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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.
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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 important impact 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. 
 
Citation: Kurant, E., Ariel, A., Lauber, K., eds (2018). Apoptotic Cell Clearance in 
Health and Disease. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-688-8

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/5442/apoptotic-cell-clearance-in-health-and-disease
https://www.frontiersin.org/research-topics/5442/apoptotic-cell-clearance-in-health-and-disease


4Frontiers in Immunology December 2018 | Efferocytosis in Health and Disease

07 Editorial: Apoptotic Cell Clearance in Health and Disease

Estee Kurant, Amiram Ariel and Kirsten Lauber

ORIGINAL RESEARCH
EFFEROCYTIC RECEPTORS AND THEIR LIGANDS

10 Drosophila GATA Factor Serpent Establishes Phagocytic Ability of 
Embryonic Macrophages

Evgeny Shlyakhover, Boris Shklyar, Ketty Hakim-Mishnaevski, Flonia Levy-Adam 
and Estee Kurant

26 Macrophage-Derived Protein S Facilitates Apoptotic Polymorphonuclear 
Cell Clearance by Resolution Phase Macrophages and Supports Their 
Reprogramming

Delphine Lumbroso, Soaad Soboh, Avi Maimon, Sagie Schif-Zuck,  
Amiram Ariel and Tal Burstyn-Cohen

36 Requirement of Gamma-Carboxyglutamic Acid Modification and 
Phosphatidylserine Binding for the Activation of Tyro3, Axl, and Mertk 
Receptors by Growth Arrest-Specific 6

Ke Geng, Sushil Kumar, Stanley G. Kimani, Vladyslav Kholodovych,  
Canan Kasikara, Kensaku Mizuno, Oleta Sandiford, Pranela Rameshwar, 
Sergei V. Kotenko and Raymond B. Birge

49 Proteinase 3 Interferes With C1q-Mediated Clearance of Apoptotic Cells

Pascale Tacnet-Delorme, Julie Gabillet, Simon Chatfield,  
Nathalie Thieblemont, Philippe Frachet and Véronique Witko-Sarsat

58 Elevated Serum Lysophosphatidylcholine in Patients With Systemic Lupus 
Erythematosus Impairs Phagocytosis of Necrotic Cells In Vitro

Gerhard E. Grossmayer, Hildegard Keppeler, Sebastian Boeltz, Christina Janko, 
Jürgen Rech, Martin Herrmann, Kirsten Lauber and Luis E. Muñoz

APOPTOTIC CELL CLEARANCE AND ITS IMPACT ON THE LOCAL MILIEU

69 Ly6Chi 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

86 The Procoagulant Activity of Apoptotic Cells is Mediated by Interaction 
With Factor XII

Aizhen Yang, Fengwu Chen, Chao He, Junsong Zhou, Yi Lu, Jihong Dai, 
Raymond B. Birge and Yi Wu

96 Soluble Mediators Produced by Pro-Resolving Macrophages Inhibit 
Angiogenesis

Shira Michaeli, Vivian Dakwar, Keren Weidenfeld, Ortal Granski, Odelya Gilon, 
Sagie Schif-Zuck, Anatolii Mamchur, Imad Shams and Dalit Barkan

Table of Contents

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/5442/apoptotic-cell-clearance-in-health-and-disease


5Frontiers in Immunology December 2018 | Efferocytosis in Health and Disease

REVIEWS
MOLECULAR INTERACTIONS IN APOPTOTIC CELL CLEARANCE

108 The “Phagocytic Synapse” and Clearance of Apoptotic Cells

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

117 Chronicles of Cell Death Foretold: Specificities in the Mechanism of 
Disposal

Lindsey D. Hughes, Lidia Bosurgi, Sourav Ghosh and Carla V. Rothlin

125 Macrophage Clearance of Apoptotic Cells: A Critical Assessment

Siamon Gordon and Annette Plüddemann

134 Apoptotic Cell Clearance in Drosophila melanogaster

Qian Zheng, AiYing Ma, Lei Yuan, Ning Gao, Qi Feng, Nathalie C. Franc and 
Hui Xiao

ORGAN-SPECIFIC EFFEROCYTOSIS
142 Clearance of Apoptotic Cells by Tissue Epithelia: A Putative Role for 

Hepatocytes in Liver Efferocytosis

Scott P. Davies, Gary M. Reynolds and Zania Stamataki
157 Scrambled Eggs: Apoptotic Cell Clearance by Non-Professional 

Phagocytes in the Drosophila Ovary

Sandy B. Serizier and Kimberly McCall
170 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

APOPTOTIC CELL CLEARANCE IN IMMUNITY
191 Pro-Resolving Mediators in Regulating and Conferring Macrophage 

Function

Jesmond Dalli and Charles N. Serhan
200 Anti-inflammatory Mechanisms Triggered by Apoptotic Cells During Their 

Clearance

Zsuzsa Szondy, Zsolt Sarang, Beáta Kiss, Éva Garabuczi and  
Krisztina Köröskényi

210 Apoptotic Cells Induced Signaling for Immune Homeostasis in 
Macrophages and Dendritic Cells

Uriel Trahtemberg and Dror Mevorach
224 Harnessing Apoptotic Cell Clearance to Treat Autoimmune Arthritis

Philippe Saas, Francis Bonnefoy, Eric Toussirot and Sylvain Perruche
236 The Neutrophil’s Choice: Phagocytose vs Make Neutrophil Extracellular 

Traps

Angelo A. Manfredi, Giuseppe A. Ramirez, Patrizia Rovere-Querini and 
Norma Maugeri

249 Induction of Apoptosis and Subsequent Phagocytosis of Virus-Infected 
Cells as an Antiviral Mechanism
Firzan Nainu, Akiko Shiratsuchi and Yoshinobu Nakanishi

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/5442/apoptotic-cell-clearance-in-health-and-disease


6Frontiers in Immunology December 2018 | Efferocytosis in Health and Disease

APOPTOTIC CELL CLEARANCE IN CANCER
260 Exploitation of Apoptotic Regulation in Cancer

David S. Ucker and Jerrold S. Levine
273 Extracellular Vesicles Arising From Apoptotic Cells in Tumors: Roles in 

Cancer Pathogenesis and Potential Clinical Applications

Catherine Lynch, Maria Panagopoulou and Christopher D. Gregory
281 Iron Handling in Tumor-Associated Macrophages—Is There a New Role  

for Lipocalin-2?
Michaela Jung, Andreas Weigert, Christina Mertens, Claudia Rehwald and 
Bernhard Brüne 

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/5442/apoptotic-cell-clearance-in-health-and-disease


EDITORIAL
published: 02 October 2018

doi: 10.3389/fimmu.2018.02154

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2154

Edited and reviewed by:

Francesca Granucci,

Università degli studi di Milano

Bicocca, Italy

*Correspondence:

Estee Kurant

kurantestee@gmail.com

Specialty section:

This article was submitted to

Molecular Innate Immunity,

a section of the journal

Frontiers in Immunology

Received: 21 August 2018

Accepted: 31 August 2018

Published: 02 October 2018

Citation:

Kurant E, Ariel A and Lauber K (2018)

Editorial: Apoptotic Cell Clearance in

Health and Disease.

Front. Immunol. 9:2154.

doi: 10.3389/fimmu.2018.02154

Editorial: Apoptotic Cell Clearance in
Health and Disease

Estee Kurant 1*, Amiram Ariel 1 and Kirsten Lauber 2

1Departments of Biology and Human Biology, Faculty of Natural Sciences, University of Haifa, Haifa, Israel, 2Department of

Radiation Oncology, University Hospital, Ludwig-Maximilians-University, Munich, Germany

Keywords: phagocytes, apoptosis, engulfment of debris, tissue maintenance, immuneregulation, efferocytosis

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 efficient 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 γ-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 C1q and the neutrophil-specific serine protease
Proteinase 3 which is externalized together with PS on apoptotic
cells. This interaction impairs C1q-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
Ly6Chi monocytes and macrophages derived thereof (MoMF) in
regulating neutrophil activity and clearance during the resolution
of acetaminophen-induced liver injury (AILI). Initially, liver-
infiltrating Ly6Chi 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 CD11blow 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 threemini 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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Drosophila gaTa Factor serpent 
establishes Phagocytic ability of 
embryonic Macrophages
Evgeny Shlyakhover1†, Boris Shklyar2†, Ketty Hakim-Mishnaevski2†, Flonia Levy-Adam1  
and Estee Kurant1,2*
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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, Crq 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 cephalic mesoderm in the embryo 
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). gcm,gcm2 double mutants contain a 
reduced number of macrophages as well (29). However, we have 
shown previously that in gcm,gcm2 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 GCM2 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 (I. R. Evans), UASsrpNC and UASsrpC-FLAG/
cyo (J. Casanova, K. Campbell and M. Haenlin), repoGal4 (B. 
Jones), srp3/TM3 (#2485; Bloomington), UASdrpr (M. Freeman), 
UASgcm (#5446; Bloomington), UASsimu (30), UAScrq (ORF 
collection), tubGal80ts (#7019; Bloomington), gcm-lacZ (#5445; 
Bloomington), simu-cytGFP (19), Df(2L)Exel7042 (#7812; 
Bloomington). repoGal4::UASsrp; tubGal80ts crosses were placed 
at 18oC 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 ORF, 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 t-test or by 
one-way ANOVA followed by Bonferroni post hoc test.

To count the number of REPO-positive nuclei, apotome stacks 
(19 µm) 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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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 µm. Note colocalization 
of GFP and SIMU in macrophages (arrows) and glia (arrowheads) but not in ectoderm (stars).
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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 
(srp3) (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 2 | Continued
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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 srp3 mutant embryo (B–B’’) all apoptotic particles are outside 
GFP-positive macrophages (B’’). Bar, 20 µm. (c) Quantitation of apoptotic particles in macrophages of described genotypes. Columns represent mean phagocytic 
index ± SEM. Control embryos (n = 6). srp3 mutant embryos (n = 7). Asterisks indicate statistical significance versus control, as determined by Student’s t-test, 
***p < 0.0001.

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; srp3 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 µm. (e) Columns represent mean diameter of 10 macrophages in each embryo ± SEM. Control embryos (n = 5). srp3 mutant embryos 
(n = 7). Asterisks indicate statistical significance versus control, as determined by Student’s t-test, ***p < 0.0001.
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and labeled macrophages with srpGal4,UAScytGFP (Figures 
3A,A’’,B,B’’). We counted the number of apoptotic particles per 
macrophage, termed “phagocytic index” (explained in Materials 
and Methods). As expected, apoptotic particles were found inside 
GFP-positive macrophages in wild type embryos (Figures 3A’’,C). 
However, we could not detect any apoptotic particles inside mac-
rophages of srp mutant (Figures 3B’’,C), suggesting their abnormal 
ability to phagocytose apoptotic cells.

We took an additional approach to evaluate phagocytosis 
by macrophages using LysoTracker (LT), which specifically 
labels phagolysosomes/phagosomes (Figures 4A,A’,A’’’,B,B’,B’’’). 
Macrophages were labeled by srpGal4,UAScytGFP (Figures 
4A–A’’,B–B’’) and contained multiple LT-labeled phagolysosomes 
in wild type embryos (Figures 4A,A’,C). However, in srp mutant 
embryos we could not detect any LT labeling in GFP-positive 
cells (Figures  4B,B’,C) once more demonstrating an impaired 
phagocytic ability of srp mutant macrophages.

srp is required for expression of Drpr and 
crq in embryonic Macrophages
The impaired phagocytosis phenotype of srp mutant embryos 
appears much stronger than simu mutant phenotype (19), sug-
gesting that additional phagocytic receptors may be affected by 
the absence of srp. To test this, we examined srp mutant embryos 
for the expression of two additional phagocytic receptors known 
to participate in apoptotic cell clearance by macrophages, Drpr 
and Crq (Figure  5). In control embryos, Drpr is specifically 
expressed in macrophages, glia and ectodermal cells as detected 
with anti-Drpr antibody (Figures  5A–A’’’). However, we were 
unable to detect any Drpr protein in macrophages of srp mutant 
labeled with srpGal4,UAScytGFP, though Drpr expression in the 
ectoderm remained normal (Figures 5B–B’’’). This reveals that 
Srp is required for Drpr expression in embryonic macrophages. 
Similarly, using an anti-Crq antibody (Figures 5C–D’’’) we found 
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 srp3 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 µm. (c) Quantitation of LT-labeled phagolysosomes in macrophages of described 
genotypes. Columns represent mean number of phagosolysosomes per macrophage ± SEM. Control embryos (n = 5). srp3 mutant embryos (n = 5). Asterisks 
indicate statistical significance versus control, as determined by Student’s t-test, ***p < 0.0001.
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(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;tubGal80ts::UASsrpNC or repoGal4,UAScyt
GFP;tubGal80ts::UASsrpC) from the permissive (18°C) to the 
restrictive (29°C) temperature of tubGal80ts. 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 6B’,B’’’,C’,C’’’).

Following ectopic expression of Srp in larval glia, we tested 
appearance of Drpr in dissected larval brains (repoGal4,UAScyt
GFP;tubGal80ts::UASsrpNC or repoGal4,UAScytGFP;tubGal80ts:: 
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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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. (a’–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’’’) srp3 mutant embryos show no detectible Drpr (B, B’’’) and Crq (D,D’’’) staining in GFP-positive cells (arrows). Bar, 20 µm.
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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 gcm2 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 gcm,gcm2 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,gcm2 
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 3rd 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, 
100 µm.
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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;srp3::UASgcm;srp3) 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’’’,c), 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;srp3::UASsimu;srp3 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 3rd 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, 
100 µm.
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P;srp3::UASdrpr;srp3 or srpGal4,UAScytGFP;srp3::UAScrq;srp3) 
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’,E’), 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::UAScrq). 
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,UAScytGFP;srp3::UASsimu,UASdrpr;srp3) 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;srp3::UASsimu,UA
Sdrpr;UAScrq,srp3), we observed a significantly higher phagocytic 
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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,gcm2 deficient embryos; no glia are labeled with SIMU but macrophages are (m). Dcp-1 and TUNEL staining are found inside SIMU-positive macrophages 
(arrows). Bar, 20 µm.
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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;srp3::UASsi
mu,UASdrpr;srp3) (Figures  11C–C’’’,E) or three receptors 

together (srpGal4,UAScytGFP;srp3::UASsimu,UASdrpr;UASc
rq,srp3) (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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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 
[blue, (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 srpGal4,UAScytGFP embryo. β-Gal and 
SIMU are expressed in GFP-positive macrophages (arrows). (B–b) srp3 mutant embryo. No β-Gal and SIMU are detected in GFP-positive cells (arrows). (c–c) srp3 
mutant carrying GCM (srpGal4::UASgcm) in macrophages. No SIMU and Drpr are detected in GFP-positive cells (arrows). Bar, 20 µm.
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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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FigUre 10 | Continued

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 srp 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’’) srp3 mutant embryo. (c–c’’’) srpGal4,UAScytGFP; srp3::UASsimu;srp3. (D–D’’’) srpGal4,UAScytGFP; srp3::UASdrpr;srp3. (e–e’’’) srpGal4,UAScytGFP; 
srp3::UAScrq,srp3. (F–F’’’) srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;UAScrq,srp3. Bar, 20 µm. (g) Columns represent mean diameter of 10 macrophages in each 
embryo ± SEM of following genotypes: control embryos (n = 5), srp3 mutant embryos (n = 7), srpGal4,UAScytGFP; srp3::UASsimu;srp3 (n = 6), srpGal4,UAScytGFP; 
srp3::UASdrpr;srp3 (n = 5), srpGal4,UAScytGFP; srp3::UAScrq,srp3 (n = 8), srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;srp3 (n = 8), srpGal4,UAScytGFP; 
srp3::UASsimu,UASdrpr;UAScrq,srp3 (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), srp3 
mutant embryos (n = 7), srpGal4,UAScytGFP; srp3::UASsimu;srp3 (n = 6), srpGal4,UAScytGFP; srp3::UASdrpr;srp3 (n = 6), srpGal4,UAScytGFP; srp3::UAScrq,srp3 
(n = 8), srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;srp3 (n = 8), srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;UAScrq,srp3 (n = 6). Asterisks indicate statistical 
significance versus control, as determined by one-way ANOVA followed by Bonferroni post hoc test, ***p < 0.0001.

FigUre 11 | Continued
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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 Crq 
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 Crq and formation of macrophages. Srp 
may regulate additional factors involved in macrophage differentiation.

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 srpGal4,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’’’) srp3 mutant embryo. (c–c’’’) srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;srp3. (D–D’’’) srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;UAScrq,srp3. 
Bar, 20 µm. (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), srp3 mutant embryos (n = 5), srpGal4,UAScytGFP; srp3::UASsimu,UASdrpr;srp3 (n = 5), srpGal4,UAScytGFP; 
srp3::UASsimu,UASdrpr;UAScrq,srp3 (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.
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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, Drpr and 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 

are not required for their function in phagocytosis of apoptotic 
cells. Significantly lower number of macrophages has been 
previously reported in gcm or gcm,gcm2 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 
gcm,gcm2 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, Drpr and 
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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Protein s Facilitates apoptotic 
Polymorphonuclear cell clearance 
by resolution Phase Macrophages 
and supports Their reprogramming
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and Tal Burstyn-Cohen2*
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Jerusalem, Israel, 2 Department of Biology, The Faculty of Natural Sciences, University of Haifa, Haifa, Israel

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 TYRO3, 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 Pros1 in macrophages during the 
resolution of inflammation. Selective knockout of Pros1 in the myeloid lineage signifi-
cantly downregulated macrophage pro-resolving properties. Hence, Pros1-deficient 
macrophages engulfed fewer apoptotic PMN remnants in vivo, and exogenous PROS1 
rescued impaired efferocytosis ex vivo. Moreover, Pros1-deficient peritoneal macro-
phages secreted higher levels of the pro-inflammatory mediators TNFα 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 
TGFβ 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 CD11bhigh 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, CD11blow macrophages stop produc-
ing TNFα and IL-1β, but increase the production of TGFβ and 
the expression of 12/15-LO, and emigrate to the lymphatics (21).

Protein S (PROS1) is a secreted multifunctional glycoprotein 
encoded by the Pros1 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 
PROS1 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 TNFα following lipopolysac-
charide (LPS) exposure (31), while unchallenged macrophages 
isolated from TAM triple-mutant mice express aberrantly high 
levels of MHC class II molecules and 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 PROS1 in resolution phase 
macrophages, we generated mice genetically ablated for Pros1 
expression in the myeloid lineage and assessed macrophage 
efferocytosis and reprogramming in a model of zymosan 
A-induced peritonitis. Here, we report that Pros1 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 PROS1 ablation attenuates macrophage conversion toward 
anti-inflammatory/reparative phenotypes, as determined by their 
cytokine secretion balance. Moreover, PROS1 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, PROS1 is a key mediator in successful resolution 
of inflammation.

MaTerials anD MeThODs

reagents
ELISA kits for mouse TNFα, 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 LysMCre/+; Pros1fl/fl and Pros1fl/fl 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 ΔΔ threshold cycle (Ct) method. Specificity of 
the primers was confirmed by dissociation curves. Mouse primer 
sequences were as follows: mPros1 Forward 5'-TTC CGT GTT 
GGC TCA TTC C-3'; mPros1 Reverse 5'-TTG GTC TGA GAT 
GGC TTT GAC A-3', mGapdh-Forward 5'-AGT TGG GAT AGG 
GCC TCT CTT-3', and mGapdh-Reverse 5'-TCC CAC TCT TCC 
ACC TTC GA-3'.

