for internalization of
apoptotic cells.

Analysis of the molecular basis of redistribution of CD45
following ligation of FcyR suggests non-linear pattern with for-
mation of an exclusion barrier which restricts access of CD45
to the contact site (79). CD45 is a relatively rigid molecule
that extends axially from the plasma membrane approximately
20 nm (81). Similar to the molecular redistribution that occurs
during immune synapse formation, exclusion from phagocytic
synapses was dependent on the axial molecular dimensions
of CD45. In experiments using chimeric constructs in which
the extracellular portion of CD45 was replaced by either CD43
(similar length) or CD2 (shorter length), the CD43/CD45
molecule was excluded from the phagocytic synapse, whereas
CD2/CD45 was not (79). A requirement for integrins and
cytoskeletal regulation was shown to be necessary to establish
a CD45 exclusion zone that extended beyond the IgG layer (79).
These results suggest that integrin-mediated contact between
phagocyte and phagocytic targets facilitates engagement of
phagocytic receptors at low ligand densities or when binding
to larger particles.
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For apoptotic cell recognition, it is intriguing that integrins
have been proposed to act cooperatively with other receptors to
mediate phagocytosis. For example, o, integrins and CD36 are
both required for the recognition of TSP-1 bound to apoptotic
cells (58). Similarly, phagocytosis of apoptotic cells via TIM-4
requires f}; integrins and activation of integrin-dependent signal-
ing involving Src family kinases and FAK (82). Furthermore,
interactions between the fs integrin and stabilin-2 were found
to promote phagocytosis of apoptotic cells (83). Similarly,
co-expression of ofs with Mer increased activation of Rac-1,
cytoskeletal regulation and the phagocytosis ofapoptotic cells (84).
Integrins can directly mediate the recognition of apoptotic cell
opsonins, for example, RGD-dependent binding of MFG-E8 (21)
or fibronectin (85). However, phagocytosis of apoptotic targets is
increased following macrophage adhesion to extracellular matrix
via P integrins (86) and is compromised following exposure to
oxidized extracellular matrix molecules (87). We would speculate
that, as for FcyR-mediated phagocytosis, integrin signaling can
regulate cytoskeletal organization and facilitate tethering/phago-
cytosis of apoptotic cells with low-level opsonization (36).

For human macrophage-like cells, CD47 expression acts to
limit phagocytosis of IgG-opsonized erythrocytes (30). CD47
binds to phagocyte SIRPa, resulting in recruitment to the phago-
cytic synapse, decreasing the accumulation of non-muscle myo-
sin ITa and levels of tyrosine phosphorylation (30). Localization of
SIRPa to the site of cell contact would recruit inhibitory tyrosine
phosphatases such as SHP-1 via ITIM motifs present in the
SIRPa cytoplasmic domain (88). In the absence of CD47 or when
CD47 was blocked with antibody, phagocytosis was increased.
Specific membrane receptors are organized into protein islands in
unactivated T cells that subsequently coalesce as a consequence of
T cell receptor-mediated signaling (89). The membrane distribu-
tion of SIRPa and FcyR during phagocytosis has been further
analyzed using super-resolution microscopy. When macrophages
were plated onto poly-L-lysine-coated slides, molecular clusters
containing both FcyRI and SIRPa were observed (75). These
molecules were found to segregate into discrete nanoclusters
when macrophages were plated onto IgG. Interestingly, IgG
promoted the formation of concentric rings of FcyRI and FcyRII,
with FcyRI redistributing more rapidly (<10 min). Similar results
were obtained when macrophages interacted with IgG in a sup-
ported lipid bilayer. When recombinant CD47 was included into
the supported lipid bilayer, segregation of FcyR and SIRPa and
the formation of concentric rings of FcyR were blocked. Thus
co-localization of SIRPa and FcyR inhibits cellular activation fol-
lowing FcyR ligation, whereas segregation of these two molecules
leads to activation (75). We would speculate that efferocytic recep-
tors would also be present in dynamically regulated nanoclusters
in the phagocyte membrane.

MOLECULAR DIMENSIONS AND
APOPTOTIC CELL RECOGNITION

Size-dependent redistribution of molecules within the phagocyte
membrane may represent an important organizing principle
for the assembly of molecular platforms that are essential for

signaling the cytoskeletal alterations required for the internaliza-
tion of apoptotic cells. Estimation of the molecular dimensions
of receptors involved in efferocytosis using published structural
data (51, 90-106) reveals considerable differences in axial dimen-
sions (Figure 2A).

First, it is notable that CD300 (single Ig-like domain) and
TIM-4 (single Ig-like domain with a potentially rigid mucin-like
stalk), which mediate direct recognition of PtdSer, are predicted
to span a relatively short intermembrane distance between
phagocyte and target (4 and 7 nm, respectively, Figure 2B). By
contrast, stabilin-2, which also binds to PtdSer, is a much longer
molecule extending some 23 nm. Assuming a degree of structural
flexibility, BAI-1 may be capable of functioning in a broad range
of intermembrane distances. The extracellular region of BAI-1
contains 5 TSP type 1 repeats (around 5 nm in size) with LPS
and PtdSer binding motifs, which together with the GAIN/HBD
regions could extend to ~33 nm from the plasma membrane.
Following initial tethering of PtdSer by the N-terminal TSP
repeat, BAI-1 could align parallel to the apoptotic cell surface as
additional TSP repeats become ligated (Figure 2B). Nevertheless,
it seems likely that a degree of molecular segregation would be
required for these different receptors to be involved in apoptotic
cell uptake on the same phagocyte.

Second, receptors such as SR-A or LRP are predicted to be
highly extended molecules (~40-50 nm). In addition, some of
the well characterized opsonins for apoptotic cells are extremely
large. For example, Clq is approximately 30 nm and TSP-1 is
40-50 nm. Together with the relatively large counter receptors
for these opsonins [e.g., SCARF1 for Clq (107) and ofs for
TSP], the predicted intermembrane contact distance would
likely be incompatible with those of BAI-1, o fs/MFG-E8, or
Mer/Protein S. One possibility is that these extended structures
are efficient in the initial capture of apoptotic targets, facilitating
subsequent engagement of receptor/counter-receptor pairs that
span a smaller intermembrane distance and are influenced by
electrostatic repulsion between cells.

Third, receptors of the Tyro3/Axl/Mer family, BAI-1, and the
integrin oPs are able to initiate intracellular signaling that con-
trols particle internalization. If there are parallels with immu-
nological synapse formation, these receptors might be expected
to become localized at the center of a contact zone. However, the
intermembrane distance for TAMs and integrins to engage their
counter-receptors (~30 nm) is considerably larger than that of
the immunoreceptors that are responsible for signaling during
the establishment of the immunological synapse (~14 nm for the
TcR/MHC class II and co-stimulatory receptors such as CD80/
CD28). We would speculate that the organizing principles for
immune and efferocytic synapses would be different due to the
distinct requirements for signal propagation following cognate
interaction of receptors. In an immune synapse, delivery of
a signal that controls T cell proliferation or target cell killing
requires maintenance of intercellular adhesion and redistribu-
tion of antigen-specific recognition molecules to the contact
zone. By contrast, an efferocytic synapse would likely be a more
dynamic structure that facilitates particle tethering and allows
dynamic regulation of cytoskeletal organization as particle
internalization proceeds. As discussed earlier, the localization
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FIGURE 2 | Molecular dimensions of proteins involved in phagocytosis of apoptotic cells. (A) Some of the major families of receptors that have been identified as
having a role in the phagocytosis of apoptotic cells are depicted, drawn approximately to scale based on available published crystallographic/NMR or cryo-electron
microscopy data for various protein domains. One assumption made is that the molecules have a relatively rigid structure, although it is possible that flexibility would
considerably alter axial length. There are considerable differences in the dimensions of apoptotic cell opsonins and in the receptors that mediate binding of
phosphatidylserine (PtdSer) binding (either directly or indirectly). (B) Example receptor—counter-receptor pairings are shown to illustrate the likely differences in
intermembrane “working” distance during phagocytosis, particularly for the molecules involved in the recognition of PtdSer (shown in yellow). Phagocyte receptors
are shown in blue, opsonins are shown in green, and the apoptotic cell membrane is shown in red.

of receptors involved in phagocytosis may involve initial tether-
ing mediated by larger molecules as a prerequisite for engage-
ment of smaller PtdSer binding receptors. The mechanisms for
exclusion of phosphatases from an efferocytic synapse might
also be distinct.

Finally, although phagocytosis of intact apoptotic targets
is readily observed in vitro, the tight apposition of the plasma
membranes of phagocytes and apoptotic targets in certain tissues
in vivo may require a mechanistically distinct clearance process.
For example, in the retina clearance of the outer segments of pho-
toreceptors by retinal pigment epithelial cells has been likened
to a phagocytic “pruning” of the photoreceptor outer segments
(108). The molecular basis of removal of photoreceptor outer
segments by retinal pigment epithelial cells involved Mer, Prosl
and Gas6, and the integrin o.fs (108-110). Electron microscopy
analysis of retinal cell architecture reveals the exquisitely close
contact between RPE cells and photoreceptors (111). Elegant
in vivo imaging studies have revealed the diurnal exposure of
PtdSer in localized a manner, which then triggers the “pinching
oft” of the distal tips of the photoreceptors by the adjacent RPE

cells (112). The exposure of PtdSer on viable photoreceptors may
have some parallels with a process termed phagoptosis (113) in
which viable cells are recognized by phagocytes. However, dur-
ing phagoptosis, recognition triggers apoptosis in the target cell
(114). Although similar molecular pathways are involved in the
recognition of PtdSer exposure on viable cells (e.g., MFG-ES,
stabilins, o, integrins, and Mer) (115), the intercellular com-
munication events that are involved are likely to be distinct from
those required for efferocytosis.

In summary, the establishment of an efferocytic synapse maybe
required for efficient recognition of apoptotic cells by phagocytes.
Cooperativity of receptor engagement may act to facilitate and
stabilize adhesive interactions and lead to the assembly of signal-
ing platforms that ultimately determine phagocyte responses to
apoptotic cell binding and internalization.
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Massive turnover of cells occurs through apoptosis during the constant remodeling of
our tissues at homeostasis, from the shedding of cells at exposed barrier surfaces to
the elimination of autoreactive lymphocytes. However, a surge of apoptotic cells also
accompanies tissue damage, infection, and inflammation. A salient feature of apoptosis
in either scenario is the exposure of phosphatidylserine (PtdSer) on the outer leaflet of
the plasma membrane. In response to this cue, a range of phagocytes are charged with
the sizeable task of engulfing apoptotic bodies and disposing of the billions of cells that
perish each day. The presence of apoptotic cells in the remarkably distinct immunologi-
cal settings described above, therefore, raises the question of how phagocytes are able
to coordinate appropriate responses to apoptotic cells—from their silent removal to the
production of growth factors or tissue repair molecules —following such a ubiquitous sig-
nal as PtdSer exposure. Here, we consider several emergent properties of phagocytes
and apoptotic cell clearance that may facilitate specification among this suite of potential
responses.

Keywords: apoptosis, homeostasis, tissue repair, phagocytic receptors, signal integration

INTRODUCTION

“...but in this world nothing can be said to be certain, except death and taxes” (Benjamin
Franklin)

Apoptotic cell death is a perennial component of tissues from embryonic development through
to adulthood. Is death the great equalizer in which all apoptotic cells are handled identically by
phagocytes? Or is every instance of apoptosis unique—the trigger and context of a particular cell
death event granting specificity to the phagocyte response? During many instances of develop-
mental apoptosis, such as digit formation or postnatal pruning of neuronal circuits, there is simply
a need to cull. Conversely, in the case of apoptosis following tissue damage or injury, there is a
fundamental need to replace the dying cells; disposal must be linked to regenerative signals. Viral
infection of cells can also trigger death by apoptosis, such that the indiscriminate uptake of this cell
could threaten the phagocyte with infection. Does knowledge of why cells are undergoing apoptosis
enable us to foretell the nature of their removal? Are there distinct mechanisms of identification
in effect to enable this functional diversity? In this review, we discuss the view that the array of
phagocytes, their repertoire of receptors, the temporal expression pattern of these receptors, and
coincidence detection mechanisms may confer specificity to the disposal of dead cells.
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PHAGOCYTE AND RECEPTOR DIVERSITY:
REDUNDANT OR REQUISITE?

Molecular Basis of Apoptotic Cell
Recognition

Phagocytes rely on a set of specific, conserved morphological
changes in apoptotic cells in order to recognize that these cells
are dying and to initiate their selective and swift clearance.
These permissive “eat-me” signals include, but are not limited to,
oxidized low-density lipoproteins, surface-bound thrombospon-
din, ICAM-3, calreticulin, Clq, and phosphatidylserine (PtdSer)
exposed on the outer leaflet of the plasma membrane (1). Most
“eat-me” signals are byproducts of the activation of intracellular
cysteine-dependent aspartate-directed proteases (caspases),
found downstream of both the intrinsic and extrinsic initia-
tors of apoptosis [molecular pathways reviewed in Ref. (2, 3)].
Additional modifications to these surface alterations, such as
the oxidation of PtdSer lipids containing linoleic or arachidonic
acids, may serve to minimize the aberrant removal of cells that
transiently expose PtdSer while activated (4, 5).

Phagocytes express numerous receptors that identify each
apoptotic “eat-me” signal and instigate the rearrangement of the
cytoskeleton to engulf the apoptotic corpse. In mammals, a large
cohortof receptors carry out apoptotic cell sensing, with upwards
of 10 cell surface receptors capable of recognizing exposed
PtdSer either directly or indirectly through bridging molecules
(1). The importance of apoptotic cell clearance in preventing
systemic autoimmunity may provide sufficient biological impetus
for maintaining redundant receptors. Nevertheless, as discussed
below, phagocytic receptors that appear interchangeable based
on their activating signal may in fact harbor differences in
their downstream signaling components, expression profiles,
regulation, and interactions with other receptors that provide
the basis for diverse phagocyte responses following exposure to
apoptotic cells.

It should be noted that recent advances have also distin-
guished additional forms of programmed cell death, including
necroptosis and pyroptosis, which engage distinct signaling
pathways, but yet also parallel the lytic dissolution seen in
necrosis (6, 7). Loss of cell membrane integrity in each of these
cases results in the release of molecules typically restricted in
the nucleus or cytosol, which can then be sensed as damage-
associated molecular patterns by phagocytes. For example,
SAP-130, a component of the U2 small ribonucleoprotein com-
plex, and F-actin unleashed from necrotic cells have each been
established as ligands for innate immune receptors (8-11). The
identification of signals that are uniquely released or expressed
by cells that die through these distinct modalities of necrosis
remains an area of active research.

Dynamics of Phagocytic Receptor

Expression

The expression profile of phagocytic receptors varies notably
among phagocyte populations, and may be further modu-
lated by the surrounding microenvironment. The developing
embryo represents one setting of persistent apoptotic cell death

and efferocytosis without concomitant inflammatory signals.
Extensive cellular proliferation and apoptosis is required for
proper limb remodeling, organogenesis, and formation of syn-
apses throughout the nervous system. Mice lacking even single
components of the apoptotic signaling pathways exhibit severe
developmental defects, often leading to perinatal lethality. For
instance, Hao et al. utilized a knock-in approach to express
a specific point mutant of Cytochrome C, thereby selectively
eliminating its activation of Apaf-1 and other apoptotic com-
ponents, while preserving its activity in the electron transport
chain (12). By embryonic day (E) 14.5, these mice had severe
overgrowth in multiple regions of the brain and insufficient
skull development in comparison to WT counterparts, with
these malformations resulting in embryonic or perinatal death
for a majority of the mutant pups. Satellite glial cell (SGC)
precursors have subsequently been characterized as a primary
phagocyte population that clears excess apoptotic neurons,
specifically in the embryonic dorsal root ganglion (DRG) (13).
Isolated SGC precursors from E12.5 were found to express
Megf10 and Pearl, two homologs of the CED-1 phagocytic
receptor in Caenorhabditis elegans. shRNA-mediated knock-
down of Megf10 and Pearl expression in cultured SGC precur-
sors significantly impeded their capacity to engulf dying DRG
neurons in vitro (13). These findings indicate that MEGF10 and
PEAR-1 may be required for proper clearance in the setting of
the developing nervous system, though further in vivo stud-
ies would be necessary to confirm this model. In contrast, a
distinct phagocytic receptor, MERTK, is not required in the
embryo, although it is expressed in the brain at E14.5 (14).
Genetic ablation of Tyro3, Axl, and Mertk (TAM TKO) in mice
had no discernible effect on embryonic viability or develop-
ment, with TAM TKO mice maintaining normal leukocyte
development and numbers up until postnatal day 28 (15). Yet
as mentioned above, these receptors are critical for efferocyto-
sis in adult mice in a number of tissues, including the brain and
thymus (16-18). A comprehensive analysis of the expression
of and requirement for efferocytosis receptors in embryonic
vs. adult phagocytes could further enhance our understand-
ing of whether specific apoptotic cell sensors are dedicated to
homeostatic clearance.

The TAM family of receptor tyrosine kinases, consisting
of TYRO3, AXL, and MERTK, represent one group of apop-
totic cell sensors that recognize the common “eat-me” signal
of PtdSer, but are differentially employed for engulfment by
diverse phagocyte populations (16). Systematic evaluation of
the in vitro phagocytic capacity of resident and thioglycollate-
induced peritoneal macrophages deficient in either Mertk,
Axl, or Tyro3 underscored that all three TAM receptors can
contribute to engulfment of apoptotic cells by peritoneal mac-
rophages, although to differing extents; macrophages lacking
Mertk had the most significant impairment in phagocytosis
(19). Interestingly, bone marrow-derived dendritic cells (DCs)
demonstrated a distinct reliance on Axl and Tyro3 for engulf-
ment, rather than Mertk (19). Such divisions are also reflected
in vivo—Axl and Tyro3 were not required for homeostatic
removal of apoptotic cells in the thymus or the photorecep-
tor outer segments in the retina, while Mertk was essential
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for proper clearance (19). Recent studies have demonstrated
that the receptor expression profile of phagocyte subsets is
also dynamic in response to specific stimuli. Zagorska et al.
characterized the differential regulation and utilization of
AXL and MERTK phagocytic receptors by macrophages in
either inflammatory or tolerogenic contexts (20). Treatment
of bone marrow-derived macrophages (BMDMs) with
Dexamethasone, an anti-inflammatory corticosteroid, elevated
expression of MERTK and another PtdSer sensor Bail, but not
AXL. In contrast, a range of inflammatory signaling molecules,
including lipopolysaccharide (LPS), polyinosinic:polycytidylic
acid, IFNa, and IFNy, were sufficient to enhance the expression
of AXL in BMDMs, which expressed AXL only at low levels
under normal culture conditions. In line with this, BMDMs
lacking Mertk displayed severe defects in their baseline capac-
ity to engulf apoptotic thymocytes, whereas AxI~~ BMDM:s
only exhibited diminished uptake compared to WT BMDMs
in inflammatory settings (20). This paradigm is also conserved
in human phagocytes, as monocytes isolated from peripheral
blood mononuclear cells upregulated MERTK expression in
response to Dexamethasone or the combination of IL-10 and
macrophage colony-stimulating factor (21). Such a “division
of labor” is also not restricted to phagocytic receptor tyrosine
kinases, as IL-4 was also shown to boost the expression of
CD300f in a dose-dependent manner in macrophage subsets
that typically do not express this receptor, including BMDMs
cultured with IL-4 and peritoneal macrophages following
in vivo administration of complexed IL-4 (22). CD300f levels
in BMDMs were not sensitive to other cytokines tested, includ-
ing the type II cytokine IL-13, which shares a receptor and
has overlapping functions with IL-4 (23). Consequently, the
sensitivity of apoptotic cell sensors to regulation by specific
cytokines suggests that individual receptors may be equipped
to help phagocytes respond to the presence of apoptotic cells
in a given setting.

Intriguingly, additional signals in the tissue during infection
may feedback to promote phagocytosis via specific phagocytic
receptors, but without directly modulating receptor expression.
Erdman et al. observed that human and murine macrophages
displayed an increased capacity to clear either Plasmodium
falciparum-infected or «-CD36-coated erythrocytes when
pretreated with agonists to various Toll-like receptors (TLRs),
including TLR2, TLR3, TLR4, and TLRY (24). Uptake was
dependent on CD36, a member of the class B scavenger recep-
tor family; however, TLR stimulation did not alter surface
expression of CD36 in the short timeframe of the assay (24).
Thus, these results provide evidence for a level of cooperation
between CD36 and various TLRs in order to potentiate engulf-
ment. A similar synergy has also been described for uptake
through integrins in the p, subfamily, which are important for
the phagocytosis of complement-opsonized particles. Again,
stimulation with TNFa, LPS, or platelet activating factor did
not have an effect on owf, expression by J774 murine mac-
rophages (25). Instead, exposure to each of these inflammatory
stimuli mediated activation of RAP1, a Ras-like GTPase that
enhanced amf, binding to C3bi-coated erythrocytes; expres-
sion of a dominant-negative form of RAP1 in macrophage

cell lines abolished their capacity to phagocytose these target
cells (25).

Signaling an Appropriate Response

While the downstream signaling pathways for phagocytic
receptors are not yet fully defined, differences in the molecular
players may enable distinct functional outputs by the phagocyte.
BAI-1, TIM-4, and the TAM family of phagocytic receptors
each recognize the same signal on apoptotic cargo (PtdSer),
but partly diverge in the ensuing intracellular cascades that are
activated. Immunoprecipitation assays have demonstrated that
BAI-1,a G protein-coupled receptor, physically forms a complex
with ELMO-1 and Dock-180. Altogether, these molecules func-
tion as a guanine nucleotide exchange factor for Rac, thereby
driving phagosome formation. All components of this signaling
complex were required for maximal engulfment, as silencing
of endogenous Elmol impaired the uptake of apoptotic thymo-
cytes in Bail-GFP transfected ]J774 murine macrophages (26).
Other phagocytic receptors, including aps and MERTK, have
also been shown to engage the ELMO-1/Dock-180 machinery
(27, 28), with constitutively active MERTK only phosphoryl-
ating p130“4S, an adaptor protein in this pathway, if ops is
coexpressed.

As discussed in further detail in Section “Specification
Through Integration,” activated TAM receptors also have the
capacity to trigger additional signaling cascades, like the phos-
phorylation of PLCy2 (29), or the induction of Socs1/3 to foster
an active state of immunosuppression (30). In stark contrast,
TIM-4 is thought to function solely as a tethering receptor,
binding PtdSer via a metal-ion-dependent ligand binding site
within its IgV domain (31) and securing apoptotic cargo on the
surface of the phagocyte. In support of this, transient expression
of either full-length Tim4 or various versions of Tim4 lacking
the cytoplasmic tail all rendered LR73 fibroblasts more capable
of engulfing apoptotic thymocytes than control fibroblasts
(32). Moreover, ablation of Tim4 prevented cultured peritoneal
macrophages from binding FAS ligand-treated thymocytes, and
transformation of the mouse B-cell line Ba/F3 with Tim4 alone
rescued the binding step of phagocytosis, but not internaliza-
tion (33). Thus, TIM-4 requires pairing with other phagocytic
receptors, such as MERTK, in order to mediate apoptotic cell
engulfment in different phagocyte populations (33, 34). This
cooperation adds a further layer of complexity to the apoptotic
cell:phagocyte interface, as the activation of additional permu-
tations of tethering and engulfing receptors could potentially
generate distinctive combinations of intracellular signaling
modules.

Phagocyte Identity and Localization

Differences in the identity of the engulfing phagocyte may also
account for variation in the resulting response to apoptotic cell
recognition. The clearance of dying cells is primarily carried
out by professional phagocytes—tissue-resident macrophages,
monocyte-derived macrophages, and DCs—that are responsi-
ble for taking up cellular debris, sensing for any molecular pat-
terns associated with pathogens, and processing and presenting
antigen to activate the adaptive immune response. Despite the
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maintenance of resident professional phagocyte populations
within the tissues, dedicated phagocytes and non-professional
phagocytes, including neighboring epithelial cells, endothelial
cells, and fibroblasts, are also indispensible for clearing apop-
totic cells (35, 36). Cummings ef al. ascertained that within the
small intestinal lamina propria alone, three subsets of resident
professional phagocytes contribute to the basal clearance of
apoptotic intestinal epithelial cells (IECs) that are not shed
off into the intestinal lumen (37, 38). Using a mouse model in
which the Villin promoter drives expression of the diphtheria
toxin (DT) receptor and GFP, the authors administered low
levels of DT to induce cell death in IECs without significant
inflammation, and subsequently tracked dying IEC uptake.
While CD11b* macrophages, CD11b*CD103* macrophages,
and CD103* DCs each adopted a broadly immunosuppres-
sive transcriptional signature in response to IEC engulfment,
microarray data revealed distinctions in the precise genetic
program; only two genes were consistently up- or downregu-
lated amongst all three groups of phagocytes (37). Comparable
resident mononuclear phagocyte subpopulations have been
classified in other tissues, such as the kidney, which at steady-
state already differ in their phagocytic capacity and expression
patterns of cytokines, growth factors, and chemokine recep-
tors (39). Collectively, these findings indicate that subsets of
phagocytes, despite being exposed to the same microenviron-
ment, maintain an intrinsic capacity to respond differently to
apoptotic corpse engulfment.

SPECIFICATION THROUGH INTEGRATION

Phagocytes rarely are exposed to a single stimulus at once nor,
as considered, do they react equivalently to a given signal under
all circumstances. The integration of multiple, contemporaneous
signals therefore represents a general mechanism through which
cells could generate distinct, tailored outputs in response to their
microenvironment. This integration could occur at the molecu-
lar and/or cellular level, and then serve to further regulate the
immune response, such as through amplification or inhibition of
specific effectors.

One example of discrete signals combining to generate a spe-
cific output by phagocytic macrophages is the synergy between the
sensing of apoptotic cells and of type 2 cytokines. Upon infection
or injury, there is a significant increase in the magnitude of apop-
totic cell death, with resident cells damaged by the insult dying
off and infiltrating immune cells turning over. Multiple soluble
ligands, like cytokines, are also produced at different phases of
the inflammatory response, and phagocytes are also capable of
sensing these factors. Work from our laboratory established that
BMDMs, as well as macrophages in the lung, the intestine, the
visceral adipose tissue, and the peritoneum, launch an efficient
tissue repair response only when the sensing of IL-4/IL-13 occurs
in the presence of apoptotic cells (Figure 1) (40). Importantly, this
was not merely an additive effect of two parallel pathways—the
presence of apoptotic cells alone did not induce the expression
of some of the remodeling-associated genes analyzed. Integration

or response by phagocytes.

Myo18A Arg1
__Retnla
Chil3
C1q/SP-A ~
” Output
R Xc "%C
Bt F N

FIGURE 1 | Integration of signals is required to drive a specific tissue repair program in macrophages. Sensing of IL-4 in the presence of apoptotic cells promotes
the expression of key tissue repair factors in macrophages. Neither signal on its own is sufficient to induce this genetic program, which includes the upregulation of
Arg1, Retnla, and Chil3. Additionally, C1q and surfactant protein-A (SP-A) are each sensed through Myo18A in distinct macrophage populations, and in conjunction
with IL-4, prompts a similar set of tissue repair genes. Mirroring the configuration of a circuit, multiple inputs are therefore necessary to coordinate a tailored output
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of these two signals was shown to be dependent on the detectors
AXL and MERTK, two phagocytic receptors expressed at both
steady state and/or upon damage by resident and monocyte-
derived macrophages. Genetic ablation of Axl and Mertk, or
the administration of Annexin-V, which coats and obscures
exposed PtdSer on apoptotic cells, were each sufficient to curtail
this specialized tissue repair genetic program in macrophages in
response to IL-4/IL-13. These findings demonstrate that apoptotic
cell sensing can influence phagocyte activity in ways beyond its
described immunosuppressive effect.

Interestingly, while the maximal induction of remodeling-
associated genes like Argl, Retnla, and Chil3 were reliant on
macrophages receiving these two signals, other IL-4-mediated
responses were not. Gene set enrichment analysis of BMDMs
treated with IL-4 alone identified categories such as pattern
recognition signaling pathways, regulation of cytokine produc-
tion, chemotaxis, and the defense response, all of which were
unaffected by an additional treatment of the BMDMs with
exogenous apoptotic cells. Like other cytokines, IL-4 and IL-13
are produced at multiple phases of the immune response and
have pleiotropic effects, including driving cell proliferation,
antigen presentation, antimicrobial activity, and this induction
of tissue remodeling (41-43). Collectively, these results shed light
on a role for apoptotic cells in specifying the action of IL-4 on
one of its target cell populations. In this way, the requirement
of both signals functions as a checkpoint, restricts the expres-
sion of repair factors to both an appropriate time and location,

and helps to avoid the potentially detrimental effects of aberrant
remodeling. While the effects of this signal integration have been
characterized, further investigation is needed to determine the
precise molecular players that interact downstream in the IL-4/
IL-13 and TAM signaling pathways.

It is important to note that additional tissue-specific factors
have also been described to promote the resolution program in
phagocytes in response to IL-4. Minutti et al. recently identi-
fied surfactant protein-A (SP-A) and complement component
Clq as secondary stimuli that enhance the proliferative and
tissue-remodeling capacity of IL-4-activated macrophages from
the lung and the peritoneal cavity/liver, respectively (Figure 1)
(44). In support of this, SP-A or Clq were each necessary for
extensive repair responses in settings of acute and chronic dam-
age, like with Listeria monocytogenes infection or in the Dineal
PD-4 model of peritoneal fibrosis. Sp-a~~ mice, for example,
exhibited severe immunopathology in the lung and increased
worm burden in the intestine following infection with the hel-
minth Nippostrongylus brasiliensis in comparison to their WT
counterparts. Integration of these pathways is at least partially
mediated through myosin 18 A (Myol8A); in vivo delivery of
IL-4 was shown to increase the expression of this shared recep-
tor for SP-A and Clq in macrophages isolated from the lung,
liver, and peritoneal cavity (44).

As referenced before, uptake of apoptotic cells by phagocytes
has been shown to suppress the response to inflammatory
stimuli, like TLR ligands (45-51). Engulfment of apoptotic cells

Drosophila
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o @ (exposed PtdSer)

Candida Escherichia
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Distinct immune
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engagement is integrated with specific signals from the microenvironment.

FIGURE 2 | Proposed specificity, rather than redundancy, in apoptotic cell recognition and engulfment. Comparative representation of molecular mediators involved
in the recognition and engulfment of bacteria or apoptotic cells by phagocytes, in Drosophila (left) and vertebrates (right). In Drosophila, specific bacteria can be
opsonized through secreted Mcr, Tep II, or Tep Il before engulfment by hemocytes. Similarly, multiple phagocytic receptors in vertebrates, including integrins o.ps,
a.Bs and the receptor tyrosine kinases AXL and MERTK (right) also require “opsonization” of the apoptotic cargo. This raises the possibility of selective disposal and
tailored effector functions. Consistent with this proposition, in vertebrates, not only are the number of phagocytic receptors and ligands expanded but also their
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by immature murine bone marrow-derived DCs was shown to
dampen the response to LPS, with specific reduction of IL-12
secretion and CD86 expression, but not of other proinflam-
matory cytokines or costimulatory molecules, like TNFa and
CD40 (50). In a similar manner, ingestion of apoptotic corpses
by LPS-stimulated human or murine macrophages diminished
secretion of proinflammatory molecules TNFa and IL-1f, but
also enhanced release of anti-inflammatory signals, such as
TGF-p1 and PGE-2 (45, 48, 49, 51). Thus, beyond suppress-
ing proinflammatory events, integration of TLR signaling and
apoptotic cell sensing actively promotes the generation of an
anti-inflammatory environment.

The precise mechanism of integration of TLR signaling
and uptake of apoptotic cells still needs to be fully elucidated.
Intracellular lipid sensors have been described to contribute
to this immunosuppressive effect of apoptotic cells (52, 53).
Additionally, integration of phagocytic receptor and TLR
signaling with cytokine signaling has been characterized as
another strategy for dampening the inflammatory response by
phagocytes. The receptor tyrosine kinase AXL, which is highly
expressed by DCs (20, 30), was found to physically associate
with the R1 chain of the type I IFN receptor (IFNAR1) upon
administration of its ligand Gas6 (30). Engagement of and
interaction between these two receptors led to the activation of
STAT1, which in turn triggered SOCS1 and SOCS3 to limit both
cytokine and TLR signaling (30). This cooperation highlights
how the pairing of apoptotic cell sensors with other detectors
not only can promote a specialized transcriptional program, but
also can negatively regulate phagocyte activation in a specific
manner. The extent to which phagocytic receptor signaling
integrates with other cytokine pathways, and whether these are
broader features of all phagocytic receptors, remain to be fully
explored.

CONCLUDING THOUGHTS

The functional diversification of apoptotic cell removal in mam-
mals is consistent with the evolutionary expansion of PtdSer
receptors. While efferocytosis itself is conserved from C. elegans
to mammals, at least some of the mammalian receptors such
as BAI-1, TIM4, and the TAMs do not have orthologs in
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(55). The selective advantage of such a system is difficult to
understand simply on the basis of redundancy; rather, it favors a
paradigm wherein layers of specificities can be built in. Overall,
evolutionary expansion of phagocytic receptors may have ena-
bled cargo-selective disposal and the resulting specification in
phagocyte response. Further inquiry of this topic may permit
the establishment of a “code” (56), through which knowledge of
the various input signals from the dying cell and the surround-
ing microenvironment can predict the functional output of the
phagocyte.
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As the body continues to grow and age, it becomes essential to maintain a balance
between living and dying cells. Macrophages and dendritic cells play a central role in
discriminating among viable, apoptotic, and necrotic cells, as selective and efficient
phagocytes, without inducing inappropriate inflammation or immune responses. A
great deal has been learnt concerning clearance receptors for modified and non-self-
ligands on potential targets, mediating their eventual uptake, disposal, and replace-
ment. In this essay, we assess current understanding of the phagocytic recognition
of apoptotic cells within their tissue environment; we conclude that efferocytosis
constitutes a more complex process than simply removal of corpses, with regulatory
interactions between the target and effector cells, which determine the outcome of
this homeostatic process.

Keywords: apoptosis, apoptotic cells, clearance of apoptotic cells, phagocytosis, macrophages

INTRODUCTION

Programmed cell death, apoptosis, is closely linked to recognition and clearance by phagocytosis,
resulting in anti-inflammatory and compensatory growth responses during fetal and adult life.
Prolonged or incomplete containment and destruction during the apoptotic process can merge into
secondary necrosis to bring about pro-inflammatory and pathological responses by phagocytes that
are still poorly understood. Many aspects of this process are covered in excellent reviews by leading
investigators, including Henson (1), Arandjelovic and Ravichandran (2), Nagata and Tanaka (3),
Lim et al. (4), and their colleagues, which should be consulted for detailed exposition. We have
previously reviewed the process of phagocytosis in relation to infection and microbial recognition
(5), emphasizing its cell biology in model systems. We focus here on clearance of apoptotic cells
in situ by heterogeneous tissue mononuclear phagocytes, in health and disease.

A BRIEF HISTORY

Although current nomenclature settled around the early reports by Wyllie et al. (6), the observa-
tions of cell death in its many manifestations date back to the nineteenth century, from descriptions

Abbreviations: AIP, apoptosis-induced proliferation; DC, dendritic cell; Gas 6; growth arrest specific protein 6; GPCR, G
protein-coupled receptor; IECs, intraepithelial cells; IGF-1, insulin-like growth factor-1; KLE, Kruppel-like factor; LPS,
lipopolysaccharide; LXR, liver X receptor transcription factor; MPS, mononuclear phagocyte system; MerTK, proto-oncogene
c-mer tyrosine kinase; Megf8, milk fat globule—EGF factor 8 (lactadherin); MNGC, multinucleated giant cell; NET, neutro-
phil extracellular trap; PGE2, prostaglandin E2; ProS1, gene for protein S(eattle); PRRs, pattern-recognition receptors; PS,
phosphatidyl serine; PPAR, peroxisome proliferator activator receptor transcription factor; ROS, reactive oxygen species; SLE,
systemic lupus erythematosus; TAM, tyrosine receptor kinases Tyro 3, Axl and MerTK; TLR, toll-like receptor; TNE, tumour
necrosis factor; tgf beta, transforming growth factor beta.
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by Virchow, Metchnikoff, and many pathologists. Wallach et al.
have provided an instructive time line of concepts of tissue
injury and cell death in inflammation (7). An historic perspec-
tive of macrophages, phagocytic mechanisms, and lysosomal
digestion is provided elsewhere (5, 8). The pre-eminent role of
tissue macrophages in clearance was emphasized in the twentieth
century, as a primary function of the reticuloendothelial system,
subsequently renamed the mononuclear phagocyte system
(MPS) (9). Studies in Caenorhabditis elegans (10) stimulated
genetic dissection of apoptosis and clearance by epithelial cells
in organisms that lack “professional” phagocytes; important
discoveries of macrophage clearance followed in Drosophila and
other model organisms, such as zebra fish and mice. Uptake of
dead cells by non-professional phagocytes in vertebrates became
overshadowed by emphasis on macrophages and related den-
dritic cells (DCs), although recent studies (2) have to some extent
redressed the balance; turnover of photoreceptors by retinal
pigment epithelia and of aberrant sperm in the testis by Sertoli
cells are highly active functions of non-hematopoietic phagocytic
cells, and uptake of cell corpses has also been demonstrated in
epithelia, fibroblasts, astrocytes, and cancer cells, the so-called
non-professional phagocytes (11). Different terms have emerged
for a range of distinct though related processes, in addition to
efferocytosis (12); these include necroptosis (13), pyroptosis (14),
phagoptosis (15), ferroptosis (16), trogocytosis (17), and entosis
(18), depending on one or other characteristic feature. Mevorach
and colleagues have introduced clarity into the terminology of
this expanding topic, which will be defined as relevant, below (19).
Henson and Bratton (20) provided early evidence that clearance
of programmed apoptotic cell death by macrophages gave rise
to anti-inflammatory effects, unlike the pro-inflammatory con-
sequences of the uptake of necrotic cells, which could follow at a
further stage of programmed cell death, during infection or as a
result of accidental injury. Another time line of particular interest
in this area is given by Nagata and Tanaka, who pioneered the role
of phosphatidyl serine (PS) and membrane lipid reorganization
in the recognition of apoptotic cells (3).

Thephysiologicalroleofapoptoticcell clearancebymacrophages
has been documented in organ development, tissue remodeling,
e.g., in the uterus and mammary gland, repair and potential cell
replacement following injury and, in a few species, regeneration of
complex organs. In pathology, monocytes, macrophages, and DCs
are important contributors to inflammation and its resolution, fol-
lowing disposal of necrotic corpses and subcellular constituents,
e.g., during infection, innate and autoimmunity, atherogenesis,
and malignancy. Many authors have considered cell death, its
recognition, disposal, and regulation as central homeostatic func-
tions of the MPS; aspects of this topic are reviewed by the various
contributors to this Frontiers of Immunology collection, cited as
available at the time of writing (21, 22). We shall not deal in this
review with the mechanisms of cell death itself.

MONONUCLEAR PHAGOCYTES ARE
HIGHLY HETEROGENEOUS

The cells of the mammalian MPS constitute a widely dispersed
population derived from common hematopoietic progenitors,

which are distinct in the embryo and adult (23). Tissue-resident
macrophage populations in the fetus are distributed from yolk sac
and fetal liver precursors from mid gestation, and turn over locally
to a variable extent throughout adult life (24). From birth, bone
marrow-derived monocytes are recruited to replenish and sup-
plement tissue macrophage populations in the steady state, and in
response to inflammatory, metabolic, infectious, and malignant
disease processes, as required. Circulating mononuclear cells
contain precursors of macrophages, DCs, and osteoclasts, and
subpopulations of monocytes that are characterized by distinct
marker antigens and receptors (25). Recent single cell RNA
analysis has revealed additional mononuclear cell subpopulations
in blood without functional characterization (26). Trahtemberg
and colleagues identified two human blood monocyte-derived
DC subpopulations which differ in their expression of surface
markers, phagocytic clearance, and responses to the uptake of
apoptotic cells (27). The markedly heterogeneous mononuclear
phagocytes in tissues display the ability to phagocytose par-
ticulates to a variable extent, depending on their differentiation,
recruitment, and activation by tissue-specific and microbial
stimuli. The ability of neutrophils which are highly phagocytic
for opsonized microbes, and of eosinophils, basophils, and mast
cells, to phagocytose apoptotic targets has been less studied. In
addition, MPS cells variably display fluid phase, macropinocytic,
and receptor-mediated endocytosis, which contribute to their
clearance of solutes and smaller particulates. In response to local
need, resident macrophages can migrate from adjacent reser-
voirs, as elegantly demonstrated through in vivo experiments
by the groups of Wang and Kubes and Robbins, respectively,
in liver (28) and heart (29). The prototypic and organ-specific
phagocytic activity of the mixed populations of macrophages in
different organs differ considerably, as shown by elegant clearance
experiments in vivo, described in detail below (30, 31). Fusion
of monocytes and macrophages gives rise to the formation of
osteoclasts in bone and of multinucleated giant cells (MNGCs)
in granulomatous diseases (32). We have demonstrated a striking
difference in the phagocytosis of a range of particulates, includ-
ing latex and complement-, but not antibody-opsonized sheep
erythrocytes by IL4/13 cytokine-induced MNGC (33). Finally,
activation of macrophages by innate and Th1- and Th2-dependent
adaptive immune stimuli induces a spectrum of changes in cellu-
lar phenotype, including cytocidal and phagocytic capacity (34),
hitherto mainly studied in vitro.

MYELOID CELL TURNOVER

Myeloid leukocytes themselves undergo apoptosis and necrosis,
as well as inducing these processes in a range of target cells. We
therefore briefly consider aspects of their own turnover, clearance,
and mechanisms of death that may be relevant to subsequent con-
sequences. Recent studies by Yona and colleagues have established
the circulation time and precursor-product relationships of dif-
ferent human monocyte subsets (35). Macrophages can become
long-lived, terminally differentiated tissue-resident cells which
remain biosynthetically active while ceasing to proliferate, but
recently recruited monocytes and activated macrophages and DC
themselves can undergo apoptosis within days of responding to
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inflammatory and infectious stimuli. By comparison, neutrophils
are short lived and readily proceed from apoptosis to secondary
necrosis when activated during acute inflammation; eosinophils
may survive longer in tissues than usually appreciated. The
microbicidal and cytocidal activities of activated neutrophils and
monocyte/macrophages depend on generation of reactive radi-
cals derived from oxygen through a respiratory burst; in addition,
degranulation by neutrophils and eosinophils releases potent
neutral proteinases such as elastase, as well as myeloperoxidase,
to initiate cytotoxicity, whereas interferon gamma activated mac-
rophages contribute to target cell killing by release of nitrogen
metabolites generated by inducible nitric oxide synthase. Other
mechanisms of myeloid cell cytotoxicity include chromatin
extracellular trap (neutrophil extracellular trap) production by
neutrophils and probably activated macrophages and release of
tumour necrosis factor (TNF)alpha. Inflammasome activation
and IL-1 release depend on selected proteolysis by cytosolic
caspases. Depletion of essential amino acids such as tryptophan
and arginine in their local environment contribute to cell death.

INTERACTIONS BETWEEN
MACROPHAGES AND APOPTOTIC CELLS

We have outlined the heterogeneity of the macrophage popula-
tions involved in clearance, and the complexity of their potential
apoptotic/necrotic cargo. It has become customary to break the
overall process down into distinct stages: “find me” (36, 37), by
chemokine-receptor attractants and plexin-semaphorin guid-
ance/repulsion (38, 39); “eat me” (40) and “don’t eat” me (41)
signals between apoptotic cells and phagocytes, involving diffus-
ible products, plasma components such as thrombospondin, and
intercellular interactions. We focus here on recognition (42) by
macrophages of well-defined apoptotic cells. Apart from the well-
documented chromatin and cytoplasmic changes, we consider
PS (43) and other potential ligands expressed on the surface of
senescent and apoptotic cells and the wide range of direct and
indirect opsonic receptors expressed on the macrophage surface
(Figure 1). This information is based mainly on in vitro studies,
with some support obtained from mouse and other genetic mod-
els in vivo. Phagoptosis, the uptake of viable cells (15), resulting
in their destruction, depends on exposure of “eat me” and/or loss
of “don’t eat me” signals; it mediates turnover of erythrocytes,
neutrophils, and other cells, and also contributes to defense
against infection.

Several aspects of our present understanding deserve further
comment: there is a bewildering range of possible molecular
interactions reported in this literature, depending to a large
extent on the interests of the researcher rather than proven rela-
tive importance under different conditions in vivo. It is perhaps
not surprising that so critical a housekeeping function should
involve considerable redundancy; it is well known that inhibi-
tors or ablation of favorite individual receptor-ligand pairs are
at best only partial in their effect in vitro, and often undetectable
in vivo. For example, this was found in our own studies of pos-
sible SR-A involvement in the thymus, a site of avid apoptotic
thymocyte clearance by macrophages (44). Up to a point, one

could argue that some of these candidates could act in a com-
mon pathway or be redundant. A more likely interpretation is
that there is organ-specific involvement of particular receptor—
ligand pairs, as indicated by new evidence, discussed in more
detail below. Furthermore, most previous studies have failed
to appreciate the modulation of phagocytic activity by physi-
ological and pathological regulation of particular pathways in
different tissue environments. We should expect wide variation
from the experimental use of species as divergent as Drosophila,
zebra fish, mouse, and man, with clearance mechanisms arising
by convergent as well as divergent evolution. Finally, since dif-
ferent cell types can perform the same function, constitutively
or after induction, it is essential to identify the particular cells
involved by cell-specific deletion in any experimental model;
for example, this was demonstrated by Ravichandran and col-
leagues in a receptor transgenic overexpression model which
showed enhanced clearance was attributable to epithelial cells
and not macrophages, as might have been assumed (45). The
macrophage ablation studies during development, e.g., in PU-1
null mice (46) show remarkably little impact except for minor
deficiencies in interdigital web regression; presumably, alterna-
tive mesenchymal cells can compensate for developmental
clearance of apoptotic cells. Failure to clear erythrocyte nuclei,
however, does create hemodynamic problems after birth and
early death postnatally can also be ascribed to infection.

MECHANISMS OF CLEARANCE OF
APOPTOTIC CELLS BY MACROPHAGES

We have previously outlined some of the broad features of
opsonic, antibody, and complement-mediated phagocytosis
(5), the phagocytic synapse model based on Dectin-1 mediated
uptake of yeast particles (47), and a kinetic exclusion model
of other plasma membrane molecules during uptake (4); its
relevance to the mechanism of apoptotic cell uptake has not
been determined. Intravital microscopy has revealed striking
recruitment of different mononuclear cell populations during
development (48) and following sterile and infectious injury
and repair (28). Phosphatidylinositol kinases play an important
role in signaling and ingestion of apoptotic cells (49). Various
phosphoinositide mediators derive from preformed membrane
phospholipids and reorganization of lipids within the plasma
membrane bilayer with resultant PS exposure on the outer sur-
face, as elucidated by the groups of Nagata and Tanaka (3) and
Kay and Grinstein (50). BAI-1, an adhesion G protein-coupled
receptor (51, 52), mediates uptake of apoptotic cells via PS
recognition, followed by Dock and Elmo signaling. Effects of
apoptotic cell uptake on membrane traffic, vesicular fusion and
fission, the role of small GTPases, phagosome formation and
function (53), as well as possible interactions with autophagy
require further investigation. Similarly, there is need for more
studies on the effects of apoptotic cell uptake on gene and
protein expression, for example, by in situ hybridization and
multiplex histochemistry, as well as of posttranslational and
epigenetic modifications, in heterogeneous cell populations and
individual macrophages, in vivo and in vitro.
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FIGURE 1 | Selected macrophage phagocytic receptors and ligands implicated in apoptotic cell clearance. Receptor—ligand interactions can be direct or indirect,
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CLEARANCE OF APOPTOTIC CELLS
BY RESIDENT TISSUE MACROPHAGES
IN VIVO

It has been known for some time that resident macrophage
populations in different organs such as liver, gut, lung, bone mar-
row, spleen, and brain are heterogeneous in their morphology,
turnover, and antigen expression profile. Gene expression studies
by Lavin and colleagues have documented organ-specific gene
and enhancer patterns, as well as canonical signatures for a range
of tissue macrophage populations (54). Apoptotic cell clearance
is mediated by distinct pathways in different organs and helps
to shape the local phenotype, as shown by recent studies by the
groups of Hidalgo (31) and Magarian Blander (30). A-Gonzalez
and colleagues used a parabiotic model to study homeostatic leu-
kocyte clearance in vivo. Distinct receptors, opsonins, and tran-
scription factors were demonstrated in uptake by macrophages
in the bone marrow, spleen, intestine, liver, and lung interstitium;
alveolar macrophages in the lung were not accessed by blood

delivery. Mutant mice deficient in milk fat globule—EGF factor
8 (lactadherin), liver X receptor transcription factor alpha/beta,
peroxisome proliferator activator receptor transcription factor
gamma, and proto-oncogene c-mer tyrosine kinase (MerTK) dif-
fered from wild-type controls and varied in their contribution to
uptake in bone marrow, spleen, and liver. Annexin Al and Timd4
were also utilized to determine tissue-specific dynamics and
expression of different phagocytic mediators. Gene expression
analysis demonstrated preservation of distinct core signatures,
but phagocytosis imprinted a distinct anti-inflammatory profile,
upregulation of CD163 and of CD206, the macrophage mannose
receptor, and decrease of the pro-inflammatory expression of IL-1
beta. Expression of CD206 made it possible to identify phagocytic
macrophages in the steady state in the absence of experimental
manipulation. Clearance activity confirmed the diurnal rhythm
of neutrophil turnover. Several interesting aspects of this study
require further study: the role of variation in apoptotic rate in
neutrophils, the impact of non-circulating apoptotic cells, e.g.,
generated in the thymus by dexamethasone treatment, and the
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absence of detectable annexin binding in some experiments,
consistent with uptake and subsequent killing of viable cells by
phagoptosis. Furthermore, the effects of concurrent inflamma-
tion and infection on the clearance of apoptotic as well as necrotic
cells, add an additional layer of complexity.

The study by Cummings et al. used a different genetic strategy
to study the effects of apoptosis in a single organ, the small intes-
tine, on gene expression by macrophages and DC, after uptake
of dying epithelial cells (30). Diphtheria receptor expression in
mice was targeted to the intestine by a villin construct with an
eGFP reporter; low dose diphtheria toxin induced synchronous
apoptosis selectively to ileum epithelium without affecting bar-
rier function. Five subpopulations of APC were isolated before
and after apoptosis by FACS, and gene expression was analyzed.
Two CD64" macrophages and one CD24* DC population were
shown to display distinctive signatures after phagocytosis
of apoptotic cells; the macrophage signatures included lipid
metabolism and aromatic amino acid catabolism, whereas the
DC subset program was consistent with activation of regula-
tory CD4* lymphocytes. A common signature of suppression
of inflammation consisted of distinct genes in macrophages and
DCs. Only the DCs were induced by apoptotic intraepithelial
cell (IEC) uptake to migrate to draining lymph nodes and found
able to induce immunological tolerance. Several of the differen-
tially induced genes in phagocytes overlapped with susceptibil-
ity genes for inflammatory bowel disease. CD103*CD11b* and
distinct CD11b* only macrophages, which sampled the majority
of apoptotic IEC, upregulated growth arrest specific protein 6,
Cd 163, and MerTK genes, whereas CD103* DC expressed the
gene for CD105, a member of the mannose receptor family.
Other differentially expressed genes included those implicated
in apoptotic cell clearance, enhanced anti-inflammatory, and
reduced pro-inflammatory pathways.

A recent study by Roberts et al. (55) demonstrated that selected
tissue-resident macrophages in the peritoneal and pleural cavities,
and lung alveolar space, are locally programmed for silent clear-
ance of apoptotic cells. Specific populations of macrophages clear
apoptotic cells in different tissues; they share features that limit
recognition of nucleic acids in response to signals from their local
tissue microenvironment. The transcription factor Kriippel-like
factor-2 (KLF2), and to a lesser extent KLF4, control the expres-
sion of many genes within the macrophage clearance program.
These characteristics include high expression of receptors for
apoptotic cells such as Tim4, but low expression of toll-like recep-
tor (TLR)9 and reduced TLR responsiveness to nucleic acids. The
environmental signals in different tissues, which are unknown,
can override inflammatory stimulation and are lost when cells are
isolated, in vitro. Other tissue-resident macrophages vary in their
inhibition of inflammatory responses after apoptotic cell uptake,
and it is unclear how homeostasis is maintained in the face of
infection, or restored during resolution of inflammation.

Similarly, Baratin et al. reported that a population of
CX3CR1*CD64*MerTK*CD11c* resident macrophages, but
not CD8alpha DC, were the main local efferocytic cells in the
T zone of lymph nodes; however, these scavenger macrophages
did not prime CD4 T cells efficiently, unlike DC (56). Tingible
body macrophages, prominent in germinal centers in lymph

nodes, spleen, and other lymphoid structures, clear apoptotic
B lymphocytes. Their possible role in B lymphocyte affinity
maturation and antibody diversification and interactions with
follicular DCs and other mesenchymal stromal cells require
further investigation (57).

ROLE OF PHAGOCYTIC CLEARANCE

OF DYING CELLS IN INFLAMMATION
AND ITS RESOLUTION, TISSUE GROWTH,
AND IMMUNE REGULATION

The uptake of apoptotic cells by macrophages is not “silent,” but
anti-inflammatory. Secretory mediators include cytokines [trans-
forming growth factor beta (tgf beta), IL-10] and arachidonate
metabolites, e.g., prostaglandin E2, as well as a range of proresolv-
ing mediators. Addition of macrophages that have ingested early
apoptotic cells, to lipopolysaccharide (LPS)-induced inflamma-
tory cells in vitro or in vivo, reduced inflammatory pathways (20),
whether through the above mediators or by undefined direct
contact mechanisms. However, genome wide gene expression,
proteomic and metabolomic studies may yield a more complex
picture of pro- and anti-inflammatory signature markers which
should be reinvestigated by newly developed population and
single cell methods. In vitro studies need to take into account the
tolerogenic and pro-inflammatory subtypes of macrophages and
DC, the nature of the apoptotic cell targets, clearance receptor
usage, and possible association with TLR. Previous exposure
to priming agents, including apoptotic cells themselves, can
convert the response to a secondary challenge (58). The in vivo
studies described above have provided evidence for “imprinting,”
comparable to “trained immunity” (59), of an anti-inflammatory
phenotype in several different tissues, but further studies are
needed in the presence of infection or trauma, and associated
cell death.

Studies in Drosophila (48) and a range of vertebrates have
implicated macrophages in the replacement of epithelial and
other cells during development and in tissue repair after wound-
ing. Apoptosis and proliferation of microglia are coupled in the
adult brain (60). Dying cells themselves are able to generate
recruiting and mitogenic signals to attract and interact recipro-
cally with macrophages. These include a range of trophic factors
such as insulin-like growth factor-1 (IGF-1) (45) and TNF-related
cytokines (61), released after phagocytic clearance. Extracellular
reactive oxygen species (ROS) produced by epithelial disk cells
drive apoptosis-induced proliferation via Drosophila mac-
rophages (61). The Ravichandran group has shown that IGF-1
released by macrophages in response to uptake of apoptotic cells,
can inhibit apoptotic cell clearance by neighboring epithelial cells,
while enhancing their uptake of smaller vesicles (45). Ueno et al.
showed that CX3CR1* microglia were required for survival of
selected cortical neurons during development, ascribed to IGF-1
production after uptake of apoptotic neurons (62). Conversely,
Brown and Neher have postulated that microglial phagoptosis
mechanisms contribute to neuronal loss, synaptic sculpting, and
loss of neuronal processes during development and neurodegen-
eration (63).
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A striking example of the link between phagocytic clear-  activities, interfering with TLR signaling to prevent inflammatory
ance by macrophages and cell growth and differentiation was  responses, while hyperactivating DCs and macrophages to pro-
demonstrated by Kawane et al. (64). DNAse II in macrophages  mote inflammation by IL-1. CD14, the microbial LPS receptor,
is responsible for destruction of nuclear DNA from erythroid  expressed by monocytes and macrophages, and downregulated
precursors after enucleation, and essential for definitive eryth- by DC, is an early central regulator of both activities (68). Zanoni
ropoiesis in mouse fetal liver. Recent studies by Fearnhead et al. demonstrated further that isolated lipid constituents of the
et al. have shown that Ferroptosis, a regulated physiological cell ~ mixture induce inflammasome-dependent macrophage hyperac-
death process which requires free ferrous iron, occurs through  tivation via CD14, without compromising macrophage viability,
Fe(II)-dependent lipid peroxidation when the reduction capacity =~ thus promoting inflammation in sepsis, but not lethality.
of a cell is insufficient (16). Most studies have not distinguished IL-4 and other Th2 cytokines, possibly of innate sources,
between apoptotic, anti-inflammatory and immunomodula-  induce growth and an alternative activation pathway of mac-
tory, versus pro-inflammatory, necrotic targets, or the source of ~ rophages, which has been implicated in wound repair (32). The
contact-dependent, vesicular, or soluble products such as ROS  macrophage mannose receptor (CD206), one of the character-
and lipid metabolites. The nature of the apoptotic stimulus, for ~ istic signature genes induced by IL-4, is upregulated in mouse
example, programmed versus X-ray-induced cell death, the  models of intestinal apoptosis, in which there is regeneration
heterogeneity of mononuclear phagocyte populations, and the  of epithelium, although it has not been determined whether
local tissue environment can all contribute to the outcome. Most it is required. A recent study has shown that apoptotic cell
striking is the regenerative capacity of species such as axolotls  phagocytosis selectively amplifies the gene signature induced
(65) after limb amputation, for example, which depends on early ~ in macrophages by IL-4/13 (69). The tyrosine receptor kinases
recruitment and engulfment by phagocytic macrophages (66). A Tyro 3, Axl, and MerTK (TAM) receptors and their ligands play

recent comprehensive analysis of gene expression during regen-  distinct immunoregulatory roles in DCs and macrophages (70)
eration of the axolotl limb provides a resource to identify critical ~ (Figure 2). Tyro3 and gene for protein S(eattle) mediate a nega-
genes (67). tive feedback loop between DC and activated Th2 lymphocytes

Dying cells release a complex mixture of lipids, oxidized  to inhibit type 2 immunity (71); by contrast, Mer-TK and Axl
phosphoryl choline derivatives, which can display opposing  on macrophages require a local apoptotic ligand to promote a

A DENDRITIC CELL ~ \4 Th2 Activation Negative regulation
?P s1 ViaTh2
ro Coagulation
14 Tyro3

B MACROPHAGE Alternative activation
ProS1
Gasb
MerTK
Axl + Apoptotic cell
S
IL-4
Induction of PRR, Induction of anti-
cell adhesion and inflammatory and
chemotaxis genes gene repair genes,
and proliferation of
resident
macrophages

FIGURE 2 | Role of tyrosine receptor kinases Tyro 3, Axl, and MerTK family apoptotic receptors in regulation of Th2 immunity (A) and alternative activation of
macrophages (B). See text for further details and references.