In Vivo engulfment assay
Peritoneal macrophages were isolated at the indicated time points 
and plated (2 × 105 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 µg/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  µm 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(1) + 2 × X(2) + 
3 × X(3) … + n × X(n))/total number of macrophages] × 100. X(n) 
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 × 106) were induced for apoptosis with stauro-
sporine (Sigma-Aldrich, 1 µM/106 cells in 1 ml 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  µl CypHer5E/1  ml serum-free medium) for 30 
min, and washed twice with PBS. Peritoneal macrophages were 
isolated as described, and 150  ×  103 cells were plated on an 
eight-well glass chamber slide (Nunc) and fed with 750 ×  103 
pre-labeled apoptotic Jurkat cells for 4 h in a total of 150-µl 
medium with or without soluble PROS1 (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 µl of 4% PFA; 5% sucrose for 15 min. 
Cells were washed in PBS and incubated with 200  µl 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  µl of Hoechst 3570 (20  µg/ml, Invitrogen) 
for 5 min, and rinsed with PBS. The chambers were removed, 
mounted with Fluoromount G, and visualized under a Nikon A1 
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 × 106 cells 
in 5 ml of culture media) with LPS (1 µg/ml) or vehicle in RPMI 
1640 under a humidified 5% CO2 atmosphere at 37°C. After 
24  h, the supernatants were collected, and their TNFα, IL-6, 
CCL3, and IL-10 contents were determined by standard ELISA 
(Biolegend kits for TNFα, 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 PROS1 (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; 106 cells were resuspended 
in 1-ml medium and immediately supplemented with DHA 
(20 µM, 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 ddH2O and 200 µl of MeOH (pH 3.5) were added to the 
tubes and the samples were loaded through activated Sep-pak 
Vac 6cc (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. Pros1 mRNA levels in isolated macrophages were quantified 
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FigUre 1 | Protein S (PROS1) mRNA expression in resolution phase macrophages. (a) Peritoneal cells were harvested from unchallenged Pros1fl/fl mice or mice 
undergoing zymosan A-initiated peritonitis for 24, 48, or 66 hrs. RNA was extracted from isolated macrophages, and Pros1 transcript levels were quantified by 
RT-qPCR 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 Pros1fl/fl and LysMCre/+; Pros1fl/fl resolution phase macrophages (66 h post peritonitis 
initiation) was quantified by RT-qPCR. 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 
(three to five mice per experiment) is shown.
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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 Pros1 mRNA in resolving 
macrophages (66 h) was observed (Figure 1A). To verify Pros1 
upregulation in macrophages, we measured Pros1 transcripts 
in peritoneal macrophages of LysMCre/+; Pros1fl/fl mice, in which 
Pros1 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 LysMCre/+; Pros1fl/fl mice (36, 37) (Figure  1B). During the 
resolution phase, PROS1 protein levels present in the peritoneal 
fluids of LysMCre/+; Pros1fl/fl mice, were also significantly reduced 
compared to Pros1fl/fl 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 PROS1 in the phagocytosis of 
ACs (39), and its expression by resolution phase macrophages 
(Figure 1), we examined whether Pros1-deficient macrophages 
exert modified uptake of apoptotic neutrophils. To this end, 
we determined the phagocytic capacity in  vivo of peritoneal 
resolution phase macrophages between LysMCre/+; Pros1fl/fl (cKO) 
and their control Pros1fl/fl 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 
(1  ±  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 Pros1fl/fl control cells (phagocytic indices of 1.7 ± 0.14 
and 2.2 ± 0.08, respectively) (Figure 2E).

Taken together, our results identify endogenously expressed 
PROS1 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 Pros1-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 
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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 Pros1fl/fl (left) and LysMCre/+; Pros1fl/fl (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).
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to anti-inflammatory/reparative ones (40). These M2-like mac-
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 Pros1-proficient or deficient 
mice. Isolated macrophages were then stimulated with LPS, and 
the secretion of pro-inflammatory cytokines and chemokines 
(TNFα, IL-6, and CCL3) or the anti-inflammatory cytokine 
IL-10 was determined (Figures  3A–D). Our results indicate 

that following LPS stimulation, PROS1-deficient macrophages 
secreted significantly elevated levels of TNFα in comparison to 
their Pros1fl/fl 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 Pros1fl/fl 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 LysMCre/+; Pros1fl/fl 
macrophages was significantly lower than its secretion by Pros1fl/fl  
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FigUre 3 | Protein S (PROS1)-deficient macrophages display reduced reprogramming. Macrophages from Pros1fl/fl or LysMCre/+; Pros1fl/fl mice were isolated 
from peritoneal exudates 66 h after zymosan A injection and incubated for 24 h with vehicle or lipopolysaccharide (LPS, 1 µg/ml). Then, supernatants were 
collected and analyzed for their content of TNFα [(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 Pros1-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.

Lumbroso et al. Protein S Promotes the Resolution of Inflammation

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 358

macrophages under baseline conditions and upon stimulation 
with LPS (861  ±  136 and 1,990  ±  258  pg/ml for unstimulated 
cKOs and controls, and 1,165.5 ± 431 and 2,783.2 ± 368 pg/ml 
for stimulated cKO and controls, respectively) (Figure 3D). Thus, 
Pros1-deficient macrophages present a shift toward exacerbated 
pro-inflammatory cytokine secretion, suggesting hampered 
reprogramming compared to their control counterparts. Since 
IL-10 is a key cytokine in macrophage reprogramming (5), we 
next determined the effect of exogenous PROS1 on AC-induced 
IL-10 secretion ex vivo. Our results indicate that ACs promoted 
the secretion of IL-10 in both control and Pros1-cKO mice when 
unstimulated, but upon LPS stimulation, this effect was absent in 
PROS1-deficient macrophages (Figure  3E). Unexpectedly, the 
addition of PROS1 was unable to enhance the effect of ACs on 
IL-10 secretion in PROS1-deficient mice and in fact reduced IL-10 

secretion from untreated and LPS-stimulated macrophages (both 
WT and PROS1-deficient). This may be due to the biochemical 
nature of PROS1. PROS1 acts as a bridging molecule that binds 
phosphatidylserine (PstSer) exposed on the outer leaflets of ACs 
via its amino terminus and to the extracellular domain of TAM 
receptors on phagocytes and macrophages via its carboxy termi-
nus (24). Thus, the addition of excess PROS1 to the combined 
culture of macrophages and ACs may saturate the binding sites 
on ACs and macrophages without physically bridging between 
them. It is conceivable that the controlled and sequential addi-
tion of PROS1 to macrophages and ACs would favor the bridging 
and subsequent reduction of IL-10 production. Nevertheless, our 
results indicate that compared to controls, PROS1-deficient mac-
rophages present a hampered response to AC uptake that results in 
a pro-inflammatory imbalance with elevated TNFα and CCL3 as 
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FigUre 4 | Protein S (PROS1)-deficient macrophages express reduced 
levels of resolution phase enzymes. Peritoneal macrophages from Pros1fl/fl or 
LysMCre/+; Pros1fl/fl 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.
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well as lower IL-10 production and could only partially be rescued 
by exogenous PROS1.

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 Pros1 
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 LysMCre/+; Pros1fl/fl; and Pros1fl/fl  
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 
LysMCre/+; Pros1fl/fl 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, LysMCre/+; Pros1fl/fl 

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 PROS1-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 PROS1, 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 PROS1 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 PROS1 
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 PROS1 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 LysMCre/+; Pros1fl/fl  
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)]. This is in part due 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 
TNFα- 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 Pros1 culminates 
in increased amounts of the pro-inflammatory mediators TNFα 
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, CD11bmed monocytes differenti-
ate to CD11bhigh macrophages that engulf apoptotic PMNs 
in a self-limiting fashion and convert to CD11blow-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 CD11bhigh to the CD11blow 
phenotype (21). Although CD11b 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 

or hampered. Hence, PROS1 production by local macrophages 
seems to be important in their reprogramming during the resolu-
tion phase of inflammation.

In sum, our results indicate that Pros1 production and action 
in pro-resolving macrophages are key events in the termination of 
inflammation. PROS1 acts in various modes as it regulates both 
the uptake of apoptotic PMNs and the consequent reprogram-
ming of macrophages. These findings suggest that PROS1 might 
be harnessed as a new strategy for the treatment of inflammatory 
and autoimmune disorders.
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The Tyro3, Axl, and Mertk (TAM) receptors are homologous type I 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/
IFNγR1 reporter cell lines to monitor functional TAM activity, we found that Gas6 activity 
was exquisitely dependent on vitamin K-mediated γ-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 γ-carboxylation and the func-
tional Gla domain, non-γ-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,  
γ-carboxylation, tumor exosomes
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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 (Ig1 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 (Pros1), that are 
γ-carboxylated by a process that depends on vitamin K. Gas6 and 
Pros1 also share similar spatial topological homology, including an 
N-terminus γ-carboxyglutamic acid (Gla) domain, four tandem 
EGF-like repeats followed by LG1 and LG2 domains, that bind to 
Ig1 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 Pros1, and (iii) Merk displays lower sensitivity to 
both ligand proteins (in the μM 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 Pros1, 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 Pros1 
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/IFNγR1 
reporter cell lines to monitor functional TAM activity, we 
found that Gas6 activity was exquisitely dependent on vitamin 
K-mediated γ-carboxylation, and that replacing vitamin K with 
anticoagulant warfarin abolished the γ-carboxylation of Gas6, 
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 
γ-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 Gas6 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
HEK293 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% CO2 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). 
pUcD2SRα-rGas6-Myc plasmids that encode the domain-deleted 
mutant Gas6 were described previously (32). ΔG, ΔE, and ΔGE 
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 ΔG, 70 kDa; ΔE, 59 kDa; and ΔGE, 
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 µM vitamin K (Hospira) or 2 µM warfarin (Sigma) to 
promote, or abrogate, γ-carboxylation, respectively. The Gas6-CM 
(Gas6-CM) was collected 72 h later and filtered through 0.22 µm 
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/
IFNγR1 chimeric reporter cells were grown in HAM’s F12 media 
supplemented with 10% FBS, 2 mM glutamine, and 400 µg/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′-gcgcctttcaggtcttcgacgacgccaagcagg-3′; 
Reverse 5′-cctgcttggcgtcgtcgaagacctgaaaggcgc-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 Ca2+ ions, PDB access code is 1NL2. 
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 Amber10EHT 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/IFNγR1 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-γ-carboxyglutamyl residues monoclonal 
antibody (Sekisui Diagnostics), anti-STAT1 (pY701) antibody 
(BD Biosciences), and anti-β-actin antibody (Cell Signaling 
Technology).

TaM/iFnγr1 reporter cells stimulation
Human TAM/IFNγR1 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 Pros1 (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, hTAM/IFNγR1 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  µg/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/IFNγR1 
chimeric receptors was determined by phosphorylated-STAT1 
immunoblotting.

For TAM/IFNγR1 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 Pros1 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/IFNγR1 cell lines, 
the cells were first treated with calcium ionophore A23187, at 
concentrations of 1, 5, or 10 µM, 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 µg/
ml and then incubated with the hAxl/IFNγR1 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  
hAxl/IFNγR1 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 µJ/cm2) 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 µM calcium 
ionophore A23187 in Ca2+/Mg2+ 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 × 1010 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 CaCl2 and 1 mM MgCl2). 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, hAxl/IFNγR1 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; 
****p < 0.0001).

resUlTs

γ-carboxylation of the gas6 gla Domain  
is required for gas6 activity
In a previous study, we developed TAM/IFNγR1 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 IFNγR1 
to investigate the molecular mechanisms of TAM activation by 
endogenous ligands Gas6 and Pros1 (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 γ-carboxylation and Gas6 
activity toward TAM receptors, we generated recombinant non-γ-
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 
γ-carboxylation (36). As shown in Figure 1A, when we assessed 
non-γ-carboxylated versus fully γ-carboxylated Gas6 proteins 
(produced in the presence of exogenous vitamin K), the warfarin-
treated Gas6 showed no detectable γ-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-γ-carboxylated and γ-carboxylated Gas6 were simi-
lar (Figure 1A. lower panel), only γ-carboxylated Gas6 activated 
hAxl/IFNγR1 reporter cells and the non-γ-carboxylated Gas6 was 
inactive under these conditions [compare warfarin (W) versus 
vitamin K (K) in Figure 1B]. Interestingly, however, while only 
γ-carboxylated Gas6 was effective to activate hAxl-IFNγR1 cells, 
both non-carboxylated (Gas6-W) and γ-carboxylated (Gas6-K) 
forms of Gas6 are capable of binding to the hAxl-IFNγR1 cells 
with similar efficacy (i.e., geometric mean intensity) (Figure 1C), 
suggesting that while γ-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 γ-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 | γ-Carboxylation is required for growth arrest-specific 6 (Gas6) activity. (a) HEK293 cells were transfected with pSecTaq-hGas6 plasmid (10) to collect 
Gas6-containing media (CM). Serum-free culture media was supplemented with either 2 µM warfarin (W) or 4.4 µM vitamin K (K) to abolish or induce γ-carboxylation 
of Gas6. The conditioned media was subjected to SDS-PAGE gel to assess total Gas6 and γ-carboxylation level by Gas6 and γ-carboxylglutamic acid 
immunoblotting. (B) hAxl/IFNγR1 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) hAxl/IFNγR1 cells were incubated with warfarin-treated Gas6 (Gas6-W, red) conditioned media or vitamin K-treated 
Gas6 (Gas6-K, black) conditioned media. The binding of Gas6 to hAxl/IFNγR1 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; ΔG, Gas6 that lacks Gla domain; ΔE, Gas6 that lacks EGF repeats; ΔGE, Gas6 that lacks both Gla domain and EGF 
repeats. (e) HEK293 cells were transfected with the pUcD2SRα-rGas6-Myc plasmid (32) in the presence or absence of vitamin K. The expression level of the Gas6 
proteins in the conditioned media was assessed by Myc-immunoblotting. (F) The γ-carboxylation level of the Gas6 proteins was assessed by γ-carboxylglutamic 
acid immunoblotting. (g) Human TAM/IFNγR1 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 hAxl/IFNγR1 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. (i) 
Warfarin-treated (W) or mutant Gas6 was added to hAxl/IFNγR1 cells in culture dish for 30 min. The cells were then washed by PBS and wild-type Gas6 with fully 
γ-carboxylation was added to the cells. The activation of Axl was assessed by pSTAT1 immunoblotting. The Western blotting results are representative results from 
at least three independent experiments.

Geng et al. PS-Dependent Activation of TAM Receptors

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1521

Previous studies, for example, predicted that non-γ-carboxylated 
Gas6 might form an intramolecular inhibitory structure to 
block LG domains, that becomes released by γ-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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FigUre 2 | LC-MS/MS analysis of γ-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 γ-carboxylated by LC-MS/MS. Among them, three independent carboxylated peptides, 49AFQVFEEAK57, 73EEAR76, and 
77EVFENDPETDYFYPR91, were identified with glutamic acid residues shown in red. Each peptide was found in three forms: non-γ-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 49AFQVFEEAK57 with carboxylation modification at E54 and 
E55. The observed y- and b-ion series confirmed the peptide sequence and modification.
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ΔE mutant Gas6 (that deletes the 4 tandem EGF-like domains) 
showed vitamin K-dependent γ-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/
IFNγR1 cell lines (Tyro3/IFNγR1, Axl/IFNγR1, and Mertk/
IFNγR1 lines), none of the mutant Gas6 proteins (ΔG, ΔE, and 
ΔGE) showed detectable activity for TAM receptors compared 
to WT Gas6 (Figure 1G). Notably, the lack of activity of the ΔE 
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 Gas6.

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 hAxl/IFNγR1 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/IFNγR1 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 γ-carboxylation  
by lc-Ms/Ms
The above mentioned experiments employing a series of Gas6 
domain mutants implicated γ-carboxylation as an essential 
feature for Gas6-mediated activation of TAMs. To investigate the 
relationship between γ-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 γ-carboxylation 
(i.e., increased mass of 44 Da). Under these conditions, (whereby 
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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 γ-carboxylated glutamic acids 
in the active species of Gas6. A representative MS/MS spectrum 
of the γ-carboxylated peptide 49AFQVFEEAK57 was shown in 
Figure  2C. For example, in the peptide 49AFQVFEEAK57, E54 
and E55 were found either dually γ-carboxylated at a frequency 
of 66.5%, or single γ-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 73EEAR76, E73 and 
E74 were either dually γ-carboxylated at a frequency of 55.85%, 
or single γ-carboxylated at one or the other residue at 41.72%, 
or non-carboxylated at a frequency of 2.43%, while in a third 
γ-carboxylated peptide 77EVFENDPETDYFYPR91, the frequency 
of dually, single, and non-γ-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 γ-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 γ-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 γ-carboxylated clotting factors that belong to the vitamin 
K-dependent proteins family, that require γ-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, 
Pros1, 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 γ-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/
IFNγR1 cells, even though E54D/E55D retained almost complete 
net γ-carboxylation levels, as evident from Western blotting with 

an anti-γ-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 
TMEM16F (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/IFNγR1 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 Pros1 or Gas6-CM, and further 
added to the TAM/IFNγR1 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 Pros1, respectively, compared with receptor activation 
induced by Gas6 or Pros1 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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FigUre 3 | Homology modeling for the association between Gla domain of growth arrest-specific 6 (Gas6) and phosphatidylserine (PS). (a) The sequences of Gla 
domain of Gas6 proteins between species and (B) the sequences of Gla domain of different human vitamin K-dependent proteins were pairwise aligned with 
conserved glutamic acids highlighted in orange. (c) Homology model of Gla domain of Gas6 is based on Gla domain of bovine prothrombin PDB: 1NL2. The amino 
acids that may provide binding sites for PS were pointed out by green arrows. In human Gas6, two PS molecules (PS1 and PS2) are predicted to be associated 
with Gla domain from two symmetrical interfaces of the protein; those amino acids were pointed out by green and blue arrows separately. (D) Molecular surface  
of Gla domain of Gas6 was shown in pink, and the γ-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 γ-carboxylation and 
expression of wild-type or E54 and 55D Gas6 proteins were assessed by γ-carboxylglutamic acid or Gas6 immunoblotting (upper panel). hAxl/IFNγR1 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.
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(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/Pros1, 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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FigUre 4 | Phosphatidylserine (PS)-positive apoptotic and calcium-stressed cells differentially affect Tyro3, Axl, and Mertk (TAMs) activation by growth arrest-
specific 6 (Gas6) or protein S (Pros1). (a) Jurkat, H1299, and MDA-MB231 cells (top to bottom) were treated with calcium ionophore A23187 (10 μM) for 15 min in 
37°C and then stained with FITC-Annexin V and PI 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 PI 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 × 106 apoptotic or calcium-stressed Jurkat cells and subsequently stained with anti-hGas6 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 
(Gas6-CM, Gas6 concentration estimated as 250 nM) or Pros1 (100 nM) to stimulate hTAM/IFNγR1 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.
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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/Pros1-opsonized 
exosomes could activate TAMs, they were subsequently 
incubated with the hTAM/IFNγR1 reporter cells. Under these 
conditions, PS-positive exosomes (opsonized with their TAM 
ligands, Gas6 or Pros1) reproducibly hyper-activated all three 
TAM receptors (Figures 5D,E). This pattern of activation of Axl 
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 gas6 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/IFNγR1 cell line with 
10 µM calcium ionophore A23187 to achieve PS externalization. 
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FigUre 5 | Phosphatidylserine (PS)-positive tumor exosomes enhance Tyro3, Axl, and Mertk (TAMs) activation by growth arrest-specific 6 (Gas6) or protein S 
(Pros1). (a) Tumor-derived exosomes were purified from MDA-MB-231 cell’s culture media, and the size and concentration of the exosomes were analyzed by 
NanoSight Tracking Analysis. (B) Schematic procedure of PS staining of exosomes using CD63-Dynabeads. Exosomes isolated from MDA-MB231 cells were 
incubated with CD63-Dynabeads and then stained with FITC-Annexin V to assess PS exposure on the surface of exosomes. The experiment results are shown in 
(c) in which the samples from top to bottom are: beads alone (red), beads + FITC-Annexin V (blue), beads + exosomes (orange), beads + exosomes + FITC-
Annexin V (green). The MFI quantification is shown in the right panel from independent experiments (n = 3). Error bar, SEM, **p < 0.005. (D) Exosomes that were 
isolated from MDA-MB231 cells were mixed with Gas6-containing media (Gas6-CM) or Pros1 (100 nM) to stimulate hTAM/IFNγR1 reporter cells. The activation of 
TAM receptors was assessed by pSTAT1 immunoblotting. (e) Densitometric quantification of hTAM/IFNγR1 reporter cells’ activation by exosomes (pSTAT1) 
normalized to β-actin from independent experiments (n = 3). Error bar, SEM. *p < 0.05, **p < 0.005, ***p < 0.001.
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As shown in Figure  6A, 16.1% of the cells were stained with 
FITC-Annexin V, indicating the native existence of PS-positive 
cells in cell culture. After 15  min of calcium ionophore treat-
ment, 48.4% of the cells displayed PS exposure on their surface. 
When PS targeting antibody PGN632 was preincubated with the 
non-treated hAxl/IFNγR1 cells to mask the native PS-positive 
cells, the subsequently added Gas6 induced drastically reduced 

hAxl/IFNγR1 activation compared with the cells that were not 
treated with PS antibody (Figure  6B, lanes 2–4), demonstrat-
ing the requirement of PS for Axl activation. Further, to assess 
whether PS externalization is sufficient for TAM activation, we 
increased the concentration of calcium ionophore A23187 (of 1, 
5, and 10 µM) and subsequently exposed cells to a subthreshold 
concentration of Gas6. As shown in Figure  6C, Axl activation 
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FigUre 6 | Phosphatidylserine (PS) is involved in growth arrest-specific 6 
(Gas6)-Axl activation after calcium-ionophore treatment. (a) hAxl/IFNγR1 cells 
that received no treatment (gray) or 10 µM calcium ionophore A23187 (green) 
at 37°C for 15 min were stained with FITC-Annexin V to assess PS 
externalization. (B) PGN632, a PS-targeting reagent, was added to hAxl/
IFNγR1 reporter cells at two concentrations (0.1 and 0.2 mg/ml) for 20 min. 
The reporter cells were washed and stimulated by hGas6-CM subsequently. 
The activation of Axl receptor was assessed by pSTAT1 immunoblotting. 
Schematic illustration of this experiment is shown in the right panel. (c) hAxl/
IFNγR1 reporter cells were first treated with calcium ionophore A23187 at 
concentrations of 1, 5, and 10 µM and then stimulated by hGas6-CM.  
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.
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by Gas6 was most profoundly enhanced when cells were treated 
with 10 µM 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/IFNγR1 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 γ-carboxylation of the N-terminal 
Gla domain. Supportive evidences include findings that; (i) non-
γ-carboxylated Gas6 produced in the presence of warfarin fails 
to activate TAM receptors, as well as structure/activity analysis 
that (ii) Gla-less Gas6 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 γ-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 γ-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 γ-carboxylation for TAM receptor 
activation (dimerization), γ-carboxylation does not appear to 
be required for Gas6/TAM ligand/receptor interactions, as both 
non-carboxylated and γ-carboxylated forms of Gas6 bind to 
the surface of Axl/IFN-γR1 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-γ-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 γ-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 γ-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 
γ-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 γ-carboxylation has a complex and 
likely dynamic arrangement in this post-translational modifica-
tion. Both of the enzymes required for γ-carboxylation, namely 
GGCX and VCOR1, 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 γ-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 
VCOR1 in the tumor microenvironment are meritorious, as well 
as developing suitable mouse models to genetically manipulate 
these rate-limiting enzymes for γ-carboxylation.