Frontiers in Immunology | www.frontiersin.org 130 January 2018 | Volume 9 | Article 127


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

Gordon and Pliddemann

Macrophage Clearance of Apoptotic Cells

full tissue repair program (69). If lysosomal peptides gain access
to MHC or cytosol, cross-presentation can induce autoreactive
CD8" cytotoxic lymphocytes. Ly6* monocytes are able to effero-
cytose apoptotic cells and cross-present cell-associated antigens
to CD8* T cells; this is enhanced by ligation of TLR7, but not
TLR4 (72). Autoreactive Th17 lymphocytes can also be induced
by apoptotic cell products in the context of microbial infection
(73). Kleinclauss et al. reported that intravenous infusion of
apoptotic spleen cells induced a tgf beta-dependent expansion
of regulatory T lymphocytes, contributing to tolerance, induced
by macrophages and not DCs (74). Saas and colleagues (21)
have discussed the mechanism of early apoptotic cell infusion to
prevent and limit ongoing autoimmune inflammation.

CONCLUDING REMARKS

Given the importance of the biological process of apoptotic cell
clearance, it seems surprising that it might go wrong so infre-
quently; is there such redundancy and backup to keep it safe, or
are we looking in the wrong place? Of course, we know of some
autoimmune conditions, e.g., systemic lupus erythematosus
(SLE), to which inefficient apoptotic cell clearance contributes;
Munoz et al. (75) have discussed the role of nucleic acid and
auto-antibody complexes in the pathogenesis of recurrent inflam-
mation, resulting in production of type I interferon, a hallmark
of SLE. A major effort is under way to use monoclonal antibod-
ies directed against CD47, a “don’t eat me” signal expressed by
selected malignancies, to promote tumor cell ingestion by mac-
rophages (40). A promising, safe protocol has been developed for
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Although the research efforts in this area are mainly based
on insights of several decades ago, it would be advisable to use
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The swift clearance of apoptotic cells (ACs) (efferocytosis) by phagocytes is a critical event
during development of all multicellular organisms. It is achieved through phagocytosis by
professional or amateur phagocytes. Failure in this process can lead to the development
of inflammatory autoimmune or neurodegenerative diseases. AC clearance has been
conserved throughout evolution, although many details in its mechanisms remain to
be explored. It has been studied in the context of mammalian macrophages, and in
the nematode Caenorhabditis elegans, which lacks “professional” phagocytes such as
macrophages, but in which other cell types can engulf apoptotic corpses. In Drosophila
melanogaster, ACs are engulfed by macrophages, glial, and epithelial cells. Drosophila
macrophages perform similar functions to those of mammalian macrophages. They
are professional phagocytes that participate in phagocytosis of ACs and pathogens.
Study of AC clearance in Drosophila has identified some key elements, like the recep-
tors Croquemort and Draper, promoting Drosophila as a suitable model to genetically
dissect this process. In this review, we survey recent works of AC clearance pathways in
Drosophila, and discuss the physiological outcomes and consequences of this process.

Keywords: phagocytosis, apoptosis, macrophages, signaling pathways, Drosophila melanogaster

INTRODUCTION

Programmed cell death is necessary for normal development and growth in multicellular organ-
isms, which produce billions of apoptotic cells (ACs) daily (1, 2). Exogenous pathogenic microbes
also threaten organisms’ lives and development (3). Swift and efficient removal of ACs and patho-
gens is essential for maintaining tissue homeostasis. Failure in this process results in the release
of potentially cytotoxic or antigenic molecules, causing inflammatory diseases or developmental
autoimmune disorders (4-7). To clear ACs and pathogens, multicellular organisms have evolved a
conserved cellular process named phagocytosis that is being carried out either by non-professional
or professional phagocytes (8). The molecular mechanism of ACs clearance has been extensively
studied in Caenorhabditis elegans, thus revealing relatively clear and detailed engulfment pathways
(9). However, C. elegans lacks the professional phagocytes; instead ACs are engulfed by many neigh-
boring cell types (10). Absence of a professional immune system in C. elegans may limit the extent
to which these data can be applied to higher organisms. The fruitfly Drosophila melanogaster has
also been used as a suitable model to study ACs clearance, in which ACs are engulfed by both non-
professional phagocytes such as epithelial cells and professional phagocytes such as macrophages/
hemocytes and glial cells (11), providing the advantages for studying phagocytosis in mammals.
ACs clearance proceeds when ACs expose “eat me” signals, which are recognized by phagocytes,
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thereby triggering signaling cascades that lead to internalization
of the apoptotic corpse and its degradation by the phagocytic
vacuole known as phagosome matures by fusing with lysosomes
(12, 13). In this review, we will summarize the current research
on phagocytosis of ACs in D. melanogaster, and which signaling
pathways regulate this process, thereby giving a systematic and
general overview of this process.

SIGNALING BY ACs IN PHAGOCYTOSIS

Apoptotic cells generated by programmed cell death or physical
wounds are quickly and silently removed, to maintain tissue
homeostasis or prevent auto-inflammatory responses (14, 15).
Once cells begin to undergo apoptosis, cell death pathway is acti-
vated, and they release multiple signaling to recruit phagocytes,
which contains three steps: the release of “find me” signals, the
presentation of “eat me” signals, and the removal of “don’t eat
me” signals (16).

At the beginning of cell death, “Find me” signals are released
from ACs to promote the migration of phagocytes to ACs. Lauber
firstly identified lysophosphatidylcholine (LPC) as a “find me”
signal, which is released from ACs in a caspase-3-dependent
manner. They furthermore showed that the activation of calcium-
independent phospholipase A2 by caspase cleavage contributed
to the release of LPC (17). Two other molecules, sphingosine-
1-phosphate produced by sphingosine kinase in a caspase-
dependent manner, and CX3CL1/fractalkine synthesized as a
membrane-associated protein, have also been proposed to act as
“find me” signals (18, 19). ATP and UTP that are released from
ACs in a caspase-dependent manner have also recently been
shown to act as “find me” signals for phagocytes (20). Whether
these proposed “find me” signals are redundant or synergistic
remains to be studied. Little evidence has shown that “find me”
signals exist in Drosophila, but previous study revealed that H,O,
may be the immediate damage signal essential for the recruit-
ment of hemocytes to wound regions in Drosophila embryos (21).
Further research (22) found that Src42A-Draper-Shark signaling
was important to recruitment of hemocytes by responding to
wound-induced H,O, in Drosophila embryos, which indicated
that H,O, may be Drosophila “find me” signal and Draper is
responsible for the signal recognition. However, more evidence
needs to be explored to verify this hypothesis.

“Don’t eat me” signals (also known as self-associated molecular
patterns) exist on healthy cells, playing inhibitory roles to prevent
to be engulfed by phagocytes. Some examples of “don’t eat me”
signals include CD31, CD46, and CD47 in mammals (23).

“Eat me” signals are ligands, which can bind to engulfment
receptors by moving to the surface of ACs. Engulfment receptors
recognize and bind either directly to the apoptotic “eat me” signal,
or through bridging molecules that bind the “eat me” signal. The
best-studied and evolutionarily conserved “eat me” signal reported
in human, Drosophila, and C. elegans is phosphatidylserine (PS)
(24), a phospholipid exposed on the surface of ACs (25, 26).
PS is a plasma membrane (PM) aminophospholipid maintained
on the inner leaflet of live cells through aminophospholipid
translocase activity (27, 28). After cell induced by apoptosis,
aminophospholipid translocase is inactivated while a scramblase

is activated to induce PS exposed to the cell surface in an ATP-
independent manner (28). A recent study has shown that ACs
can generate molecular memory in macrophages, priming them
to recognize tissue wounds or microbes (29). This subsequently
causes macrophages to produce pro-inflammatory signals and
boost the innate response at sites associated with extensive AC
death in Drosophila (29).

ENGULFMENT RECEPTORS AND
RELATED SIGNAL PATHWAYS

In Drosophila, there are three cell types reported to function as
phagocytic cells: professional phagocytes—macrophages/hemo-
cytes, glial cells, and non-professional phagocytes—epithelial cells
(30-32). Hemocytes are macrophage-like cells reported to engulf
ACs or dendrite debris during pruning of Drosophila sensory
dendrites (33) and embryogenesis (34). Drosophila glia act much
similar role in engulfing dying cells or degenerating axons of the
nervous system as their counterparts in mammals (35), degenerat-
ing dendrites are primarily cleared by the epidermal epithelia (36).

“Eat me” signals secreted by ACs are recognized by engulf-
ment receptors, which are specifically expressed on the surface
of phagocytic cells. In C. elegans, two seemingly independent
engulfment signaling pathways have been genetically identified,
which share similar functions both in fly and mouse, indicating
that the process of ACs clearance is evolutionarily conserved.
CED-1, a conserved transmembrane receptor protein, Draper in
fly, MEGF10 in mouse, which have similar function in recogniz-
ing ACs, transducts the phagocytotic signal through its adaptor
protein CED-6 (dCed-6 in fly, GULP in mouse) to regulate down-
stream effectors (37, 38). The CED-2, -5, -10, and -12 signaling
pathway is believed to act downstream of the PS receptor PSR-1,
a C. elegans homolog of mammalian PSR (39), which relates to
ACs cytoskeletal rearrangements. Some of the abovementioned
genes possess Drosophila counterparts, suggesting that fruitfly
phagocytes share similar pathways to engulf ACs. Meanwhile,
Drosophila has its own engulfment receptor, yet a more detailed
mechanism remains to be unveiled in Drosophila.

Croquemort

In 1996, Franc and colleagues cloned the first Drosophila engulf-
ment receptor on embryonic macrophages, Croquemort (Crq),
which shares 23% identity with human CD36. In mammals, CD36
act as a scavenger receptor engulfing ACs (40) and regulates the
host inflammatory responses (41, 42). Crq expresses specifically
on Drosophila plasmatocytes, which become macrophages as
they encounter ACs from late stage 11 of embryogenesis (43).
Using AC-labeling and Crq immunostaining experiments, Crq
was shown to be required for efficient phagocytosis of ACs, which
was also confirmed in vivo (34). Crq is structurally unrelated to
either CED-1 or PSR-1 (34), and how it promotes phagocytosis,
including the identity of its ligand, is still unknown (44).

In addition to macrophages clearing ACs during embryo-
genesis, epithelial cells are responsible for prompt clearance of
degenerating neurites to maintain tissue homeostasis and prevent
inflammatory responses during development (36). Knocking out
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crq results in AC clearance defects by macrophages; however, it
has no effect on engulfment of dendrites in epithelia. Further
studies showed that crq was required for phagosome matura-
tion during this process, while loss-of-function of crq leads to
homotypic phagosome fusion defect, though it is not necessary
for phagosomes to progress through the Rab7* positive stage (43).
Besides, recent research revealed that crqg mutant flies are suscep-
tible to environmental microbes and infection, and that Crq is
required for engulfment of bacteria in parallel to the Toll and Imd
pathways, which play key roles in the innate immune system (45).

Draper

Freeman and colleagues first identified the homolog of CED-1 in
Drosophila, named Draper (Drpr), which strongly expressed on
glial and macrophage membranes, and found that it was required
for the engulfment of apoptotic neurons and for larval locomotion
(35). Similar to CED-1 in nematode and MEGF10 in human, Drpr
encodes 15 extracellular atypical EGF repeats, a single transmem-
brane domain, and a novel intracellular domain (35). Manaka
and colleagues confirmed the role of Drpr in glia and hemocytes/
macrophages, showing that it plays a role in the phagocytosis of
ACs (44), suggesting that the Drpr pathway plays similar role
in Drosophila as the ced-1/6/7 pathway in C. elegans. Glial cells
expressing Drpr are essential for the pruning of Drosophila mush-
room body y neurons, Awasaki et al. detected that Drosophila ced-6
(mouse gulp) expressed in the same glial cells as drpr (46), genetic
evidence showed that drpr and ced-6 played role in engulfing y
neuron axon in the same pathway, meanwhile, the experiment
in vitro confirmed that Ced-6 N-terminal might interact with the
intracellular region of Drpr (47). Different from C. elegans Ced-7,
an ABC transporter, which both expresses in ACs and engulfment
cells for efficient phagocytosis, the homolog in Drosophila, has not
yet been studied. Drosophila Shark, a non-receptor tyrosine kinase
also plays an important role in removing cell corpses or debris
mediated by Drpr through binding to its intracellular domain
(48). The Src family kinase Src42A phosphorylates Drpr to allow
its intracellular domain to interact with Dmel/Ced-6, thus acti-
vating the Drpr pathway and promoting phagocytosis of pruned
axons and degenerating neurons by glial cells (47).

In addition to the Ced-1, -6, and -7 signaling pathway, Ced-2,
-5, -10, and -12 were found to act in a parallel and yet partially
redundant pathway that controls actin cytoskeleton rearrangement
in cell corpse engulfment and cell migration (49). For Drosophila,
although the homologs of CED-2, -5, and -10 correspond to
CG1587, myoblast city, and Rac2, respectively, their function
in ACs clearance has not been deeply studied. The Drosophila
homolog of Ced-12, Dmel/ced-12, was found to be required for
cell clearance in macrophages, function in a genetically distinct
pathway compared with Drpr, which further indicated that the
phagocytosis signal pathways are evolutionary conserved (50).

Integrin

Integrins are conserved heterodimeric transmembrane receptors,
forming by two subunits called a and p (51, 52). The involve-
ment of integrins in phagocytosis of ACs was first described in
mammals (53). Ina-1, an a subunit of C. elegans integrin, was also
reported to participate in cell corpse removal (54). In Drosophila,

there are five - and two P-subunits. Nagaosa and colleagues
found that loss-of-function of Drosophila integrin v results in
reduced levels of AC clearance, while reexpressing v in integrin
Pv-lacking fly hemocytes rescues their phagocytosis-defective
phenotype (55). Flies lacking either integrin fv or Drpr showed
almost the same level of phagocytosis, while loss of these two
receptors further decreased phagocytosis, which indicated that
integrin fv and Drpr act independently. As Drpr was shown to
act upstream of CED-6 and CED-10, the integrin v appears to
act upstream of the other engulfment pathway CED-2-CED-5-
CED-12. However, Crk and Mbec, the Drosophila homologs of C.
elegans CED-2 and CED-5 have not been observed to participate
in the phagocytosis of ACs at least by embryonic hemocytes, thus
the molecular signaling downstream of fv remains unknown
(55). Further research indicated that Drosophila v acts as a
phagocytic receptor to also promote clearance of Staphylococcus
aureus via peptidoglycan binding on this bacterium (56). Another
Drosophila integrin o-subunit, aPS3, also cooperates with fv in
hemocytes and serves as an engulfment receptor for phagocytosis
of ACs and S. aureus (57). In Drosophila ovary, highly polarized
epithelial follicle cells (FCs) can engulf germline debris via their
apical side. Meehan et al. (58) found that integrin heterodimer
aPS3/PPS were apically enriched in engulfing FCs, which are
required for engulfment of ACs by FCs. Thus, integrins are evo-
lutionally conserved receptors that participate in AC clearance.

BRIDGING MOLECULE

Several engulfment receptors have been identified that mediate
phagocytosis of ACs, yet little is known about their precise mech-
anism of action, or whether they cooperate or act alone. Several
moleculeshave been characterized that function upstream of Drpr
to recognize ACs that are considered as “bridging molecules.”

Six-Microns-Under (Simu)

Kurant and colleagues characterized a transmembrane protein
named Simu, which is highly expressed on the surface of glial cells
in the nervous system and macrophages elsewhere (59). Simu acts
upstream of Drpr promote the recognition and engulfment of ACs
(59). It strongly binds to ACs, through its EMILIN-like domain
without membrane anchoring. Furthermore, Kurant and col-
leagues demonstrated that SIMU recognizes and binds PS secreted
on ACs through its N-terminal EMILIN (EMI)-like domain, while
the C-terminal NIM3 and NIM4 repeats regulate Simu affinity
to PS (60). In addition, caspase activity is required for clearance
of ACs by glial cells (60). However, the interaction mechanism
between Simu and Drpr during clearance of ACs remains unclear,
as Kurant and colleagues were failed to detect a directly physical
linkage between Simu and Drpr (59). Thus, it seems likely that
other molecules are required to connect these proteins (61).

Calreticulin (Calr), Pretaporter (Prtp), and
Drosophila Calcium-Binding Protein 1
(DmCaBP1)

Various proteins and lipids from the endoplasmic reticulum
(ER) have also been found to be exposed at the surface of human
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ACs (62). Nakanishi and colleagues identified three ER proteins
acting upstream of Drpr to promote phagocytosis in Drosophila
(63-65). They showed that Drosophila Calr existed at the surface
of living cells and reassigned to form aggregates upon apoptosis
without change of the amount and expression at the cell surface;
and that in a Drosophila mutant strain with reduced level of Calr,
the level of phagocytosis of ACs was about a half of that observed
in wild-type embryos (63). Thus, like PS, Calr is considered as a
marker for phagocytosis of ACs in Drosophila. Through protein
pull-down analysis, Nakanishi isolated an ER protein binding
to the extracellular region of Drpr, with a signal peptide at the
N-terminal and an ER retention motif at the C terminal, named
Prtp. They found that Prpt relocated from ER to cell surface
during apoptosis in Drosophila S2 cells (64), and they further
showed that loss-of-function of prtp leads to reduced level of
AC clearance both by embryonic hemocytes and embryonic glia.
Reexpression of prtp in hemocytes did not rescue this defect
while the ubiquitous expression did, which indicated that Prtp
functions in ACs to promote phagocytes engulfment (64). The
DmCaBP1 is released and externalized from ACs, to bind to the
extracellular region of Drpr (65). Loss of either prtp or DmCaBP1
led to a reduced level of AC clearance in Drosophila embryos,
but the double mutant did not cause a further decreased in
phagocytosis, which indicated that they act in the same pathway.
As apoptosis induced, DmCaBP1 is externalized from ACs and
serves as a bridging molecule to connect ACs and phagocytes,
promoting efficient and timely phagocytosis to occur.

E3, UBIQUITIN PROTEASOME PATHWAY

By screening for genes required for efficient phagocytosis of ACs
in Drosophila macrophages in vivo, Silva and colleagues identi-
fied pallbearer (pall), which encodes an F-box protein (66). F-box
proteins are generally part of Skp/Cullin/F-box (SCF) complexes
that act as E3 ligases targeting phosphorylated proteins to ubiq-
uitylation and degradation via the 26S proteasome (67). In addi-
tion to F-box protein, the SCF complexes contain three constant
polypeptides—Skp1, Cullinl (Cull), and Rbx1, which have their
counterparts in Drosophila. In Drosophila, six Skp proteins have
been identified; and only SkpA strongly expressed in the embryos
(68), and Bocca reported that SkpA and Rbx1 interact with Lin19
(dCull) respectively (69). Silva and colleagues showed that Pall
physically interacts with SkpA via its F-box domain, the loss func-
tion of either Lin19 or SkpA resulted in phagocytosis-defective
phenotype, which indicated that they constitute complexes to
promote phagocytosis of ACs (66). Xiao and colleagues then
identified one substrate of the Pall-SCF complex, namely, the
ribosomal protein S6 (Rps6) (70). The F-box protein Pall interacts
with phosphorylated Rps6, which induces its ubiquitination and
degradation via the 26S proteasome pathway (70). As a conse-
quence, Xiao and colleagues further showed that the Rac2 small
GTPase was upregulated and activated, triggering actin cytoskel-
eton rearrangement and thus promoting the clearance of ACs
(70). They also showed that Pall translocates from the nucleus to
the cytoplasm upon AC exposure (70). However, the AC signal
and molecular pathway that leads to Pall nuclear export has not
yet been identified. Furthermore, the nature of the kinase that

phosphorylates Rps6 upstream of its physical interaction with
Pall and how the degradation of phosphorylated RpS6 results in
higher levels and activation of Rac2 remain to be deciphered.

CALCIUM SIGNALING

Calcium signaling is a second messenger, which participates
in a number of cellular processes (71). Studies have identified
several Ca?* signaling genes that are required for AC removal in
Drosophila. Cuttell and colleagues identified Undertaker (Uta)
(also known asretinophilin), a Drosophila protein with membrane
occupational recognition nexus repeats related to Junctophilin-
like proteins, as required for Drpr-mediated phagocytosis (72).
Junctophilins form junctional complexes between the PM and the
ER or sarcoplasmic reticulum (SR) Ca?" storage compartments
that allow for cross talk between Ca®* channels at the PM and the
ER/SR Ca*" channels (73). Cuttell and colleagues showed that
the Drosophila ryanodine receptor, Rya-r44F a Ca** channel on
the ER membrane, also plays role in phagocytosis of ACs medi-
ated by the Drpr pathway (71). They found that uta genetically
interacts with rya-r44F upstream of the Drpr and Dmel/Ced-6
pathway to activate their downstream signaling cascade for
efficient phagocytosis of ACs (72). Thus presumably, Uta forms
junctional complexes between the PM and the ER to trigger
the release of Ca?* from the ER/SR compartment via Rya-R44F.
Conversely, they showed that drpr and Dmel/ced-6 are required
for store-operated calcium entry (SOCE) via Stim and Orai
(71). Thus, signaling downstream of Drpr and Dmel/Ced-6 may
promote and/or maintain Uta-mediated junctional complexes,
consequently mediating ER Ca?* release to SOCE via Stim and
Orai. It appears that Ca’* functions in Drpr signaling downstream
during both recognition and internalization of ACs, and Uta plays
acentral roleboth in Ca** homeostasis and phagocytosis. A similar
link between Ca*" homeostasis and AC clearance has been found
in mammalian systems and C. elegans (74). Interestingly, a novel
mechanism has been found by Weavers that Drosophila embry-
onic macrophages generate a memory after the uptake of ACs,
priming them to detect tissue damage or infections. Engulfment
of ACs associates with calcium bursts, increasing Drpr expres-
sion, which is important for the macrophages to rapidly respond
and migrate to subsequent injury or infections (29).

CROSS TALK WITH INNATE IMMUNE
RESPONSE

As phagocytosis is crucial for the normal development, it also
plays important role in the immune response for the removal
of ACs and pathogens (3, 24). The mechanisms that mediate
phagocytosis of bacteria and how it interacts with other innate
immune responses defense remain elusive. Hashimoto and col-
leagues showed that Drpr promotes phagocytosis of S. aureus,
and drpr mutant flies show reduced resistance to a septic infection
with S. aureus (75). ltaS encodes an enzyme responsible for the
synthesis of lipoteichoic acid in S. aureus that acts as a ligand
for Drpr in phagocytosis of S. aureus by Drosophila hemocytes.
The integrin fv subunit promotes phagocytosis of S. aureus by
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FIGURE 1 | Overview of corpse recognition and disposal in Drosophila. Key components positioned according to their roles in corpse recognition, internalization,
and processing. Some important questions are also indicated. Three engulfment receptors located at the plasma membrane. CRQ (Croquemort), a membrane
two-path protein, expressed mainly in the macrophages and its ligand and downstream have not studied clearly; Draper (Ced-1), a membrane single-path protein,
expressed mainly in glia of CNS and hemocytes, with its ligands are shown in this figure, phosphorylated Draper interact with Ced-6 thus elevates Jun N-terminal
kinase (UNK) signal and maintain Ca* homeostasis; JNK promotes Drpr enrichment both in glia and follicular epithelia (under Ced-12 activation). Integrins, a
heterodimer protein, function in epithelial follicle cells and hemocytes to engulf cell corpses. The solid arrows mean the relationship between two proteins; the dotted
arrows mean the molecular mechanism linking two pathways or proteins unknown. The purple circles with “P” in them mean phosphate groups. The orange circles
with “AC” in them mean apoptotic cells; the rectangle outlined by blue lines means engulfment cells; different proteins or molecules are represented by colored

shapes as shown in this figure.

binding to peptidoglycan of this bacterium (56), and the integrin
aPS3 subunit cooperates with fv in this process (57). Guillou
and colleagues showed that crq defective mutant flies appeared
to be more susceptible to environmental microbes both during
development and at adulthood, they further demonstrated that
crq is required for microbial phagocytosis (45). Interestingly,
AC clearance by Drosophila macrophages appears essential in
priming these cells to respond to subsequent microbial infections
in vivo (29). Macrophages that have not engulfed ACs fail to take
up E. coli, while those that have previously engulfed ACs can
recognize and take up E. coli, ultimately mediating the bacterium
phagosomal degradation (29).

JUN N-TERMINAL KINASE (JNK)
PATHWAY

After recognition of ACs by macrophages and epithelial cells in
mammals, the stress-activated MAP kinases JNK and p38 are
activated at the early stage (76, 77). In Drosophila imaginal epithe-
lia, normal imaginal cells exert an antitumor effect as oncogenic
cells emerged to eliminate them (78). Ohsawa et al. revealed that
the antitumor effect from surrounding cells was mediated by
the activated JNK signaling, thus promoting the elimination of
premalignant neighbors by engulfment (79). In Drosophila ovary,

dying germline cells are cleared by neighbor follicular epithelia,
which required Drpr signal pathway and activated JNK signal (80).
During this process, Drpr acts upstream to activate JNK pathway,
but another regulator exists to activate JNK pathway, which has
not been studied. Their results suggested that the dying germline
activates Drpr-JNK pathway, then JNK activity feeds back to
increase Drpr expression in engulfing cells, which seem to be a
circuit. Interestingly, although Ced-12 was showed to promote
AC clearance in an independent pathway compared with Drpr,
in Drosophila ovary, Timmons et al. (81) found that Ced-12 act
upstream of JNK, which can to increase Drpr expression, similar to
described earlier in Drosophila glia. As mentioned previously, glial
cells play an important role in removing ACs during Drosophila
embryonic development, neuronal pruning, and axonal degenera-
tion (47, 59). Shklover showed that excess activation of JNK signal-
ing in Drosophila embryonic glial cells does not affect the levels of
Simu and Drpr expression but still promotes their apoptotic death
and upregulates their phagocytic capacity by glial cells (82). As
mentioned earlier, JNK signaling in follicular epithelia upregulates
expression of Drpr, indicating that the phagocytosis induced by
JNK signal may be tissue-specific. Recently, research showed that
Drosophila glia upregulate their basal ability after neuronal injury,
to phagocytosis through activation of the JNK pathway, which
leads to the elevation of DRPR level (80, 83).
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As mentioned previously, Weavers and colleagues proposed
that ACs generate a molecular memory within macrophages,
priming them to repair tissue damage and fight infection (29). They
showed that JNK signaling is essential for macrophage detection of
tissue damage and bacteria, as the uptake of ACs triggers calcium
bursts in macrophages that induce JNK activation and signaling,
ultimately leading to Drpr upregulation of expression (29).

CONCLUSION

Efficient and proper corpse clearance is important to maintain
normal growth and prevent inappropriate inflammatory response,
defective clearance of ACs often bring forth various diseases, such
as autoimmune diseases, neurodegeneration, atherosclerosis, and
Alzheimer’s disease. As AC clearance pathways were conserved
from invertebrate to mammals, the typical pathways—ced-1, -6,
-7,and ced-2, -5, -10, and -12, most-studied in worms or in mam-
mals, also exist in flies. Over the past few decades, researchers
have unveiled some of the molecular mechanisms of AC clear-
ance in Drosophila. The process is outlined in Figure 1. However,
multiple important questions concerning clearance mechanisms
remain to be answered, and more detailed mechanisms remain
to be explored. How does Crq recognize ACs and what is the
ligand of Crq? Are there other engulfment receptors or regula-
tors required for phagocytosis of ACs in Drosophila? How is Crq
expression regulated by ACs? How does the translocation of Pall
from nucleus to cytoplasm happen and which pathway regulates
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Toxic substances and microbial or food-derived antigens continuously challenge the
liver, which is tasked with their safe neutralization. This vital organ is also important for
the removal of apoptotic immune cells during inflammation and has been previously
described as a “graveyard” for dying lymphocytes. The clearance of apoptotic and
necrotic cells is known as efferocytosis and is a critical liver function to maintain tissue
homeostasis. Much of the research into this form of immunological control has focused
on Kupffer cells, the liver-resident macrophages. However, hepatocytes (and other liver
resident cells) are competent efferocytes and comprise 80% of the liver mass. Little is
known regarding the mechanisms of apoptotic and necrotic cell capture by epithelia,
which lack key receptors that mediate phagocytosis in macrophages. Herein, we dis-
cuss recent developments that increased our understanding of efferocytosis in tissues,
with a special focus on the liver parenchyma. We discuss the impact of efferocytosis in
health and in inflammation, highlighting the role of phagocytic epithelia.
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KEY POINTS

o Efferocytosis is a vital process in tissues that can be carried out by multiple cell types, including
blood derived and tissue resident phagocytes.

 Hepatocytes are competent efferocytes and play an important role in the clearance of dead cells in
health and in inflammation.

o Epithelial cell efferocytosis is understudied and involves distinct mechanisms to professional
phagocytes.

o Defects in efferocytosis have been linked to diseases such as autoimmunity, failure to prevent
metastasis, failure to limit infection.

 Understanding molecular mechanisms of efferocytosis may reveal new pathways for therapeutic
intervention to alleviate inflammation.

EFFEROCYTOSIS IN THE LIVER

Efferocytosis, the clearance of dead and dying cells, is important to prevent tissue damage and
promote the resolution of inflammation (1). The liver has evolved into an expert in defusing
biochemical threats emanating from food or microbial antigens, which reach the organ along with
75% of its blood supply that arrives through venous blood from the gut. Hepatocytes comprise
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80% of liver cells and constitute the biochemical powerhouses
of the liver parenchyma, and as a result they often perish in
their duties to absorb toxic substances. To cope with loss of
hepatic epithelia, the liver has evolved the remarkable ability
to regenerate.

To perform their detoxification roles, hepatocytes are stra-
tegically organized roughly into two hepatocyte-thick cords,
flanked by a thin layer of fenestrated endothelia (Figure 1).
Nutrient-rich blood enters the liver via the portal vein and
oxygen-rich blood via the hepatic artery, which, together with
a bile duct, form the liver portal triad (Figure 1A). Blood from
both sources mixes in the specialized hepatic capillaries termed
sinusoids, and drains toward the central vein. Hepatocytes
near the portal triads (designated zone 1) can be damaged by
the inflammatory infiltrate during interface hepatitis, when
immune cells cross the sinusoidal endothelia and reach the
parenchyma. Zone 2 is found mid-distance from a portal triad
and the draining central vein (zone 3). Periportal hepatocytes

Liver Architecture

1. Portal Triad
2. Parenchyma
3. Central Vein

P Hepatocyte cords
[> Sinusoidal spaces

> Endothelia

Hepatocytes
Parenchyma = Stellate cells
o Monocytes/md
| Sinusoid & Dendritic cells
Kupffer cells
Parenchyma @ Neutrophils

FIGURE 1 | Organization of liver-resident and recirculating efferocytes.