cOnclUsiOn

In summary, we show here by using functional TAM reporter 
cell lines that both γ-carboxylation and PS binding are indispen-
sable for Gas6 to be active as a TAM ligand. Since externalized 
PS is frequently dysregulated in the tumor microenvironment, 
the study has important implications for not only how TAMs 
function in efferocytosis but also how they skew immune 
response in cancer.
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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 C1q-dependent phagocytosis of 
the RBL cell line expressing PR3 and showed that PR3 impaired C1q enhancement of 
apoptotic cell uptake. These findings shed new light on the respective roles of C1q 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; cC1q, collagenous-like fragment of C1q; gC1q, 
globular region of C1q; 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 
mem brane 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). C1q 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). C1q is a hexamer of heterotrimers, which consists 
of two typical regions and a collagenous-like fragment of C1q 
(cC1q) from which six globular regions (GR) [globular region 
of C1q (gC1q)] emerge. gC1q is involved in the specific recogni-
tion of apoptotic cells, and cC1q has primarily been described 
in C1q recognition by phagocyte membranes (15). However, as 
the C1q collagenous tail (cC1q) is known to interact with several 
membrane receptors (14), widely distributed on various cell 
types, C1q 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 C1q 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 
C1q–CRT interaction could also interfere in neutrophil-mediated 
inflammatory processes.

Given the evidence that PR3 and C1q 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 C1q 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 C1q 
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 
C1q was from IRPAS group (IBS, Grenoble, France). Mouse 
monoclonal antibody against C1q (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 Français 
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 × 106/ml in RPMI (Gibco) supplemented with 
10% fetal calf serum (FCS) and kept for 16 h at 37°C in a humidi-
fied 5% CO2 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/cm2 UV-B irradiation at 312 nm in a 
fresh DMEM medium. Cells were then incubated for 17 h at 37°C 
under 5% CO2. 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 C1q  
(80 μg/ml) during 40  min at 4°C. For all experiments on RBL 
cells, FcγR blockade was performed with the FcγR-blocking 
solution (Miltenyi Biotec). Then cells were incubated for 30 min 
with mouse anti-C1q Abs (A201, Quidel) diluted 1:100. PR3 was 
detected by a monoclonal anti-PR3 Abs (CLB12.8) at 2  µg/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 C1q 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 FcγR-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-C1q (80 μg/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 CFSE Cell Proliferation Kit, Life Technologies) as 
follows: cells were washed twice and then resuspended at 
1 × 106 cells/ml in PBS and incubated with 1 µM 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 C1q, at a ratio of 5:1 (RBL:THP1) 
for 1 h at 37°C, 5% CO2 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 µM 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 µg of purified PR3 was resuspended in H2O 
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 µg/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 Ca2+ containing 
0.005% surfactant P20 (pH 7.4). Surfaces were regenerated by 
one injection of 5 µl 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 χ2 

value < 2. The apparent equilibrium dissociation constants (KD) 
were calculated from the ratio of the dissociation and association 
rate constants (koff/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 C1q by PR3 was performed in 0.15  M NaCl, 
0.002 M CaCl2, 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 C1q 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 C1q and PR3 
partially colocalized with C1q. Similar colocalization was also 
observed using the C1q 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 C1q 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–C1q interaction.

Purified c1q Binds Pr3
To further investigate whether there is a direct interaction between 
PR3 and C1q, SPR experiments were performed using purified 
PR3 immobilized on a sensor chip. Intact C1q, its globular heads 
(gC1q), or its collagenous tail (cC1q) were used as soluble ligands. 
As illustrated in Figure 3, intact C1q, its gC1q and cC1q regions, 
all bound to immobilized PR3 while no interaction was detected 
using the C1q-related protein Ficolin 3 (data not shown). The 
kinetic parameters of PR3–C1q interaction were determined 
by recording sensorgrams at varying ligand concentrations. For 
intact C1q and its globular heads, the kinetic (ka, kd) and dissocia-
tion (KD) constants were calculated with a simple 1:1 Langmuir 
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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 A647 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 µm. Colocalization (yellow regions in merge) was evaluated by Pearson’s 
correlation coefficient ≥0.9.
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binding model (Table  1) with KD values of 1.9  ×  10−7 and 
4.0 × 10−7 M, respectively. Thus, the KD 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 C1q arising from its hexameric structure. In addition, 
cC1q 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 
THP1 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 µg/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 C1q 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 C1q 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.

c1q 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 C1q 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 C1q was not the mechanism explaining the 
failure of C1q to enhance uptake of apoptotic RBL-PR3 cells.

DiscUssiOn

This study provides the first experimental evidence that C1q, 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) C1q and PR3 colocalize at the surface of 
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TaBle 1 | Kinetic constants for the binding of C1q to immobilized proteinase 3 
(PR3).

soluble analyte Pr3

kon (M−1 s−1) koff (s−1) KD (M)

C1q 7.8 × 103 1.51 × 10−3 1.9 × 10−7

gC1q (globular domain) 1.8 × 104 7.2 × 10−3 4.0 × 10−7

cC1q (collagenous-like fragment) nd nd nd

Binding of C1q, its globular region of C1q (gC1q), and collagenous-like fragment of 
C1q (cC1q) to PR3 were measured as described in Section “Materials and Methods.” 
The association (kon) and dissociation (koff) rate constants were determined by global 
fitting of the data using a 1:1 Langmuir binding model (A + B ⇔ AB, BIAevaluation 
3.2). The dissociation constants KD were determined from the koff/kon ratios. The data 
presented were obtained with a statistic χ2 value < 2.
ND, not determined (i.e., despite the dose-dependent response the KD value cannot be 
determined satisfactorily).

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 µl/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 µM; gC1q 0.10, 0.40, 0.70, 
0.80, and 1.0 µM; cC1q 0.3, 0.4, 0.5, 0.7, 0.8, 0.9, 1.0, 1.2, and 1.4 µM. 
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.”

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: FI, fluorescence intensity; MFI, median fluorescence intensity; 
SSC, side scatter; FSC, forward scatter.
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shown by SPR analysis. The ability of C1q 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 C1q. 
Remarkably, when apoptotic RBL cells express cell surface PR3, 
the C1q 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 C1q 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–C1q 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 
C1q-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). 

neutrophils; (2) C1q binds more efficiently apoptotic RBL cells 
when they expose PR3 at their surface and; (3) C1q recognizes 
PR3 with a sub-micromolar affinity (KD  =  1.9  ×  10−7  M) as 

54

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


FigUre 5 | C1q is not cleaved by proteinase 3 (PR3). Fibronectin (FN)  
and C1q were submitted to PR3 digestion at 37°C for 18 h. The digestion 
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 C1q and of FN is shown.

FigUre 4 | Surface proteinase 3 (PR3) exposure supresses C1q enhancement of apoptotic cell phagocytosis. Late apoptotic rat basophilic leukemia (RBL)  
cells labeled with CFSE, opsonized or not with C1q (80 µg/ml), were incubated with PMA-treated THP1 cells labeled with PKH26 dye, 1 h at 37°C in absence  
(a) or in presence of serum (B). Phagocytosis is expressed as the percentage of the double-labeled cells in the macrophage population (i.e., PKH26 and CFSE 
labeled cells). Data are the mean ± SD of independent experiments. *Significance was tested using non-parametric two tail Wilcoxon signed-rank test for paired 
samples, n = 5 (without serum) and n = 4 (with serum).
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Importantly, we have previously shown that the ectoCRT–C1q 
interaction modulates the efferocytosis process. As co-externali-
zation of CRT and PR3 occurs during neutrophil apoptosis, this 
presumably could interfere with the C1q-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 C1q 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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FigUre 6 | Proteinase 3 (PR3) expression on apoptotic cells decreases C1q-mediated phagocytosis. In absence of membrane PR3, C1q opsonization of apoptotic 
cells through apoptotic cell-associated molecular pattern recognition [such as phosphatidylserine (PS), calreticulin (CRT), and others] enhances phagocytosis 
through macrophage receptors (such as LRP and others) and triggers anti-inflammatory responses leading to the resolution of inflammation. In the presence of 
membrane PR3, expression on apoptotic cells, PR3 that binds PS, CRT, and C1q, could interfere with the multimolecular complexes at the interface between 
apoptotic neutrophils and macrophage, delaying or affecting phagocytosis of apoptotic cells, activating a pro-inflammatory immune response favoring autoimmunity.
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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.

eThics sTaTeMenT

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 Français 
du Sang (Paris, France).

aUThOr cOnTriBUTiOns

PF and VW-S designed the study and analyzed and interpreted 
data. JG, NT, and PT-D contributed to the study design and 
acqu ired, analyzed, and interpreted data. PF, NT, SC, and VW-S 
wrote the manuscript. All the authors approved the submitted 
version.

acKnOWleDgMenTs

The authors are grateful to Nicole Thielens for having provided 
them the Ficolin 3. The authors greatly acknowledge the Cochin 
Cytometry and Immunobiology Facility at the Cochin Institute 
and the Etablissement Français du Sang (Centre Crozatier, Saint-
Antoine Hospital, Paris France).

FUnDing

This work was supported in part by the French National Rese-
arch Agency (ANR-C1qEffero-11-16) (PF); the platforms of 
the Grenoble Instruct—ERIC Center: ISBG; UMS 3518 CNRS-
CEA-UGA-EMBL (PF) with support from FRISBI: ANR-10-
INSB-05-02 (PF) and GRAL: ANR-10-LABX-49-01 (PF) within 
the Grenoble Partnership for Structural Biology (PSB); and 
Investissements d’Avenir programme ANR-11-IDEX-0005-02, 
Sorbonne Paris Cite, Labex INFLAMEX (VW-S), the Chancellerie 
des Universités de Paris (Legs Poix; VW-S), and the Arthritis 
Foundation (VW-S).

reFerences

1. Martin KR, Witko-Sarsat V. Proteinase 3: the odd one out that became an auto-
antigen. J Leukoc Biol (2017) 102(3):689–98. doi:10.1189/jlb.3MR0217-069R 

2. Hajjar E, Broemstrup T, Kantari C, Witko-Sarsat V, Reuter N. Structures of 
human proteinase 3 and neutrophil elastase – so similar yet so different. FEBS 
J (2010) 277(10):2238–54. doi:10.1111/j.1742-4658.2010.07659.x 

3. Hajjar E, Mihajlovic M, Witko-Sarsat V, Lazaridis T, Reuter N. Computational 
prediction of the binding site of proteinase 3 to the plasma membrane. Proteins 
(2008) 71(4):1655–69. doi:10.1002/prot.21853 

4. Kantari C, Pederzoli-Ribeil M, Amir-Moazami O, Gausson-Dorey V, 
Moura IC, Lecomte MC, et al. Proteinase 3, the Wegener autoantigen, is exter-
nalized during neutrophil apoptosis: evidence for a functional association with 
phospholipid scramblase 1 and interference with macrophage phagocytosis. 
Blood (2007) 110(12):4086–95. doi:10.1182/blood-2007-03-080457 

5. Witko-Sarsat V, Lesavre P, Lopez S, Bessou G, Hieblot C, Prum B, et al. A large 
subset of neutrophils expressing membrane proteinase 3 is a risk factor for 
vasculitis and rheumatoid arthritis. J Am Soc Nephrol (1999) 10(6):1224–33. 

6. Jennette JC, Falk RJ. Pathogenesis of antineutrophil cytoplasmic autoanti-
body-mediated disease. Nat Rev Rheumatol (2014) 10(8):463–73. doi:10.1038/
nrrheum.2014.103 

7. Gabillet J, Millet A, Pederzoli-Ribeil M, Tacnet-Delorme P, Guillevin L, 
Mouthon L, et al. Proteinase 3, the autoantigen in granulomatosis with poly-
angiitis, associates with calreticulin on apoptotic neutrophils, impairs 
macrophage phagocytosis, and promotes inflammation. J Immunol (2012) 
189(5):2574–83. doi:10.4049/jimmunol.1200600 

8. Gardai SJ, McPhillips KA, Frasch SC, Janssen WJ, Starefeldt A, Murphy-
Ullrich  JE, et  al. Cell-surface calreticulin initiates clearance of viable or 
apoptotic cells through trans-activation of LRP on the phagocyte. Cell (2005) 
123(2):321–34. doi:10.1016/j.cell.2005.08.032 

56

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1189/jlb.3MR0217-069R
https://doi.org/10.1111/j.1742-4658.2010.07659.x
https://doi.org/10.1002/prot.21853
https://doi.org/10.1182/blood-2007-03-080457
https://doi.org/10.1038/nrrheum.2014.103
https://doi.org/10.1038/nrrheum.2014.103
https://doi.org/10.4049/jimmunol.1200600
https://doi.org/10.1016/j.cell.2005.08.032


Tacnet-Delorme et al. PR3 and C1q Interaction Modulates Efferocytosis

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 818

9. Poon IK, Lucas CD, Rossi AG, Ravichandran KS. Apoptotic cell clearance: 
basic biology and therapeutic potential. Nat Rev Immunol (2014) 14(3):166–80. 
doi:10.1038/nri3607 

10. Ariel A, Ravichandran KS. ‘This way please’: apoptotic cells regulate phagocyte 
migration before and after engulfment. Eur J Immunol (2016) 46(7):1583–6. 
doi:10.1002/eji.201646505 

11. Ariel A, Serhan CN. New lives given by cell death: macrophage differentia-
tion following their encounter with apoptotic leukocytes during the resolu-
tion of inflammation. Front Immunol (2012) 3:4. doi:10.3389/fimmu.2012. 
00004 

12. Hochreiter-Hufford A, Ravichandran KS. Clearing the dead: apoptotic cell 
sensing, recognition, engulfment, and digestion. Cold Spring Harb Perspect 
Biol (2013) 5(1):a008748. doi:10.1101/cshperspect.a008748 

13. Ghebrehiwet B, Hosszu KK, Valentino A, Peerschke EI. The C1q family of 
proteins: insights into the emerging non-traditional functions. Front Immunol 
(2012) 3:52. doi:10.3389/fimmu.2012.00052 

14. Frachet P, Tacnet-Delorme P, Gaboriaud C, Thielens NM. Role of C1q in effe-
rocytosis and self-tolerance – links with autoimmunity. In: Chatzidionysiou K, 
editor. Autoimmunity – Pathogenesis, Clinical Aspects and Therapy of Specific 
Autoimmune Diseases. Croatia: InTech (2015). p. 21–51.

15. Navratil JS, Watkins SC, Wisnieski JJ, Ahearn JM. The globular heads of C1q 
specifically recognize surface blebs of apoptotic vascular endothelial cells. 
J Immunol (2001) 166(5):3231–9. doi:10.4049/jimmunol.166.5.3231 

16. Botto M, Walport MJ. C1q, autoimmunity and apoptosis. Immunobiology 
(2002) 205(4–5):395–406. doi:10.1078/0171-2985-00141 

17. Kishore U, Sontheimer RD, Sastry KN, Zappi EG, Hughes GR, Khamashta MA, 
et al. The systemic lupus erythematosus (SLE) disease autoantigen-calreticulin 
can inhibit C1q association with immune complexes. Clin Exp Immunol 
(1997) 108(2):181–90. doi:10.1046/j.1365-2249.1997.3761273.x 

18. Paidassi H, Tacnet-Delorme P, Verneret M, Gaboriaud C, Houen G, Duus K, 
et  al. Investigations on the C1q-calreticulin-phosphatidylserine interac-
tions yield new insights into apoptotic cell recognition. J Mol Biol (2011) 
408(2):277–90. doi:10.1016/j.jmb.2011.02.029 

19. Martin KR, Kantari-Mimoun C, Yin M, Pederzoli-Ribeil M, Angelot-
Delettre F, Ceroi A, et al. Proteinase 3 is a phosphatidylserine-binding protein 
that affects the production and function of microvesicles. J Biol Chem (2016) 
291(20):10476–89. doi:10.1074/jbc.M115.698639 

20. Verneret M, Tacnet-Delorme P, Osman R, Awad R, Grichine A, Kleman JP, 
et  al. Relative contribution of c1q and apoptotic cell-surface calreticulin to 
macrophage phagocytosis. J Innate Immun (2014) 6(4):426–34. doi:10.1159/ 
000358834 

21. Witko-Sarsat V, Canteloup S, Durant S, Desdouets C, Chabernaud R, 
Lemarchand P, et al. Cleavage of p21waf1 by proteinase-3, a myeloid-specific 
serine protease, potentiates cell proliferation. J Biol Chem (2002) 277(49): 
47338–47. doi:10.1074/jbc.M202789200 

22. Rao NV, Wehner NG, Marshall BC, Gray WR, Gray BH, Hoidal JR. Chara-
cterization of proteinase-3 (PR-3), a neutrophil serine proteinase. Structural 
and functional properties. J Biol Chem (1991) 266(15):9540–8. 