(A) Hepatocytes are spread over three zones, exposed to different levels

of oxygen and nutrients. Hepatocytes in zone 1 proximal to the portal triad
(portal vein, hepatic artery, bile duct) have access to arterial and venous
blood entering the liver through the circulation. Hepatocytes in zone 3 have
less access to oxygen and nutrients and are exposed to blood draining into
the central vein. Hematoxylin-eosin stain, scale bar represents 50 pm. (B) A
plethora of liver resident and recirculating cells are able to engulf apoptotic
and necrotic cells and clear them to maintain tissue homeostasis. Kupffer
cells, monocytes and macrophages (m¢) are the best-characterized
efferocytes in the liver.

near zone 1 have access to oxygenated blood from the hepatic
artery, and nutrients from the portal blood supply that arrives
from the gut. Oxygen and nutrient levels reduce toward the
central vein and hepatocytes in zone 3 are found in hypoxic
conditions. Fenestrations in the sinusoids allow hepatocytes
access to solutes and immune cells reaching through the fen-
estrations from the circulation (2, 3), but prevent unregulated
migration of immune cells to the parenchyma (4).

Cells that perish in the sinusoidal spaces are cleared by cir-
culating phagocytes (monocytes, dendritic cells, neutrophils),
liver-resident macrophages termed Kupffer cells, and by sinu-
soidal endothelia (Figure 1B). The best-characterized liver
efferocytes are macrophages, both those derived from mono-
cytes infiltrating from the circulation, and the self-renewing
populations of Kupffer cells. It is understood that professional
phagocytes are activated during injury and adapt their pheno-
type following the encounter of cellular debris, danger signals,
and soluble mediators of the inflammatory milieu. The critical
role of liver macrophages including Kupffer cells in the ebb
and flow of inflammation was recently reviewed by Tacke’s
group (5, 6).

Activated hepatic stellate cells can also engulf apoptotic
hepatocytes, which in turn lead to increases in tumor growth
factor-f (TGF-P) secretion (7). Biliary epithelial cells (BECs)
also take part in efferocytosis of neighboring apoptotic cells;
an important adaptation for diseases associated with increased
BEC apoptosis such as primary biliary cholangitis (8). The
phagocytic activity of hepatocytes was noted in 1992 (9).
Hepatocyte efferocytosis assists in parenchymal housekeep-
ing to rapidly dispose of cell remnants and prevent excessive
inflammation.

Hepatocyte death from biochemical toxicity (necrosis)
occurs in health as part of normal homeostasis, however,
liver damage is exacerbated in infection or in alcoholic, drug
or ischemia-induced liver injury where large areas of necrotic
lesions are evident (Figure 2). Acute-on-chronic liver failure
is a syndrome associated with exacerbation of hepatitis B
infection (HBV) and characterized by broad areas of hepatic
necrosis in cirrhotic patients (Figure 2A). Lymphocyte infiltra-
tion is often seen in the parenchyma in chronic liver diseases.
Crispe and others have elegantly put forward the “graveyard
theory” where the liver is primary site for the disposal of
spent immune cells (10). Figure 2B shows hepatic epithelia
in the process of engulfing immune cells that have perished
in the parenchyma, and this is seen predominantly near the
portal regions. Conversely, in cases of acute liver injury such
as paracetamol overdose (POD), hepatocyte necrosis due to
loss of ATP is noted around the centrilobular regions (zone 3,
Figure 2C). Histological features of necrotic hepatocytes include
eosinophilic degradation and pyknotic nuclei, which are readily
detectable by hematoxylin-eosin staining (inset, Figure 2C).

Hepatocytes also clear away cells that have triggered the mole-
cular cascade of events of programmed cell death (apoptosis)
(Figures 2B,D), but can actively destroy live autoreactive immune
cells by direct engulfment as noted for CD8* T cells undergoing
suicidal emperipolesis (11). Immune cell death and liver dam-
age are exacerbated in chronic liver inflammation of multiple
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FIGURE 2 | Hepatocytes engulf necrotic and apoptotic cells in acute-on-chronic liver injury caused by hepatitis B infection (HBV) and in paracetamol injury (POD).
(A) Hematoxylin—eosin staining of acute-on-chronic liver injury in a patient with HBV infection. Large areas of hepatocyte necrosis are evident. Inset image shows
dark stained hepatocyte nuclei in live hepatocytes (L) and pyknotic or karyolytic nuclei in necrotic hepatocytes (N). (B) Healthy hepatocytes with clearly marked
nuclei are seen phagocytosing small apoptotic cells (arrows). Note hepatocyte invaginations which have formed to enable capture of apoptotic cells.

(C) Hematoxylin-eosin staining of liver with paracetamol-induced injury, which causes centrilobular necrosis. Inset shows pink cytoplasm in necrotic hepatocytes
(N) compared to surviving non-discolored hepatocytes with clearly defined nuclei (L). (D) /n situ end labeling (ISEL) of apoptotic cell nuclei is seen here in pink, in
a liver with ischemia-reperfusion injury. The marked hepatocyte has a non-apoptotic nucleus seen in blue, and has engulfed an apoptotic cell with a pink nucleus.
Neighboring apoptotic hepatocytes can be seen with pink nuclei, and non-apoptotic cells with blue nuclei. The bars show 20 pm.

etiologies, including autoimmune, metabolic, viral, and genetic
diseases (12, 13). The rapid processing of dead and dying cells is
vital to moderate inflammation (12, 14, 15).

It is remarkable how little we know about the molecular
mechanisms that govern the ability of the largest internal organ
in the body to mediate the clearance of damaged or dying cells,
given that this is one of the liver’s major functions. Herein, we
bring together research on hepatocyte efferocytosis and place it
into context with current molecular knowledge on the clearance
of dead cells by immune phagocytes.

CLEARANCE OF APOPTOTIC AND
NECROTIC CELLS

Cells die through a wide array of processes, each situational and
requiring their own dedicated cascade of signaling events. The
most frequent forms of cell death are attributed to apoptosis or
necrosis. Apoptosis, an active form of programmed cell death,
is characterized by the initiation of specific inducible pathways
(16, 17). This includes the extrinsic pathway; the engagement of
extracellular signals, including Fas ligand (FasL) (18) and tumor
necrosis factor family cytokines (TNF) (19), amongst others,
to their respective death receptors which initiates intracellular
death signaling. Apoptosis can also be triggered intrinsically;
certain signals, such as a lack of growth factors, endoplasmic
reticulum stress or DNA damage, can induce a shift in expression
of Bcl-2 family mitochondrial proteins (20). Increased activity of
proapoptotic proteins lead to cytochrome C release and caspase
9 activation. Apoptosis pathways result in the activation of effec-
tor caspases (3, 6, and 7), which in turn begin to proteolytically
degrade the cell's components. Apoptotic cells are generally

smaller than live cells and can be identified by the formation of
surface blebs (16).

Necrosis is considered a passive, unprogrammed type of
cell death and is often incurred accidentally, although active
mechanisms of necrosis have also been reported (21). While
multiple mechanisms can induce necrosis, the major causes
are attributed to compromising of the plasma membrane, or
depletion of energy (22). Furthermore, apoptotic cells can be
converted to necrotic cells (also known as secondary necrosis)
if ATP levels fall below the quantity required to complete the
active apoptotic process (23). The appearance of necrotic cells is
often swollen with disrupted organelle and plasma membranes
(24). The nucleus is often broken down and will be unstained
by hematoxylin (Figure 2). As necrosis often occurs in areas of
tissues, rather than the single cell death hallmark of apoptosis,
often multiple necrotic cells can be identified in one area. Due
to their lack of integrity, necrotic cells will often form cell debris,
which can induce liver damage if not cleared swiftly, as we dis-
cuss in later sections.

Upon the death of a cell, its corpse must be cleared through
efferocytosis. This is a specialist form of phagocytosis, whereby
fragments of the dying cells are engulfed by other cells, which
in turn degrade and recycle their components. Although both
apoptotic and necrotic cells are often captured by the same
efferocytes, each are recognized through different means and
yield differing response in the predatory cell (25). Apoptotic
cells are most commonly recognized through the display of the
phospholipid phosphatidylserine (PtdSer) on the outer leaf of
the plasma membrane that can be recognized by many recep-
tors [phosphatidylserine receptors (PSRs)] directly (26) or via
association with low-density lipoprotein (27, 28). Of note, in a rat
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liver model, it was shown that recognition of apoptotic cells from
mice or humans was reduced compared to rat cells; it is therefore
possible that species-specific recognition molecules can mediate
efferocytosis (29).

A phenotypic aspect of apoptotic cells is that, although
shriveled, the cell remains intact as a singular body. This allows
for a clean removal of the dying cells by efferocytes, usually
without provoking an inflammatory response. How intact
a necrotic cell remains is reflected through the manner in
which cell death was induced. As such, multiple modalities for
necrotic cell recognition are necessary to guarantee their clear-
ance. Some reports have suggested that necrotic cells can also be
recognized by PSRs (30). However, due to the lack of integrity
of most necrotic cells, they are often recognized through mol-
ecules exposed by necrotic death (25). The same mechanisms
are also used to detect pathogens. For example, complement
receptors and Fc receptors detect opsonized necrotic cells, and
this recognition can trigger signaling events that activate the
phagocyte (31-35). As such, necrotic cells are engulfed through
the detection of autoantigens, which often increases the risk
for autoimmune disease. Necrotic cells can also be indirectly
recognized through opsonin engagement of other cellular com-
ponents. For example, ficolin-2 and -3 have been shown to bind
DNA, facilitating the clearance of late-apoptotic/necrotic cells
through interactions with calreticulin (33, 36). A ubiquitous
mechanism for clearance of necrotic cells remains uncertain.

The differences between recognition, and thus further down-
stream signaling of apoptotic and necrotic cells, result in conversing
consequences for the efferocyte (37). Apoptotic cell clear-
ance generally leads to the production of anti-inflammatory
stimuli and pro-resolution signals for inflammation such as
interleukin 10 (IL-10) and TGF-p (38). Conversely, necrotic
clearance generally results in pro-inflammatory signaling, as

many of the recognition receptors are also required for pathogen
recognition. In the liver, the signals associated with hepatocyte
death were recently reviewed by Brenner and colleagues (39).
In this work the importance of the extent and duration of dead
cell accumulation was highlighted, as mild and localized cell
death can aid regeneration and exert hepatoprotective effects.
Equally, prolonged and wide-spread cell death can exacerbate
liver injury.

EXPERIMENTAL SYSTEMS TO STUDY
EFFEROCYTOSIS

Multiple techniques have been described for both in vivo
and in vitro studies of efferocytosis. Fluorescent dye-labeled
efferocytes can be “fed” alternatively labeled dead cells under
varying conditions and time courses. Early apoptosis can be
confirmed by Annexin V labeling of the cell surface as it binds
directly to PtdSer, although care must be taken when studying
certain activated cell types or using calcium-sensitive protocols
(40). Later stages of apoptosis or necrosis are often confirmed
with cell impermeable DNA dyes such as 7AAD or TOPRO-3
iodide, which can enter cells once the membrane is compro-
mised. Combined labeling with Annexin V and a membrane-
impermeable DNA label was developed to identify the stages
of apoptotic cells in more detail (41). Cells can then be assessed
by flow cytometry, or imaged by fluorescent microscopy.
Complete internalization of dead cells can be confirmed by lack
of access to membrane dyes added to the culture media (such as
CellMask Plasma Membrane Stains, Thermo Fisher Scientific)
or demonstration of efferosome acidification using pH indicator
dyes (Figure 3). Quantitative analyses by confocal and time-
lapse microscopy can be useful to determine the frequency and
kinetic of efferocytosis in vitro.

as 3 hours following engulfment. The scale bar indicates 5 um.

FIGURE 3 | Visualizing efferocytosis by confocal microscopy. Hepatic epithelia were cocultured with violet-labeled staurosporin-treated apoptotic Jurkat T cells in
the presence of pHrodo red, which only fluoresces in conditions of low pH (Thermo Fisher Scientific). CellMask Plasma Membrane stain was added to the culture
media to label all exposed cell membranes before imaging. (A) Non-internalized apoptotic cells (blue) attached to hepatocytes were labeled by CellMask Plasma

Membrane in white, and they were not labeled by pHrodo red dye (white arrow). (B) Internalized dead cells were not accessible to the membrane dye, confirming
internalization (yellow arrow). Complete internalization into an acidic compartment was confirmed by pHrodo red, which detected efferosome acidification as early
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Fluorescent labeling of dead cells and efferocytes may also
be adapted for flow cytometry-based studies, whereby double-
positive cells represent efferocytes containing cargo. This form of
analysis has been used to study the clearance of neuraminidase-
treated red blood cells in mice (42). Other studies opt to analyze
efferocytosis using downstream secreted molecules as proxy to
utilize alternative techniques such as reporter assays. The capacity
of Scavenger Receptor Class F Member 1 (SCARF1) to act as a
dead-cell receptor on transfected HEK293T cells, for example, was
confirmed using IL-8 mRNA production as a marker of NF-kB
activation following apoptotic and necrotic cell efferocytosis (43).

Efferocytosis is not often as straightforward to detect in vivo.
Fluorescent labeling can enable temporal measurements in
mouse models by intravital imaging of the liver (44), but the
technique remains to be adapted successfully for use in human
tissues ex vivo. Molecular markers of cell death for use with fixed
tissue are often important for the confirmation of efferocytosis.
Caspase 3/7 activation or their effects can be measured to
delineate apoptotic bodies by immunohistochemistry (IHC) or
immunofluorescence (IF) (45). DNA end-labeling is frequently
used to confirm the death of cells in tissues. End-labeling
involves the addition of labeled nucleotides to DNA breaks
induced throughout multiple modalities of death, using a DNA
polymerase. This was historically used for in situ end labeling
(ISEL) of fixed tissue sections as part of IHC chromagen stain-
ing (Figure 2D) (46). This was then adapted for the creation of
terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling (TUNEL) (47) which substitutes a polymerase for TdT.
This adaptation allows for the use of many different modified
forms of labeled nucleotides (often dUTP), such as non-reactive
protein tags or fluorophores. TUNEL staining has been altered
to specifically identify cells in late-stage apoptosis.

Further stains for cell membrane proteins or specific nucleic
proteins can be used to determine complete engulfment of dead
cells. Many of these techniques were exemplified in a recent study
of macrophage/monocyte efferocytosis in models of acute liver
injury (48). In this work, Antoniades and colleagues studied the
mechanism of resolution of liver inflammation through apoptotic
cell clearance by macrophages/monocytes via Mer tyrosine kinase
receptor (MerTK). Staining for myeloperoxidase (activated neu-
trophils) combined with TUNEL allowed for the identification
of apoptotic neutrophils in human liver, both through IHC and
IF staining. Additionally, fluorescent monocytes were cocultured
in vitro with alternatively fluorescent apoptotic hepatic cells or
neutrophils. The ability of these monocytes to clear apoptotic
cells was then assessed through fluorescent microscopy and flow
cytometry. Both techniques were used to show the increased
capacity of monocytes for dead cell clearance following stimula-
tion with secretory leukocyte protease inhibitor.

THE MECHANISM OF DEAD CELL
CAPTURE BY PROFESSIONAL AND
NON-PROFESSIONAL EFFEROCYTES

Phagocytes express several receptors to recognize and sub-
sequently clear dying cells from the tissues (49-51). In the

case of professional phagocytes (e.g., macrophages) multiple
apoptotic and necrotic cell receptors have been character-
ized and these remain relevant in the liver (37, 52) (Table 1).
First described in 1992, it is now widely accepted that apoptotic
cells are recognized through their expression of PtdSer on the
outer leaf of the plasma membrane (53, 54). Several receptors
directly recognize PtdSer, many of which are expressed by profes-
sional phagocytes (55). These include stabilin-1, stabilin-2, brain-
specific angiogenesis inhibitor 1 (BAI1), and RAGE, as well as the
TIM family of transmembrane glycoproteins, including TIM-1,
-3, and -4 (56-61). Mammary, alveolar and mesangial epithelia
recognize apoptotic cells via the PSR, CD36, the vitronectin
receptor avP3, and CD91 (62-64). Of note, molecules that bind
PtdSer such as high-mobility group box 1 (HMGB1) can also
downregulate apoptotic cell clearance (65, 66).

It is common for PtdSer to be recognized in complex with
certain bridging molecules. Some of the most well-studied PtdSer
receptors, the TAM tyrosine kinases (Tyro3, Axl, and MerTK)
work in this manner (102); notably, hepatocytes express Axl but
not Tyro3 or MerTK (103). The earliest known examples of these
are Gas6 and Protein S (104, 105). Gas6 is universally recognized
by TAM receptors, whereas Protein S, which is expressed in
hepatocytes, is not recognized by Axl. Similarly, integrins avf3
and avp5 have been shown to promote efferocytosis through the
recognition of PtdSer in complex with lactadherin, also known as
milk fat globule EGF factor 8 (MFG-E8) (67, 68, 106).

The entirety of apoptotic cell recognition does not lie with the
detection of PtdSer expression. It was shown that Tubby protein
and its relative Tubby-like protein 1 (TuLP1), which do not
bind PtdSer, specifically localize at the surface of apoptotic cells
and could act as TAM receptor bridging molecules in a similar
manner to Gas6, which in turn promoted apoptotic cell clear-
ance (89). All TAM tyrosine kinases recognized TuLP1, whereas
Tubby was exclusively recognized by MerTK on macrophages
and retinal pigment cells. Mechanisms of immune surveillance
and signaling have also been shown to contribute to apoptotic
cell clearance. Components of the complement pathway have
been shown to induce phagocytosis in macrophages and DCs by
opsonizing apoptotic cells, including Clq and C3 (34, 78, 107).
Furthermore, SIGN-R1, a mouse analog of human mannose
receptor DC-SIGN, was shown to bind apoptotic cells and induce
their labeling with C3 and subsequent clearance by marginal zone
macrophages (92).

Recognition of apoptotic cells, although important, is not
sufficient for macrophages to engulf and clear them. Downstream
intracellular signaling is necessary for load-processing follow-
ing capture. An important, highly-conserved signaling pathway
has been described downstream from most common PtdSer-
receptors, involving GTPase Racl and ELMO1-DOCK180 inter-
actions (50). TAM-family molecules, avp5integrinsand BAI1 act
as docks for apoptotic cells, leading to intracellular signaling via
this pathway (108, 109). Upon engagement of an apoptotic cell
by these receptors, DOCK180 is recruited by ELMO1 (110, 111).
In complex, these proteins act as guanine exchange factors,
allowing for Racl activation, which induces necessary cytoskel-
etal arrangements required for complete engulfment of the
prey cell. Stabilin 1 and 2 have also been shown to activate this
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TABLE 1 | Efferocytosis receptors in professional phagocytes and tissue epithelia.

Name Cell type Target Reference
Professional phagocyte receptors (macrophages/dendritic cells)
avp3 integrins Macrophages Lactadherin (MFG-E8)— PtdSer, vitronectin (67-69)
avpb integrins Macrophages Lactadherin (MFG-E8)—PtdSer, vitronectin (67, 69-72)
Dendritic cells
Axl Monocytes/macrophages Gas6-PtdSer, Tubby-like protein 1 (GULP), (73-76)
Protein S
BAI1 (brain-specific angiogenesis inhibitor 1) Macrophages PtdSer (77)
Calrecticulin/CD91 Monocytes, macrophages, neutrophils Complement component C1q (34)
CD11/b/c/CD18 Monocytes, macrophages, neutrophils, Complement component C3bi (78, 79)
human DCs
CD14 Macrophages Phospholipids (not PtdSer-dependent) (80, 81)
CD36 Macrophages Thrombospondin + PtdSer + oxLDLs (82-84)
Clec9a Dendritic cells Necrotic cells, exposed actin filaments (85, 86)
LOX1 Macrophages oxLLDLs—PtdSer (28, 87)
MARCO Macrophages Uncertain (88)
MerTK Monocytes/macrophages Gas6-PtdSer, Tubby, Protein S, Tubby-like (75, 89, 90)
protein 1, Protein S
Phosphatidylserine receptor (PSR) Monocytes/macrophages PtdSer 91)
RAGE (receptor for advanced glycation end Alveolar macrophages PtdSer (60)
products)
SCARF1 Monocytes and dendritic cells Complement component C1q—PtdSer (43)
Scavenger receptor A (SR-A) Macrophages Uncertain (88)
SIGN-R1 (specific intercellular adhesion molecule- Mouse marginal zone macrophages Not confirmed for apoptotic cells (92)
3-grabbing nonintegrin-related 1) (murine)
Stabilin-1 (CLEVER-1) Tissue-specific, alternatively activated PtdSer 61)
macrophages
Stabilin-2 Macrophages PtdSer (57)
TIM-3 (T cell/transmembrane, immunoglobulin, Dendritic cells PtdSer (93)
and mucin 3)
TIM-4 Monocytes/macrophages PtdSer (94)
Tyro3 (sky) Monocytes/macrophages Gas6-PtdSer, Protein S, Tubby-like protein 1, (73-76)
Protein S
Non-professional phagocytes
avp5 integrins Retinal epithelial cells Lactadherin (MFG-E8)-PtdSer (95)
ASGPR (asialoglycoprotein receptor) Hepatocytes asialoglycoprotein (96, 97)
CD36 Retinal Pigment cells PtdSer (98)
KIM-1 (kidney injury molecule 1)/TIM1 T cell/ Injured kidney endothelial cells PtdSer (99)
transmembrane, immunoglobulin, and mucin 1
LOX1 Endothelial cells oxLDLs—PtdSer. Ca**-dependent (28, 100)
MerTK Retinal pigment cells Gas6-PtdSer, Tubby, Protein S, Tubby-like protein (89, 90)
Phosphatidylserine receptor (PSR) Fibroblasts PtdSer 91)
Epithelial cells
T and B lymphocytes (ectopic expression)
SCARF-1 (SREC-1) Endothelial cells Complement component C1q—PtdSer (43)

Stabilin-1 (Clever-1)
Stabilin-2

Human sinusoidal endothelial cells
Human sinusoidal endothelial cells

PtdSer
PtdSer

pathway through the adaptor protein GULP (109, 112, 113).
Completion of apoptotic cell engulfment also commonly
involves the activation of nuclear receptors. Loose nucleotides
released from dying cells commonly act as “eat-me” signals,
and can engage purigenic P2 receptors (P2X and P2Y), lead-
ing to an increased capacity for efferocytosis in macrophages
(114, 115). It was recently shown that liver X receptor (LXR)
was necessary for the capture and processing of apoptotic cells
by macrophages and dendritic cells (116, 117). LXR responds
to oxysterols found in engulfed apoptotic cells. Stimulation
of LXR upregulated MerTK and anti-inflammatory cytokines
IL-10 and TGEF-p, while also leading to the downregulation of
proinflammatory cytokines such as IL-1p, CCL2, and MARCO.

A-Gonzalez and Hidalgo reviewed nuclear receptors and their
role in macrophage efferocytosis recently (118). LXRa medi-
ates fatty acid regulation in hepatocytes (119), but its role in
hepatocyte efferocytosis remains to be determined.
Non-professional phagocytes, such as epithelial cells express
multifunctional scavenger receptors, or molecules that exert
alternative functions in other cell types. For example, TIM-1,
also known as kidney injury molecule 1 (KIM-1), is known to
possess multiple immune functions, including CD4* T-cell and
mast cell activation (59). However, TIM-1 was also upregulated
in kidney epithelia following injury, allowing for a temporary
efferocytic capability (99). Certain cell-exclusive receptors and
modulators associated with apoptotic cell clearance have also
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been described. Apoptotic cell clearance in the liver has been
shown to involve asialoglycoprotein receptor (ASGPR) on
hepatocytes (96). This ASGPR1 and ASGPR2 complex is critical
for receptor-mediated endocytosis of terminally desialylated gly-
coproteins and is restricted to theliver. Autoantibodies to ASGPR
have been found in patients and models of autoimmune hepatitis
(120-122). Resolvin D1 is also important in liver protection
from ischemia/reperfusion injury, by enhancing efferocytosis by
M2-polarizing macrophages (123). Furthermore, phagocytosis
by retinal pigment cells, although mostly conducted through
MerTK, was shown to be increased through recognition of
ATP-binding cassette subfamily F member 1 (ABCF1) released
from apoptotic photoreceptor outer segments (124). Overall,
it appears that although the broad function of recognition and
engulfment of apoptotic cells is conserved throughout many cell
types, multiple mechanisms exist that conduct these processes
across phagocytes, both homo- and heterotypically.

REGULATION OF EFFEROCYTOSIS

External stimuli are pertinent for regulation of dead cell clear-
ance by efferocytosis. As such, “find-me” signals released by
apoptotic cells are often necessary for the guidance of efferocytes
to their prey (53). The best-characterized examples of these are
extracellular nucleotides (115). It was shown that upon caspase
3/7 activation in apoptotic cells, ATP and UTP released from
apoptotic cells could recruit monocytes/macrophages through
recognition by P2Y,. Conversely, molecules with the opposite
effect known as “don’t eat-me” signals have also been described.
CD47 is the most notable, having been shown to provide resist-
ance to clearance by macrophages on malignant cells and more
recently on atherosclerotic plaques (125, 126). Similar “find-
me” signals may be utilized by non-motile phagocytes, which
extend protrusions to collect apoptotic cells for clearance but are
restricted to targets within their tissue niche.

Due to the influence of dying cells on the immune response,
cytokine and growth factor stimulation of both professional
and non-professional phagocytes can regulate their capacity to
clear dead cells. Apoptotic T-cell lymphomas release sphingo-
sine-1-phosphate, a bioactive lipid often involved in immune
cell recruitment, leading to the recruitment of macrophages and
monocytes (127). Similarly, certain chemokines, tasked with
immune cell recruitment have also been shown to increase phago-
cyte recruitment to areas of apoptotic cells. CX5CL1 (fractalkine)
was shown to recruit macrophages to its source, apoptotic Burkitt
lymphoma cells (128).

Multiple cytokines have varying effects on efferocytosis (129).
Most notably, secretion of IL-3 and IL-14 increased efferocytosis
in macrophages through activation of PPAR and increase in
CD36 expression (130, 131). IL-4 has been reported to upregulate
expression of other PtdSer-receptors such as stabilin land 2 (61).
IL-10 and TGF- can also increase efferocytes by macrophages
(132, 133). In contrast, pro-inflammatory cytokines reduce
the capacity for dead cell engulfment: TNF-a has been shown
to inhibit efferocytosis in macrophages (134) and both IFN-y
secretion and receptiveness were reversely correlated with anti-
inflammatory cytokines and receptors including IL-4 and TIM

receptors (59, 129, 135). However, this was not always the case
for these cytokines. Both TNF-a and IFN-y have been shown to
increase LOX-1, which may recognize apoptotic cells by LDL-
labeled PtdSer. Furthermore, IFN-y activation of macrophages,
in the absence of other pro-inflammatory stimuli, was shown to
increase apoptotic uptake (135).

The ability of phagocytes to clear dead cells is also subject
to regulation. This is the result of alterations in gene expres-
sion, which can function as negative feedback following initial
engulfment of dying cells. For example, it has been shown that
macrophages, upon engulfing apoptotic cells can undergo a form
of activation and reprograming (136). As well as skewing the
macrophage to a more anti-inflammatory phenotype, which in
turn promotes inflammatory resolution, both mouse and human
macrophages can upregulate CXCR4 during efferocytosis, which
in turn encourages their recruitment to draining lymph nodes
(137). These macrophages were also shown to subsequently reduce
their efferocytosis capacity. Thus, apoptotic cells can reduce local
levels of efferocytosis as well as promote them.

More recently macrophages were shown to regulate effero-
cytosis in surrounding non-circulating phagocytes, such as
phagocytic airway epithelial cells (138). In response to IL-4 and
IL-13, which are secreted by epithelia and stimulated Th2 cells,
macrophages upregulated secretion of both insulin-like growth
factor 1 (IGF-1) and microvesicles containing anti-inflammatory
signals. Both microvesicles and IGF-1, in turn, fed back to epi-
thelia, causing a reduction of apoptotic cell clearance in favor of
microvesicle uptake.

In the context of the liver, some of the mechanisms described
for the regulation of efferocytosis apply to circulating and
resident macrophages/monocytes. Further, the neuronal guid-
ance protein netrin-1 has been shown to promote resolution of
ischemia/reperfusion injury, in part by increasing the capacity of
Kupffer cells to engulf apoptotic cells (139). The same molecule
was shown to promote liver regeneration (139). In a mouse
model of colon carcinoma metastasis in the liver, intercellular
cell adhesion molecule 1-deficient macrophages cocultured
with tumor cells showed increased efferocytosis dependent on
phosphatidylinositol 3 kinase (140).

Environmental factors can also affect phagocytosis, and
this extends to the clearance of dead cells; studies in human
skin have demonstrated that ethanol can reduce phagocytic
function (141), and there have been reports on increased
phagocytosis in ethanol-fed rats, which was modulated by
diet (142). Hepatocyte phagocytosis of apoptotic cells was
decreased in ethanol-fed rats compared to controls, therefore
the effects of ethanol on efferocytosis may be cell type-
dependent (97). It is unclear whether professional phagocytes
play a role in the regulation of efferocytosis by hepatocytes and
liver endothelial cells.

THE IMPACT OF EFFEROCYTOSIS
BY TISSUE EPITHELIA

Non-professional efferocytes are important throughout all devel-
opmental stages of an organism and can take over the clearance
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of apoptotic cells in the absence of professional phagocytes
(143). This was confirmed in PU.1 knockout mice that lack
macrophages, and the removal of apoptotic cells required for
foot-limb development was instead performed by mesenchymal
cells (144). Non-professional phagocytes therefore contribute to
efferocytosis, even at the earliest stages of development.

Some of the best-studied phagocytic epithelia are bronchial
and alveolar epithelial cells (138, 145, 146). Epithelial cells
lining the respiratory tract make first contact with airborne
allergens such as house dust mite antigens. Subsequent inflam-
matory stimuli, including the recruitment of basophils, mast
cells and lymphocytes, result in epithelial cell injury. Lung
epithelia clear their dying neighbors through PtdSer and
Racl-dependent mechanisms, which can be modified experi-
mentally (146). As with macrophages, apoptotic cell clearance
by lung epithelia induced anti-inflammatory cytokines such
as IL-10 and TGF-f. Conditional Racl deletion in mouse lung
epithelia resulted in an exacerbated immune response and
greater epithelial damage. These studies demonstrated the
efficiency and importance for lung epithelial cell efferocytosis
in the regulation of lung inflammation (146, 147).

Retinal epithelial cell efferocytosis has also been well charac-
terized (148-151). Light-sensing cells of the retina are frequently
turned over via programmed-cell death, often succumbing to
autophagy-associated death, called autolysis (152, 153). Dys-
regulation of autophagy in these cells has been frequently reported
to increase retinal pigment cell death (152, 154). Although a
normal part of age-related macular degeneration, failure to clear
these dying cells can accelerate retinal damage. Together with
professional phagocytes, retinal pigment cells are also charged
with the removal of dead cells, in a manner dependent on MerTK.

Throughout the lifecycle of an organism, the removal of imma-
ture cells or those with high turnover is necessary to maintain
tissue homeostasis. Intravital microscopy has revealed how hair
follicles in mice regress through programmed cell death of hair-
producing basal epithelial cells (155). Neighboring cells of the
same type then clear apoptotic cells through mechanisms requir-
ing TGF-p signaling. In response to kidney damage, epithelial cells
recognize and engulf PtdSer-positive apoptotic cells via KIM-1
or TIM-1 (99). Colonic epithelial cells have also been shown to
engulf their apoptotic neighbors, which aids in maintaining low
levels of inflammation (156).

Studies in multiple progenitor types have recently identified
their importance in efferocytosis. Skeletal muscle progenitors
recognizing PtdSer on neighboring apoptotic cells, receive the
signal to differentiate and fuse into multinuclear myofibers
(157). Mesenchymal stem cells take their cues from bone mar-
row apoptotic cells via efferocytosis and undergo osteogenic
differentiation (158). Chondrogenic progenitor cells display
macrophage-like abilities in that they react to “find-me” signals
from apoptotic cells (159), and non-motile chondrocytes also
have a role in efferocytosis (160). As previously discussed, neu-
ronal progenitors which apoptose following failure to complete
neural circuits throughout neurogenesis, were recognized and
cleared by other progenitor cells via Racl activation following
ELMO-1 signaling (161). Of note, neuronal and hepatic epithe-
lia can be derived from common progenitor cells.

Through its cardinal role in the neutralization of toxic sub-
stances, to its frequent influx and arresting of leukocytes, the
liver has evolved to cope well with cell death (10, 162). Although
hepatocytes are somewhat resistant to intrinsic apoptotic
pathways (163-165), many death receptors are ubiquitously
expressed throughout the liver, increasing their susceptibility to
extrinsic apoptosis by exposure to pro-inflammatory cytokines
such as TNF family molecules including TNF-related apoptosis-
inducing ligand (TRAIL) (166-170). Clearance of apoptotic
cells by macrophages is a pro-resolution process, however,
liver-infiltrating macrophages and Kupffer cells can upregulate
death ligands in the liver, including FasL, TNF-a, and TRAIL,
increasing the rate of local hepatocyte death and the risk of fur-
ther inflammation (171, 172). Acute injury such as ischemia and
the resulting trauma from hypoxia/reoxygenation can also result
in similar sudden increases in necrotic cell death (164, 165, 169).
Furthermore, steatosis—accumulation of lipids associated with a
multitude of fatty liver diseases—can cause wide hepatocyte cell
death via lipoapoptosis induced by ER stress-mediated intrinsic
pathways (173, 174). Ethanol-induced injury can also have an
impact on receptor-mediated endocytosis by the ASGPR and
efferocytosis (175-178).

Failure to clear dead cells from the parenchyma is accumula-
tively detrimental to the liver; clearance of necrotic cells—both
primary and secondary, resulting from uncleared apoptotic
cells—results in increase in pro-inflammatory cell influx and
cytokine secretion, leading to further damage to the liver
(14). HMGBLI is important in liver protection from ischemia/
reperfusion injury (179), yet in a sterile model it acted as a
damage-associated molecular pattern that enhanced liver injury
in both ischemia/reperfusion and POD models (180). Interac-
tions between ASGPR on hepatocytes and B220 epitope of CD45
assist in the capture and trapping of apoptotic cells in the liver
(96, 181, 182). The impact of hepatocyte efferocytosis on the
inflammatory milieu remains to be established.

Beyond the capacity of hepatocytes for erythrocytosis (183),
further evidence or insights into the mechanisms or anti-
inflammatory impact of hepatocyte efferocytosis have not been
elucidated. Hepatocytes express an array of immunomodula-
tory cytokines, including TNF-a and IL-10 (184-186); it is not
known whether these are modulated during efferocytosis as in
lung epithelia and in professional phagocytes. Understanding
the molecular mechanisms, purpose and regulation of dead cell
clearance by hepatocytes is vital to estimate its impact on the
onset and resolution of inflammation, as elevation in hepatocyte
apoptosis is key to the pathogenesis and progression of most
forms of liver disease (14). Outstanding questions on hepatocyte
efferocytosis include:

- What are the molecules that mediate recognition and engulfment
of apoptotic and/or necrotic cells by hepatocytes? ASGPR is thus
far the only receptor restricted to hepatocyte efferocytosis;
despite its multiple roles in receptor-mediated efferocytosis,
ASGPR-deficient mice develop normally yet have exacerbated
pathology in liver injury models (177, 187).

- Is efferocytosis by hepatocytes in portal and centrilobular
regions mediated by the same molecular mechanisms? These
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regions have differential access to apoptotic and necrotic
cells, respectively, as well as nutrient, inflammatory infiltrate
and oxygenation levels that may all influence the capacity for
efferocytosis.

— How is hepatocyte efferocytosis regulated in health, infection,

inflammation and cancer?

Can hepatocyte efferocytosis be modulated by pharmacological

interventions?

- Does efferocytosis affect the ability of hepatocytes to regenerate
during injury?

CLINICAL IMPLICATIONS OF DEFECTS
IN EFFEROCYTOSIS

Failure to remove dying cells, both apoptotic and necrotic, have
been connected to disease exacerbation (49). Accumulation of
dying cells increases the availability of proimmunogenic factors
and can increase the risk of autoimmunity, especially as death-
recognition becomes skewed to proinflammatory recognition
of secondary-necrotic cells. This topic was explored in a recent
special issue in Frontiers in Immunology (188).

Defects in efferocytosis have also been shown to be beneficial
for the longevity of tumors. Upregulation in the “don’t-eat me”
signal CD47 was reported in myeloid leukemia (189, 190) which
was associated with increased tumor survival and poorer prog-
nosis. Similar pathogenic consequences of aberrant efferocytosis
have been exemplified through deficiencies in death receptors
(1). Loss of axl, MerTK, and its associated ligand, Gas6, have all
been shown to promote the growth of colon cancers (191, 192).
Conversely, loss of stabilin-1 has shown to reduce growth of
implanted tumors in knockout mice, due to reduced recruitment
of tumor-associated lymphocytes and macrophages (193). As
such, loss of death-receptor expression is not always beneficial
for cancer vitality. However, loss of other receptors for dying
cells has displayed varying phenotypes associated with the lack
of apoptotic cell clearance. Loss of SCARFI and axl has been
reported to promote autoimmunity (43, 194).

Similar dangers to those mentioned above regarding deficien-
cies in dying cell clearance are apparent for many liver diseases. In
the context of the liver, the effects of efferocytosis in autoimmune
family disorders have not been established directly. Reports on
efferocytosis in liver diseases are listed in Table 2. Clearance of
dying cells in the liver is thought to reduce the risk of autoim-
mune hepatitis and promote reversal of fibrosis by macrophages
(195, 196). In primary biliary cholangitis, efferocytosis by biliary
epithelia may be important in defining the tissue specificity of
the autoimmune response (8, 197). It is worth considering that
standard of care treatments for autoimmune conditions include
corticosteroid regimens, which have been shown to upregulate
efferocytosis (49, 198). Prevention of efferocytosis may therefore
exacerbate liver diseases.

As well as causing hepatocyte necrosis, chronic alcohol
exposure was reported to reduce macrophage efferocytosis
through diminishing MFG-E8 expression (209). Prevention of
efferocytosis by macrophages in the liver could increase further
inflammatory stimuli, although it is not clear how hepatocyte

TABLE 2 | The role of efferocytosis in liver diseases.

Liver disease Efferocytosis relevance Reference
Autoimmune Hepatocyte stress and correlations to disease (89, 121,
hepatitis Autoantibodies targeting ASGPR 199)
Primary biliary ~ Phagocytes were shown to contain PDC-E2 (8, 196,
cholangitis immunogen 199-201)
Biliary injury clearance is linked to autoimmunity
Biliary injury clearance alleviates liver fibrosis
Primary Collection of genome-wide studies that show a (202)
sclerosing role of apoptosis
cholangitis
Alcohol injury  Ethanol exacerbates injury in ASGPR-deficient 97,177,
model 178, 203,
204)
Fatty liver The role of specialized proresolving mediators (205-207)
diseases in obese individuals (enhance efferocytosis)
Other liver Alpha 1 antitrypsin rescues macrophage (139, 196,
injuries efferocytosis 208)

Netrin 1 rescues efferocytosis in murine I/R injury
model

Efferocytosis and tissue remodeling in rat bile duct
ligation model

Although efferocytosis is critical for liver homeostasis, there is limited information on
specific efferocytosis pathways that contribute to liver disease pathogeneses. The
importance of dead cell clearance is better established than the mechanisms that
mediate efferocytosis in the inflamed or injured liver.

efferocytosis would be affected. Contrarily, reduced efferocytosis
in certain disease models has been shown to be beneficial. Loss
of the dead-cell receptor TIM4, for example, in a mouse model of
ischemia/reperfusion injury reduced immune cell infiltration and
hepatocyte damage (210). Understanding the protein-specific
and situational benefits or detriments to reduced efferocytosis in
diseases of the liver and other organs can give insights into possible
therapeutics for tissue damage and autoimmunity.

CONCLUSION

Recent advances in epithelial cell efferocytosis have highlighted
the importance of tissue epithelia in the everyday clearance of
billions of apoptotic cells. Compared to professional efferocytes,
there is little known regarding the receptors and molecular
processes involved in the recognition of apoptotic and necrotic
cells by non-professional phagocytes, including molecules that
may confer tissue-specific function. Given the impact of effero-
cytosis on the pathogenesis of autoimmunity, tissue injury and
tumor biology (211), molecules driving efficient clearance of
dead cells are valid therapeutic targets. Hepatocyte efferocytosis,
accomplished at least in part by the liver-restricted ASGPR, is an
attractive target for therapeutic intervention for a multitude of
liver diseases.
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For half of a century, it has been known that non-professional phagocytes, such as
fioroblasts, endothelial, and epithelial cells, are capable of efferocytosis (engulfment of
apoptotic cells). Non-professional phagocytes differ from professional phagocytes in the
range and efficiency of engulfment. Much of the recognition and underlying signaling
machinery between non-professional and professional phagocytes is the same, but it is
not known how the engulfment capacity of non-professional phagocytes is controlled.
Moreover, the signaling networks involved in cell corpse recognition, engulfment, and
phagosome maturation are only partially understood. The Drosophila ovary provides an
excellent system to investigate the regulation of phagocytic activity by epithelial cells, a
major class of non-professional phagocytes. During Drosophila oogenesis, mid-stage
egg chambers undergo apoptosis of the germline in response to nutrient deprivation.
Epithelial follicle cells then undergo major cell shape changes and concomitantly
engulf the germline material. Our previous work has established that Draper and the
integrin a-PS3/p-PS heterodimer are required in follicle cells for germline cell clearance.
In addition, we have characterized phagosome maturation pathways, and found that
the JNK pathway ampilifies the engulfment response. In this review, we discuss recent
advances on the interplay between engulfment pathways in the follicular epithelium for
cell clearance in the Drosophila ovary. We also provide a comparison to apoptotic cell
clearance mechanisms in C. elegans and mammals, illustrating strong conservation of
efferocytosis mechanisms by non-professional phagocytes.

Keywords: cell death, apoptosis, engulfment, phagocytosis, efferocytosis, epithelial cells, Drosophila, oogenesis

INTRODUCTION

Apoptotic cell clearance by phagocytic cells is critical for organismal homeostasis. Professional
phagocytes are cells whose main task in the milieu is to efficiently clear dead cells. Non-
professional phagocytes, on the other hand, have other tissue-resident functions, but can engulf
when needed. Differences between professional and non-professional phagocytes are not well
understood. In this review, we present the Drosophila ovary as an outstanding model to investi-
gate engulfment by non-professional phagocytes. We first discuss the diversity of apoptotic cell
clearance pathways across Drosophila, C. elegans, and mammals. We next discuss professional
and non-professional phagocytes in different organisms with an emphasis on the molecular biol-
ogy of apoptotic cell clearance in the Drosophila ovary by epithelial follicle cells. We compare the
follicle cell model to examples of phagocytosis by epithelial cells in mammals and their clinical
relevance to health and disease.
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APOPTOTIC CELL CLEARANCE
MECHANISMS IN C. elegans,
D. melanogaster, AND MAMMALS

The CED-2, -5, and -12 and CED-1, -6, and -7 pathways were
first identified in C. elegans as the major pathways that control
engulfment. Both pathways act in parallel and converge on
CED-10 (Racl) to promote the cytoskeletal rearrangements
required for engulfment (1). Rho family GTPases, such as Racl
and Cdc42, function downstream of apoptotic cell recognition
to induce cytoskeletal shape changes to form a phagocytic
cup. Racl functions across all model systems and is the best
characterized cytoskeletal modulator of engulfment (2-4).
In C. elegans, CDC42 acts in parallel to CED-2/5/12 and CED-10
and downstream of CED-1/6/7 (5). The first cell death abnormal
(ced) genes in C. elegans, ced-1 and ced-2, were identified in a
screen for mutants with an abnormal persistence of embryonic
cell corpses. While all corpses are cleared in late stages of embryo-
genesis in wild-type strains, ced-1 and -2 mutants have persisting
corpses (6). Ellis et al. later conducted a mutagenesis screen to
isolate maternal effect mutations that prevent corpse clearance.
In this screen, analysis of CED mutant progeny of egg laying
defective mothers found additional alleles of ced-1 and -2, and
identified ced-5, -6, -7, -8, and -10 genes as regulators of corpse
clearance (7). Electron microscopy revealed that these mutants
specifically exhibit defects in engulfment at the uptake step.
Double mutant analysis determined that CED-2, -5, and -12 and
the CED-1, -6, and -7 signaling axes act in parallel.

One of the earliest experiments that supported the conserva-
tion of apoptotic cell clearance mechanisms across organisms
was a study whereby the expression of human orthologs was
shown to rescue the CED mutant clearance defects. Specifically,
Dock180, the mammalian ortholog of CED-5, was shown to
be capable of rescuing the ced-5 mutant phenotype (8). These
early studies in C. elegans complemented the discovery of
signaling machinery that control apoptotic cell clearance in
mammals (1, 8-14).

The engulfment machinery in C. elegans is conserved in
mammals (Table 1). Mammalian Multiple EGF-Like Domains 10
(MEGF-10) is homologous to CED-1, a transmembrane receptor
that binds to phosphatidylserine, an aminophospholipid that is
exposed on the surface of apoptotic cells and functions as an “eat
me” signal (15). The immunoreceptor tyrosine-based activation
motifs (ITAMs) of MEGF-10 are phosphorylated by the Src family
kinases, and this mediates interaction with Syk tyrosine kinase for
the activation of downstream effectors. Engulfment Adaptor PTB
Domain Containing 1 (GULP), the CED-6 ortholog, is an adaptor
protein that binds to the NPXY motif of the intracellular domain
of MEGF-10 via its PTB binding domain (12, 16). ABCA1/7, the
CED-7 ortholog, is an ABC transporter that has been shown to
function in both the apoptotic and engulfing cell. ABCA1 has
recently been shown to function in homeostasis to increase
cholesterol efflux during apoptotic cell clearance by macrophages
(17). CrkII (CED-2 ortholog), Dock180 (CED-5 ortholog), and
ELMO (CED-12 ortholog), all encode cytoplasmic signaling
proteins that help propagate the engulfment process by activating

TABLE 1 | Engulfment machinery in professional and non-professional
phagocytes in C. elegans, D. melanogaster, and mammals.

C. elegans D. melanogaster Mammals
Engulfment receptors ~ CED-7 ND ABCA1/7

aPAT-3/INA-1 aPS3pPS/pv avp5/p3 Integrin

CED-1 Draper Megf10/SCARF1

CO3F11.3 Croquemort CD36

ND NimC4/SIMU ND

ND ND BAI-1

ND ND BAI-3

ND ND TIM-1

ND ND TIM-4

ND ND MerTK

ND ND Fc Receptor

ND ND Stablin 2

ND ND LRP/1

ND ND KIM-1
Adaptor proteins CED-2 ND Crkll

CED-5 Mbc/Sponge Dock180

CED-6 Ced-6 GULP

CED-12 Ced-12 ELMO 1(2)
GTPases Ced-10 Rac1 Rac1

Cdc-42 Rac2 Cdc42

Cdc42

Orthologs based on literature review. ND indicates ortholog not determined.

Racl (CED-10 ortholog). The SH3 domain of Dock180 interacts
with the PxxP motif and PH domain of ELMO. This ELMO
contact with Racl and Dock180 stabilizes the Rac1/Dock180
interaction, allowing for Racl activation (17). The functional
contribution of Cdc42 in mammals is more elusive and context
dependent. Specifically, dominant negative Cdc42 blocks F-actin
recruitment to phagocytic cups in BMM and NIH3T3 cells (18,
19), but has no effect on photoreceptor outer segment uptake in
the retinal pigment epithelium (20). Surprisingly, overexpression
of Cdc42 does not induce more phagocytosis in NIH3T3 cells
(19). Several additional engulfment receptors have been identi-
fied in mammals including BAI1, Tim4, Stablin-2, and MERTK
(21-25).

Like mammals, conservation of the underlying engulf-
ment machinery has also been demonstrated in Drosophila
(Table 1). For example, Draper, the Drosophila ortholog of
MEGEF-10/CED-1, requires Src42A (Src ortholog) and Shark
(Syk ortholog) kinase activity for the clearance of severed axons
in the brain, similar to mammals (26, 27). Drosophila glia also
require Crk/Mbc (CED-2/CED-5) for the clearance of axonal
debris (28). Crk and Mbc, but not ELMO/Ced-12, are required
downstream of integrins aPS3/83v, for apoptotic cell priming for
efficient engulfment by hemocytes (29). Studies in Drosophila
hemocytes have uncovered new players in engulfment such as
Pallbearer, an E3-ubiquitin ligase, ribosomal protein S6, and
Rac2 (30). In addition, Undertaker, a junctophilin, responds
to calcium flux to mediate clearance by hemocytes (31). Many
engulfment genes have been shown to have other functions in
Drosophila. For example, Mbc and Ced-12/ELMO are required
for ommatidial development, myoblast fusion, and cell migra-
tion (32-38).
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PROFESSIONAL AND NON-
PROFESSIONAL PHAGOCYTES IN
C. elegans, D. melanogaster, AND
MAMMALS

Professional phagocytes, such as macrophages and monocytes,
function to maintain tissue homeostasis by removing dying
and infected cells from the milieu (39). Professional phagocytes
engulf with high efficiency and have been shown to use several
engulfment receptors to complete the task (17, 40-43). Integrins,
CD36, and MEGF-10 have been shown to function in professional
phagocytes (Table 1) (44-47). In Drosophila, hemocytes are
macrophage-like cells that circulate to clear apoptotic cells and
pathogens (48-50). They have also been shown to be critical for
proper patterning of the central nervous system, innate immunity,
and wound healing (51). Similar to mammals, multiple receptors
and bridging proteins, including Draper, Six-microns-under,
Croquemort, and Integrins function in apoptotic cell clearance
by hemocytes.

Non-professional phagocytes have other resident functions,
but can engulf when needed. Examples of non-professional
phagocytes include epithelial and endothelial cells, and astrocyte
glia (Table 2). Interestingly, C. elegans do not have professional
phagocytes and, therefore, rely solely on neighboring non-
professional phagocytes to clear apoptotic debris. The diverse
engulfment receptors used by professional phagocytes for
clearance of apoptotic cells are conserved in non-professional
phagocytes (16). In Drosophila, several cell types, including
epithelial follicle cells and imaginal disk cells have been shown
to function as non-professional phagocytes (52, 53). Thus,
like mammals, Drosophila utilizes both professional and non-
professional phagocytes.

The mechanisms by which professional and non-profes-
sional phagocytes communicate and coordinate their activi-
ties are currently under investigation. In mammals, alveolar
macrophages release IGF-1 when mice are exposed to house
dust mites and IGF-1 activates IGF-1R on the surface of airway
epithelial cells. This interaction functions to redirect airway
epithelial cells from engulfing to initiating an inflammatory
response (54). It also stimulates airway epithelial cells to takeup
macrophage-derived multivesicular bodies (MVBs) that
contain anti-inflammatory cytokines. The anti-inflammatory
cytokine containing MVBs suppress the expression of pro-
inflammatory gene PTX3, suggesting a mechanism whereby
macrophages signal to non-professional phagocytes to resolve
inflammation (55).

TABLE 2 | Examples of non-professional phagocytes in C. elegans, D.
melanogaster, and mammals.

C. elegans D. melanogaster Mammals

Hypodermal cells Follicle cells Mammary gland

Gonadal sheath cells Ensheathing glia Retinal pigment epithelium

Pharyngeal muscle cells Cortex glia Gut epithelium

Endothelial cells Astrocyte glia Liver endothelium
Imaginal disks Airway epithelium

Epidermal cells Kidney epithelium

THE Drosophila OVARY AS A MODEL
FOR STUDYING NON-PROFESSIONAL
PHAGOCYTES

The Drosophila ovary (Figure 1A, left) comprises 20 strands
of progressively developing egg chambers called ovarioles. Egg
chambers arise from the germarium, the anteriormost region
of each ovariole that houses germline and follicle stem cells.
The germline stem cells produce cystoblasts that undergo four
rounds of mitosis to generate cysts containing 16 interconnected
cells. Due to incomplete cytokinesis of the dividing cysts, each
egg chamber is arranged in a syncytium, where each germline
cell is connected to the next through ring canals. One of the
16 cyst cells is specified as the oocyte and the remaining 15
cells differentiate into polyploid nurse cells, whose main task is
to provide organelles, RNA, proteins, and nutrients necessary
for oocyte growth and embryogenesis. During the division,
specification, and differentiation steps, the germarium pro-
duces somatically derived epithelial follicle cells that surround
the 15 nurse cells and oocyte, which together constitute an egg
chamber (Figure 1A, right, Figures 1B,C). The epithelial fol-
licle cells serve as a protective barrier for the growing germline.
Follicle cells also synthesize and secrete yolk and proteins that
mediate the formation of vitelline membrane and chorion. As
described below, the follicle cells also act as non-professional
phagocytes.

Each egg chamber progresses through 14 well-characterized
stages of oogenesis (56). Vitellogenesis begins at stage 8 of
oogenesis, which has a characteristic loss of proportion between
nurse cells and oocyte, where the oocyte becomes noticeably
larger than the nurse cells. During vitellogenesis, the follicle cells
begin to synthesize and transport yolk proteins into the oocyte.
Oocyte growth culminates in a process called dumping, whereby
the nurse cells rapidly dump all of their cytoplasmic contents
into the oocyte, leaving little nurse cell cytoplasm behind (57).
Nurse cells then undergo programmed cell death with nuclear
condensation, fragmentation, acidification, and clearance by the
follicle cells.

CHECKPOINTS OF CELL DEATH
IN THE OVARY

Aside from the developmental cell death that naturally occurs in
all egg chambers at the end of oogenesis, insults such as starva-
tion have been shown to induce cell death earlier in oogenesis.
These cell deaths occur in response to checkpoints during spe-
cific stages of oogenesis when the tissue senses and responds to
environmental changes. The earliest checkpoint occurs in the
germarium and the second occurs in mid-oogenesis at the onset
of vitellogenesis between stages 7 and 9. It is thought that mid-
stage egg chambers are primed to respond to environmental
stimuli before investing in the energetically expensive vitel-
logenic process (58, 59).

Several factors have been shown to induce cell death at
mid-oogenesis, including temperature, mating, daylength, deve-
lopmental abnormalities, chemical treatment, cocaine exposure,
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Healthy
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FIGURE 1 | The Drosophila ovary as a model for engulfment. (A) Each ovary (left) comprises strands of developing eggs called egg chambers. Stage 8 egg
chamber (gray box) zoom (right) has three main cell types: germline-derived nurse cells and oocyte and somatically derived follicle cells. Dark purple egg chambers
(left) correspond to the egg chambers that spontaneously die in the ovary. Ovary drawing adapted from Ref. (52). (B=G) Schematics of healthy and degenerating
egg chambers in wild-type and draper 2> mutant flies. Cell membranes are shown in purple, nuclei in blue, nurse cell cytoplasm in black, and follicular epithelium in
white. Wild-type starvation-induced apoptotic nurse cells are cleared by enlarged follicle cells (D) until there is little to no germline material left (F). draper mutant
follicle cells do not enlarge and fail to clear germline material (E). Follicle cells prematurely die (cyan dots) (G).

Wild-type

cellular phone irradiation, and starvation, but only starvation-
induced cell death mechanisms are well characterized (59-64).
Apoptosis, the best characterized type of programmed cell death,
is defined by caspase activation, chromatin condensation, DNA
fragmentation, membrane blebbing, cell shrinkage, and the for-
mation of apoptotic bodies (65). Nurse cell death in mid-oogenesis
has been shown to be apoptotic using TUNEL assays to detect
fragmented DNA, active effector caspase Dcp-1/Casp3 staining,
and DNA morphology analysis that detects highly condensed
chromatin (60, 61, 66, 67). The canonical apoptotic pathway in
Drosophila consists of the activation of pro-apoptotic proteins
Reaper, Hid, and Grim (RHG). RHG proteins facilitate activation
of an apoptosome-like complex (involving Dark and Dronc) and
inactivation of the anti-apoptotic protein Drosophila inhibitor of
apoptosis 1 (Diap-1), whichleadsto activation of effector caspases
(Drice and Dcp-1) to dismantle the cell (68). Unusually, nurse
cells in mid-oogenesis use mechanisms independent of RHG
proteins and the apoptosome to initiate death (69). What is
known during the mid-oogenesis checkpoint is that the effector
caspase Dcp-1 is essential. Rather than undergoing apoptosis,
nurse cell nuclei of Dcp-1 null or Diap-1 overexpressing flies
fail to condense, and surrounding follicle cells prematurely die
(67,70, 71).

Buszczak et al. proposed that ecdysone-responsive genes
function as part of a surveillance mechanism to detect envi-
ronmental conditions before progressing to later stages of
oogenesis (72). In support of this hypothesis, there are several
lines of evidence that ecdysteroid signaling determines whether
an egg chamber will progress past mid-oogenesis. Ecdysteroid
concentrations increase in ovary extracts upon starvation
(73). Early ecdysone genes are expressed in follicle cells at the
developmentally sensitive mid-oogenesis timepoint (72, 74, 75).
E75%5 germline mutant clones arrest at stages 8 and 9 of
oogenesis, and adrenodoxin reductase, the enzyme required for

steroid hormone synthesis, is required in the germline for egg
chambers to progress beyond vitellogenic stages (72).

CHARACTERIZATION OF ENGULFMENT
BY EPITHELIAL FOLLICLE CELLS

Germline cell death in mid-oogenesis is coupled with engulf-
ment by the surrounding follicle cells, providing a powerful
model for engulfment by epithelial cells. Engulfment by follicle
cells was first visualized by electron microscopy (52), and later
by observations of uptake of fluorescent germline markers
(71, 76). In an effort to closely investigate the morphological
changes that take place during engulfment by the follicle cells,
Etchegaray et al. characterized engulfment in response to
starvation-induced apoptosis (77). They found that the under-
lying follicular epithelial cells synchronously enlarged to engulf
the apoptotic germline and the growth in the follicle cells
correlated with nurse cell nuclear condensation and fragmenta-
tion (Figures 1B,D,F). The epithelial follicle cells proceeded to
engulf the apoptotic germline until there was no material left
(Figures 1D,F).

Draper, the Drosophila CED-1 ortholog, had been shown to
be required for engulfment in multiple tissues, and it was also
found to be required in the follicle cells. Draper protein expres-
sion levels increases throughout the progression of engulfment
in mid-oogenesis (Figure 2), indicating that follicle cells may
modulate their phagocytic capacity by Draper upregulation
(77). draper null mutants have severe defects in the uptake
of germline material, showing a lack of follicle cell enlarge-
ment, premature follicle cell death, and apoptotic germline
material that fails to be cleared [Figures 1E,G; (77)]. Draper
RNAi knockdown in the epithelial follicle cells, but not the
germline showed the same phenotype, and overexpression of
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FIGURE 2 | Draper and the JNK signaling pathway are activated in follicle cells during engulfment. Healthy (A) and degenerating (B-D) egg chambers
expressing the JNK reporter puc-lacZ, stained with anti-Draper (yellow), anti-pgal (red) and DAPI (cyan). Draper is expressed at low levels in healthy egg
chambers (A’) and increases in expression throughout the progression of engulfment (B’-D’). puckered is not expressed in healthy egg chambers (A”), but is
activated during engulfment (B”=D"), merged images are shown in panels (A’"=D’"). Adapted with permission from Ref. (77).

draper in the follicle cells in the draper null mutant background
rescues these defects, demonstrating that Draper is required
in the underlying follicular epithelium for clearance of the
dying germline.