23. Fraser DA, Laust AK, Nelson EL, Tenner AJ. C1q differentially modulates 
phagocytosis and cytokine responses during ingestion of apoptotic cells 
by human monocytes, macrophages, and dendritic cells. J Immunol (2009) 
183(10):6175–85. doi:10.4049/jimmunol.0902232 

24. Paidassi H, Tacnet-Delorme P, Garlatti V, Darnault C, Ghebrehiwet B, 
Gaboriaud C, et al. C1q binds phosphatidylserine and likely acts as a mul-
tiligand-bridging molecule in apoptotic cell recognition. J Immunol (2008) 
180(4):2329–38. doi:10.4049/jimmunol.180.4.2329 

25. Osman R, Tacnet-Delorme P, Kleman JP, Millet A, Frachet P. Calretic ulin 
release at an early stage of death modulates the clearance by macroph ages of 
apoptotic cells. Front Immunol (2017) 8:1034. doi:10.3389/fimmu.2017.01034 

26. Thieblemont N, Wright HL, Edwards SW, Witko-Sarsat V. Human neutro-
phils in auto-immunity. Semin Immunol (2016) 28(2):159–73. doi:10.1016/j.
smim.2016.03.004 

27. Millet A, Martin KR, Bonnefoy F, Saas P, Mocek J, Alkan M, et al. Proteinase 3 
on apoptotic cells disrupts immune silencing in autoimmune vasculitis. J Clin 
Invest (2015) 125(11):4107–21. doi:10.1172/JCI78182 

28. Scott D, Botto M. The paradoxical roles of C1q and C3 in autoimmunity. 
Immunobiology (2016) 221(6):719–25. doi:10.1016/j.imbio.2015.05.001 

29. Trouw LA, Daha N, Kurreeman FA, Bohringer S, Goulielmos GN, Westra HJ, 
et al. Genetic variants in the region of the C1q genes are associated with rheu-
matoid arthritis. Clin Exp Immunol (2013) 173(1):76–83. doi:10.1111/cei.12097 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationship that could be 
considered a potential conflict of interest.

Copyright © 2018 Tacnet-Delorme, Gabillet, Chatfield, Thieblemont, Frachet and 
Witko-Sarsat. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

57

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nri3607
https://doi.org/10.1002/eji.201646505
https://doi.org/10.3389/fimmu.2012.
00004
https://doi.org/10.3389/fimmu.2012.
00004
https://doi.org/10.1101/cshperspect.a008748
https://doi.org/10.3389/fimmu.2012.00052
https://doi.org/10.4049/jimmunol.166.5.3231
https://doi.org/10.1078/0171-2985-00141
https://doi.org/10.1046/j.1365-2249.1997.3761273.x
https://doi.org/10.1016/j.jmb.2011.02.029
https://doi.org/10.1074/jbc.M115.698639
https://doi.org/10.1159/
000358834
https://doi.org/10.1159/
000358834
https://doi.org/10.1074/jbc.M202789200
https://doi.org/10.4049/jimmunol.0902232
https://doi.org/10.4049/jimmunol.180.4.2329
https://doi.org/10.3389/fimmu.2017.01034
https://doi.org/10.1016/j.smim.2016.03.004
https://doi.org/10.1016/j.smim.2016.03.004
https://doi.org/10.1172/JCI78182
https://doi.org/10.1016/j.imbio.2015.05.001
https://doi.org/10.1111/cei.12097
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


January 2018 | Volume 8 | Article 1876

Original research
published: 17 January 2018

doi: 10.3389/fimmu.2017.01876

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Uday Kishore,  

Brunel University London,  
United Kingdom

Reviewed by: 
Angelo A. Manfredi,  

Vita-Salute San Raffaele University, 
Italy  

Luuk Hilbrands,  
Radboud University Nijmegen, 

Netherlands

*Correspondence:
Kirsten Lauber 

kirsten.lauber@med. 
uni-muenchen.de

†These authors have contributed 
equally as senior authors.

Specialty section: 
This article was submitted to 

Molecular Innate Immunity,  
a section of the journal  

Frontiers in Immunology

Received: 31 July 2017
Accepted: 08 December 2017

Published: 17 January 2018

Citation: 
Grossmayer GE, Keppeler H, 

Boeltz S, Janko C, Rech J, 
Herrmann M, Lauber K and 

Muñoz LE (2018) Elevated Serum 
Lysophosphatidylcholine in Patients 

with Systemic Lupus Erythematosus 
Impairs Phagocytosis of Necrotic 

Cells In Vitro. 
Front. Immunol. 8:1876. 

doi: 10.3389/fimmu.2017.01876

elevated serum 
lysophosphatidylcholine in Patients 
with systemic lupus erythematosus 
impairs Phagocytosis of necrotic 
cells In Vitro
Gerhard E. Grossmayer1, Hildegard Keppeler 2, Sebastian Boeltz1, Christina Janko1,3, 
Jürgen Rech1, Martin Herrmann1, Kirsten Lauber4*† and Luis E. Muñoz1†

1 Department of Internal Medicine 3 – Rheumatology and Immunology, Universitätsklinikum Erlangen, Friedrich-Alexander-
Universität Erlangen-Nürnberg, Erlangen, Germany, 2 Department of Internal Medicine II, University of Tübingen, Tübingen, 
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Fresenius-Stiftung Professorship, Erlangen, Germany, 4 Department of Radiation Oncology and Radiotherapy, University 
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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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Table 1 | Demographics of the cohorts studied.

Demographics normal healthy 
donors

rheumatoid 
arthritis

systemic lupus 
erythematosus

n 25 20 50
Sex M/F 13/12 13/7 5/45
Mean age (years) 31.5 ± 7.3 49.8 ± 17.8 43.2 ± 14.0

Grossmayer et al. LPC Serum Levels in SLE
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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

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 

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 CX3CL1, 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 A2 (iPLA2), and subsequent 
involvement of the ATP-binding-cassette transporter ABCA1  
(18, 20). Once released, LPC stimulates chemotaxis of monocytes 
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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/dl (IQR) 1.2 (1.7) 0.4 (1.5) 0.189a

C3, median in mg/dl (IQR) 72.5 (37.5) 93.0 (63.0) 0.098a

C4, median in mg/dl (IQR) 10.7 (10.2) 14.2 (10.2) 0.038a

Anti-dsDNA, median in U/ml (IQR) 33.8 (140.2) 11.8 (44.5) 0.097a

Antinuclear antibody titer, median−1 
(IQR)

210.0 (280.0) 320.0 (980.0) 0.518a

APS, n (%) 4 (33.3) 6 (17.1) 0.237b

Treatment
n 12 35
Prednisone median in mg/day (IQR) 7.5 (39.4) 5.0 (10.0) 0.258a

Azathioprine, n (%) 3 (25.0) 15 (42.9) 0.272b

Chloroquine, n (%) 4 (33.3) 13 (37.1) 0.813b

Cyclophosphamide, n (%) 2 (16.7) 2 (5.7) 0.241b

IQR, interquartile range; APS, seropositive antiphospholipid syndrome.
aWilcoxon–Mann–Whitney test.
bChi square test.
Bold font indicates p < 0.05.

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.

Grossmayer et al. LPC Serum Levels in SLE

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1876

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). 

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 
as an ECLAM score of at least 4 were considered as in flare. Organ 
involvement was determined by the affection of a specific system 
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Briefly, 20 µl of diluted sera (1:100) were added to 96-well plates, 
250 µl of prewarmed mix A consisting of 100 mM Tris–HCl pH 
8.0, 0.01% Triton X-100, 1 mM calcium chloride, 20 µM 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 µl of mix B consisting of 100 mM Tris–HCl 
pH 8.0, 0.01% Triton X-100, and 20  µg/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% CO2 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 DiI 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% CO2 
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 was added 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 µl 

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% CO2 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 DiI or DiD. HMDM being double-positive 
for CFSE and DiI 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 (PhIx) 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 PhIx to phagocytosis in the absence of human serum 
of each experiment. In the LPC titration assays, normalization 
was done by defining the PhIx 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 µM. In comparison, patients with SLE had signifi-
cantly increased LPC serum levels (1,298 ± 687.9 µM; p = 0.0132; 
after Dunn’s correction p < 0.05). No significant differences were 
observed when comparing RA patients (953.1  ±  233.4  µM) 
with NHD or with SLE patients, respectively (Figure 2). To our 
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FigUre 2 | Lysophosphatidylcholine (LPC) serum levels of patients with 
systemic lupus erythematosus (SLE) are elevated. In serum samples of 
normal healthy donors (NHD), patients with rheumatoid arthritis (RA) and SLE 
LPC concentrations were analyzed by a multi-step coupled enzymatic test as 
depicted in Figure 1. LPC levels from individual serum samples, their means, 
and SDs are shown. Open symbols (only LPC values available), filled symbols 
(LPC values and phagocytosis index available), bold bars (cohort means), thin 
bars (cohort SDs).

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 (µM)  
Mean ± sD

p Phix  
Mean ± sD

p

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 ± 712.1 385.4 ± 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; PhIx, phagocytic index; APS, seropositive anti-phospholipid syndrome.
Bold font indicates p < 0.05
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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 
and inversely (p = 0.014) with antinuclear antibody (ANA) titers 
in patients with SLE (Figure 3). No other statistical association 
with laboratory parameters (Tables 1 and 2) or prednisone treat-
ment was found (not shown).

Destruction of heat-labile serum 
components reveals the Distinct effect  
of Thermostable Factors on Phagocytosis 
of necrotic cells In Vitro
In a first step to address the potential association of serum LPC 
levels with the process of dying cell clearance and SLE disease, 
we analyzed the effects of NHD and SLE sera in their native and 
heat-inactivated form on the phagocytosis of necrotic cells by 
HMDM (Figure 4). The uptake of necrotic cells was quantified by 
the PhIx. Phagocytosis in the presence of native sera from NHD 
(13.9 ± 4.3) was similar to that in the presence of native sera from 
patients with SLE (13.2 ± 4.7). In order to eliminate the influ-
ence of heat-labile serum factors on phagocytosis and to focus 
on the effects of thermally stable components (like LPC), sera 
were heat inactivated at 56°C for 30 min. This strongly reduced 
the uptake of necrotic cells in comparison to native serum in 
the NHD (p < 0.0001) as well as the SLE (p < 0.0001) cohort, 

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 
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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 (PhIx). 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 PhIx available), 
filled symbols (PhIx and lysophosphatidylcholine concentration available), 
bold bars (cohort means), thin bars (cohort SDs).

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 
(p = 0.014 after Bonferroni correction).
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similar levels of phagocytosis, and no significant difference in 
PhIx 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 PhIx.  
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 PhIxs were nor-
malized to the PhIx 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 

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 
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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.

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 (PhIx). 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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peripheral tissues (3). Pioneering experimental evidence for the 
existence of this kind of non-engulfed cellular debris in tissue 
samples from patients with SLE was already provided in the 
late 1950s (31). Several studies reported so-called hematoxylin 
bodies defined as exclusively extracellular, single, clustered, or 
coalescent corpses found specifically in tissues of 70–90% of 
virtually untreated patients with SLE (32–35). Regrettably, at that 
time, these alterations could not be associated with cell death 
phenomena, because apoptosis was firstly described much later 
(36). More recently, increased amounts of apoptotic PBMC and 

neutrophils have been reported in patients with SLE (37, 38). 
The process of apoptosis itself turned out not to be affected (39). 
Instead, an engulfment dysfunction was identified as the underly-
ing reason for the accumulation of uncleared, dead cell material 
in patients with SLE (40).

In the course of apoptosis, the plasma membrane of cells 
undergoes characteristic changes. Whereas viable cells exhibit 
a clear membrane phospholipid asymmetry, during apoptosis, 
redistribution of phospholipids between the membrane leaflets 
occurs (41, 42). Moreover, phospholipases (PLA2) 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 
(iPLA2) 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 LPC levels 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 µM) 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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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 cells is reduced resulting in decreased phagocytosis.
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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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ly6chi Monocytes and Their 
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Monocyte-derived macrophages (MoMF) play a pivotal role in the resolution of acet-
aminophen-induced liver injury (AILI). Timely termination of neutrophil activity and 
their clearance are essential for liver regeneration following injury. Here, we show that 
infiltrating Ly6Chi monocytes, their macrophage descendants, and neutrophils spatially 
and temporally overlap in the centrilobular necrotic areas during the necroinflammatory 
and resolution phases of AILI. At the necroinflammatory phase, inducible ablation of 
circulating Ly6Chi 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-seq-based 
transcriptome profiling of neutrophils from Ly6Chi monocyte-deficient versus normal 
livers revealed 449 genes that were differentially expressed with at least twofold change 
(p ≤ 0.05). In the absence of Ly6Chi monocytes, neutrophils displayed gene expression 
alterations associated with decreased innate immune activity and increased cell survival. 
At the early resolution phase, Ly6Chi monocytes differentiated into ephemeral Ly6Clo 
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 Ly6Chi monocytes to MoMF. Collectively, our findings establish 
a phase-dependent task division between liver-infiltrating Ly6Chi 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; MoMF, monocyte-derived macrophages; PMB, poly-
mixin B; ROS, reactive oxygen species.

69

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00626&domain=pdf&date_stamp=2017-06-01
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00626
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:chenv@tlvmc.gov.il
https://doi.org/10.3389/fimmu.2017.00626
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00626/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00626/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00626/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00626/abstract
http://loop.frontiersin.org/people/436697
http://loop.frontiersin.org/people/30728
http://loop.frontiersin.org/people/402279


Graubardt et al. Monocytes Regulate Neutrophil Activity and Clearance

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 626

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 Ly6Chi 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 Ly6Clo 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, Ly6Chi 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 
Ly6Clo monocyte-derived macrophages (MoMF) at the early 
resolution phase (starting from 48  h) (22). The conditional 
selective ablation of Ly6Chi 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, 
MoMF, and neutrophils spatially and temporally overlap in the 
centrilobular necrotic areas following AILI. Moreover, we show 
that Ly6Chi 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 Ly6Chi 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/6J wild-type mice were purchased from Harlan Labo-
ratories (Rehovot, Israel) and Cx3cr1gfp/+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  µL anti-mouse CCR2 mAb (clone MC-21)-
conditioned media (29  µg 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 Dulbecco’s 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−/−) 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 NH4Cl, and 0.01 M KHCO3, 
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 H2O2 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. Cx3cr1-
GFP and Ly6G immunofluorescent staining was performed on 
frozen liver sections of 13 µm. Z-stacking, imaging was performed 
on 20 µm 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 (MicroImaging GmbH, 
ZEISS, Germany). Processing was performed with ZEN 2010 
software.

Quantitative real-Time Pcr
CD45+CD11b+Ly6GhiLy6C−/loCX3CR1− 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 manufacturer’s 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: RPLP0, 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 II 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/cm2,  
142  s). Monocytes were then double washed to exclude direct 
activation of neutrophils by LPS or apoptotic hepatocytes. In 
case of LPS stimulation, 50 µg/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  µL 
lysis buffer [RNase-free H2O, 0.2% Triton-X (Roth) and 0.4 U/μL 
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.1 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 t-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 database2 under accession 
number GSE55606. Heat maps were performed using Partek 
Genomics Suite software.

statistical analysis
Data were analyzed by unpaired, two-tailed t-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).

1 http://www.partek.com/pgs.
2 http://www.ncbi.nlm.nih.gov/geo.

resUlTs

liver infiltrating Monocytes, MoMF, and 
neutrophils Display Overlapping Migratory 
Behavior following aili
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 Cx3cr1gfp/+ reporter mice (39), in whose livers monocyte-
derived cells, but not resident KC, are GFP-labeled (22, 46). 
Immunofluorescent staining of Cx3cr1gfp/+ liver sections revealed 
that Ly6G+ neutrophils and CX3CR1-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 Cx3cr1gfp/+ 
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+Ly6CloCX3CR1-GFP−Ly6G+ cells, while monocytes were 
defined as CD11b+Ly6ChiCX3CR1-GFP+MHCII−Ly6G− cells. 
KC and MoMF expressed similar levels of the macrophage 
markers F4/80, CD64 (FcγR), and MHCII, but could clearly be 
discriminated according to presence and absence of the CX3CR1-
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 Ly6Chi 
monocytes have already differentiated toward Ly6Clo 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 ly6chi Monocytes induce 
rOs Production by neutrophils
The spatial and temporal colocalization of liver infiltrating 
neutrophils and Ly6Chi monocytes following AILI prompted us 
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FigUre 1 | liver infiltrating ly6chi monocytes, monocyte-derived macrophage (MoMF), and neutrophils spatially and temporally coincide at the 
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 AILI. Original magnification ×20. Bars, 100 µm. (B) Immunostaining for Ly6G and hematoxylin on paraffin-embedded liver sections at 24 and 48 h 
after AILI. Original magnifications ×20 (left image) and ×40 (right image). Bars, 100 µm (×20) and 85 µm (×40). (c) Immunofluorescence staining at 24 and 48 h after 
AILI in Cx3cr1gfp/+ mice. At 48 h, 3D-reconstruction was performed of Z-stacks acquired from 20 µm thick slides. In green are infiltrating monocyte-derived cells and 
in red are neutrophils, which are stained for Ly6G. Original magnification ×20. Bars, 50 µm for 24 h and 20 µm for 48 h. (D) Flow cytometry-based definition of 
non-parenchymal Cx3cr1gfp/+ liver cells isolated at 24 h (Ly6Chi monocytes and neutrophils) or 72 h [MoMF and Kupffer cell (KC)] following AILI. (e) Flow cytometry-
based analysis of the dynamics of neutrophils and liver-macrophage subsets at steady state (SS) and at different time points following AILI: Ly6G+ neutrophils 
(white), infiltrating Ly6ChiCX3CR1-GFP+ monocytes (black), resident CX3CR1-GFPneg/lo KC (red), and Ly6CloCX3CR1-GFPhi 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.
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to determine whether these cells are functionally intertwined. 
Ly6Chi 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 Ly6Chi 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 Ly6Clo 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 Ly6Chi 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 S1C,D in 
Supplementary Material) at 24 h post-AILI. Liver enzyme levels 
were profoundly and gradually reduced starting at 48 h 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 Ly6Chi monocyte ablation as being a suitable 
model for studying monocyte effects on neutrophil activity and 
clearance during AILI.

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 ly6chi monocytes and MoMF. (a) Flow cytometry analysis of hepatic non-parenchymal cells 
at 24 h following acetaminophen-induced liver injury (AILI) in mice injected with MC-21 or phosphate-buffered saline (PBS). Below, graphical summary of Kupffer cell 
(KC), neutrophil, eosinophil, and Ly6Chi monocyte cell numbers normalized for liver tissue mass. Note the specific depletion of Ly6Chi monocytes. (B) Flow cytometry 
analysis of peripheral blood of control versus MC-21-treated mice showing Ly6Chi and Ly6Clo CD115+ monocyte subsets as well as CD115−Ly6Ghi neutrophils. Next, 
graphical summaries showing the cell numbers per 50 µL blood of neutrophils and Ly6Chi and Ly6Clo monocyte subsets at 24 h following AILI. (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, Ly6Chi 
monocyte and monocyte-derived macrophage (MoMF) cell numbers normalized for liver tissue mass. Note the specific depletion of Ly6Chi monocytes and their 
MoMF descendants. Data are presented as mean ± SEM; n ≥ 5 mice for each time point. Data were analyzed by unpaired, two-tailed t-test, comparing each time 
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.
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is restricted to CD11b+ myeloid cells; among them the frac-
tion of Ly6G+ neutrophils was profoundly greater than that of 
Ly6Chi 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 Ly6Chi 
monocyte-ablation specifically at the 24  h time point of the 
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FigUre 3 | reduced neutrophil-derived reactive oxygen species (rOs) production in the absence of ly6chi monocytes. (a) Flow cytometry and 
graphical representation demonstrating the definition of CD11b+ ROS+ cells at acetaminophen-induced liver injury (AILI)-24 h livers and the fraction of Ly6Chi 
monocytes and Ly6G+ neutrophils out of these cells. (B) Flow cytometry analysis at AILI-24 h livers showing ROS staining in neutrophils gated as 
CD45+CD11b+Ly6G+Ly6Clo cells. (c–F) Graphical summaries of flow cytometry analyses of injured livers of phosphate-buffered saline (PBS) (white) versus 
MC-21-treated (gray) mice at 12, 24, 48, and 72 h following AILI showing the (c) fraction of ROS+ neutrophils out of total living neutrophils, (D) mean 
fluorescence intensity (MFI) of ROS out of ROS+ neutrophil population, and (e) the numbers of ROS+ and (F) of ROS− neutrophils normalized per liver tissue 
mass in gram. (g) Flow cytometry representation of size (FSC) and granularity (SSC) parameters of ROS+ and ROS− neutrophil populations. Note that 
ROS− cells are smaller and less granular. (h) Graphical representation of quantitative RT-PCR gene expression analysis of Cybb, comparing neutrophils from 
PBS (white) and MC-21-treated (gray) livers. For A and C-F, data were analyzed by unpaired, two-tailed t-test, comparing each time livers from PBS versus 
MC-21-treated mice and are presented as mean ± SEM with significance: *p < 0.05, **p < 0.01, ***p < 0.001 (n ≥ 5 mice/group for each time point).  
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 Ly6Chi 
monocytes promote ROS-production by neutrophils at the 
necroinflammatory phase of AILI.