To determine the mechanism by which Draper engulfs
the apoptotic germline, candidate screens were conducted to
identify other genes that are required for Draper-mediated
engulfment (77-79). Draper-associated Shark kinase

propagates intracellular signaling by recognizing and binding
to the phosphorylated YXXL motif of the intracellular domain
of Draper (27). Engulfment by follicle cells fails to proceed
in the absence of Shark or Src42A, another Draper receptor
kinase (78). CED-6 function has been implicated in C. elegans
and mammals as an adaptor molecule, but RNA interference
that targets Ced-6 in follicle cells has no phenotype, suggesting
that another adaptor may function in this context or RNAi
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knockdown was incomplete (80). Sponge, one of the Drosophila
CED-5 orthologs, and Ced-12 have both been confirmed to be
required for engulfment by follicle cells (78, 80). Consistent with
engulfment pathways in other tissues and organisms, expres-
sion of dominant negative Racl, the mediator of cytoskeletal
shape changes required for engulfment, blocks engulfment by
epithelial follicle cells.

The integrin «-PS3/B-PS heterodimer is induced and
required for engulfment by the follicular epithelium during
starvation-induced germline death (78). One might speculate
that integrins function in tandem with Draper in follicle cells
for efficient clearance of apoptotic germline corpses. The follow-
ing hypotheses could explain the need for multiple receptors:
(1) one receptor may function to signal downstream to activate
Racl, while the other receptor functions as a tethering mol-
ecule by binding “eat me” signals on the apoptotic cell surface;
(2) both receptors may function to activate downstream signals,
which converge at Racl for efficient engulfment; and (3) both
receptors may function to activate downstream signals, one of
which will converge onto Racl and another that has other cellular
functions. a-PS3 draper double mutants manifested more severe
engulfment defects than single mutants, but were not completely
defective in engulfment, which suggests that other receptors
may contribute to this engulfment process. Mutant analyses of
Croquemort, a scavenger receptor previously implicated in cell
clearance and known to be expressed in the ovary, were also
investigated in combination with Draper and integrins, but did
not worsen the defects in engulfment (78), which suggests another
engulfment receptor may function in the ovary. The engulfment
machinery required for clearance by the folllicular epithelium in
the Drosophila ovary and C. elegans and mammalian orthologs
are listed in Table 3.

TABLE 3 | Required engulfment machinery in Drosophila follicular epithelium and
orthologs.?

D. melanogaster Mammals C. elegans
Eiger TNF-a ND

Draper Megf-10 CED-1
Integrin a-PS3 Integrin subunit a4? ND

Integrin p-PS Integrin subunit 12 ND
Crumbs Crumbs 1 CRUMBS-1
Mekk1 MAP3k4 MTK-1
Basket MAPK8 JNK-1
Kayak Fos FOS-1

Cka ND ND

Shark Syk ND

Shibire Dynamin 1 DYNAMIN-1
Deep orange Vps18 VPS18
Sponge Dock-32 CED-5
Ced-12 ELMO CED-12
Ract Rac1 CED-10
Dhc64C Dync1hi DHC-1
Bazooka PARDS PAR-3
aPKC PRKCI PKC-3
Par-6 Par-6 PAR-6
Cdc42 Cdc42 CDC-42

#Orthologs were identified using the DRSC Integrative Ortholog Prediction Tool.
ND indicates ortholog not determined.

APOPTOTIC CELL CLEARANCE IS
AFFECTED BY CELL POLARITY

Based on observations of enriched expression of Draper and inte-
grins on the apical surface of the follicular epithelium, Meehan
et al. (78) sought to determine whether proper cell polarity was
required for engulfment. aPKC, baz, par-6, crb, and Dhc64C
were all found to be required for the progression of engulfment,
suggesting that an underlying directionality is required for
proper localization of engulfment receptors. Indeed, Dhc64C
(Dynein heavy chain) knockdown in follicle cells by RNAi blocks
a-PS3/B-PS apical enrichment. Moreover, aPKC knockdown in
follicle cells prevents Draper enrichment to the apical surface,
suggesting a novel mechanism whereby polarity genes regulate
localization of multiple engulfment receptors in epithelial
cells. Cdc42 is also required for the progression of engulfment
in the Drosophila ovary. Follicle cells of engulfing egg chambers
form a double layer at the posterior end, similar to cell polarity
mutant follicle cells (78, 79), suggesting that Cdc42 functions in
cell polarity.

The follicle cell model system shows interesting similarities
to the mammalian retinal pigment epithelium. Mouse integrin
av, p5, MFGES, and MERTK mutants exhibit defects in the
clearance of shed outer segments of the retina (81-85). Mouse
myosin VIIa mutants have abnormal apical localization of
engulfed phagosomes in retinal pigment epithelial cells, sug-
gesting that cell polarity or phagosome trafficking contributes
to outer segment disk clearance (86).

PHAGOSOME MATURATION IN THE
Drosophila OVARY

Phagosome maturation is the last step of corpse clearance
where the apoptotic corpse is internalized into a phagosome,
or vesicle that matures to its final degradation. Membrane
modifications change throughout the maturation process and
can be used as markers to visualize how far along the corpse
is in the steps of degradation. The earliest modification known
to occur is an increase in PtdIns(4,5)P, in early phagocytic
cups (87). As the phagocytic cup progresses, PtdIns(4,5)P is
depleted and PtdIns(3,4)P, and PIP3 concentrations increase
(87). Much of what is known about phosphoinositol changes
during phagosome maturation has been characterized in
Fc-receptor-mediated clearance by macrophages (88-90). In
C. elegans, the sequence of protein recruitment is conserved
whereby PtdIns3P and DYNAMIN-1 function at the phago-
cytic cup followed by RAB2, RAB5, and RAB7 recruitment
and fusion with lysosomes (91-95). Upon internalization, the
phagosome transitions into an increasingly acidic organelle
and fuses with lysosomes to complete corpse degradation. In
addition to lipid modifications, the phagosome first associates
with RAB5 GTPase and as the phagosome matures, RAB5
is replaced by RAB7. RAB7 is finally replaced by LAMP-1,
targeting the corpse for degradation via lysosomal fusion
(96). PtdIns3P, Rab5, and Rab7 phagosome maturation
markers have all been found to occur in the same sequence
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in the Drosophila ovary. draper® mutants were found to not
only have defects in uptake, as shown by a reduced number of
engulfed Dcp-1 positive particles, but also could not process
the little material engulfed, as shown by the lack of the Rab7
phagosome maturation marker and LysoTracker-positive
vesicles compared to controls. Ced-12 and Src42A mutants
exhibited fewer vesicles taken up and matured, but there were
only mild defects in acidification. a-PS3 mutants had defects
in uptake, but Dcp-1 positive vesicles that were able to form,
did get coated with Rab7, and were acidified. These findings
suggest that the a-PS3/B-PS integrin heterodimer is required
for the uptake of dying germline corpses, but Draper has a
dual requirement for uptake and phagosome maturation (78).

DRAPER SIGNALS TO THE JNK
SIGNALING PATHWAY IN MANY
Drosophila TISSUES

The JNK signaling pathway is pleiotropic and can induce a vari-
ety of downstream effectors that include apoptotic machinery.
To determine whether JNK signaling played a role in mid-
oogenesis cell death, the expression of puckered (puc), a JNK
signaling pathway responsive gene, was investigated (77). Rather
than being activated in the dying germline, Puc was specifically
induced in follicle cells of apoptotic egg chambers and its expres-
sion increased with the progression of engulfment (Figure 2).
Knockdown of JNK signaling pathway components Mekk]I
(JNKKK), Bsk (JNK), Jra (jun), or kayak (fos) by RNA interfer-
ence in the follicle cells results in engulfment defects, demon-
strating a requirement for JNK signaling in engulfment in the
ovary. However, RNA interference of hemipterous (JNKK), slip-
per (JNKKK), or misshapen in the follicle cells results in normal
engulfment, suggesting that only some of the canonical pathway
members are required in this context. Similar to the ovary,
Mekk1 and kayak are also required in the adult brain for axonal
debris clearance, but in contrast to the ovary, Takl and Slipper
activate Mekkl1 in the brain (97). Furthermore, Misshapen loss
of function in the adult brain blocks engulfment progression,
suggesting context dependent mechanisms for JNK axis activa-
tion (98). The JNKKKK and JNKKK acting in the ovary remain
to be determined. One activator of JNK signaling is Eiger, the
TNF-a ortholog. Eiger interacts with receptors Wengen and
Grindelwald, a recently identified TNFR ortholog (99). Eiger/
Wengen interaction results in the activation of Misshapen (Msn,
JNKKKK), Takl (JNKKK), Hemipterous (Hep, JNKK), and
Basket (Bsk, JNK). Eiger loss of function results in defects in
engulfment in the ovary, suggesting that Eiger may activate JNK
in the follicle cells (77). A summary of the signaling pathways in
the follicle cells is shown in Figure 3.

In the ovary, JNK activity is markedly delayed in draper null
mutants, suggesting that Draper and the JNK cascade act in the
same signaling pathway (77). When the JNKK Hep is consti-
tutively expressed in the draper null background, engulfment
defects are suppressed, suggesting that JNK acts downstream of
Draper, and can activate other targets that facilitate engulfment.
Activation of hep promotes Draper expression, suggesting JNK

is required for draper induction during engulfment. Consistent
with findings in the ovary, studies in the Drosophila embryonic
central nervous system, adult brain, and wing epithelium have
shown a requirement for the JNK pathway downstream of
Draper (27, 100, 101). Studies in the embryonic central nerv-
ous system show that while expression levels of Draper and the
bridging molecule Six-microns-under remain the same in glia
that have active JNK signaling, hep* gain of function in draper
loss-of-function mutants restores defects in apoptotic clearance
(101). In the adult brain, Traf4, a Misshapen binding partner
in the JNK signaling pathway;, is required for Draper-mediated
JNK activation in glial cells for axonal clearance (102). More
recent clonal analyses in the brain revealed that TRE, a JNK
signaling reporter, fails to turn on in draper®’ clones compared
to wild type, suggesting a cell autonomous requirement for
draper activation of JNK in glia for clearance of axons in
response to axonal injury, like the ovary (102). In macrophages,
JNK is also required for the induction of draper in response
to corpses (103). Surprisingly, overexpression of Draper II, the
inhibitory isoform of Draper, results in increased JNK pathway
activity in the wing (100). Taken together, these studies in
Drosophila indicate that Draper and JNK regulate each other
in multiple cellular contexts. JNK is activated in professional
and non-professional phagocytes in mammals (104, 105), but
whether JNK is required remains to be determined. Perhaps
JNK signaling machinery is a prerequisite for phagocytes to
increase phagocytic capacity.

Apoptotic cells are thought to signal to phagocytes for their
removal by exposing caspase-dependent “eat me” signals.
Dcp-1, an effector caspase, is required for germline cell death
in response to starvation in the ovary, and mutants block
engulfment progression but surprisingly do not affect Draper
localization to the follicle cell membrane or activation of the
JNK pathway during engulfment. Moreover, overexpression of
Dcp-1inthe germline induces cell death but there is delayed JNK
activity and Draper expression in the engulfing epithelial follicle
cells. These findings suggest that the caspase Dcp-1 is required
for an “eat me” signal that acts independently of Draper and
JNK. Eat me signals from the germline have not been identified.

MURDERERS BY NATURE: DEATH BY
PHAGOPTOSIS

Interestingly, Draper overexpression in epithelial follicle cells
was found to induce nurse cell death in the absence of starvation
(77). Egg chambers induced to die by draper expression have
an underlying epithelium with active JNK signaling, the key
regulator of engulfment in starvation-induced cell death. This
suggests that engulfment machinery has the ability to induce
the death of an otherwise healthy cell, a form of cell death
coined “phagoptosis” (106). The defining characteristic of pha-
goptosis is that the loss of function of engulfment machinery
blocks cell death. Other characteristics of phagoptosis include
the induction of “eat me” signals or the loss of “don’t eat me”
signals on the surface of healthy cells. Intriguingly, draper
loss-of-function mutants show a delay in subtle aspects of
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Question marks correspond to unknown proteins.

FIGURE 3 | Model of engulfment by follicle cells in the Drosophila ovary. Apoptotic cell recognition (left side): Draper binds to an unknown “eat me” signal (black
circles) and activates the JNK signaling cascade (Mekk1, Bsk, Cka, Kay, Jra) through Shark to mediate engulfment. Eiger may or may not interact with a TNF
receptor to activate the JNK signaling pathway. a-PS3/-PS integrin heterodimer signals through Spg and Ced-12 to activate Rac1. Rac1 also activates the JNK
signaling pathway. The Crb/Baz, Par-6, and aPKC polarity proteins are also required for engulfment. Dhc64C assists in the trafficking of a-PS3/p-PS. Phagosome
maturation (right side): Draper is required for nurse cell phagosome maturation. Draper and corpse material first become enclosed in Rab-5 positive phagosomes
and mature into Rab-7 positive phagosomes, until the phagosome fuses with lysosomes for degradation. Shi is required for early phagosome maturation. Dor is
required for phagosome and lysosome fusion. Dashed arrows correspond to proteins that were tested without epistasis analysis and have engulfment defects.

Apoptotic nurse cell

germline death, including chromatin fragmentation and loss
of the oocyte nuclear lamina (80, 107), suggesting that Draper
has a normal function in promoting death of the germline.
Indeed, Draper directly contributes to cell death during nurse
cell developmental cell death in late oogenesis (108).

In C. elegans, it has long been thought that engulfment
machinery contributes to cell death (109). Engulfment mutants
show enhanced survival of cells destined to die in a ced mutant
background (109, 110). Interestingly, CED-1 has been shown to
promote asymmetric localization of the caspase CED-3 in moth-
ers of apoptotic cells (111). Another example where phagocytic
machinery is required for death in C. elegans occurs in the
developing male tail during larval stages (112). In mammals,
phagoptosis has been reported in several processes, such as
blood cell clearance (113-115), which allows for rapid turnover
of blood cells during tissue homeostasis. During mammalian
eye development, macrophages induce phagoptosis of vascular
endothelial cells by locally releasing WNT7b ligands (116, 117).
This newly studied cell death mechanism has implications in
therapy, as a recent study found that malignant B cell cancer cell
lines die by phagoptosis (118). Furthermore, amyloid p induces

superoxide release from microglia to murder neurons (119).
Characterization of the mechanisms of phagoptosis may help
understand how cancer cells evade death and how amyloid f
leads to neurodegeneration.

Fly examples of phagoptosis have also come to light. Kuraishi
et al. modified the ER retention motif of Pretaporter, a Draper
“eat me” signal, to contain the sequence of a glycosylphos-
phatidylinositol anchor, which artificially induced Pretaporter
exposure on the surface of healthy cells (120). They found that
this exposure increases the phagocytic capacity of engulfing
S2 cells. This result suggests that the exposure of an “eat me”
signal on an otherwise healthy cell can result in its degrada-
tion, supporting the conservation of phagoptosis mechanisms
across organisms. Interestingly, cell competition studies in wing
imaginal disks determined that Draper, Wasp, Mbc/Dock180,
and Racl engulfment proteins are required for the elimination
of adjacent Minute mutant cells (121). scrib and dlg-induced
imaginal disk tumors are eliminated by the activation of a JNK/
PVR/Mbc engulfment signaling axis in wild-type adjacent cells
(53). These examples indicate that phagoptosis might be more
widespread than previously thought.
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EPITHELIAL CELL MECHANISMS OF
ENGULFMENT ACROSS ORGANISMS

For many years, it has been thought that non-professional
phagocytes could not clear apoptotic cells from tissue with the
same efficiency as professional phagocytes (122). For example,
macrophage-free mice have mesenchymal cells that engulf to a
lesser extent (123). Microglia need to contact an apoptotic cell
once to initiate clearance, but non-professional phagocytes can
take hours to respond post-recognition (124). This suggests that
non-professional phagocytes require more time to assemble
engulfment machinery and may not be primed to the same extent
as professional phagocytes. Studies in kidney 293 cells, however,
have shown that the efficiency in the ability to clear apoptotic cells
may not always be the result of the type of phagocyte that clears,
but the mechanism by which apoptosis is induced (125).

Many non-professional phagocytes are epithelial cells
that are found in a wide range of tissues of the human body,
including the mammary gland, gastrointestinal tract, and eye
(16). Mammary epithelial cells play a key role in phagocytosis
during involution post-lactation where mammary alveolar
epithelial cells undergo apoptosis and are cleared by adjacent
alveolar epithelial cells and macrophages (126). Defects in
apoptotic mammary alveolar epithelial cell clearance coincide
with inflammation that results in inefficient redevelopment
of mammary glands (127). Mfge-8, Dock180, and Racl are all
required for alveolar epithelial cell death and clearance (127, 128).
Although Monks et al. (129) could not detect macrophages or
neutrophil presence during involution, other immunohisto-
chemistry and microarray experimental findings demonstrate a
change in macrophage gene expression profile changes in mice
post weaning (129-132). When macrophages are depleted from
mice prior to milk fat globule production for weaning, mam-
mary epithelial cell death, adipocyte repopulation, and other
postpartum involution events fail to occur, which suggests that
macrophages contribute to the signaling that drives these events
post weaning (133).

An example of phagocytic epithelial cells in the eye are the
retinal pigment epithelial cells (RPE), a single layer of epithelial
cells housed on the retina that line the outer segment of the
eye between the photoreceptor cells and choroid. RPE have
microvilli that project into the outer segment layer to pinch off
and clear the shed distal outer segment ends of photoreceptor
cells as part of the daily circadian schedule. Daily clearance
of turned over outer segment prevents oxidative toxicity by
photoreceptor cells and is critical for vision. Many receptors
are required for clearance by RPE including integrins, CD36,
and MERTK (81, 85).

A critical role for phagocytic epithelial cells in the colon
was recently shown in a mouse dextran sodium sulfate (DSS)-
induced colitis mouse model where BAI1 mRNA loss positively
correlates with disease progression (134). Members of the
TAM engulfment receptor family, interestingly, are either lowly
expressed or when expressed are incapable of compensating
for the increase in disease progression of BAIl null mutants.
Reintroduction of recombinant BAI1 to DSS-treated BAI1 null
mice resulted in a decrease in colitis severity index. Strikingly,

BAII overexpression in colon epithelium, but not in the myeloid
cell lineage, alleviates colitis disease progression. This suggests
a critical role for non-professional phagocytes in the colon.
This study has shed light on some of the local tissue-specific
contributions of epithelium independent of professional phago-
cytes and may help reveal other disease contexts where profes-
sional phagocytes are incapable of clearing tissue secondarily
to engulfment defects in the milieu (134).

Asthma patients typically have excessive apoptotic airway
epithelial cells in their mucus. Although professional mac-
rophages, such as macrophages, neutrophils, and dendritic
cells, circulate in the bronchus, because epithelial cells are in
close proximity to apoptotic airway cells, Juncadella et al. asked
whether the engulfment machinery of airway epithelial cells
contribute to the clearance of apoptotic cells. Indeed, Racl loss
of function in tracheal and lung epithelium in airway aller-
gen- exposed mice led to increased inflammation and mucus
buildup reminiscent of asthma (16, 135). Airway epithelial cells
can clear apoptotic epithelial cells and function to dampen the
inflammation caused by allergen exposure. These studies illus-
trate that non-professional phagocytes have a greater function
in apoptotic cell clearance and relevance to human disease than
previously appreciated.

OPEN QUESTIONS IN THE FIELD ABOUT
APOPTOTIC CELL CLEARANCE

While much progress has been made in understanding the
molecular biology of apoptotic cell clearance, much is still
unknown. Many systems of engulfment across model systems
require multiple engulfment receptors for cell clearance to
occur properly, but little is known about why more than one is
necessary for the execution of clearance. In cases where non-
professional phagocytes rapidly remove apoptotic cells, how
do they propagate the signal to macrophages once the task is
under control? Furthermore, there are many examples where
both professional and non-professional phagocytes contribute to
apoptotic cell clearance, but how do these two cell populations
communicate to ensure that the apoptotic cells are cleared and
inflammation is dampened? Draper has been shown to function
in multiple steps of engulfment in follicle cells. What signaling
mechanisms allow for this molecular switch allowing for Draper
to not only initiate cytoskeletal shape changes but also promote
apoptotic corpse maturation to lysosomes?

Non-professional phagocytes need to undergo molecular
changes that allow them to increase their phagocytic capacity for
apoptotic cell clearance. It would be of interest to determine how
epithelial cells enhance their phagocytic capacity and whether
the JNK signaling pathway promotes such capacity. Moreover,
how the Rho family GTPases affect polarity during engulfment
is unknown. Whether all epithelial cells require underlying
polarization for enhanced phagocytic capacity is also of interest.
Interestingly, when follicle cells cannot engulf, they prematurely
die. What signaling cues are responsible for premature follicle
cell death and what are the environmental cues that control fol-
licle cell death? Expression of Draper in follicle cells promotes
germline cell death. What are the mechanisms of phagoptosis in
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the absence of nutrient deprivation? What factors does Draper
rely on to induce apoptotic versus non-apoptotic cell death? The
Drosophila ovary is an exceptional model for understanding
engulfment by non-professional phagocytes and can be used
to address pressing questions in the field.
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Efferocytosis and Outside-In
Signaling by Cardiac Phagocytes.
Links to Repair, Cellular
Programming, and Intercellular
Crosstalk in Heart

Matthew DeBerge, Shuang Zhang, Kristofor Glinton, Luba Grigoryeva, Islam Hussein,
Esther Vorovich, Karen Ho, Xunrong Luo and Edward B. Thorp*

Department of Pathology, Feinberg Cardiovascular Research Institute, Feinberg School of Medicine, Northwestern University,
Chicago, IL, United States

Phagocytic sensing and engulfment of dying cells and extracellular bodies initiate an
intracellular signaling cascade within the phagocyte that can polarize cellular func-
tion and promote communication with neighboring non-phagocytes. Accumulating
evidence links phagocytic signaling in the heart to cardiac development, adult myo-
cardial homeostasis, and the resolution of cardiac inflammation of infectious, ischemic,
and aging-associated etiology. Phagocytic clearance in the heart may be carried
out by professional phagocytes, such as macrophages, and non-professional cells,
including myofibrolasts and potentially epithelial cells. During cardiac development,
phagocytosis initiates growth cues for early cardiac morphogenesis. In diseases of
aging, including myocardial infarction, heightened levels of cell death require efficient
phagocytic debridement to salvage further loss of terminally differentiated adult car-
diomyocytes. Additional risk factors, including insulin resistance and other systemic
risk factors, contribute to inefficient phagocytosis, altered phagocytic signaling, and
delayed cardiac inflammation resolution. Under such conditions, inflammatory presen-
tation of myocardial antigen may lead to autoimmunity and even possible rejection
of transplanted heart allografts. Increased understanding of these basic mechanisms
offers therapeutic opportunities.

Keywords: efferocytosis, heart, phagocytosis, macrophage, cardiomyocyte

INTRODUCTION

Each day billions of cells per person must be cleared during homeostatic cellular turnover (1).
Inefliciencies of phagocytic clearance lead to exposure of self-antigen, which is a precursor to auto-
immune reactivity (2). In contrast to unicellular organisms that utilize phagocytosis primarily to
ingest nutrients, herein we focus on metazoans, and specifically heart tissue, in which the process of
phagocytosis by professional phagocytes, particularly macrophages, has evolved additional organ-
specific significance, the latter a topic of significant interest in understanding how the local environ-
ment shapes cellular identity and tissue homeostasis (3). Prior to just 2014, traditional views held
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that cardiac phagocytes arose from blood monocytes. However,
discoveries on the contributions of cardiac macrophages that
have taken up residence prenatally has evolved this view (4) and
elevated our appreciation of the diversity of cardiac phagocyte
subsets. Herein, this review will discuss our own evolving under-
standing of phagocyte function in the heart, with particular
attention paid to phagocytic signaling, a core phagocyte function
with consequences during cardiac development, homeostasis,
and disease.

PHAGOCYTOSIS IN THE DEVELOPING
HEART

The inextricably linked pathways of programed cell death and
cellular removal, in turn contribute to tissue remodeling that
is integral to embryonic and postnatal organ development.
During cardiac development, human fetal cardiocytes appear
to ingest other apoptotic cardiocytes, and failure to do so is a
hallmark of fetal congenital heart block (CHB) and associated
maternal antibodies to ribonucleoproteins (5). For example,
binding of antiribonucleoprotein antibodies to apoptotic car-
diocytes modifies the distribution of urokinase plasminogen
activator receptors, which serves as an antiphagocytic “don’t eat
me” signal and prevents phagocytosis of apoptotic cardiocytes
by neighboring viable cardiocytes (6). Accumulation of these
opsonized apoptotic cardiocytes triggers proinflammatory
cytokine secretion by macrophages, leading to the fibrosis
characteristic of CHB (7, 8). In the case of myeloid phagocytes,
and in contrast to the roles of cardiac macrophages in the adult
heart, far less is understood on the function of phagocytes dur-
ing embryonic, fetal, and neonatal stages. Loss of macrophage
differentiation or function in the developing heart of Xenopus
embryos arrests heart formation with targeted depletion of
spib, a transcription factor essential for primitive macrophage
differentiation, or lurpl, a protein secreted by macrophages that
is linked to embryogenesis, through preventing formation of
the fused, wedge-shaped trough that is a precursor to heart tube
formation (9). Thus, macrophages are positioned to shape the
myocardial layer and remain in proximity during remodeling
of the developing heart. In the case of rodents, apoptotic debris
has been observed in macrophages of the developing rat heart,
likely acquired through the physiological processes of vestigial
structure deletion, cell number control, and structure remod-
eling, suggesting that phagocytic signaling could modulate
growth cues for early cardiac morphogenesis (10). In mice, the
developing heart contains multiple macrophage subsets, which
can be classified into distinct populations based on the expres-
sion of C-C chemokine receptor 2 (CCR2) and are derived from
yolk sac, recombination activating gene 1* lymphomyeloid,
and fetal Fms-like tyrosine kinase 3* monocyte lineages (11).
Functionally, CCR2~ yolk sac-derived macrophages were
found to be required for coronary development and matura-
tion, whereas macrophages derived from lymphomyeloid and
fetal monocyte lineages appeared dispensable for normal heart
development. Mechanistically, embryonic CCR2™ macrophages
demonstrated increased expression of insulin-like growth factor

(IGF) ligands, a proangiogenic signal, compared to CCR2* mac-
rophages, and were selectively recruited to perfused vasculature
where they functioned to remodel the developing coronary vas-
cular plexus by promoting expansion of perfused blood vessels.
Despite no overt role for lymphomyeloid and fetal monocyte
lineages for heart development in this study, the differences in
timing of recruitment, location within the developing heart, and
transcriptional profiles indicate the need for additional stud-
ies to understand whether these distinct macrophage lineages
contribute to embryonic and postnatal organ development, or in
response to embryonic cardiac developmental insults.

NONPHLOGISTIC PHAGOCYTIC
CLEARANCE DURING THE CARDIAC
STEADY STATE

In adults, efficient cell removal is critical for ensuring that the
daily turnover of senescent cells does not disturb the steady state
by inciting inflammation. During steady state, both professional
phagocytes and non-professional “bystander” cells may partici-
pate in removal and metabolism of dead cells through the process
of efferocytosis (12). Apoptosis eliminates senescent cells in the
absence of inflammation, as efferocytic mechanisms suppress
proinflammatory cytokines (13). In the heart, a recent analysis of
cell generation and turnover revealed that cardiomyocyte num-
bers are initially established perinatally and appear to be constant
throughout human life; cardiomyocyte turnover was estimated at
<1% per year in adulthood (14). This was in contrast to endothe-
lial and mesenchymal cells, including fibroblasts and smooth
muscle cells, which exchanged at a high rate. Thus, in comparison
to other cell types, cardiomyocyte apoptosis is not a likely signifi-
cant factor in daily macrophage phagocytic programming. This
does not rule out however, that cardiomyocytes, through release
of degradation products through lysosomal exocytosis (15),
exosomes, or ectosomes, in turn may stimulate receptor mediated
endocytosis or phagocyte signaling toward the maintenance of
the steady state. For example, ectosomes released by some cell
types can induce phagocytic receptor anti-inflammatory path-
ways in macrophages (16). In the adult murine heart at steady
state, resident macrophages are maintained by local proliferation
to populate and replicate within the myocardium (4). Resident
CCR2™ macrophages can be divided into MHCII" and MHCIT*?
subsets, which differ significantly in gene ontology of antigen
processing pathways (4). In a scenario where mice express the
fluorescent TdTom reporter, strictly in cardiomyocytes (Rosa-
TdTom x Mlc2V-cre), increased fluorescence can be found asso-
ciated with resident cardiac macrophages. Although this could
be associated with macrophage phagocytosis during preparation
of cardiac extracts, it does support the prospect of cardiomyocyte
sampling as a means for communication between myocytes and
macrophages. In vitro, MHCII'© cardiac macrophages were most
efficient at taking up dead cell cargo (4, 17). Many interesting
questions remain in terms of homeostatic clearance in the heart.
For example, it is unclear whether specific receptors are utilized
in the steady state, as opposed to during cardiac inflammation or
injury, as well as the associated relationships to anti-inflammatory
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pathways. Furthermore, the classification and characterization
of cardiac resident macrophages in these studies and others
discussed herein are derived from the murine heart. Whether
these observations will translate to the human heart remains to
be determined.