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 Ly6Chi 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 
naïve 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 naïve 
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 
naïve 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 Lyz1 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 (Fcgr1). 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-Ab1, H2-DMa, and H2-DMb1, the CD74 invariant 
chain of MHCII (Cd74) as well as the lysosomal thiol reductase 
Ifi30. Indeed, flow cytometry analysis confirmed a reduction in 
the fraction of MHCII+ neutrophils following Ly6Chi 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 
(Fn1), 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 (Adam8).

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 (Socs1) 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 (Tle1), 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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FigUre 4 | activated monocytes directly induce reactive oxygen species (rOs) production by neutrophils. (a) Graphical summary of flow cytometry 
analyses showing the fraction of ROS+ neutrophils out of CD66b+ neutrophils following 2 h culture with lipopolysaccharide (LPS)-activated human CD14+ monocyte 
cells or with their cell-free supernatants; Polymyxin B (PMB) was added to all cultures in order to avoid direct activation of neutrophils by LPS remnants. (B) Left, 
representative histogram plot showing the expression level of the neutrophil activation marker CD66b following different treatments. Right, Summarizing graph 
showing the geometric mean fluorescence intensity (Geo MFI) of CD66b protein following different treatments. (c) Left, representative flow cytometry image showing 
the identification of AnnexinV+FSClo apoptotic cells among CD66b+ neutrophils. Right, Summarizing graph showing the fraction (%) of these cells among total 
CD66b+ neutrophils. (D) The fraction of ROS+ neutrophils out of CD66b+ neutrophils following 2 h culture with human CD14+ monocyte cells pre-activated with 
HepG2 apoptotic bodies. Data were analyzed by unpaired, two-tailed t-test and are presented as mean ± SEM with significance: *p < 0.05, **p < 0.01, 
***p < 0.001 (n ≥ 3 human donors/group for each monocyte group, the same pool of neutrophils was used).
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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 (Olr1), 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 (Lrp1), 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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FigUre 5 | altered neutrophil-mediated innate immune functions and cell survival in the absence of ly6chi monocytes. (a) Forest plot analysis of 449 
differentially expressed genes (p < 0.05; t-test, with at least twofold change) presenting for each biological process the percentage of downregulated genes (in blue) 
and upregulated genes (in red). (B) Graphic representation of the significance (p-value) for the enrichment of selected GO categories out of DAVID analyses 
performed for the downregulated (in blue) and upregulated genes (in red) comparing between “MC-21” versus “phosphate-buffered saline (PBS)” neutrophils. 
Analysis was performed on the differentially expressed genes (p < 0.05; t-test, ≥2-fold change). (c) RNA-seq heat map analysis displaying the differential expression 
(z-scored) of genes between “MC-21” and “PBS” neutrophils, which are associated with phagocytosis, antigen processing and presentation, extracellular matrix 
(ECM) remodeling, immune response, signal transduction, lipid metabolism, and complement cascade. Color legend is presented at the bottom of the figure. 
Analysis was performed on the differentially expressed genes (p < 0.05; t-test, ≥2-fold change).

Graubardt et al. Monocytes Regulate Neutrophil Activity and Clearance

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 626

triglyceride storage through the inhibition of VLDL secretion. 
“MC-21 neutrophils” also displayed an altered expression of 
lipid and cholesterol metabolism regulators, including increased 

expression of the enzymes lipase G (Lipg) and cholesterol 
25-hydroxylase (Ch25h), and reduced expression of the nuclear 
receptor Liver X receptor alpha (LXRα, Nr1h3) (Figure  5C). 
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FigUre 6 | Delayed clearance of apoptotic neutrophils in the absence of ly6chi monocytes and monocyte-derived macrophages (MoMF). (a) 
RNA-seq heat map analysis displaying the differential expression (z-scored) of genes between “MC-21” and “phosphate-buffered saline (PBS)” neutrophils, which 
are associated with cell survival regulation. (B) Graphic representation of neutrophil numbers normalized per liver tissue mass (in gram) in the injured liver in presence 
(PBS) and absence of Ly6Chi monocytes and their MoMF descendants (MC-21), as analyzed by flow cytometry. (c) Flow cytometry image showing the 
discrimination between early apoptotic (AnnexinV+), late apoptotic (AnnexinV+PI+), and necrotic (PI+) neutrophils at 48 h following acetaminophen-induced liver injury 
(AILI). (D–F) Graphical summaries showing cell counts normalized per liver tissue mass (in gram) of (D) late apoptotic neutrophils, (e) necrotic neutrophils, and (F) 
early apoptotic neutrophils. (g) 3D-reconstructed confocal image generated from 20 µm Z-stacks of livers sections extracted at AILI-48 h from Cx3cr1gfp/+ mice. 
Ly6Chi monocyte-derived cells are in GFP and neutrophils are in red. Magnification ×63. Heat map analysis in A was performed on the differentially expressed genes 
(p < 0.05; t-test, ≥2-fold change). Data in (B–F) were analyzed by unpaired, two-tailed t-test, comparing at each time point livers from PBS (white) versus MC-21 
(gray)-treated mice and are presented as mean ± SEM with significance: *p < 0.05, **p < 0.01, and ***p < 0.001 (n ≥ 5 mice/group for each time point).
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Collectively, these results suggest that Ly6Chi monocytes induce 
in neutrophils transcriptional changes that are overall associated 
with increased inflammatory phenotype and activity.

ly6chi 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 Ly6Chi 
monocytes (Figure 6A). Striking was the upregulation of Bcl-2A1 
genes (Bcl2a1a, Bcl2a1b, and Bcl2a1d) 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 
(Lgals1) (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 Ly6Chi monocytes 
facilitate neutrophil apoptosis.
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Therefore, we next sought to investigate how Ly6Chi 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 Ly6Chi 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 3F,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 Ly6Chi 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 
Ly6Chi 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 Ly6Chi monocytes and their 
MoMF 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 Ly6Chi 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 
MoMF, Ly6Chi 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 c 
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 C1q-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 CX3CR1 (Figure  1C). Of note, 
CX3CL1 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 
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FigUre 7 | continued  
Variable expression of apoptotic cell bridging molecules and 
receptors between ly6chi 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 Ly6Chi monocytes [acetaminophen-induced liver injury (AILI) 24 h], 
MoMF (AILI 72 h), and KC (steady state and AILI 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).
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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, Ly6Chi mono-
cytes produce proinflammatory mediators that promote hepatic 
stellate cell activation and fibrosis (7), but subsequently give rise 
to prorestorative Ly6Clo macrophages (5, 8). Similarly, we have 
demonstrated in an acute model of AILI that recruited Ly6Chi 
monocytes differentiate into distinct short-lived prorestorative 
MoMF that outnumber the resident KC population at the early 
recovery phase. Transcriptomic profiling revealed that Ly6Chi 
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 AILI. During the initial inflammatory phase, 
monocytes and neutrophils become the dominant phagocyte 
subsets in the injured liver. Selective ablation of Ly6Chi 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 Ly6Chi 
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 naïve 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 naïve 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 
Ly6Chi 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 Ly6Chi 

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 (Gpr132), 
which drives the clearance of dying neutrophils through its bind-
ing to lyso-phosphatidylserine (lyso-PS) (61), was significantly 
higher in Ly6Chi monocytes than in MoMF (p = 5.7E−05) and 
recovering KC (p  =  1.4E−06). Ly6Chi monocytes were also 
significantly higher for the bridge molecule thrombospondin-1 
(Thbs1) compared to MoMF (p = 0.009) and KC (p = 6.1E−06) 
(Figure 7). While the ablation of Ly6Chi 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 THBS1 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 Ly6Chi monocytes and their MoMF progenies by their regula-
tion of neutrophil activity and clearance during AILI. Specifically, 
we demonstrate that liver-infiltrating Ly6Chi monocytes activate 
ROS production in neutrophils in a direct manner. Further 
transcriptomic profiling implies that Ly6Chi 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, 
MoMF 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 
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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 Ly6Chi 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 Ly6Chi 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 Ly6Chi 
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 
Ly6Chi 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, Ly6Chi monocytes differentiate into MoMF, 
which become the dominant macrophage subset at this stage. Our 
gene-expression results further uncover that Ly6Chi monocytes 
upregulate the expression of various apoptotic cell recognition 
bridge molecules and receptors upon their differentiation into 
MoMF, which may qualify the latter for the clearance of apop-
totic neutrophils. Notably, even in the absence of MoMF, 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 
MoMF as pivotal players in the resolution from liver injury (22). 
We showed that already at the necroinflammatory phase, Ly6Chi 
monocyte ablation aggravates hepatic damage. In contrast, here 
we demonstrate that Ly6Chi 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 Ly6Chi 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 Ly6Chi 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 Ly6Chi 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, 
MoMF 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 Ly6Chi monocytes, MoMF, and neutrophils. 
We show that Ly6Chi 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 MoMF.
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FigUre s1 | ablation of ly6chi monocytes and their monocyte-derived 
macrophage descendants does not affect liver damage during the 
necro-inflammatory phase of acetaminophen-induced liver injury (aili), 
but attenuates liver resolution. (a) Hematoxylin and eosin (H&E) of liver 
sections at 12, 24, and 48 h following AILI. Original magnification ×10. Bars, 
200 µm. Note the extended necrotic area at 48 h. (B) Histopathological score at 
12, 24, and 48 h following AILI of mice injected with PBS (Red circle) or MC-21 
(Blue open square). (c) ALT and (D) AST levels in the blood of MC-21-injected 
mice compared to control mice at steady state (SS) and 24, 48, 72, and 120 h 
after AILI. Data were analyzed by unpaired, two-tailed t-test and presented as 
mean ± SEM with significance: *p < 0.05. Experiments were repeated at least 
three times, n ≥ 3 mice per group.

FigUre s2 | ablation of ly6chi monocytes reduces Mhcii protein 
expression in neutrophils. Flow cytometry analysis showing MHCII 
expression by Ly6G+ neutrophils extracted from normal (PBS) or Ly6Chi 
monocyte-ablated livers (MC-21), at 24 h following acetaminophen-induced 
liver injury. Below, graphical summary of the fraction of MHCII+ neutrophils out 
of total neutrophils.

MOVie s1 | colocalization of liver infiltrating ly6chi monocyte-derived 
cells and neutrophils. A representing movie of 3D reconstructed confocal 
images extracted from 20 µm Z-stacks at acetaminophen-induced liver injury 
48 h livers of Cx3cr1gfp/+ mice. Magnification ×63. The movie demonstrates  
the close proximity of Ly6Chi monocyte-derived cells (GFP) and Ly6G+  
neutrophils (red).

MOVie s2 | liver infiltrating ly6chi monocyte-derived cells 
uptake neutrophils at the resolution phase. A representing movie 
of 3D reconstructed confocal images extracted from 20 µm Z-stacks at 
acetaminophen-induced liver injury-48 h livers of Cx3cr1gfp/+ mice. Note that 
some of the Ly6Chi monocyte-derived cells (GFP) have engulfed neutrophils 
stained for Ly6G (in red). Magnification ×63.
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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 (FXII) of contact activation system. The purpose of this study was to determine 
whether FXII 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, FXII 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 FXII-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 Xii, 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 
XIIa (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 
(CTI) 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 l-glutamine, and 
1% penicillin-streptomycin at 37°C in a humidified atmosphere 
with 5% CO2 (13). To induce apoptosis, cells (2 × 105/mL) were 
cultured with 10  µM dexamethasone at 37°C in a humidified 
atmosphere containing 5% CO2 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  µM NBD-PC for 20  min at 37°C. After 
centrifugation at 13,000 × 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 MgCl2, 0.42  mM NaH2PO4, and 1% BSA, pH 7.5) 
supplemented with 50 µM ZnCl2 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 J, 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 µM Zn2+ 
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 µL/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 µL/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  µL of HEPES buffer 
containing 2.5 mM CaCl2, 95 nM purified human FXII, 30 nM 
PK, 30 nM HK, 5.8 nM purified human FXI and FIX, 0.25 nM 
purified human FVIII, and (where indicated) 2 µM CTI at 37°C. 
Then, the reaction was started by the addition of purified human 
FX (170  nM). At various time points, a 25-µL aliquot of the 
mixture was removed, and 5  µL 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 × 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 µL of warmed 20 mM CaCl2 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 µL, including 40 µL of normal plasma or FXII-deficient 
plasma. Apoptotic cells were pretreated with 5  µg/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-µL 
aliquot of cells (1 × 105) was added to a 40-µL plasma sample. 
After incubation at 37°C for 15 min, 30 µL of fluorogenic buffer 
(2.5 mM fluorogenic substrate and 87 mM CaCl2) 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 × 106/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 µL 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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FigUre 2 | Binding of FXII 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 CaCl2 for 
20 min, apoptotic CEM cells were labeled with 100 nM B-FXII 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 CaCl2, 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 BIAevaluation software. 
The KD was 3.857E-9 M, and the Rmax was 787.0 Ru.

FigUre 1 | FXII preferentially binds to apoptotic cells. (a) Biotin-labeled FXII 
(B-FXII) at the indicated concentrations was incubated with apoptotic CEM 
cells (2 × 105) 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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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 CaCl2. 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 
CaCl2, and its inhibitory effect was concentration dependent.  
In contrast, no inhibition by annexin V was observed in the 
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absence of CaCl2 (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 KD 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.

FXii 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 CaCl2, compared 
with the clotting time for viable cells (151.8 ± 2.1 vs. 281.9 ± 2.5 s, 
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 CTI and found 
that 2 µM CTI reduced apoptotic cell-mediated FXa activation 
to basal levels (Figure 4D). The above results demonstrate that 
FXII is critical for intrinsic tenase complex formation, contribut-
ing to the procoagulant activity of apoptotic cells.

FXii 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 PC liposome-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 

90

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


FigUre 3 | Binding of FXII to apoptotic cells mediates its cleavage and activation. (a) As indicated, 95 nM FXII was incubated with viable cells (via) or apoptotic 
cells (ap) at density of 2 × 105 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 (i). 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 FXII 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 (0 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 FXII was calculated as described above and shown as relative band density (ii). ***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 × 105), PK (30 nM) plus HK (30 nM), and corn trypsin inhibitor (CTI) (2 µM) at 37°C  
for 30 min. After centrifugation at 2,500 rpm for 5 min, the supernatant was collected and factor XIIa (FXIIa) activity was analyzed as the hydrolysis of a chromogenic 
substrate as described in the Section “Materials and Methods” (n = 3). ***p < 0.001.
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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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FigUre 4 | Continued  
Apoptotic cell-mediated procoagulant activity and intrinsic tenase formation 
is dependent on FXII activation. (a) Tissue factor (TF) expression as 
determined by flow cytometry. CEM cells treated with (apoptotic cells)  
or without (viable cells) 10 µM 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 × 105) were 
suspended in 150 µL of platelet-poor plasma, clotting was triggered by the 
addition of 20 mM CaCl2 and measured as described in the Section 
“Materials and Methods” (n = 3). ***p < 0.001. (c) After apoptotic cells 
(2 × 105) 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 
CaCl2 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 FXII, prekallikrein, 
high molecular weight kininogen, FXI, FIX, and FVIII. Then FX was added,  
and tenase complex formation was analyzed using a chromogenic substrate 
(n = 3). Some samples were also treated with 2 µM corn trypsin inhibitor 
(CTI). ***p < 0.001.
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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 FigUre 4 | Continued

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 5 | FXII 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 µg/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 µg/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 FXII (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 µg/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.
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apoptotic cells, which is consistent with the absence of TF expres-
sion on the surface of apoptotic cells (Figure  4A). In another 
study, we found that HK binds to apoptotic cells via PS, leading 

to cleavage and the production of bradykinin in the presence of 
FXII and PK (31). Therefore, PS on apoptotic cells may serve as a 
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 μg/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 

system activation when vascular cells become apoptotic. Because 
FXII can also activate plasminogen in the fibrinolytic pathway 
(34), how activated FXII integrates the intrinsic coagulation 
and fibrinolysis systems on the surface of apoptotic cells is an 
interesting topic for future investigation.

In conclusion, the current study demonstrates that FXII binds 
to apoptotic cells via PS, leading to activation of FXII. Activated 
FXII contributes to intrinsic tenase formation and blood clot-
ting. This study not only revealed a novel mechanism underlying 
apoptotic cell-mediated procoagulant activity but also identified 
the apoptotic cell membrane as a new activation surface for the 
assembly and activation of the contact activation system. These 
findings suggest that the role of the contact activation system in 
apoptotic cell-related procoagulant events requires further inves-
tigation. Moreover, it will be worthwhile to explore whether inhi-
bition of FXII could be a therapeutic strategy for the prevention 
and treatment of apoptotic cell-associated thrombotic diseases.
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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 CD11blow 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 CD11blow 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 CD11blow 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% CO2 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 
cD11blow 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  µM 
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 CD11blow 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-Mϕ: Conditioned media collected after 12 h from culture 
enriched with CD11bhigh macrophages (Mϕ).
CM-Mres: Conditioned media collected after 12 h from culture 
enriched with CD11blow 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 × 103 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% CO2 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 Na2HPO4, 
3.5 mM NaH2PO4, 7.7 mM NaN3, 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 40×).

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 DAPI.

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 µl 
BME (3  ×  103  cells/well) and were overlaid with the different  
conditioned media. After overnight incubation at 37°C, 5% CO2 
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 × 104 HUVEC/well). 17 h 
post seeding, a wound was induced by mechanical application of 
a 1,000 µl 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 10× (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  ×  104) were plated 
on top of gelatinized 15  mm glass-bottom cell culture dishes 
(Nest Scientific USA Inc.) and overlaid with either CM-Mϕ or 
CM-Mres. Cells were incubated at 37°C, 5% CO2 incubator for 
30 min to allow adherence of the cells. Thereafter, cell motility 
was followed by time-lapse video microscopy using Nikon 
A1R confocal laser scanning microscope (20× 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 ImageJ 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 
(10× magnification), and the number of bifurcations per field was 
quantified using ImageJ 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  µl Cultrex® growth factor-reduced BME. Plates were 
incubated for 10 min at 37°C in a 5% CO2 incubator. Following 
incubation, each well was overlaid with an additional 150 µl BME 
and incubated at 37°C, in a 5% CO2 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 (10× 
magnification). The micro-vessel sprouting area was analyzed by 
ImageJ 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-Mϕ or CM-Mres (10  µl/
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 ImageJ (by using “win 
64” plug). For each treatment, an area of 15 cm2 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-Mϕ 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 MgCl2, 0.2 mM 
EDTA, 0.1% Triton X-100, 100 µg/ml PMSF, 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 NAF, 2  mM Na3VO4, 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 3× 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 cD11blow Macrophages
To this end, peritonitis was induced, and 66  h later peritoneal 
exudates were collected. The percentage of macrophages (Mϕ) 
was determined in peritoneal exudates, based on their size 
and granularity and positive staining for F4/80 as previously 
described (11). Next, CD11bhigh Mϕ 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 CD11bhigh-Mϕ to CD11blow-
Mϕ compared with untreated macrophages where only 13% of 
CD11bhigh-Mϕ were converted to CD11blow-Mϕ, 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 CD11bhigh macrophages 
(CM-Mϕ) or pro-resolving CD11blow macrophages (CM-Mres) 
and from un-engulfed AC (CM-AC).

Proliferation of hUVecs is Modulated  
by Factors secreted by Pro-resolving 
cD11blow 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-Mϕ, 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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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-Mϕ, 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 40×, bar = 50 µm. 
(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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between the different treatments [F(3, 12) = 5.699, p = 0.012]. 
Furthermore, significant difference was found between the 
treatments CM-Mϕ vs. CM-Mres (p = 0.022) (Figure 1A). By 
contrast, no significant difference was found between CM-Mϕ 
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-Mϕ (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-Mϕ. 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-Mϕ 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-Mϕ (p = 0.014) (Figure 1C) and CM-AC compared 

with CM-Mϕ (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-Mϕ, 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-Mϕ. 
Repeated measures ANOVA and repeated contrasts were con-
ducted with treatment (CM, CM-Mϕ, 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-Mϕ as 
determined by repeated contrast [F(1, 5)  =  7.548, p  =  0.040]. 
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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-Mϕ 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-Mϕ or CM-Mres was monitored by time-lapse microscopy. An average velocity of 10 different cells for each treatment was determined. Columns; mean, bars; 
STD, n = 10 cells for each treatment, t-test, *p ≤ 0.05, **p ≤ 0.01.
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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-Mϕ (Figure 2C). Whereas, 
there was no significant difference between CM-Mϕ 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 

101

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


Michaeli et al. Pro-Resolving Macrophages Inhibit Angiogenesis

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 768

Supplementary Material; Figure 2D) compared with treatment 
with CM-Mϕ (Video S2 in Supplementary Material; Figure 2D). 
Interestingly, CM-Mϕ 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-Mϕ, 
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 
ImageJ 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-Mϕ (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-Mϕ (p = 0.012) (Figure 3C). 
By contrast, there was no significant difference between CM-AC 
in comparison to CM-Mϕ (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-Mϕ, 
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-Mϕ 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-Mϕ [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-Mres 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 = 0 vs. T = 48 h 
post CM-Mres treatment; Figure  4C, see white arrows and 
Figure 4D) whereas, treatment with CM-Mϕ 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-Mϕ
Angiogenesis is regulated by a balance between angiogenic and 
antiangiogenic factors. Given that CM-Mres inhibited angiogen-
esis in 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-Mϕ (Figures 5A–C). Initial dot 
blot analysis revealed several pro-angiogenic factors with lower 
levels in CM-Mres compared with CM-Mϕ 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-Mϕ (Figure 5C). Notably, the levels of the central 
pro-angiogenic mediator VEGF (26) decreased significantly 
in CM-Mres compared with its levels in CM-Mϕ (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-Mϕ 
(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-Mϕ (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-Mϕ, CM-Mres, or CM-AC. (a) Representative light microscopy images (n = 5). 
Magnification 10×. (B) Fluorescence staining of HUVEC cells for F-actin (phalloidin; green) and nuclei (DAPI; blue). Representative confocal images are shown. 
Magnification 40×. Bars = 50 μm. (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.
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significantly Cyclin D1 expression in HUVEC compared with 
treatment with CM-Mϕ (determined by western blot analysis; 
Figures  5I,J). These results are in accordance with previous 
studies demonstrating downregulation of Cyclin D1 expression 
upon endostatin treatment (28). Overall, 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 signaling.

DiscUssiOn

Macrophages play a fundamental role in wound healing by generat-
ing bioactive mediators that stimulate angiogenesis and fibroplasia 
(29, 30). However, the potential role of macrophages in resolving 
tissue repair by inhibiting angiogenesis is largely unknown (9).

Angiogenesis is a multifaceted process required to facilitate 
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-Mϕ, 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-Mϕ (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 = 0 for each treatment, bars; STD, t-test, ***p ≤ 0.001.
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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 CD11blow 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.

In vitro, 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-Mϕ. (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-Mϕ (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-Mϕ compared with CM-Mres. (e,F) Quantification of VEGF (e) and endostatin 
levels (F). Densitometry values in panels (e,F) were normalized to CM-Mϕ. n = 3, t-test, *p < 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-Mϕ or CM-Mres and its quantification (J). (J) Densitometry values were normalized to 
treatment with CM-Mϕ. Columns; mean, bars; STD, n = 3, t-test, *p < 0.05.
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of the cells was observed upon exposing HUVEC to CM-Mres 
compared with treatment with CM-Mϕ as determined by the 
wound migration assay and time-lapse live video microscopy. 

Furthermore, tubular formation of HUVEC on BME was also 
significantly reduced upon exposure to CM-Mres in comparison 
to treatment with CM-Mϕ. 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-Mϕ. Similarly, CM-Mres 
restrained vascular outgrowth, whereas CM-Mϕ 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 angiogenesis is 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-Mϕ 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-Mϕ. 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-Mϕ. 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-Mϕ. 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-Mϕ. Furthermore, we demonstrated reduction in cyclin 
D1 expression in HUVEC treated with CM-Mres compared 
with treatment with CM-Mϕ. 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-Mϕ, such as VEGF. 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 VEGF. 
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). 
Overall, 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 CD11blow 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 Ian 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., FcγRIIa 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 Ca2+-dependent manner, whereas milk fat globule EGF-factor 8 (MFG-E8) binds independent of Ca2+. 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 
are shaded blue whereas apoptotic cell opsonins are shaded green.
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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 (Pros1), 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 (TMEM16F) (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-α (SIRPα) 
inhibits myosin-II-mediated phagocytosis (30). Downregulation 
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of ligands for SIRPα, e.g., CD47 (31), from the surface of apop-
totic cells would be predicted to promote efferocytosis (32, 33). 
SIRPα-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 Pros1 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, FcγRIIa redistrib-
utes to membrane microdomains during neutrophil apoptosis 
(45). In addition, specific proteolysis of adhesion molecules (e.g., 
CD62L) (46, 47) and uncoupled β2 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 DAP12, 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 Ca2+-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). Pros1 and Gas6 contain 
a Gla-domain that binds PtdSer in a Ca2+-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 Ca2+-independent 
manner and bridges to phagocyte integrins αvβ3/5 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 αvβ3 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 FcγR 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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TAbLe 1 | Comparison of phagocytic synapse formation in FcγR-mediated and 
apoptotic cell phagocytosis.

FcγR 
phagocytosis

Apoptotic cell phagocytosis

Receptor signalinga ITAM or ITIM 
adaptors Src/Syk 
kinases PI3K

BAI-1:G protein-coupled (DOCK/
ELMO Rac-GEF)
Tyro3/Axl/Mer: receptor tyrosine 
kinase, PI3K, Rac
Stabilins:GULP adaptor?
CD300:ITIM or DAP12 adaptors
αv integrins (Rac?)
TIMs:suppression of Src, none?

Ligand restraint Restricted mobility Not known
Some ligands restrained by 
oligomerization?

Phosphatases CD45/CD148 
excluded from 
contact

Not known

Role of integrins Formation of 
exclusion zone

Not known/co-receptors: 
αvβ3 and CD36
αvβ5 and Mer
β1 integrins and TIM-4

Receptor 
nanoclusters

Yes Not known

Molecular 
dimensions

7–10 nm (FcγR)
15 nm (IgG)
+Antigenic target

Very small (3–4 nm), e.g., CD300 to 
very large (40–50 nm), e.g., SCARF1/
C1q

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.
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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 ruffles 
(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 
FcγR-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 FcγRII nanoclusters sug-
gests activation-driven organization of receptor redistribution 
(75). FcγR 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 FcγR clusters, 
suggestive of signal propagation from FcγR 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 β-glucan, Dectin-1, mediates the recognition 

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 FcγR 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, αv 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 β1 integrins and activation of integrin-dependent signal-
ing involving Src family kinases and FAK (82). Furthermore, 
interactions between the β5 integrin and stabilin-2 were found 
to promote phagocytosis of apoptotic cells (83). Similarly, 
co-expression of αvβ5 with Mer increased activation of Rac-1, 
cytoskeletal regulation and the phagocytosis of apoptotic 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 β1 integrins (86) and is compromised following exposure to 
oxidized extracellular matrix molecules (87). We would speculate 
that, as for FcγR-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 SIRPα, resulting in recruitment to the phago-
cytic synapse, decreasing the accumulation of non-muscle myo-
sin IIa and levels of tyrosine phosphorylation (30). Localization of 
SIRPα to the site of cell contact would recruit inhibitory tyrosine 
phosphatases such as SHP-1 via ITIM motifs present in the 
SIRPα 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 SIRPα and FcγR during phagocytosis has been further 
analyzed using super-resolution microscopy. When macrophages 
were plated onto poly-l-lysine-coated slides, molecular clusters 
containing both FcγRI and SIRPα 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 FcγRI and FcγRII, 
with FcγRI 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 FcγR and SIRPα and 
the formation of concentric rings of FcγR were blocked. Thus 
co-localization of SIRPα and FcγR inhibits cellular activation fol-
lowing FcγR 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, C1q 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 C1q (107) and αvβ3 for 
TSP], the predicted intermembrane contact distance would 
likely be incompatible with those of BAI-1, αvβ5/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 αvβ5 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.
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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, Pros1 
and Gas6, and the integrin αvβ5 (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 
off ” 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-E8, 
stabilins, αv 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 may be 
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, C1q, 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 
cohort of 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 bio lo gical 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, 
regu lation, 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. 
Exten sive 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 Pear1, two homologs of the CED-1 phagocytic 
receptor in Caenorhabditis elegans. shRNA-mediated knock-
down of Megf10 and Pear1 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 Bai1, but not 
AXL. In contrast, a range of inflammatory signaling molecules, 
including lipopolysaccharide (LPS), polyinosinic:polycytidylic 
acid, IFNα, and IFNγ, 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 Axl−/− BMDMs 
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 macro pha ges 
displayed an increased capacity to clear either Plasmodium 
falciparum-infected or α-CD36-coated erythrocytes when 
pretreated with agonists to various Toll-like receptors (TLRs), 
including TLR2, TLR3, TLR4, and TLR9 (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 β2 subfamily, which are important for 
the phagocytosis of complement-opsonized particles. Again, 
stimulation with TNFα, LPS, or platelet activating factor did 
not have an effect on αMβ2 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 αMβ2 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 Elmo1 impaired the uptake of apoptotic thymo-
cytes in Bai1-GFP transfected J774 murine macrophages (26). 
Other phagocytic receptors, including αvβ5 and MERTK, have 
also been shown to engage the ELMO-1/Dock-180 machinery 
(27, 28), with constitutively active MERTK only phosphoryl-
ating p130CAS, an adaptor protein in this pathway, if αvβ5 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 PLCγ2 (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 et 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 
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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 Arg1, 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 
C1q 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 C1q 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 (Myo18A); in vivo delivery of 
IL-4 was shown to increase the expression of this shared recep-
tor for SP-A and C1q 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 
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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 TNFα and 
CD40 (50). In a similar manner, ingestion of apoptotic corpses 
by LPS-stimulated human or murine macrophages diminished 
secretion of proinflammatory molecules TNFα and IL-1β, but 
also enhanced release of anti-inflammatory signals, such as 
TGF-β1 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  

C. elegans. The argument that increased redundancy of these 
receptors simply ensures efficient removal of dead cells, as the 
risk for autoimmunity increases with evolution, cannot be 
formally ruled out. Intriguingly, TAM, integrin, and MEGF10-
mediated efferocytosis require “opsonization” of the apoptotic 
cargo with their respective ligands, including PROS1/GAS6, 
MFGE8, or C1q (54) (Figure 2). This system seems analogous 
to that seen in Drosophila hemocytes, in which secreted Mcr, 
Tep II, or Tep III opsonize Candida albicans, Escherichia coli, 
or Staphylococcus aureus, respectively, during phagocytosis 
(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; KLF, 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; TNF, tumour 
necrosis factor; tgf beta, transforming growth factor beta.

125

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00127&domain=pdf&date_stamp=2018-01-30
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00127
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:siamon.gordon@path.ox.ac.uk
https://doi.org/10.3389/fimmu.2018.00127
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00127/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00127/full
http://loop.frontiersin.org/people/72198
https://loop.frontiersin.org/people/519070


Gordon and Plüddemann Macrophage Clearance of Apoptotic Cells

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

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).

The physiological role of apoptotic cell clearance by macrophages 
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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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 A1 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 Krüppel-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-
ance by macrophages and cell growth and differentiation was 
demonstrated by Kawane et al. (64). DNAse II in macrophages 
is responsible for destruction of nuclear DNA from erythroid 
precursors after enucleation, and essential for definitive eryth-
ropoiesis in mouse fetal liver. Recent studies by Fearnhead 
et al. have shown that Ferroptosis, a regulated physiological cell 
death process which requires free ferrous iron, occurs through 
Fe(II)-dependent lipid peroxidation when the reduction capacity 
of a cell is insufficient (16). Most studies have not distinguished 
between apoptotic, anti-inflammatory and immunomodula-
tory, versus pro-inflammatory, necrotic targets, or the source of 
contact-dependent, vesicular, or soluble products such as ROS 
and lipid metabolites. The nature of the apoptotic stimulus, for 
example, programmed versus X-ray-induced cell death, the 
heterogeneity of mononuclear phagocyte populations, and the 
local tissue environment can all contribute to the outcome. Most 
striking is the regenerative capacity of species such as axolotls 
(65) after limb amputation, for example, which depends on early 
recruitment and engulfment by phagocytic macrophages (66). A 
recent comprehensive analysis of gene expression during regen-
eration of the axolotl limb provides a resource to identify critical 
genes (67).

Dying cells release a complex mixture of lipids, oxidized 
phosphoryl choline derivatives, which can display opposing 

activities, interfering with TLR signaling to prevent inflammatory 
responses, while hyperactivating DCs and macrophages to pro-
mote inflammation by IL-1. CD14, the microbial LPS receptor, 
expressed by monocytes and macrophages, and downregulated 
by DC, is an early central regulator of both activities (68). Zanoni 
et al. demonstrated further that isolated lipid constituents of the 
mixture induce inflammasome-dependent macrophage hyperac-
tivation via CD14, without compromising macrophage viability, 
thus promoting inflammation in sepsis, but not lethality.

IL-4 and other Th2 cytokines, possibly of innate sources, 
induce growth and an alternative activation pathway of mac-
rophages, which has been implicated in wound repair (32). The 
macrophage mannose receptor (CD206), one of the character-
istic signature genes induced by IL-4, is upregulated in mouse 
models of intestinal apoptosis, in which there is regeneration 
of epithelium, although it has not been determined whether 
it is required. A recent study has shown that apoptotic cell 
phagocytosis selectively amplifies the gene signature induced 
in macrophages by IL-4/13 (69). The tyrosine receptor kinases 
Tyro 3, Axl, and MerTK (TAM) receptors and their ligands play 
distinct immunoregulatory roles in DCs and macrophages (70) 
(Figure 2). Tyro3 and gene for protein S(eattle) mediate a nega-
tive feedback loop between DC and activated Th2 lymphocytes 
to inhibit type 2 immunity (71); by contrast, Mer-TK and Axl 
on macrophages require a local apoptotic ligand to promote a 

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.
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have discussed the mechanism of early apoptotic cell infusion to 
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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 

adoptive transfer of mononuclear phagocytes that have started 
to engulf apoptotic cells, prophylactically, to facilitate allogeneic 
hematopoietic transplantation (76). It will be important to 
characterize the appropriate subpopulation of macrophages for 
such therapeutic applications. Conversely, we have good reason 
to believe that uptake of apoptotic HIV-infected lymphocytes by 
macrophages can provide a route to infection of healthy CD4+ 
T cells (77).

Although the research efforts in this area are mainly based 
on insights of several decades ago, it would be advisable to use 
the more advanced methods now available to revisit the funda-
mental aspects of the phagocytic process. It is exciting to see the 
recent adoption of intravital methods to study gene expression 
and growth responses in vivo. The holy grail might be to extend 
the limited regenerative capability of hematopoiesis, intestinal 
epithelium, and liver more widely to other tissues. In this regard, 
it would be wise to use a broad comparative approach to discover 
the factors that shut regeneration down during evolution. Or 
would that risk enhancing malignant diseases (78)?
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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 H2O2 
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 H2O2 in Drosophila embryos, which indicated 
that H2O2 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 crq 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 γ 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 γ 
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 α and β (51, 52). The involve-
ment of integrins in phagocytosis of ACs was first described in 
mammals (53). Ina-1, an α subunit of C. elegans integrin, was also 
reported to participate in cell corpse removal (54). In Drosophila, 

there are five α- and two β-subunits. Nagaosa and colleagues 
found that loss-of-function of Drosophila integrin βv results in 
reduced levels of AC clearance, while reexpressing βv in integrin 
βv-lacking fly hemocytes rescues their phagocytosis-defective 
phenotype (55). Flies lacking either integrin βv or Drpr showed 
almost the same level of phagocytosis, while loss of these two 
receptors further decreased phagocytosis, which indicated that 
integrin βv and Drpr act independently. As Drpr was shown to 
act upstream of CED-6 and CED-10, the integrin βv appears to 
act upstream of the other engulfment pathway CED-2–CED-5–
CED-12. However, Crk and Mbc, 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 βv remains unknown 
(55). Further research indicated that Drosophila βv acts as a 
phagocytic receptor to also promote clearance of Staphylococcus 
aureus via peptidoglycan binding on this bacterium (56). Another 
Drosophila integrin α-subunit, αPS3, also cooperates with βv 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 
αPS3/βPS 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 
molecules have 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, Cullin1 (Cul1), 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 
(dCul1) 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 Ca2+ signaling genes that are required for AC removal in 
Drosophila. Cuttell and colleagues identified Undertaker (Uta) 
(also known as retinophilin), 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) Ca2+ storage compartments 
that allow for cross talk between Ca2+ channels at the PM and the  
ER/SR Ca2+ channels (73). Cuttell and colleagues showed that  
the Drosophila ryanodine receptor, Rya-r44F, a Ca2+ 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 Ca2+ 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 Ca2+ release to SOCE via Stim and 
Orai. It appears that Ca2+ functions in Drpr signaling downstream 
during both recognition and internalization of ACs, and Uta plays 
a central role both in Ca2+ homeostasis and phagocytosis. A similar 
link between Ca2+ 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 βv subunit promotes phagocytosis of S. aureus by 
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binding to peptidoglycan of this bacterium (56), and the integrin 
αPS3 subunit cooperates with βv 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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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 

this event? Are the same regulatory mechanisms involved? What 
are the molecular mechanisms that mediate phagocytosis of 
bacteria and how do they overlap or differ from that of ACs? How 
does phagocytosis interact with other innate immune responses 
defense? To answer these questions, further studies of engulfment 
signals and the phagocytic machinery is required. In conclusion, 
our understanding of AC engulfment mechanism in Drosophila 
will enhance our theoretical foundation in this area, and provide 
a powerful complement to the research in mammals that could 
be useful for the development of therapeutic strategies to control 
diseases related to defective cell clearance.
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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.

Keywords: efferocytosis, phagocytosis, liver, hepatocytes, regeneration, apoptosis, necrosis, cell death

KeY POiNTS

•	 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.