PHAGOCYTIC CLEARANCE DURING
CARDIAC INFECTION

A potential yet understudied role for resident cardiac mac-
rophages in the steady state is the defense against infection.
As proof of principle, injection of fluorescently labeled bacteria
leads to uptake by cardiac phagocytes (18). Streptococcus pneu-
moniae enters the myocardium and forms damaging microle-
sions (19); however, these lesions exhibit relatively low levels
of inflammatory infiltrate that only increase after antimicrobial
therapy. In the case of Chagas heart disease, the leading cause
of infectious myocarditis and caused by the protozoan parasite
Trypanosoma cruzi, infection can be characterized by cardio-
myocyte necrosis throughout the course of disease (20), likely
inducing activation of cardiac macrophages. Another important
feature of experimental infection with T. cruzi is the massive
increase in apoptotic, activation-induced cell death in CD4*
T lymphocytes (21). Phagocytosis of these apoptotic lympho-
cytes by macrophages results in macrophage secretion of TGF-p
leading to suppressive TGF- signaling and increased growth of
T. cruzi in the macrophage (22, 23). Interestingly, in patients with
cardiac clinical forms of Chagas disease, there is an increase in
the expression of CCR5 on CD4* T cells, which controls leuko-
cyte migration into the inflamed heart (24), and while CCR5
expression is required during the acute phase for protection
against experimental T. cruzi infection in mice, it is dispensable
for the chronic phase of infection (25). Thus, during the chronic
phase of infection, continuous recruitment of CD4* T cells to
the infected heart followed by their apoptosis and engulfment by
cardiac macrophages could contribute to an immunosuppressive
environment to allow T. cruzi to escape host responses leading
to chronic cardiomyopathies. Similar to Chagas disease, patients
with infectious endocartitis due to Coxiella burnetti, can exhibit
valvuopathy with increased levels of apoptotic leukocytes. This
has also been linked to efferocytic anti-inflammatory mac-
rophage polarization, thereby permitting increased bacterial
replication (26). In contrast, anti-inflammatory macrophages
play an important role in limiting excessive inflammation during
viral myocarditis (27). Following coxsackievirus B3 infection,
viral myocarditis was milder in female mice, which displayed
enhanced expression of anti-inflammatory mediators by mac-
rophages, compared to male mice, which displayed higher levels
of proinflammatory macrophage markers. Adoptive transfer of
ex vivo alternatively activated macrophages alleviated the exces-
sive inflammation in male mice, consistent with macrophage
polarization contributing to the extent of myocardial inflamma-
tion. These studies highlight that cardiac macrophages likely play
an important role in shaping host defense against a variety of
pathogens in the heart and this is further supported by the abil-
ity of pathogens, such a T. cruzi, to exploit essential phagocyte
function to evade clearance.

PHAGOCYTIC CLEARANCE AS

AN INDUCER OF PHAGOCYTE
PROGRAMMING OF CARDIAC

REPAIR AFTER ACUTE ISCHEMIC
INJURY AND CLINICAL REPERFUSION

In Western Societies, including the United States, heart disease
and stroke remain leading causes of death (28). Patients who
survive their first heart attack have an increased risk of second-
ary MI, heart failure, and stroke, and secondary risk is linked to
the local and systemic inflammation that occurs after first MI
(29). A key function of recruited and mobilized leukocytes at
site of infarction is the degradation and phagocytosis of dying
and necrotic cells, and extracellular matrix. Inhibition of innate
immune cells is associated with adverse outcomes post-MI (30).
Similar to inflammatory atherosclerosis (31, 32), the infarction
consists of a necrotic core (33) that can expand between the
endocardium and epicardium. Bordering this necrotic core are
endangered cardiomyocytes that may be either salvaged or not,
dependent in part on the efficiency of the repair process. This is
necessary for subsequent fibrogenic responses and remodeling
to compensate for lost cardiomyocytes, as well as angiogenesis
to reperfuse the tissue. Recent data directly link efferocytosis
by inflammatory immune cells (12) to wound healing in the
myocardium and implicate phagocytosis receptors on monocytes
and macrophages as a key link between inflammation resolution
and organ function (34, 35). In the elderly, suboptimal dying-cell
clearance may lead to a non-resolving inflammation (36), and
maladaptive cardiac repair, thereby accelerating heart failure
(37). An additional clinical component is the contribution of
reperfusion, which although restores oxygen supply, can also itself
facilitate reperfusion-associated injury (38). Below we expand on
key steps surrounding phagocytic clearance after cardiac wound
injury.

CHEMOTAXIS SIGNALS FOR
PHAGOCYTES TO SITES OF
MYOCARDIAL INJURY

Directed chemotaxis to the infarction proceeds by trafficking
through a gradient of reducing oxygen tension and a chemot-
actic gradient of local so-called apoptotic find-me signals (39),
including lipids, such as lyso-phosphatidyl-choline (LPC) and
sphingosine-1-phosphate (S1P). LPC is externalized and excreted
during apoptosis (40, 41) and amasses during ischemia in the
heart via thrombin activation of Ca2*-independent phospho-
lipases (42), consistent with its role as a find-me signal in the
damaged heart. S1P, another lipid find-me signal is produced by
sphingosine kinase 1 (SPHK1). Apoptotic stress induces SPHK1
activation, which can then promote S1P secretion (43). In addi-
tion to lipid find-me signals, proteinaceous tissue recruitment fac-
tors include fractalkine (CX3CL1), which is cleaved by caspase-3
during apoptosis. Released fractalkine interacts with CX3CR1
on macrophages for cell recruitment (44). Fas/CD95-induced
chemokines, which includes monocyte chemoattractant protein
1/C-C chemokine ligand 2 (MCP-1/CCL2), can recruit monocytes
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and monocyte-derived macrophages for phagocytosis via CCR2
(45). Nucleotides ATP and UTP from apoptotic and necrotic cells
also likely act as find-me signals in the myocardium. In apoptotic
cells, the plasma membrane channel pannexin 1 (PANX1) may
act as a portal for nucleotide release (46). During ischemia,
cellular stress increases glycosylation of PANX1 and increased
ATP release from myocytes to activate fibroblast transformation
(47). ATP can also serve as a signal for neutrophil chemotaxis via
purinergic P2Y2 and A3 adenosine receptors in vitro and in vivo
(48). Knockdown of P2y2 inhibits migration (49), all consistent
with ATP released from PANXI1 acting as a find-me signal in
the heart. Taken together, a variety of “find me” signals may be
released by apoptotic cells in the heart but whether these signals
cooperate or are distinct and how they direct the phagocytic
response during cardiac injury require further investigation.

UNIQUE FUNCTIONS OF PHAGOCYTE
SUBSETS DURING CARDIAC REPAIR
POST MI

Following MI, innate immune cells are recruited and mobilized
to heart to clear damaged tissue and initiate cardiac repair.
Neutrophils, the recruitment of which is linked to circadian
oscillation (50), accumulate in the ischemic myocardium in large
numbers within a few hours, acting as first responders after the
onset of injury (51). Neutrophils act to clear necrotic debris, but
are also capable of clearing apoptotic cells in other circumstances
(52). While neutrophils are among the first to arrive in the injured
heart, their function has often been associated with detrimental
effects on heart healing. For example, blockade of neutrophil
function has been shown to limit adverse ventricular remodeling
and preserve systolic function (53, 54) and the magnitude of the
neutrophil response was predictive of adverse outcomes in both
mice (50) and humans (55, 56). Initial studies using antibody-
mediated depletion of neutrophils revealed protective effects
during myocardial ischemia-reperfusion injury (IRI) (57-59).
However, in the context of the prolonged ischemia that occurs after
experimental, permanent coronary ligation, neutrophil deple-
tion led to increased cardiac fibrosis and progressively worsened
cardiac function with increased markers of heart failure (57). The
worsened outcome following neutrophil depletion was attributed
to reduced phagocytic receptor Mertk gene expression on cardiac
macrophages, preventing efficient clearance of dying cardio-
myocytes and proper inflammation resolution. Mechanistically,
neutrophil gelatinase-associated lipocalin was identified as a
neutrophil secreted molecule that was capable of programming
macrophages toward a highly phagocytic, MerTK-expressing,
proreparative phenotype. In addition to secreted factors, neu-
trophils represent a large population of short-lived inflamma-
tory cells that undergo apoptosis in the infarcted myocardium.
Phagocytosis of apoptotic neutrophils by macrophages directs
inflammation resolution by promoting an anti-inflammatory
program leading to the release of proresolving mediators such as
IL-10, TGF-B, lipoxins, and resolvins (13, 60) and also contributes
to the maintenance of homeostasis by imprinting tissue resident
macrophages with an anti-inflammatory phenotype in various

tissues throughout the body (61). It has been proposed that
phagocytosis of apoptotic neutrophils by cardiac macrophages
promotes inflammation resolution in the infarcted myocardium
(51). Therefore, depletion of neutrophils might be expected to
worsen repair by limiting phagocytosis-dependent reprogram-
ming of macrophages toward a reparative phenotype. However,
additional studies are required to directly assess this in the heart.
Thus, neutrophils likely contribute to repair after myocardial
infarction through the secretion of soluble mediators, which
promote the differentiation of reparative macrophages, but also
by acting as a direct trigger for phagocytosis-dependent, anti-
inflammatory pathways in macrophages.

After neutrophil numbers peak in the infarcted mouse
myocardium, Ly-6C" monocytes (Figure 1 Working Model)
accumulate in response to CCL2 and exhibit proteolytic and
phagocytic functions to degrade and clear the damaged myocar-
dium (62). Ly-6C" monocytes engulf dying cardiomyocytes (63)
and in other contexts, are able to efferocytose and cross-present
cell-associated antigens (64). In the heart, Ly6C" monocytes give
rise to proliferative Ly6C®" macrophages, and this requires the
nuclear receptor protein NR4A1 (65). Interestingly, NR4A1 is
also linked to Mertk gene expression (63) and therefore as an
expected consequence, NR4A1 deficiency in macrophages has
been shown to impair engulfment and clearance of apoptotic
cells (66). Macrophage polarization may also be important in
cardiac wound healing, as alternatively activated macrophages
have been linked to enhanced efferocytosis (67) and repair of the
infarcted adult murine heart (68). There are multiple inducers of
anti-inflammatory macrophage polarization, including cytokines
IL-4 and IL-13 (69), which transduce their effects through IL-4
and IL-13 receptors, including the common IL-4Ra subunit (70).
Administration of IL-4 increases survival and improves cardiac
function after MI, however, in Trib1-deficient mice, which exhibit
impaired alternative macrophage polarization, these mice are
not protected by IL-4 (68). Complete deficiency of IL-13 in male
mice decreases survival and impairs cardiac remodeling after
myocardial infarction (71). Additionally, the combination of IL-4
or IL-13, together with apoptotic cells, promotes macrophage
tissue repair (72).

While these observations have advanced our understanding on
how apoptotic cell engulfment reprograms macrophage function
and how this in turn informs phagocyte function during cardiac
injury, many of these studies require moving beyond the general-
ized M1/M2 macrophage polarization paradigm to comprehend
deeper relationships between macrophage polarization and
function (73). This is further emphasized by the identification of
a variety of macrophage subsets residing in the myocardium of
differing developmental origins, which changes over the course
of development and aging or following cardiac injury (4, 74, 75).
Of the cardiac resident macrophage populations examined
to date, all appear capable of phagocytosing cardiomyocytes
(4, 17), highlighting the potential of these different phagocytes
to participate in the wound healing process. However, many
questions remain on whether the different populations have
distinct or overlapping function and whether their function dif-
fers under varied pathophysiological conditions, such as sterile
would healing or host defense. Emerging evidence indicates
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FIGURE 1 | Phagocytosis in the heart. During development, embryonic yolk-sac-derived and then fetal liver-derived macrophages seed the heart with MHCII-®
M® that can later differentiate into MHCIIM' M. Following cardiac injury, both recruited phagocytes (Ly6C" monocytes) and resident (embryonic-derived M®)
contribute to tissue repair and inflammation resolution. CCR2 mediates recruitment of Ly6C" monocytes to the injured myocardium where CD36 expression on
LyBC" monocytes leads to the recognition and clearance of necrotic cardiomyocyte (NC) debris and the subsequent induction of NR4A1-dependent
transcription and reprogramming to MerTK-expressing, monocyte-derived M®. Peripheral blood monocytes preferentially differentiate into MHCIIFCCR2+ M® in
the heart but whether these cells also become MHCH-°CCR2- M® (dotted line) requires further investigation. Concurrently, MHCII® embryonic-derived M®
recognize apoptotic cardiomyocytes (ACs) through MerTK leading to the production of anti-inflammatory cytokines (IL-10, TGF-p) and specialized, proresolving
lipid mediators (RvD1, LXA4). MHCII" embryonic-derived M® may also recognize ACs through MerTK and other phagocytic receptors, such as AXL and
differentiate into proresolving MHCH' M® (dashed line). How monocyte-derived M® and embryonic-derived M® interact and the mechanisms regulating
differentiation between the different MHCII-expressing populations remain understudied and will likely have important consequences toward recovery after

cardiac injury.

that embryonic-derived cardiac macrophages may be superior
at mediating inflammation resolution and tissue repair follow-
ing cardiac injury (74). The progressive loss of these cells with
age may also explain in part the adverse outcomes that occur in
adult humans during cardiovascular disease (75), and lead to the
identification of novel therapeutic avenues to reverse the clock
and recapture the protective responses of embryonic-derived
macrophages. For example, embryonic-derived macrophages
rely on macrophage colony-stimulating factor (M-CSF) signaling
through CSFRI1 as both a survival and self-renewal signal (76),
and injection of M-CSE, but not granulocyte colony-stimulating
factor (G-CSF), increases collagen content to accelerate infarct
repair and attenuate left ventricular dysfunction (77), suggesting

that M-CSF-mediated preservation of embryonic-derived mac-
rophages may improve repair after cardiac injury. At the time
of this publication, significantly more studies are warranted on
examining the different macrophage subsets in the heart both at
steady-state and during the many forms of cardiac disease.

PHAGOCYTOSIS BY NON-
PROFESSIONAL PHAGOCYTES

While phagocytosis of microbes or apoptotic cells in the heart is
predominantly promoted by macrophages, other non-professional
phagocytes have been shown to participate in this process.

Frontiers in Immunology | www.frontiersin.org

174

November 2017 | Volume 8 | Article 1428


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

DeBerge et al.

Phagocytosis in Heart

Interestingly, cardiomyocytes themselves can phagocytose latex
particles in vitro (78) and potentially cardiomyocyte debris
in vivo (79, 80), the latter of which may have an important role in
the developing heart. Recently, myofibroblasts were identified as
another non-professional phagocyte that were capable of engulf-
ing apoptotic cardiomyocytes (81). Myofibroblast-mediated
clearance of dying cells after myocardial infarction was depend-
ent on milk fat globule epidermal growth factor (MFG-ES),
which was produced in part by myofibroblasts, and mice lacking
MFG-E8 displayed increased inflammation and adverse tissue
remodeling. Furthermore, macrophages, through the release
of microvesicles, can alter the type of particles engulfed by
non-professional phagocytes, to in turn affect the inflammatory
response. For example, efferocytes release IGF-1, which upon
recognition by non-professional phagocytes such as epithelial
cells, reduces the size of particulate uptake (82). While the pres-
ence of professional cardiac phagocytes, such as macrophages,
minimalizes the necessity for non-professional phagocytes, such
as myofibroblasts, to phagocytose a dying neighbor, the contribu-
tion of non-professional phagocytes to the clearance of apoptotic
and necrotic debris is underexplored and whether these cells
cooperate with macrophages in the heart to promote cardiac
repair requires additional study.

PHAGOCYTIC RECEPTOR TARGETS
AND STIMULI IN HEART

Thereare multiple targetsinaddition to dying cardiomyocytes that
can activate phagocytic receptor signaling in the heart, including
clearance of red blood cells, a process known as erythrophagocy-
tosis. Intramyocardial hemorrhage is a frequent complication in
ST-Elevation Myocardial Infarction (STEMI) patients reperfused
by primary percutaneous coronary intervention. STEMI patients
with intramyocardial hemorrhage also frequently present with
residual myocardial iron that is associated with adverse left
ventricular remodeling and suggestive of ongoing inflammation
(83). In canines, myocardial iron deposits were directly related to
proinflammatory burden with iron deposits found directly in car-
diac macrophages (84). The accumulation of iron in macrophages
is likely a direct consequence of excessive erythrophagocytosis
in the hemorrhage. Iron overloading of macrophages has been
shown to induce a proinflammatory activation state character-
ized by TNF-a and toxic hydroxyl radicals release, which can
then lead to premature senescence of resident fibroblasts and
impaired wound healing (85). Similar to intramyocardial hemor-
rhage, erythrocyte-rich thrombi also contain more inflammatory
cells leading to impaired reperfusion in STEMI patients (86).
In addition to erythrophagocytosis, the thrombus includes
platelets and fibrin that are processed by phagocytes and for
which the mechanisms of removal remain unclear. Macrophages
are capable of phagocytosing platelets leading to the induction
of iNOS (87), which may contribute to matrix degradation and
adverse ventricular remodeling. A recent report also identified
macrophages as important mediators of fibrin clearance with
CCR2* macrophages constituting the majority of cells engulfing
fibrin (88). This has important implications for the heart, where

CCR2* macrophages are present early in cardiac development
and expand in numbers after injury.

In the case of necroptosis, a regulated, nonapoptotic form of
necrotic cell death, signaling through receptor-interacting protein
kinase-3 and mixed lineage kinase-like proteins leads to externali-
zation of phosphatidylserine, a prophagocytic “eat me” signal (89),
and an opportunity for phagocytes to recognize and clear these
“necrotic bodies” to limit inflammation in the injured heart (90).
Given the relatively long-lived life cycle of adult differentiated
cardiomyocytes, it is logical to speculate that antiphagocytic, or
so-called “don’t-eat-me” signals (39), may be important in ward-
ing off macrophage-mediated elimination. Indeed, dont-eat-me
signals, which include CD31 and plasminogen activator inhibi-
tor I, prevent viable cells from engulfment by phagocytes (91).
The most widely studied don’t-eat-me signal is CD47, which is a
membrane protein expressed on the surface of most cells and has
been shown to prevent tumor cells from immunologic removal
(92). CD47 interacts with SIRPa on phagocytes, recruits phos-
phatases, and inhibits downstream activation of the phagocyte
actin cytoskeleton, thereby preventing engulfment (93, 94), and
has been associated with blocking recognition of prophagocytic
molecules, such as calreticulin (93). It has been shown that CD47
is expressed in abundance on apoptotic neonatal cardiocytes (95),
and mice lacking thrombospondin-2, a CD47 ligand, exhibit
impaired cardiomyocyte survival and dilated cardiomyopathy
leading to higher mortality (96). However, whether the afore-
mentioned requires CD47, or whether CD47 is directly involved
in removal of apoptotic cells in the heart, is unknown. Recently,
CD47-blocking antibodies have been effective at restoring defec-
tive atherosclerotic phagocytosis (97, 98) and preventing athero-
sclerosis in experimental mouse models (99). More recent studies
(100), suggest that early targeting of CD47 in the myocardium
after infarction may be a new viable strategy, in combination with
current standards of care, to enhance the efficacy of wound repair
in the ischemic heart, and specifically through promotion of
enhanced cardiomyocyte phagocytosis. However, the titration of
anti-CD47 antibodies will likely need to be optimized to prevent
phagoptosis of live cells (101).

The clearance of apoptotic cells and cellular debris is also medi-
ated by soluble mediators of the acute-phase response including
pentraxins and complement. The long pentraxin, PTX3, has been
observed in the myocardium and increases in the blood of both
humans (102) and mice (103) after MI. PTX3 has been shown to
bind to apoptotic cells limiting activation of the first component
of the classical complement pathway, C1q, and inhibiting their
phagocytosis by dendritic cells (104). In contrast to dendritic
cells, PTX3 increased macrophage phagocytosis of apoptotic cells
(105), indicating that PTX3 may redirect apoptotic cell phagocy-
tosis during injury to promote inflammation resolution and limit
self-antigen presentation. The cumulative effect for the actions of
PTX3 are cardioprotective as PTX3-deficient mice display exac-
erbated heart damage with increased cardiomyocyte apoptosis
and complement activation after MI (103), and administration
of exogenous PTX3 ameliorated cardiomyocyte apoptosis and
inflammation in a heart transplantation model (106). Circulating
levels of the classical short pentraxin, C-reactive protein (CRP),
are also elevated in the blood of humans after MI (102). Like
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PTX3, CRP is also able to promote apoptotic cell clearance by
binding to oxidized phosphorylcholine on the apoptotic cell
surface leading to recognition and phagocytosis by macrophages
(107, 108). While both elevated and insufficient levels of CRP
have been linked with disease progression in a variety of autoim-
mune disorders (109), the increased levels of CRP observed after
MI in humans is believed to promote complement activation
in the infarct leading to increased cardiomyocyte death (110).
Consistent with a detrimental role for CRP after cardiac injury,
selective apheresis of CRP reduced infarct size in pigs after MI
(111),and administration of human CRP, which binds to damaged
cells and activates complement, enhanced infarct size in rats after
MI (112). Inhibition of complement activation in rabbits reduced
infarct size after cardiac IRI (113), suggesting that regulation of
complement activation by PTX3 and CRP may control the extent
of damage after cardiac injury.

Finally, the biodegradation of collagen by phagocytes and the
deposition of new extracellular matrix is formative during the final
stages of tissue remodeling. Macrophages are capable of phagocy-
tosing collagen with M2-like macrophages predominating col-
lagen uptake in vivo in a mannose receptor (CD206)-dependent
pathway (114). Whether collagen phagocytosis stimulates macro-
phages to promote extracellular matrix deposition remains
unclear; however, loss of CD206% M2-like macrophages during
MI and the resultant catastrophic decrease in collagen deposition
(68), underscores the importance of macrophages shaping the
extracellular matrix during the final stages of tissue remodeling.
Importantly, phagocytes can fine-tune their response according to
the size and source of the phagocytic target. A recent finding indi-
cated that reactive oxygen species localization may be one signal
that regulates this response with smaller microbes triggering ROS
intracellularly in neutrophils and larger microbes triggering extra-
cellular release of ROS, effectively adapting the immune response
to the microbe size (115). This may be particularly relevant in the
heart where macrophages encounter apoptotic targets of varying
size during wound healing ranging from the diminutive red blood
cell to the relatively larger cardiomyocyte, which is many fold
larger in surface area relative to the macrophage.

RECOGNITION OF THE CARDIAC
PARENCHYMA BY PHAGOCYTE
RECEPTORS

The recognition of “eat-me” signals on apoptotic cells is perfor-
med by a variety of conserved recognition receptors, which either
directly or indirectly recognize the apoptotic cell and often dis-
play redundancy in the “eat-me” signals recognized. In the heart,
early reports have linked apoptotic cell recognition by scavenger
receptors (SRs) in cardiac repair. For example, mice deficient in
class A scavenger receptor (SR-A) exhibit increased myocardial
rupture after infarction resulting in part from excessive inflam-
mation (116). Whether SR-A deficiency impairs phagocytosis
of dying cardiomyocytes by macrophages is unclear; however,
the hearts of SR-A-deficient mice display evidence of increased
cardiomyocyte necrosis (117), which could be the consequence of
secondary necrosis following impaired apoptotic cell clearance.

Interestingly, SR-A deficiency reduced myocardial IRI and this
was associated with increased microRNA-125b expression and
reduced apoptosisin macrophages (118).In contrast to permanent
occlusion MI, reperfusion spares resident cardiac macrophages
that would otherwise be subject to ischemic-induced cell death
(119), so the attenuated injury in SR-A-deficient mice after IRI
may be due to the actions of preserved resident macrophage func-
tion. CD36, another SR, also appears important for wound heal-
ing after myocardial injury (120), particularly early after the onset
of injury (63). Within hours after MI, uptake of apoptotic and
necrotic cardiomyocyte debris was mediated by CD36 on Ly6C™
monocytes and the importance of CD36-mediated clearance by
Ly6Ch monocytes was revealed in CD36-deficient bone marrow
recipients, which displayed increased infarct size early after MI
compared to WT recipients (63). CD36-mediated engulfment
was also found to induce the expression of NR4Al, which is
required to mediate the differentiation of Ly6C" monocytes
into reparative Ly6C" macrophages (65). The protective effects
mediated by CD36 may be limited by its proteolytic degradation
as CD36 levels decreased after MI in WT but not in matrix metal-
loproteinase (MMP)9-deficient mice (120). Preservation of CD36
in MMP-9-deficient mice increased macrophage phagocytosis
of apoptotic neutrophils, improving inflammation resolution
and LV function. Efferocytosis of apoptotic cardiomyocytes has
been shown to require MerTK to resolve acute inflammation
and permit cardiac repair after permanent occlusion (34, 35)
and clinically relevant myocardial reperfusion (17). Additionally,
combined deficiency of MerTK and MFG-E8 in macrophages
impaired efferocytosis-linked vascular endothelial growth factor
(VEGF)-A secretion, worsening angiogenesis and cardiac repair
after MI (34). MerTK and additional receptor tyrosine kinase
family members, Tyro3 and AXL, indirectly recognize apoptotic
cells through bridging molecules growth-arrest-specific 6 and
protein S, which bind phosphatidylserine. Galectin-3 has been
suggested as a new, putative MerTK ligand (121), and consistent
with this role, Galectin-3-deficient mice had increased infarct
size and worsened ventricular function after MI (122). While the
role of MerTK in cardiac repair is well characterized, roles for
either Tyro3 or AXL in the heart are currently unknown. Overall,
the phagocyte is equipped with a variety of receptors capable of
recognizing apoptotic cells. How these receptors mediate engulf-
ment, the signals that regulate their expression in the heart during
both homeostasis and disease, and in many cases, the ligands
these receptors recognize on the surface of apoptotic cells remain
unknown and are the focus of current investigations.

CARDIAC CONSEQUENCES OF
PHAGOCYTOSIS-DEPENDENT
INTRACELLULAR SIGNALING
AND REPROGRAMMING

The engulfment of foreign bodies by phagocytes triggers signal
transduction cascades beyond the necessary cytoskeletal and
phago-lyosomal processing pathways that are required to physi-
cally internalize and digest extracellular-derived material. In the
case of microbial phagocytosis, phagosomes have been shown
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to recruit pH-lowering caspase-1, which was activated by the
NLRP3 inflammasome and ROS signaling, leading to cross-
presentation of phagocytosed bacterial antigens (123). In the case
of macrophages that have ingested apoptotic cells, intracellular
signaling culminates in inhibition of proinflammatory cytokine
production and secretion of anti-inflammatory mediators (13).
Such signaling pathways remain an active area of investiga-
tion. One key family of efferocytosis-signaling molecules are
the nuclear receptors. For example, the nuclear receptor, liver
X receptor (LXR), is activated upon apoptotic cell engulfment
and can in turn promote further efferocytic events through the
induction of efferocytic receptors (124). In vitro, loss of LXR
reduced macrophage-mediated efferocytosis and subsequently
impaired the tolerogenic effects that result from apoptotic cell
engulfment, and in vivo, LXR-deficient mice exhibited a break
in self-tolerance, developing autoantibodies and autoimmune
glomerulonephritis. Some of this reprogramming may occur
through so-called apoptotic cell response elements (ACREs)
(125). With respect to IL-10, apoptotic cell engulfment induces
binding of the transcription factor, pre-B cell leukemia tran-
scription factor (Pbx)-1, to the IL-10 promoter and deletion
of the Pbx-1 promoter binding site reduces promoter activity
and IL-10 production. Interestingly, Pbx-1 deficiency did not
completely ablate apoptotic cell-induced IL-10 production,
indicating the likelihood of additional transcription factors
or ACREs regulating apoptotic cell-induced IL-10 expression.
Additional signals from the local milieu also translates into
both phenotypic and functional properties of phagocytes. For
example, tissue-resident macrophages display unique enhancer
landscapes beyond what may be explained by developmental
origin and this is determined in part by the tissue microenviron-
ment (3). Transfer of mature, peritoneal macrophages into the
lung resulted in upregulation of lung macrophage-specific genes
and downregulation of peritoneal macrophage-specific genes
in the transferred macrophages, indicating macrophages can
be reprogramed by the tissue microenvironment. Phagocytosis
itself imprints phagocyte heterogeneity in a tissue-specific con-
text, and though tissue residence defines core macrophage
signatures, the function of phagocytosis overlays an additional
anti-inflammatory profile (61). Relative to other tissues, such as
the lung, cardiac-specific imprinting after phagocytosis has not
been fully explored.

METABOLIC PROCESSING OF CLEARED
MYOCARDIAL TISSUE BY IMMUNE
CELLS, AND LINKS TO CARDIAC REPAIR

Tissue injury generates heightened levels of apoptotic and necrotic
debris and matrix remnants that once cleared by phagocytes,
must be metabolized. Despite the current interest in immu-
nometabolism, the relevance of this process in the heart by
immune cells is largely unexplored. For example, emerging
roles for metabolism have been linked to stem cell develop-
ment (126), cell proliferation (127), and T-cell activation (128).
In particular, mitochondrial metabolism has been linked to many
key macrophage functions, including inflammasome activation

(129), bacterial defense (130), and polarization (131). Given
that macrophages can engulf cardiomyocytes and associated
debris and cardiomyocytes may have both denser cellular and
elevated mitochondria content (132), it is reasonable to suspect
that following engulfment, macrophages need to increase cel-
lular metabolism to process this large metabolic load and that
this in turn influences phagocyte intracellular signaling and
reprogramming.