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

•	 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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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 µm. (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 (mϕ) are the best-characterized 
efferocytes in the liver.
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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	

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-β	 (TGF-β)	 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) In 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 µm.
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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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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  
as 3 hours following engulfment. The scale bar indicates 5 µm.
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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-β	 (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.
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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-κB	
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	αvβ3,	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	αvβ3	
and	αvβ5	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	C1q	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	Rac1	and	ELMO1-DOCK180	inter-
actions	(50).	TAM-family	molecules,	αvβ5	integrins	and	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	Rac1	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)

αvβ3 integrins Macrophages Lactadherin (MFG-E8)—PtdSer, vitronectin (67–69)
αvβ5 integrins Macrophages Lactadherin (MFG-E8)—PtdSer, vitronectin (67, 69–72)

Dendritic cells
Axl Monocytes/macrophages Gas6-PtdSer, Tubby-like protein 1 (GULP),  

Protein S
(73–76)

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,  

human DCs
Complement component C3bi (78, 79)

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 oxLDLs—PtdSer (28, 87)
MARCO Macrophages Uncertain (88)
MerTK Monocytes/macrophages Gas6-PtdSer, Tubby, Protein S, Tubby-like  

protein 1, Protein S
(75, 89, 90)

Phosphatidylserine receptor (PSR) Monocytes/macrophages PtdSer (91)
RAGE (receptor for advanced glycation end 
products)

Alveolar macrophages PtdSer (60)

SCARF1 Monocytes and dendritic cells Complement component C1q—PtdSer (43)
Scavenger receptor A (SR-A) Macrophages Uncertain (88)
SIGN-R1 (specific intercellular adhesion molecule- 
3-grabbing nonintegrin-related 1) (murine)

Mouse marginal zone macrophages Not confirmed for apoptotic cells (92)

Stabilin-1 (CLEVER-1) Tissue-specific, alternatively activated 
macrophages

PtdSer (61)

Stabilin-2 Macrophages PtdSer (57)
TIM-3 (T cell/transmembrane, immunoglobulin,  
and mucin 3)

Dendritic cells PtdSer (93)

TIM-4 Monocytes/macrophages PtdSer (94)
Tyro3 (sky) Monocytes/macrophages Gas6-PtdSer, Protein S, Tubby-like protein 1, 

Protein S
(73–76)

Non-professional phagocytes

αvβ5 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/
transmembrane, immunoglobulin, and mucin 1

Injured kidney endothelial cells PtdSer (99)

LOX1 Endothelial cells oxLDLs—PtdSer. Ca2+-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) Human sinusoidal endothelial cells PtdSer (101)
Stabilin-2 Human sinusoidal endothelial cells PtdSer (101)
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pathway	 through	 the	 adaptor	 protein	 GULP	 (109,	 112,	 113).		
Completion	 of	 apoptotic	 cell	 engulfment	 also	 commonly	
invol	ves	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	TGF-β,	while	also	leading	to	the	downregulation	of	
proinflammatory	cytokines	such	as	IL-1β,	CCL2,	and	MARCO.	

A-Gonzalez	and	Hidalgo	reviewed	nuclear	receptors	and	their	
role	 in	macrophage	 efferocytosis	 recently	 (118).	 LXRα	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	the	liver.	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	P2Y2.	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.	CX3CL1	(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	1and	2	(61).	
IL-10	and	TGF-β	can	also	 increase	efferocytes	by	macrophages	
(132,	 133).	 In	 contrast,	 pro-inflammatory	 cytokines	 reduce	
the	 capacity	 for	 dead	 cell	 engulfment:	TNF-α	 has	 been	 shown	
to	 inhibit	 efferocytosis	 in	macrophages	 (134)	 and	 both	 IFN-γ	
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-α	and	IFN-γ	have	been	shown	to	
increase	 LOX-1,	which	may	 recognize	 apoptotic	 cells	 by	 LDL-
labeled	PtdSer.	Furthermore,	 IFN-γ	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	
pha	go		cytic	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	
Rac1-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-β.	Conditional	Rac1	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-β	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	Rac1	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-α,	 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).	 HMGB1	 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	bet	ween	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-α	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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TABLe 2 | The role of efferocytosis in liver diseases.

Liver disease efferocytosis relevance Reference

Autoimmune 
hepatitis

Hepatocyte stress and correlations to disease (39, 121, 
195)Autoantibodies targeting ASGPR

Primary biliary 
cholangitis

Phagocytes were shown to contain PDC-E2 
immunogen

(8, 196, 
199–201)

Biliary injury clearance is linked to autoimmunity

Biliary injury clearance alleviates liver fibrosis

Primary 
sclerosing 
cholangitis

Collection of genome-wide studies that show a 
role of apoptosis 

(202)

Alcohol injury Ethanol exacerbates injury in ASGPR-deficient 
model

(97, 177, 
178, 203, 

204)

Fatty liver 
diseases

The role of specialized proresolving mediators  
in obese individuals (enhance efferocytosis)

(205–207)

Other liver 
injuries

Alpha 1 antitrypsin rescues macrophage 
efferocytosis

(139, 196, 
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.
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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	 SCARF1	 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	

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 
fibroblasts, 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 α-PS3/β-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 amplifies 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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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
αPAT-3/INA-1
CED-1
C03F11.3
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
αPS3βPS/βν
Draper
Croquemort
NimC4/SIMU
ND
ND
ND
ND
ND
ND
ND
ND
ND

ABCA1/7
αvβ5/β3 Integrin
Megf10/SCARF1
CD36
ND
BAI-1
BAI-3
TIM-1
TIM-4
MerTK
Fc Receptor
Stablin 2
LRP/1
KIM-1

Adaptor proteins CED-2
CED-5
CED-6
CED-12

ND
Mbc/Sponge
Ced-6
Ced-12

CrkII
Dock180
GULP
ELMO 1(2)

GTPases Ced-10
Cdc-42

Rac1
Rac2
Cdc42

Rac1
Cdc42

Orthologs based on literature review. ND indicates ortholog not determined.
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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 (Rac1) to promote the cytoskeletal rearrangements 
required for engulfment (1). Rho family GTPases, such as Rac1 
and Cdc42, function downstream of apoptotic cell recognition 
to induce cytoskeletal shape changes to form a phagocytic 
cup. Rac1 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 

Rac1 (CED-10 ortholog). The SH3 domain of Dock180 interacts 
with the PxxP motif and PH domain of ELMO. This ELMO 
contact with Rac1 and Dock180 stabilizes the Rac1/Dock180 
interaction, allowing for Rac1 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 
MEGF-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 αPS3/ßν, 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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TAble 2 | Examples of non-professional phagocytes in C. elegans, D. 
melanogaster, and mammals.

C. elegans D. melanogaster Mammals

Hypodermal cells
Gonadal sheath cells
Pharyngeal muscle cells
Endothelial cells

Follicle cells
Ensheathing glia
Cortex glia
Astrocyte glia
Imaginal disks
Epidermal cells

Mammary gland
Retinal pigment epithelium
Gut epithelium
Liver endothelium
Airway epithelium
Kidney epithelium
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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).

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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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 Δ5 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).
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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), which leads to 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).  
E75e213 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-βgal (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).
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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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TAble 3 | Required engulfment machinery in Drosophila follicular epithelium and 
orthologs.a

D. melanogaster Mammals C. elegans

Eiger
Draper
Integrin α-PS3
Integrin β-PS
Crumbs
Mekk1
Basket
Kayak
Cka
Shark
Shibire
Deep orange
Sponge
Ced-12
Rac1
Dhc64C
Bazooka
aPKC
Par-6
Cdc42

TNF-α
Megf-10
Integrin subunit α4a

Integrin subunit β1a

Crumbs 1
MAP3k4
MAPK8
Fos
ND
Syk
Dynamin 1
Vps18
Dock-3a

ELMO
Rac1
Dync1h1
PARD3
PRKCI
Par-6
Cdc42

ND
CED-1
ND
ND
CRUMBS-1
MTK-1
JNK-1
FOS-1
ND
ND
DYNAMIN-1
VPS18
CED-5
CED-12
CED-10
DHC-1
PAR-3
PKC-3
PAR-6
CDC-42

aOrthologs were identified using the DRSC Integrative Ortholog Prediction Tool.
ND indicates ortholog not determined.
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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 Rac1, the mediator of cytoskeletal 
shape changes required for engulfment, blocks engulfment by 
epithelial follicle cells.

The integrin α-PS3/β-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 
Rac1, 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 Rac1 for efficient engulfment; and (3) both 
receptors may function to activate downstream signals, one of 
which will converge onto Rac1 and another that has other cellular 
functions. α-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.

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 
α-PS3/β-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 
αv, β5, MFGE8, 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)P2 in early phagocytic 
cups (87). As the phagocytic cup progresses, PtdIns(4,5)P is 
depleted and PtdIns(3,4)P2 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. draperΔ5 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. α-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 α-PS3/β-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 Mekk1 
(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, Tak1 and Slipper 
activate Mekk1 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-α 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), Tak1 (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, hepCA 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 draperΔ5 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-1 in the 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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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. α-PS3/β-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 α-PS3/β-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. 
Question marks correspond to unknown proteins.
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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 β 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 β 
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 Rac1 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 Rac1 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 BAI1 null mutants. 
Reintroduction of recombinant BAI1 to DSS-treated BAI1 null 
mice resulted in a decrease in colitis severity index. Strikingly, 

BAI1 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, Rac1 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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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). 
Inefficiencies 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 lurp1, 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 MHCIIHI and MHCIILO 
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, MHCIILO 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-β 
leading to suppressive TGF-β 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 

172

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


DeBerge et al. Phagocytosis in Heart

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1428

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 PANX1 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-β, 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-6Chi 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-6Chi monocytes engulf dying cardiomyocytes (63) 
and in other contexts, are able to efferocytose and cross-present 
cell-associated antigens (64). In the heart, Ly6Chi monocytes give 
rise to proliferative Ly6Clow 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-4Rα 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 MHCIILO 
MΦ that can later differentiate into MHCIIHI MΦ. Following cardiac injury, both recruited phagocytes (Ly6Chi monocytes) and resident (embryonic-derived MΦ) 
contribute to tissue repair and inflammation resolution. CCR2 mediates recruitment of Ly6Chi monocytes to the injured myocardium where CD36 expression on 
Ly6Chi 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 MΦ. Peripheral blood monocytes preferentially differentiate into MHCIIHICCR2+ MΦ in 
the heart but whether these cells also become MHCHLOCCR2− MΦ (dotted line) requires further investigation. Concurrently, MHCIlLO embryonic-derived MΦ 
recognize apoptotic cardiomyocytes (ACs) through MerTK leading to the production of anti-inflammatory cytokines (IL-10, TGF-β) and specialized, proresolving 
lipid mediators (RvD1, LXA4). MHCIIHI embryonic-derived MΦ may also recognize ACs through MerTK and other phagocytic receptors, such as AXL and 
differentiate into proresolving MHCHLO MΦ (dashed line). How monocyte-derived MΦ and embryonic-derived MΦ 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.
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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 CSFR1 as both a survival and self-renewal signal (76), 
and injection of M-CSF, 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. 
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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-E8), 
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

There are multiple targets in addition 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-α 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, don’t-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 SIRPα 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 apoptosis in 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 Ly6Chi 
monocytes and the importance of CD36-mediated clearance by 
Ly6Chi 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 NR4A1, which is 
required to mediate the differentiation of Ly6Chi monocytes 
into reparative Ly6Clo 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-γ and DAMPs (136). 
Mechanistically, integrated transcriptional and metabolic net-
work analyzes revealed that proinflammatory macrophages have 
a so-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)-1α 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-1α 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-α 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, α-myosin, and transport it to, and present 
it in, the heart-draining mediastinal lymph node (MLN) where 
it promotes the induction of α-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 Ly6Chi 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 VEGF-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 α-myosin heavy chain, α-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 α-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 α-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 α-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 
Ly6Chi monocytes that ultimately give rise to anti-inflammatory 
Ly6Clo 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, ICAM1-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-β 
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 Ly6Clo 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 Ly6Clo macrophages to 
secrete amphiregulin inducing a cardiac hypertrophic response. 
Interestingly, a parabiosis model revealed that these cardiac-res-
ident Ly6Clo macrophages increased in number largely through 
in situ proliferation; however, further examination of the Ly6Clo 
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 Ly6Chi monocytes  
(205, 206) with both alloantigen-dependent and -independent 
factors contributing to immune cell activation (207). Ly6Chi 
monocytes differentiate into Ly6Clo 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 
MR1) 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/SIRP1α 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, ADAM9 (164). Similar to ADAM17, ADAM9 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 ADAM9 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-1α and IL-1β 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 ADAM17 have been linked to hypoxia and HIFs (232), 
indicating that the hypoxic myocardium may also antagonize 
phagocytosis by promoting ADAM17-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. HIFα 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-1α 
and HIF-2α (235); however, our understanding of the timing 
and functional significance of HIFα subunits in phagocytes 
during cardiac injury is incomplete. Knockdown of HIF-1α 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-1α isoform, less is known about HIF-2α 
function in macrophages. A recent study implicated a role for 
HIF-2α in redox control and phagocytosis by macrophages dur-
ing normoxic conditions (237). Elevations in mitochondrial ROS 
in HIF-2α-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-1α, HIF-2α 
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-1α to glycolysis. 
Given the importance of both HIF-1α and HIF-2α in secretion 
of proinflammatory mediators by macrophages, it is tempting to 
speculate that myeloid cell expression of HIFα subunits may play 
a detrimental role in the hypoxic heart. However, HIFα isoforms 
show differential activation in macrophages with HIF-1α induc-
tion following M1 polarization and HIF-2α 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). HIFα 
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-1α 
and HIF-2α may have opposing roles in phagocytes with HIF-
1α promoting and HIF-2α 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 HIFα 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 

have employed liposomes carrying phosphatidylserine, an “eat 
me” signal that directs efferocytosis, to increase anti-inflammatory 
cytokine production by macrophages after myocardial infarction 
(245). Other macrophage-targeted lipid based drug carriers are 
able to reprogram macrophages to a proresolving phenotype and 
improve tissue repair and limit infarct expansion (246). With 
respect to the proteolytic degradation of efferocytic receptors, 
such as MerTK and CD36 (17, 225), strategies which block the 
cleavage degradation including cleavage-blocking peptides, may 
be a viable approach for enhancing protection after cardiac insult. 
Additionally, since the soluble forms of these efferocytic receptors 
are increased in the serum after MI, monitoring their levels in 
humans may serve as a useful biomarker for novel therapeutic 
interventions. Taken together, targeting efferocytosis and phago-
cytosis pathways in the heart represents a promising therapeutic 
strategy to limit inflammation and promote reparative functions 
in a variety of cardiovascular disease settings.
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Macrophages are central in coordinating the host response to both sterile and infec-
tive insults. Clearance of apoptotic cells and cellular debris is a key biological action 
preformed by macrophages that paves the way to the resolution of local inflammation, 
repair and regeneration of damaged tissues, and re-establishment of function. The 
essential fatty acid-derived autacoids termed specialized pro-resolving mediators (SPM) 
play central roles in promoting these processes. In the present article, we will review the 
role of microvesicles in controlling macrophage efferocytosis and SPM production. We 
will also discuss the role of both apoptotic cells and microvesicles in providing substrate 
for transcellular biosynthesis of several SPM families during efferocyotsis. In addition, this 
article will discuss the biological actions of the recently uncovered macrophage-derived 
SPM termed maresins. These mediators are produced via 14-lipoxygenation of docosa-
hexaenoic acid that is either enzymatically converted to mediators carrying two hydroxyl 
groups or to autacoids that are peptide-lipid conjugates, coined maresin conjugates 
in tissue regeneration. The formation of these mediators is temporally regulated during 
acute self-limited infectious-inflammation where they promote the uptake and clearance 
of apoptotic cells, regulate several aspects of the tissue repair and regeneration, and 
display potent anti-nociceptive actions.

Keywords: lipid mediators, omega 3, microvesicles, immunoresolvent, tissue regeneration

iNTRODUCTiON

Inflammation is mounted in response to injury and/or infection in vascularized tissues that results 
in edema formation and leukocyte trafficking to the injured site and/or point of bacterial invasion 
(1). This is a fundamental host defense process that ensures adequate and timely disposal of invad-
ing pathogens and the repair of damaged tissues, paving the way for organ/tissue regain of function. 
At a histological level, the resolution of inflammation is characterized by the clearance of infiltrated 
leukocytes from the site and regain of tissue architecture (1). For many years, it was thought that 
the inflammatory response is terminated when local inflammatory chemical messengers and cells 
were passively diluted at the site (dilution of chemotactic gradient), hence halting further leukocyte 
recruitment, resolving the exudate or battlefield of inflammation (1–3). Detailed studies of cellular 
trafficking at the site demonstrated that in self-resolving inflammatory exudates cellular trafficking 
was tightly coordinated, where tissue resident cells elaborated the inflammatory reaction when 
exposed to an inflammatory stimulus. This was rapidly followed by an influx of granuloctyes, 
primarily neutrophils, and subsequently monocytes (4). In self-contained exudates, these recruited 
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monocytes change phenotype from an inflammatory to a tissue 
protective phenotype as they differentiate to macrophages. This 
specific macrophage subpopulation is referred to as a resolution 
phase macrophages (5) and is thought to play key roles in the 
clearance of cellular debris from the site of inflammation and 
may also be involved in promoting tissue repair and regeneration 
(6–8).

These trafficking studies also suggested that since resolution is 
a tightly coordinated process, it was unlikely that simple dissipa-
tion of inflammatory signals could be the underlying mechanism 
for such a fundamental process. Findings made using a systems 
approach, assessing cellular trafficking and function coupled with 
biochemical approaches for structure elucidation of previously 
unknown mediators, highlight that indeed resolution of inflam-
mation is a biochemically active process. These studies dem-
onstrate that within exudates the production of inflammatory 
mediators such as leukotriene (LT) B4 and prostaglandin E2 was 
temporally regulated and reached a maximum at peak leukocyte 
infiltration. These studies also demonstrate that the resolution 
phase is denoted by the formation of a novel genus of autacoids 
that actively counter-regulate the formation of pro-inflammatory 
mediators, cellular trafficking, and phenotype (2, 9, 10). Given 
their potent biological actions, this novel genus of mediators 
is termed specialized pro-resolving mediators (SPM). SPM 
encompass several families of structurally and chemically distinct 
mediators. These, include neuroprotectin D1/NPD1 (10R,17S-
dihydroxy-4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid), 
resolvin D2 (7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-
docosahexaenoic acid), and resolvin E1 (5S,12R,18R-trihydroxy-
6Z,8E,10E,14Z,16E-eicosapentaenoic acid) (11). In addition 
to confirming the original structural assignments and potent 
anti-inflammatory and pro-resolving actions in vivo of resolvins, 
lipoxins, and maresins (12), recent findings demonstrate their 
potent actions in experimental colitis (13), arthritis (14), arthritic 
pain (15), ocular diseases (16), resolving adipose tissue inflam-
mation (17), and diabetes (18). SPM share defining actions in 
resolving local inflammation; they each enhance macrophage 
uptake of cellular debris and apoptotic cells and limit further 
neutrophil recruitment to the site of injury and/or microbial 
invasion to bring about resolution (19, 20). The placement of 
these mediators within the resolution of inflammation as well as 
the state-of-the art definitions are reviewed earlier in Ref. (20, 21).

Pioneering studies conducted by Elie Metchnikoff paved the 
way to understanding the important role that macrophages play 
in orchestrating the host response. In his initial observations, 
Metchnikoff observed phagocytes surrounding and attempting 
to devour a splinter he had introduced into the transparent 
body of a starfish larva. Since then, the role of this process in 
mammalian systems, has been extensively studied where it is 
appreciated to be critical in both the maintenance of homeostasis 
and clearance of cellular debris, bacteria (6, 22), and apoptotic 
cells, a process termed efferocytosis (23). One of the defining 
actions displayed by pro-resolving mediators is the regulation 
of this fundamental process. Indeed, these mediators upregulate 
the ability of macrophages to phagocytose and kill bacteria, as 
well as to clear apoptotic cells and cellular debris (24). While 
pharmacologically these actions appear to be overlapping, recent 

studies demonstrate that at a biological level they are not. This is 
because the production of the different mediator families is regu-
lated both temporally and in a tissue-specific manner (25–27). 
Furthermore, expression of the specific receptors, which form 
part of the G-protein-coupled receptor family, for each of the 
pro-resolving mediators is regulated in a cell type specific man-
ner. For a detailed recent review of the biological actions and 
expression profiles of SPM receptors, the reader is directed to 
the following review (28). Recent evidence suggests that the 
clearance of apoptotic cells by macrophages leads to changes 
in the phenotype and functions of these cells (6, 7, 20, 29, 30). 
Thus, the aim of the present article is to discuss the role of pro-
resolving mediators in regulating efferocytosis and the impact 
that this process plays in regulating macrophage lipid mediator 
(LM) profiles in order to shed light on the change in biological 
function (see Table 1 for a summary of the biological actions of 
SPM on macrophages).