In contrast to traditional viewpoints that metabolic reprogram-
ming occurs solely in response to nutrient or oxygen availability,
newer studies reveal that intracellular metabolism is further
linked to receptors of damage-associated molecular patterns
(DAMPs), which are present in abundance after myocardial
infarction (133). In response to LPS, macrophages increase gly-
colysis and the pentose phosphate pathway, and reduce oxidative
phosphorylation despite the presence of abundant molecular
oxygen (131, 134, 135). Approaches utilizing glucose tracers
demonstrate conservation of this glycolytic shift in response to
other proinflammatory stimuli such as IFN-y and DAMPs (136).
Mechanistically, integrated transcriptional and metabolic net-
work analyzes revealed that proinflammatory macrophages have
aso-called “broken TCA cycle,” where the truncation of isocitrate
dehydrogenase and succinate dehydrogenase (SDH) leads to an
accumulation of succinate (137). The increase in succinate stabi-
lizes hypoxia inducible factor (HIF)-1a resulting in an increase
in reverse electron transport and ROS production from complex
I of the electron transport chain and favoring glycolysis by
promoting phosphofructokinase isoform conversion (135, 138).
Metabolomic studies also revealed that itaconate modulates pro-
inflammatory macrophage metabolism and effector function by
inhibiting the oxidation of succinate to fumarate by SDH (139).
Furthermore, HIF-1a may also directly be stabilized by ROS
generated during IRI driving a metabolic shift in macrophages
toward glycolysis and the subsequent proinflammatory polariza-
tion (140).

While DAMPs and hypoxia may polarize cardiac macro-
phages toward a glycolysis-dominated, proinflammatory profile
early during myocardial injury, increased oxygen tensions due
to angiogenesis and increased levels of lipids from engulfed
apoptotic debris may promote a metabolic shift toward fatty
acid oxidation (FAO) through the mitochondria. In this context,
alternatively activated macrophages induced by IL-4 consumed
more oxygen (141) and this increase in oxidative metabolism
was required for the anti-inflammatory phenotype, as inhibition
of FAO with the carnitine palmitoyltransferase (CPT)-1 inhibi-
tor, etomoxir, inhibited IL-4 induced alternative macrophage
polarization (131). However, another group contrasted CTP-2
requirements by showing that CPT-2-deficient macrophages can
still fully polarize toward an alternatively activated macrophage
phenotype after IL-4 stimulation, despite inhibition of FAO.
Thus, the effect of etomoxir on macrophage polarization might
be partially due to off target effects (142). Additionally, few pro-
cesses are all or none and another recent study reported glucose
requirements during alternative macrophage polarization, which
was dependent on a mTORC2/Stat6/IRF4 signaling axis (143).
Still the evidence to date largely supports a role for mitochondrial
oxidative phosphorylation in anti-inflammatory responses as
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IL-10 can alter macrophage function by promoting mitophagy
of damaged mitochondria to support oxidative phosphorylation
and limiting glucose uptake and glyocylosis to oppose inflam-
matory metabolic reprogramming (144). As IL-10 is actively
produced in macrophages after efferocytosis, it is worth exploring
whether efferocytosis influences cellular metabolism to promote
IL-10 production or whether macrophage secretion of IL-10
after efferocytosis functions in an autocrine manner to affect
macrophage metabolism. Metabolism of small molecules such
as amino acids and vitamins are also involved in macrophage
activation. For example, L-arginine-derived metabolites are
important mediators for inhibiting the production of TNF-a in
mouse splenic macrophages after intestinal obstruction (145).
Vitamin A has also been shown to be required for the phenotypic
conversion of IL-4 activated macrophages within tissue resident
macrophages of the peritoneal cavity (146). Besides its contribu-
tion to alternative macrophage activities, lipid metabolism also
likely contributes to macrophage phagocytosis by fulfilling its
energetic needs and regulating the membrane fluidity that is
required for phagocytosis (147). Other links to mitochondrial
pathways include mitochondrial UCP2, which is required for
continuous uptake of apoptotic cells (148). Taken together, many
of the metabolic links between phagocytosis and macrophage
function remain unknown, especially in the heart, and discover-
ies made in the field of immunometabolism as it pertains to the
macrophage will likely influence our understanding of inflamma-
tion resolution after cardiac injury and inform new therapeutic
strategies.

CARDIAC LYMPHATICS IN IMMUNE
SURVEILLANCE AND TISSUE
HOMEOSTASIS

Recent evidence has demonstrated crucial roles for the lym-
phatic vasculature of the heart in both immune surveillance
and tissue-fluid homeostasis. Under steady-state conditions,
the lymphatic network provides a path for dendritic cells to
constitutively phagocytose apoptotic cell remnants and trans-
port this self-antigen to T-cell areas in draining lymph nodes,
contributing to peripheral self-tolerance (149). In the heart,
IRF8-dependent conventional dendritic cells phagocytose the
cardiac self-antigen, a-myosin, and transport it to, and present
it in, the heart-draining mediastinal lymph node (MLN) where
it promotes the induction of a-myosin-specific CD4* T regula-
tory cells to maintain tolerance (150). Indeed, and in our own
hands, trafficking of cardiac antigen to lymph nodes appears to
be found in phagocytes (Figure 2 Lymphatics). During inflam-
mation, an elevated number of phagocytes can traffic from the
site of injury and carry phagocytosed antigen to the draining
lymph nodes (151). Although the cessation of the phagocyte
response in inflamed infarct tissue may occur primarily through
local cell death, some phagocytes traffic from the infarct tissue
to lymphatic organs (119). With respect to DCs, MI results in
massive maturation and expansion of all DC subsets in the heart,
including monocyte-derived DCs, followed by trafficking and
presentation of cardiac-derived antigens to CD4" T cells in the

MLN (150). Macrophages also utilize lymphatic vessels to traffic
antigen and modulate inflammatory responses in draining lymph
nodes and distal sites (152). For example, macrophages take
part in reverse cholesterol transport through lymphatics with
ablation of these pathways leading to heightened atherosclerosis
and inflammatory disease (153). In the heart, direct labeling of
cardiac resident macrophages, but not Ly6C" monocytes, by
intramyocardial injection of a cell tracking dye demonstrated
that cardiac macrophages constitutively traffic to the MLN,
spleen, and bone marrow under steady-state conditions (18).
Following MI, the percentage of labeled macrophages doubles in
both the spleen and the bone marrow; however, the significance
of this migration remains unknown.

With respect to tissue-fluid homeostasis, recent research has
demonstrated that VEGF-C-dependent lymphatics expand in
the border zone post-MI with further induction of lymphangi-
ogenesis, through VEGF-C injection, leading to increased meas-
ures of cardiac function and repair (154, 155). VEGF-C-induced
lymphangiogenesis led not only to improved myocardial fluid
balance through resolution of tissue edema but also to attenu-
ated cardiac inflammation, in part through egress of DCs and
macrophages from the wounded heart. Interestingly, VEGF-C
secreting macrophages are implicated in several pathologies and
inflammatory processes. In anti-inflammatory tumor environ-
ments, macrophages are able to secrete VEGF-C and increase
lymphatics, causing downstream tumor metastasis (156).
As demonstrated in murine models of lung damage, intestinal
bowel disease, and in corneal inflammation, macrophages are
able to secrete VEGF-C to induce lymphangiogenesis, regulate
lymphatics, and migrate through lymphatics into lymph nodes
(157,158).In the heart specifically, macrophages secrete VEGF-C
in murine models of hypertension and when activated by tonic-
ity enhanced binding protein, an osmotic stress responsive
transcription factor, contribute to the adaptive response in main-
taining interstitial fluid and blood pressure homeostasis (159).
Furthermore, macrophages were shown to not only modulate
lymphangiogenesis, but also directly interact and remodel lym-
phatic vessel structure and function. In such cases, macrophages
closely interact with lymphatics, possibly incorporating into
the vessels, and ultimately augmenting the branching of newly
forming lymphatics (160). While efferocytosis has been linked to
macrophage production of VEGF-A after MI (34), it is currently
unknown whether efferocytosis plays a role in VEGEF-C produc-
tion by macrophages.

PHAGOCYTOSIS LINKS TO CARDIAC-
SPECIFIC T-CELL RESPONSES

Professional phagocytes, such as macrophages and dendritic
cells, play a critical role in bridging innate and adaptive immu-
nity, which is important in the context of host defense (discussed
above). However, after sterile inflammation, such as myocardial
infarction, anticardiac T- and B-cell responses can develop
suggesting that phagocytosis by cardiac macrophages and DCs
can initiate autoimmune responses. Myocardial infarction
induces activation and proliferation of CD4* T cells in a cardiac
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antigen-specific manner, as mice with CD4* T cells specific to an
irrelevant antigen fail to mount a response (161). This process
is exacerbated in the presence of additional pathophysiology,
such as type I diabetes. In both mice susceptible to type I dia-
betes and type I diabetic patients, myocardial infarction induces
postinfarction autoimmunity specific for cardiac antigens such
as a-myosin heavy chain, a-actinin-2, and troponin I (162). This
is due in part to a lack of central tolerance to cardiac antigens
(163), and impaired efferocytosis in individuals susceptible to
type I diabetes. High glucose conditions impair macrophage-
mediated efferocytosis (164), likely contributing to liberation of
self-antigens in an inflammatory context. More recently, infarct
lysate-primed, tolerogenic dendritic cells improved remodeling
and cardiac function after MI by affecting regulatory T-cell
and macrophage polarization (165). Interestingly, tolerogenic
dendritic cells migrated only to the regional lymph node near
the site of injection but were still able to induce a systemic activa-
tion of MI-specific regulatory T cells. In contrast to tolerogenic
DCs, conventional and myeloid-derived DCs infiltrate and
mature in the infarcted heart and migrate to the MLN, where it
was demonstrated that IRF4-dependent conventional DCs were
superior in presenting a-myosin to CD4* T cells (150). Despite
the importance of IRF4- and IRF8-dependent conventional
DCs in presenting cardiac antigens in the MLN, loss of either
subset did not impair a-myosin-specific CD4* T-cell responses.

Perhaps this is due to the massive presence of monocyte-derived
DCs in the MLN after MI. While monocyte-derived DCs were
shown to be inferior in generating a-myosin-specific CD4* T-cell
responses at either steady-state or after MI, it has been previously
reported that this can be overcome by MHC class I/peptide
transfer to bystander DCs (166). Importantly, transient autoim-
mune reactions to cardiac myosin after MI appear to be relatively
common among the general population (167), necessitating a
better understanding of how phagocytes drive postinfarction
autoimmune responses.

PHAGOCYTE-LINKED MYOCYTE
REGENERATION

Although not a feature of the adult mammalian heart, the ability
to regenerate damaged tissue is common to many multicel-
lular organisms and tissues. For example in the skin and liver,
apoptotic cells, prior to engulfment, release growth signals to
stimulate the proliferation of progenitor cells (168), and during
skeletal muscle injury, cooperation between skeletal phagocytes
and satellite cells leads to myocyte regeneration (169). The latter
results in part through recognition of phosphatidylserine on
apoptotic myoblasts by brain-specific angiogenesis inhibitor 1 on
healthy myoblasts promoting fusion between healthy myoblasts
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to form myotubes. Similar to the heart, macrophages have also
been demonstrated to participate in the tissue repair process
of damaged skeletal muscle with macrophage depletion by
clodronate-containing liposomes leading to prolonged clearance
of necrotic myofibers and impaired skeletal muscle regeneration
(170). Some of the mechanisms can be attributed to generalized
tissue repair processes, where macrophages acquire an anti-
inflammatory phenotype characterized by gene expression of
IL-10, IL-13 receptor, arginase 1 (in mice), and other factors.
In skeletal muscle, macrophage polarized gene expression requires
CREB, as mice with conditionally mutated promoters exhibit
severe defects in muscle fiber regeneration (171). Additionally,
both heart and skeletal muscle injury leads to recruitment of
Ly6Ch monocytes that ultimately give rise to anti-inflammatory
Ly6C" macrophages (65, 172). However, tissue-specific differ-
ences likely exist that shape the role for phagocytes in repair after
injury as CCR2 deletion or antagonism reduces adverse ventricu-
lar remodeling and improves ventricular function after MI (173,
174), but impairs myogenesis following skeletal muscle injury
(172,175). For example, recruited phagocytes are a critical source
of IGF-1 that is needed to promote muscle regeneration following
skeletal muscle injury (175), but in the heart, embryonic-derived
resident macrophages may be the critical source for this growth
factor (11).

Despite some similarities in the tissue repair process, the
adult heart possesses poor regenerative potential in contrast
to the regenerative capacity of skeletal muscle and relative to
reports in the neonatal mouse heart, where injury can stimulate
cardiomyocyte proliferation (176). In the adult heart, immune-
mechanisms of tissue replacement largely leads to fibrosis and
therefore loss of full cardiac contractile potential. In a genetic
model of cardiomyocyte cell death, neonatal mice expanded a
population of embryonic-derived resident cardiac macrophages,
which generated marginal inflammation and promoted cardiac
recovery after cardiomyocyte proliferation and angiogenesis (74).
Similarly, macrophages were required for neonatal heart regen-
eration and neoangiogenesis after MI with macrophages from P1
hearts promoting angiogenesis essential for cardiac regeneration
compared to macrophages from P14 hearts, which produced
factors repairing the damaged tissue but also stimulating fibrotic
scar formation (177). Thus, understanding the context specific
molecular cues that empower regenerative potential versus scar-
ring is of critical clinical importance in the heart. Cardiospheres
and cardiosphere-derived exosomes have shown promise for car-
diac regeneration and some of these pathways may signal through
apoptotic cell receptors (178, 179). Recent clinical trials suggest
that yet more work is to be done in the field of cardiosphere-
derived therapy to translate findings from mouse to man (180).

PHAGOCYTE FUNCTION DURING HEART
FAILURE AND ASSOCIATED SYSTEMIC
FACTORS

Nonresolving inflammation is a driver of disease and a hallmark
of many cardiovascular syndromes including heart failure (36).
In both animal models of heart failure and in humans with

end-stage heart failure, there is evidence of ongoing cardiomyo-
cyte apoptosis indicating that continued clearance of dying car-
diomyocytes by phagocytes and the subsequent reprogramming
of these efferocytes may influence the progression of this disease
(181-183). During chronic heart failure, macrophages continue to
increase in numbers due to increased local macrophage prolifera-
tion and differentiation of recruited monocytes into macrophages
with each population displaying distinct gene expression patterns
(73). Limiting the expansion of monocyte-derived macrophages
through blockade of monocyte recruitment preserves ejection
fraction after MI (73), indicating that altered phagocyte function
contributes to heart failure. Similarly, in a model of pressure
overload-induced heart failure, ICAMI1-deficient mice have
decreased monocyte recruitment and exhibit no overt signs of
cardiac fibrosis and minimal ventricular dysfunction (184).
ICAM1 has been linked to suppression of efferocytosis with
ICAM1 deficiency in macrophages promoting efferocytosis of
apoptotic cells (185). Increased efferocytosis by ICAM1-deficient
macrophages led to increased expression of IL-10, which has
been shown to attenuate pressure overload-induced hypertrophic
remodeling (186), indicating that enhanced efferocytosis by
cardiac resident macrophages may contribute to the protective
response to heart failure in ICAM1-deficient mice. Galectin-3
represents another marker of altered phagocyte phenotype during
heart failure as it is expressed only by myocardial macrophages in
failure-prone hypertrophied hearts but not normal hearts, where
it has been shown to contribute to cardiac dysfunction in rats
(187) and be predictive of adverse events in human heart failure
patients (188). In mice lacking Galectin-3, myocardial fibrosis
and macrophage infiltration were reduced with preservation of
left ventricular function during chronic angiotensin II-induced
hypertension demonstrating a cardiac-deleterious role for
Galectin-3 (189). Galectin-3 plays a critical role in phagocytosis
by macrophages (190), but it can also be proteolytically cleaved
by MMP to release a soluble protein (191), which is capable of
inducing fibroblast proliferation and collagen production (187).
Whether Galectin-3-dependent phagocytosis or production of
soluble Galectin-3 by macrophages contributes to the progression
of heart failure remains to be determined; however, Galectin-3
influences macrophage polarization in vitro (192), suggesting
that Galectin-3 alters cardiac macrophage function in the failing
heart. Additional phagocytic receptors, such as SR-A, have been
implicated in regulating phagocyte function during heart failure
with SR-A-deficient macrophages displaying increased expres-
sion of proinflammatory genes following LPS-stimulation in vitro
and adverse vascular remodeling during angiotensin II-induced
hypertension in vivo (193).

The link between phagocyte function and heart failure is likely
a consequence of both local pathological changes within the myocar-
dium itself and pathophysiologies in distant organ systems that
feedback on the heart and also manifest as systemic changes.
For example, cardiorenal syndrome manifests as impaired renal
function following MI characterized by increased infiltration of
macrophages into the kidney and elevated renal levels of TGF-f
and T-cell immunoglobulin and mucin domain (TIM)-1 associ-
ated with the onset of renal fibrosis (194). TIM-1 has been linked
to efferocytosis (195), and overexpression of TIM-1 in mice leads
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to the development of spontaneous and progressive interstitial
kidney inflammation with fibrosis (196), demonstrating that
enhanced expression of apoptotic receptors distal to the site of
injury may have deleterious effects. In the context of hyperten-
sion, a recent report has demonstrated an interplay between
neurohormonal modulation of phagocyte function before the
onset of hypertension, leading to excessive inflammation by
the phagocyte system and contributing to the development of
hypertension (197). Heart failure also has systemic consequences
and in a recent report, mice subjected to myocardial pressure
overload in turn activated a heart-brain-kidney network that
required phagocyte function in both the heart and kidney and
culminated in activation of cardiac-resident Ly6C' macrophages
to mediate the adaptive response (198). Following pressure over-
load in the heart, sympathetic nerve activation led to activation
of renal collecting-duct cells, which through interactions with
renal macrophages led to the release of CSF2 into the circulation
by endothelial cells within the kidney. Within the overloaded
heart, CSF2 expanded and activated Ly6C"° macrophages to
secrete amphiregulin inducing a cardiac hypertrophic response.
Interestingly, a parabiosis model revealed that these cardiac-res-
ident Ly6C macrophages increased in number largely through
in situ proliferation; however, further examination of the Ly6C*®
resident macrophage population using well-established markers
MHCII and CCR2 or lineage tracing was not performed. This is
of particular importance as embryonic-derived resident cardiac
macrophages have been shown to decline with age (75) and
embryonic-derived resident cardiac macrophages may be supe-
rior at mediating adaptive responses in the heart (74). How the
different macrophage subsets change during the course of disease
and whether phagocytosis of ongoing cardiomyocyte death alter
the progression of heart disease and its related sequela remain to
be determined.

PHAGOCYTOSIS POST HEART
TRANSPLANTATION AND NEW
THERAPEUTIC OPPORTUNITIES
FOR TOLERANCE

Transplant rejection involves both innate and adaptive immune
responses. Clinical progress has reduced acute cardiac trans-
plant rejection, however, beyond ten years, complications of
immunologic intervention often lead to significant comorbidities,
particularly posttransplant vasculopathy. Continuous immune-
suppression during transplant raises risks of opportunistic
infections, and of hematologic (199), metabolic, and nephrotoxic
side effects (200). Interestingly, acute phagocytosis and innate
inflammation during allograft IRI has been linked to chronic
pathophysiology. For example, perioperative and acute inflam-
mation are prognostic for worse long-term transplant outcome
(201, 202). Graft reperfusion may trigger reperfusion-associated
cell death (38) and cell necrosis occurs during allograft cold
storage and continues in allograft reperfusion. Both of these
processes liberates allo-antigens in an inflammatory context.
Efficient clearance of dead cells by macrophages prevents these
self-antigens from becoming immunogenic debris and can

actively initiate tissue-reparative and tolerogenic signaling (203)
and as a consequence, natural defects in phagocytosis have been
correlated with, but not yet causally linked, to poor outcomes
posttransplant (204). Similar to post-MI, cardiac allograft rejec-
tion and tolerance are regulated by phagocyte subsets. After IRI,
cardiac graft rejection is linked to elevated Ly6C™ monocytes
(205, 206) with both alloantigen-dependent and -independent
factors contributing to immune cell activation (207). Ly6C™
monocytes differentiate into Ly6C' macrophages and antigen pre-
senting cells, which recognize allogenic non-self and contribute
to graft injury (208, 209) through cytokines and T-cell activation
(210, 211). However, not all macrophage function is detrimental,
as some macrophage subsets belong to the heterogeneous clas-
sification of myeloid-derived suppressor cells (MDSCs), which
can accumulate in allografts, suppress effector T cells, and induce
tolerance (212-214). For example, anti-CD40L mAbs (clone
MRI1) promote experimental cardiac tolerance through suppres-
sive DC-SIGN* macrophages (215). Separately, a unique strategy
harnesses natural immune-regulatory properties of efferocytosis:
apoptotic donor splenocytes, fixed with the chemical cross-linker
1-ethyl-3-(3’-dimethylaminopropyl)-carbodiimide (ECDI-SPs)
(216), are engulfed by macrophages to induce transplant toler-
ance (217). In the heart, transfusion of ECDI-SPs from the donor
strain prior to heart transplantation dramatically prolongs sur-
vival of the heart graft and tolerance induction is dependent on
phagocytosis of the apoptotic cells (218) and signaling through
apoptotic cell receptors. This process enhances the accumulation
of MDSCs in both the spleen and the cardiac allograft, which
limit the activation and recruitment of antiallograft CD8* T cells
(219), and also appears to involve alterations of antigen present-
ing cell costimulatory ligands (220). Alloantigen-presenting
plasmacytoid dendritic cells have also been shown to mediate
tolerance to vascularized grafts (221). The complete molecular
mechanisms by which uptake of apoptotic splenocytes induce
cardiac allograft survival remain unclear.

MOLECULAR MODULATORS AND
INHIBITORS OF CARDIAC
PHAGOCYTOSIS

Accumulating molecular evidence suggests that the clearance
efficiency of the cardiac infarct is not optimal and therefore
amenable to potential therapeutic intervention. For example,
cardiomyocytes induce macrophage receptor shedding to sup-
press phagocytosis (222). The mechanism involves the activity
of ADAM proteases, which recognize the efferocytosis receptor,
MerTK and execute its proteolytic shedding from the surface of
macrophages (223). ADAM17-mediated proteolytic degradation
releases a soluble protein (solMER), which is believed to com-
pete with membrane-bound MerTK in the binding of bridging
molecules on the surface of apoptotic cells antagonizing MerTK-
mediated efferocytosis. Additionally, loss of MerTK from the
cell surface also eliminates MerTK-induced anti-inflammatory
responses. For example, MerTK signaling increases the ratio of
cytoplasmic-to-nuclear 5-lipoxygenase promoting the produc-
tion of specialized proresolving mediators (SPMs), including
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LXA4 and RvD1 (60). In the heart, production of SPMs initi-
ates a proresolving response actively promoting inflammation
resolution with administration of RvD1 during MI reducing neu-
trophil recruitment to the spleen and infarct and promoting anti-
inflammatory polarization of macrophages culminating in
reduced fibrosis and preserved ventricular function (224).
Efferocytosis and SPM production is impaired under conditions
where MerTK is cleaved and introduction of a cleavage-resistant
MerTK in mice improves inflammation resolution during both
peritonitis (60) and myocardial reperfusion (17). Previous stud-
ies have also shown that the SR CD36 is susceptible to cleavage
during atherosclerosis (225) and by MMP-9 after myocardial
infarction (120) and our own work recapitulates these findings
(63). Of course proteolysis is not specific to macrophages as
TLR7/8 activation in neutrophils reduces immune complex
phagocytosis through shedding of FcgRIIA (226). On the target
cell side, molecules of the CD47/SIRPla axis have also been
associated with proteolysis susceptibility. In vascular smooth
muscle cells, CD47 was shown to be a target of MMP-2-mediated
proteolytic degradation (227) and in mice, MMP-2 deficiency led
to enhanced survival after MI (228). While CD47 cleavage was
not examined in the MMP-2-deficient mice, a greater number of
cardiomyocytes persisted in the infarct and border zone.

Other common comorbidities such as diabetes mellitus and
hyperlipidemia in patients with heart failure have also been linked
to both apoptotic receptor shedding and impaired phagocytosis.
Macrophage exposure to diabetic conditions in vitro, leads to
reduced miR-126 expression and a concomitant increase in its
direct target, ADAMO (164). Similar to ADAM17, ADAMY is also
able to mediate the cleavage destruction of MerTK and impair
efferocytosis of apoptotic cardiomyocytes. Human heart tissue
from diabetic patients with heart failure recapitulated the in vitro
findings with human diabetic failing heart tissue exhibiting
reduced miR126 and increased ADAM? expression with a reduc-
tion in phosphorylated MerTK, a surrogate marker for MerTK
signaling, indicating that antagonism of MerTK-mediated pro-
cesses under diabetic conditions could translate to an increase in
adverse clinical outcomes in heart failure patients. With respect
to hyperlipidemia, apolipoprotein E (apoE)-deficient mice, which
develop hyperlipidemia and atheroscleorosis when maintained
on a high-fat diet, exhibit impaired wound healing after MI (62).
The dysregulated healing response may be due in part to effects
of hyperlipidemia on apoptotic cell clearance (229). In vascular
smooth muscle cells, oxidized low-density lipoprotein in vitro or
hyperlipidemia in vivo impaired phagocytosis of apoptotic cells
leading to the development of secondary necrotic cells capable of
releasing both IL-1acand IL-1p further propagating the inflamma-
tory response. Mice maintained on a high-fat diet also displayed
increased activation of ADAM17 on the vascular endothelium,
indicating that proteolytic degradation of apoptotic receptors
may contribute to impaired phagocytosis during obesity and
hyperlipidemia (230). Targeting hyperlipidemia using atorvas-
tatin, restored phagocytic function to retinal pigment epithelial
cells treated with cholesterol crystals or oxidized low-density
lipoproteins (231), demonstrating a proof-of-principle approach
to mitigating detrimental effects of hyperlipidemia on phagocy-
tosis in the heart.

Hypoxia is another common environmental stress after
coronary artery occlusion. The activation of proteases such
as ADAMI17 have been linked to hypoxia and HIFs (232),
indicating that the hypoxic myocardium may also antagonize
phagocytosis by promoting ADAMI17-mediated proteolytic
degradation of apoptotic receptors. However, in the absence
of detectable receptor shedding, hypoxia has also been shown
to suppress efferocytosis by macrophages and this was due in
part to reduced gene expression of efferocytic receptors during
hypoxia exposure (233). While phagocytes encounter varying
oxygen tensions during development, migration, and infiltration
of tissues, hypoxia was shown to be dispensable for macrophage
differentiation, at least in the hypoxic tumor microenvironment
(234), suggesting that oxygen tension may act to fine-tune
macrophage function. HIFa subunits are the critical regula-
tors of phagocyte function during hypoxia and inflammation,
controlling metabolism, cytokine production, migration, and
survival and thus, likely shape the phagocyte response during
wound healing in the hypoxic heart. In the infarcted myocar-
dium, macrophages have been shown to express both HIF-1la
and HIF-2a (235); however, our understanding of the timing
and functional significance of HIFa subunits in phagocytes
during cardiac injury is incomplete. Knockdown of HIF-1a in
the hematopoietic compartment improved LV function after MI
and this was attributed to reduced recruitment of neutrophils and
monocytes to the infarcted myocardium (236). In contrast to the
more widely studied HIF-1a isoform, less is known about HIF-2a
function in macrophages. A recent study implicated a role for
HIF-2a in redox control and phagocytosis by macrophages dur-
ing normoxic conditions (237). Elevations in mitochondrial ROS
in HIF-2a-deficient macrophages led to nuclear translocation of
NRF2 and NRF2-dependent transcriptional induction of the
phagocytic receptor, MARCO, which translated into increased
macrophage phagocytic function. Similar to HIF-1a, HIF-2a
has also been implicated in regulating macrophage LPS-induced
secretion of proinflammatory cytokines and chemokines (238),
though this occurred independent of changes in cellular energy
homeostasis, in contrast to the connection of HIF-1a to glycolysis.
Given the importance of both HIF-1a and HIF-2a in secretion
of proinflammatory mediators by macrophages, it is tempting to
speculate that myeloid cell expression of HIFa subunits may play
a detrimental role in the hypoxic heart. However, HIFa isoforms
show differential activation in macrophages with HIF-1a induc-
tion following M1 polarization and HIF-2a induction following
M2 polarization (239), the latter of which leads to macrophage
expression of arginase 1 and attenuated inflammation during
obesity-induced insulin resistance in adipose tissue (240). HIFa
subunits also play an important role in the adaptive angiogenic
and lymphangiogenic responses to hypoxia, both of which have
been implicated in heart healing after MI. Here again, HIF-1a
and HIF-2a may have opposing roles in phagocytes with HIF-
la promoting and HIF-2a antagonizing the angiogenic effects
of VEGF (241). Additional studies are needed to fill the large
gaps that remain in our understanding on how oxygen tension
and HIFa subunits regulate phagocytosis in the heart. Taken
together, a number of risk factors promote inefficient clearance
of dying cells during cardiovascular disease, leading to secondary
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necrosis and prolonged inflammation. Future studies identifying
the mechanisms of how these risk factors conspire to antagonize
phagocytosis in the heart will lead to the identification of new
targets for the development of novel therapeutics to promote
wound healing in the heart.

FUTURE PROSPECTS FOR THE
THERAPEUTIC TARGETING OF
PHAGOCYTIC REPAIR AND
REGENERATIVE PATHWAYS IN
THE HEART

Improvements in clinical treatment have led to reduced mortality
after first MI. Nevertheless, the incidence of heart failure, includ-
ing after MI, is on the rise. Current clinical trials, including the
CANTOS trial, have demonstrated the merits of anti-inflamma-
tory therapy for the reduction of secondary events (242, 243).
Given the critical role of efferocytosis and phagocytosis after MI,
this pathway represents a tractable target amenable to modulation
during the time patients are in hospital and during the forma-
tive stages of disease progression. Approaches that strategize to
enhance phagocytic efficiency are appealing due to the multiple
checks and balances that are naturally built in to mechanisms
of phagocytosis and therefore minimize off target effects; that is
engulfment requires both the downregulation of “don’t eat me”
signals, as well the converse presentation of prophagocytic “eat
me” ligands. One approach is to use cardiosphere-derived cells
or exosomes, which are heart cell products with antifibrotic, anti-
inflammatory, and angiogenic properties. Uptake of CDCs by
macrophages induces a proresolving phenotype leading to reduc-
tions in left ventricular fibrosis and inflammation with improved
left ventricular function (178, 179, 244). Alternative strategies
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