Microvesicles as Regulators of 
efferocytosis and Macrophage LM Profiles
First thought to be byproducts of platelet activation carrying 
no significant biological activity, microvesicles are now increas-
ingly appreciated to regulate critical aspects of the host immune 
response. Since their first description in platelets by Wolf in 
1967 (46), the production of these microstructures has been 
described in many cell types including leukocytes, muscle cells 
and endothelial cells (47). They also carry distinct functions 
in both the initiation and resolution of acute inflammation 
[reviewed in Ref. (48)]. Microvesicles carry a wide range of 
molecular cargos including miRNA that are implicated in the 
regulation of hematopoiesis (49) as well as in protection during 
ischemia-reperfusion-mediated kidney injury (50). The pro-
inflammatory cytokine IL1-β is also carried by microvesicles 
and its loading into these structures is thought to be one of the 
mechanisms by which this cytokine, which does not possess a 
secretion motif, is released from cells (51). Morphogens, such 
as Sonic Hedgehog, are also part of the cargo carried by subsets 
of these microvesicles, where microvesicles enriched in Sonic 
Hedgehog were found to promote angiogenesis and thus may 
play a role in tumor growth (52).

Recently, we found that neutrophil-derived microvesicles 
also display anti-inflammatory actions (53), carry precur-
sors for the biosynthesis of pro-resolving mediators (29, 54), 
and display potent pro-resolving and host protective actions  
(54, 55). Since evolving self-limited inflammatory exudates pro-
duce functional microvesicles that also signal to stimulate resolu-
tion of inflammation in mice (54), we investigated whether these 
microvesicles also regulated macrophage efferocytosis. Indeed 
these microvesicles dose dependently regulated macrophage 
efferocytosis. Assessment LM-SPM concentrations in these 
microstructures demonstrated that neutrophil microvesicles, in 
addition to carrying precursors for the production of the pro-
resolving mediators, also carried bioactive mediators including 
Protectin (PD) 1 (29).

Using a LM profiling approach, we found that microvesicles 
regulate macrophage LM-SPM profiles. Incubation of macrophages 
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TabLe 1 | The role of SPM receptors in mediating the biological actions of these autacoids on macrophages.

Receptor SPM biological action biological system Reference

ALX/FPR2 RvD1 Suppression of AA-stimulated LTB4 Mouse bone marrow-derived Mϕ 
and zymosan-elicited peritoneal Mϕ

Fredman et al. (31)

RvD1 Enhanced zymosan phagocytosis Mouse bio-gel elicited Mϕ Norling et al. (32)
RvD1 Phagocytosis of zymosan and apoptotic PMNs Human monocyte-derived Mϕ Krishnamoorthy et al. (33)
RvD1 Increased M2 polarization during I/R Murine Kupffer cells Kang and Lee (34)
RvD1 Increases IL-10 levels ALX/FPR2-overexpressing 

transgenic mice
Krishnamoorthy et al. (35)

Human monocyte-derived Mϕ
RvD1 Reduces cigarette smoke extract promoted IL-6 and TNF-a Human monocyte-derived Mϕ Croasdell et al. (36)
LXA4 Increased transforming growth factor–β1 Murine Mϕ Mitchell et al. (37)
AT-LXA4 Increased efferocytosis
LXA4 Increase apoptotic PMN efferocytosis Human monocyte-derived Mϕ Godson et al. (38)

Did not increase IL-8 and MCP-1
Attenuated PGE2-stimulated protein kinase A activation

LXA4 Reduced TNF-a production Human monocyte-derived Mϕ Pierdomenico et al. (39)
Zymosan phagocytosis

GPR32/DRV1 RvD1 Phagocytosis of zymosan Human monocyte-derived Mϕ Krishnamoorthy et al. (33)
Efferocytosis of apoptotic PMNs

RvD1 Reduced IL-1β and IL-8 expression Human monocyte-derived Mϕ Schmid et al. (40)
Reduced chemotaxis to chemerin, fMLF, and MCP-1

RvD1 Increase phagocytosis of bacteria Human monocyte-derived Mϕ Chiang et al. (41)
RvD5
RvD1 Reduces IL-6 and TNF-a expression in elicited by cigarette smoke extract Monocyte-derived Mϕ Croasdell et al. (36)
RvD3 Upregulate macrophage efferocytosis Monocyte-derived Mϕ Dalli et al. (25)
AT-RvD3

ChemR23/
ERV1

RvE1 Increases IL-10 transcription and phagocytosis of microbial particles Monocyte-derived Mϕ Herova et al. (42)
RvE1 Phagocytosis of zymosan A via AKT and ribosomal protein S6 

phosphorylation
Monocyte-derived Mϕ Ohira et al. (43)

RvE1 Reduction of IL12p40 and TNF-a expression in cells incubated with LPS Mouse peritoneal Mϕ Ishida et al. (44)

GPR18/DRV2 RvD2 Enhanced phosphorylation of CREB, ERK1/2, and STAT3 Mouse exudate macrophages Chiang et al. (45)
RvD2 Enhanced phagocytosis of live Escherichia coli and apoptotic PMN Human monocyte-derived 

macrophages
Chiang et al. (45)
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with neutrophil-derived microvesicles increased the biosyn-
thesis of lipoxygenase- and cyclooxygenase-derived LM. These 
increased the biosynthesis of DHA-derived D-series resolvins, 
EPA-derived E-series resolvins, and the AA-derived lipoxins 
and prostanoids (29). Among the SPM that are upregulated, we 
observed significant increases in RvD5, MaR1, PD1, RvE2, and 
RvE1. Of interest, incubation of macrophages with G-protein 
inhibitors (pertussis toxin and cholera toxin) reduced SPM 
biosynthesis without altering prostanoid levels. Together, these 
results demonstrated that microparticles selectively stimulate 
macrophage SPM production in a G-protein-coupled receptor-
dependent manner (29).

Microvesicles are a Nidus for Macrophage 
SPM Production during efferocytosis
Having observed increases in SPM levels and efferocyotosis 
when macrophages were incubated with neutrophil-derived 
microvesicles and that these microstructures carried elevated 
concentrations of several SPM precursors, the question arose 
whether microvesicles contributed to macrophage SPM 
biosynthesis by donating specific precursors. The potential 
contribution of microvesicles to transcellular biosynthesis was 
assessed during macrophage efferocytosis (29). For this purpose, 
we employed precursurs labeled with deuterium, which can be 

distinguished from endogenous precursors, to investigate the 
contribution of essential fatty acids derived from neutrophil-
derived microvesicles. During efferocytosis, microvesicles were 
found to contribute to the production of d5-RvD2 and d5-RvD5 
from the D-series resolvins and d5-PD1 from the protectin 
family (Figure 1). These results demonstrated that during mac-
rophage efferocytosis transcellular biosynthesis contributes to 
LM production where both microvesicles contribute substrate 
utilized in the SPM production.

apoptotic PMN and Microvesicles 
Stimulate Macrophage SPM Production
Recent studies suggest that the process of efferocytosis repro-
grams macrophage responses altering cytokine production 
(7). Our studies demonstrate that the regulation of functional 
responses also extends to the production of both pro-resolving 
and pro-inflammatory LM profiles. Efferocytosis of apoptotic 
PMN by macrophages increases SPM biosynthesis, primarily, 
RvD1, RvD2, and LXB4. SPM biosynthesis during efferocytosis 
was further upregulated by microvesicles, increases that correlate 
with an enhancement in the uptake of apoptotic neutrophils by 
macrophages (29). Of note, addition of microvesicles to mac-
rophages further upregulated macrophage biosynthesis of RvD2, 
LXB4, and RvE2, while reducing PGF2α and TXB2 (29).
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FigURe 1 | Microvesicles and apoptotic neutrophils are a nidus for specialized pro-resolving mediator (SPM) biosynthesis during efferocytosis. Microvesicles or 
neutrophils were enriched in deuterium-labeled essential fatty acids and the conversion of these essential fatty acids to lipid mediators and their pathway markers/
precursors was assessed during efferocytosis using lipid mediator profiling. (a) Relative contribution to lipid mediator biosynthesis by microvesicles and apoptotic 
neutrophils. (b) Cartoon depicting the process of trancellular biosynthesis during efferocytosis.

Dalli and Serhan The Resolution Metabolome in Macrophage Biology

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1400

apoptotic PMN, a Nidus for Macrophage 
SPM biosynthesis
Apoptotic cells were also found to supply precursors to mac-
rophages for the biosynthesis of both eicosanoids and SPM. 
This contribution was determined using a similar approach to 
that used for microvesicles where apoptotic neutrophils were 
enriched in deuterium-labeled (d) precursors. These studies 
demonstrate that substrates obtained from apoptotic neutrophils 
were also utilized for the production of pro-resolving mediators, 
whereas d5-PD1 and d5-RvE2 were produced when the substrate 
was obtained from either microvesicles or apoptotic cells d5-
MaR1 and d8-LXB4 were only identified in incubations with 
labeled apoptotic cells (29) (Figure  1). These results suggest 
that the origin of the substrate, and potentially its subcellular 
localization, may influence its contribution to specific mediator 
families.

apoptotic Cells Differentially Regulate 
LMs in M1 and M2 Macrophages
Because apoptotic neutrophils stimulate LM biosynthesis in 
macrophages, we investigated whether this finding held for 
different macrophage subtypes. Assessment of LM biosynthesis 
after apoptotic cell efferocytosis demonstrated that the uptake 
of apoptotic neutrophils by classically activated macrophages 
upregulated the SPM production and reduced prostanoid bio-
synthesis. Of note, incubation of apoptotic neutrophils with M2 

macrophages reduced overall LM production, including SPMs 
(29). These results indicated that the regulation of SPM profiles 
by apoptotic cells is also cell type dependent and may reflect 
the distinct biological actions of diverse cell types within the 
initiation-resolution spectrum.

Role the Role of g-Protein-Coupled 
Receptors in Mediating SPM actions with 
Human Macrophages
SPM exert their biological actions via activating receptors of 
the G-protein-coupled receptor superfamily. RvD1, AT-RvD1, 
RvD3, AT-RvD3, LXA4, and AT-LXA4 activate the lipoxin recep-
tor ALX/FPR2; in humans, these mediators also activate the 
orphan receptor DRV1/GPR32. RvD5 was also recently shown to 
activate DRV1/GPR32, while RvE1 binds to and activates ERV1/
ChemR23; and DRV2/GPR18 mediates the biological actions of 
RvD2 (9, 23, 31, 39). Interested readers are referred to Ref. (9) for 
a detailed review on the biology of SPM receptors. In addition to 
displaying agonist actions to specific GPCR, RvE1, MaR1, and the 
MaR1 further metabolite 22-OH-MAR1 are also partial agonists/
antagonists to LTB4 receptor BLT1.

Activation of the pro-resolving receptors by their cognate 
mediators occurs in a stereospecific manner with even minor 
changes to their structure resulting in a significant loss in their 
ability to bind and activate these receptors. Recent studies suggest 
that the expression of SPM receptors differs between macrophage 
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subsets thus suggesting that pro-resolving mediators differentially 
regulate the biological actions of distinct macrophage subsets. 
Murine peritoneal macrophages express the murine homologs 
of the ALX/FPR2, DRV2/GPR18, and ERV1/ChemR23 that 
mediate the biologic actions of their cognate SPM in regulating 
pro-inflammatory cytokine production, upregulating bacterial 
clearance and efferocytosis of apoptotic cells (9). In humans, 
expression of ERV1/Cherm23 was recently suggested to be 
restricted to macrophages obtained under conditions leading to 
a classically activated phenotype (42).

The Maresin bioactive Metabolome in 
Human Macrophages
Studies using LM metabolomics and self-resolving exudates 
uncovered a new family pro-resolving mediators produced by 
macrophages, these mediators were coined macrophage media-
tors in resolving inflammation (maresins) (56). In the biosyn-
thesis of maresins, DHA is lipoxygenated at carbon 14 yielding 
14S-hydro(peroxy)-docosa-4Z,7Z,10Z,12E,16Z,19Z-hexaenoic 
acid (14-HpDHA) that is further converted to an allylic epoxide, 
reactions carried out by macrophage 12-lipoxgenase (30, 57). 
Using stereocontrolled total organic synthesis, enantiomerically 
pure 13S,14S-epoxy-docosa-4Z,7Z,9E,11E,16Z,19Z-hexaenoic 
acid (13S,14S-eMaR) was prepared and its stereochemistry 
confirmed by nuclear magnetic resonance spectroscopy. In 
macrophages, this intermediate is enzymatically converted to the 
pro-resolving mediator MaR1 (Figure  2). The stereochemistry 
of MaR1 was recently established as 7R,14S-dihydroxydocosa-
4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid, using a matching 
approach with material obtained from biological systems and 
total organic synthesis (11). The biological actions of MaR1 were 
also confirmed using synthetic material that included regulating 
leukocyte responses including limiting neutrophil infiltration in 
murine peritonitis (ng/mouse range) as well as enhancing human 
macrophage uptake of apoptotic neutrophils (11).

The biological actions of MaR1 extend beyond the regulation 
of cellular trafficking, where studies using planaria demonstrate 
that this mediator accelerates tissue regeneration following 
surgical injury (11). Upon injury, planaria also produce MaR1 
from deuterium-labeled (d5)-DHA in a lipoxygenase-dependent 
manner, since an inhibitor to this class of enzymes reduced 
MaR1 formation and also the ability of planaria to regenerate 
damaged tissues (11). Planaria are simple organisms capable 
of rapid regeneration, the process where in mammalian tissue 
macrophages play a central role. Factors involved in planaria tis-
sue regeneration remained to be identified (58). Hence, we inves-
tigated whether MaR1 displays properties in controlling tissue 
regeneration. To this end, the anterior portions of planaria were 
surgically removed and the animals given MaR1. This accelerated 
tissue regeneration with the appearance of head regeneration 
was evident as early as 3  days post surgery. MaR1 addition at 
concentrations as low as 1 nM enhanced head regeneration as 
early as day 3 post injury (11).

MaR1 also possess potent anti-nociceptive actions, dose 
dependently inhibiting transient receptor potential cation 
channel subfamily V member 1 (TRPV1) currents in neurons, 

blocking capsaicin (CAP, 100  nM)-induced inward currents 
(IC50  =  0.49  ±  0.02) and reducing both inflammatory and 
chemotherapy-induced neuropathic pain in mice (11, 59, 60).

Of interest, 13S,14S-eMaR, the biosynthetic intermediate in 
the MaR1 metabolome, is also bioactive. Indeed this intermedi-
ate inhibits LTB4 formation by human leukotriene A4 hydrolase 
(LTA4H) ~40% (p <  0.05) to a similar extent as LTA4 (~50%, 
p < 0.05). Furthermore, LTA4H was not involved in converting 
13S,14S-eMaR to MaR1 pointing to the involvement of a yet 
unidentified epoxide hydrolase in catalyzing this biosynthetic 
step. 13S,14S-eMaR also reduced (~60%; p < 0.05) arachidonic 
acid conversion by human 12-LOX and promotes macrophage 
phenotype switch toward an M2 profile with similar potency 
as MaR1 (30). Incubation of M1 macrophages with either 
13S,14S-eMaR (10  nM) or MaR1 (10  nM) led to significant 
reductions in the M1 lineage markers CD54 and CD80 expres-
sion and a concomitant upregulation of the M2 lineage markers 
CD163 and CD206 (30). We also investigated the conversion 
of 13S,14S-eMaR to MaR1 by different human macrophage 
subtypes. 13S,14S-eMaR (2  µM) with M2 macrophages gave 
higher MaR1 levels then when the 13S,14S-eMaR was incubated 
with M1 macrophages. These results suggest that the MaR1 
metabolome is central in regulating macrophage function and 
mediating the biological actions of these phagocytes (30).

identification of as Maresin Conjugates in 
Tissue Regeneration (MCTR) as Novel 
Regulators of Tissue Regeneration
Given the roles that macrophages play in the orchestrating wound 
healing, we questioned whether during the later stages of resolution 
these cells produce a distinct group of chemical signals that initi-
ate tissue repair and regeneration. Using a systematic approach, 
we uncovered a group of peptide-lipid conjugated molecules that 
in addition to carrying the defining SPM pro-resolving actions, 
including the ability to regulate leukocyte trafficking and counter-
regulate pro-inflammatory mediator production, also promote 
tissue repair and regeneration (8). The human macrophage 
12-lipoxygenase is the initiating enzyme in the formation of 
these new signaling molecules, converting docosahexaenoic acid 
to 14S-HpDHA and then to 13S,14S-eMaR. Given that the initial 
biosynthetic steps are shared with MaR1, and carried a carbon 14 
position alcohol, these bioactive molecules were coined as MCTR. 
The intermediate epoxide is converted to 13R-glutathionyl,14S-
hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid 
(MCTR1), a step that in human macrophages is catalyzed by 
Glutathione S-transferase MU 4 (GSTM4) and leukotriene C4 
synthase (LTC4S) (61) (Figure 2). Of note, the two enzymes are 
shared with the cysteinyl LT pathway where they also catalyze the 
conversion of LTA4 to leukotriene C4 (LTC4). Each of these enzymes 
displayed different affinities to the two substrates, where LTC4S 
displayed a higher affinity to LTA4, whereas GSTM4 displayed 
a higher affinity toward 13S,14S-eMAR. These findings suggest 
that in addition to substrate availability, the relative expression 
of the two enzymes in one cell type may determine the balance 
between the inflammation-, contraction-, and stress-initiating 
LTC4 (7) in contrast with the tissue-regenerative pathway of 
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FigURe 2 | Biosynthesis and actions of the macrophage-derived Maresins. The pathway is initiated by 14-lipoxygenation of DHA to yield 14S-hydro(peroxy)-
4Z,7Z,10Z,12E,14S,16Z,19Z-docosahexaenoic acid and then to 13S,14S-epoxy-4Z,7Z,9E,11E,13S,14S,16Z,19Z-docosahexaenoic acid (13S,14S-eMaR) 
reactions that are catalyzed by 12-LOX. This intermediate is then enzymatically hydrolyzed to 7R,14S-dihydroxy-4Z,7R,8E,10E,12Z,14S,16Z,19Z-docosahexaenoic 
acid (MaR1) or via an epoxide hydrolase (EH) to 13,14S-epoxy-4Z,7Z,9,11,13,14S,16Z,19Z-docosahexaenoic acid (MaR2). 13S,14S-eMAR is also substrate for 
Glutathione S-transferase MU 4 (GSTM4) and leukotriene C4 Synthase (LTC4S) yielding MCTR1 (13R-glutathionyl,14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-
docosahexaenoic acid), which is then converted to MCTR2 (13R-cysteinylglycinyl,14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid) by 
gamma-glutamyl transferase (GGT) and to MCTR3 (13R-cysteinyl,14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid) by dipeptidase (DPEP).
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MCTRs. MCTR1 is precursor to 13R-cysteinylglycinyl,14S-
hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid 
(MCTR2), a conversion catalyzed by gamma-glutamyl transferase 
(Figure 2). This mediator in addition to carrying pro-resolving 
and tissue regenerative actions is also precursor to the third 
member of the MCTR family of mediators, 13R-cysteinyl,14S-
hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic 
acid (MCTR3), a reaction that is catalyzed by dipeptidases (61) 
(Figure  2). Of note, these enzymes are also shared with the 
cysteinyl LT biosynthetic pathway suggesting that processes 
regulating substrate availability may be critical in determining 
the macrophage LM phenotype and therefore function.

The production and biological actions of members of the 
maresin family are evolutionary conserved with identification in 
planaria mouse infectious exudates, human breast milk, spleen, 
and plasma from sepsis patients (Figure  2). Using deuterium-
labeled docosahexaenoic acid, we found that MaR1 was produced 

by planaria following surgical injury (11). MCTR1 and MCTR2 
were also identified in regenerating planaria and incubation of 
these mediators with planaria accelerated tissue regeneration (8). 
This increase in the rate of regeneration was associated with an 
early upregulation of a number of genes that in these animals are 
associated with head-to-tail differentiation suggesting that these 
molecules form part of the tissue regeneration process engaged 
following injury in planaria. This is further supported by the find-
ing that planaria express genes that are homologous to MCTR 
biosynthetic enzymes including GSTM4, which are upregulated 
in regenerating tissues (8). Inhibition of these enzymes using both 
genetic approaches and small molecule inhibitors reduced MCTR 
levels as well as the ability of planaria to regenerate. In mice, 
MCTRs were also found to regulate tissue repair and regeneration 
in lung tissue where administration of these mediators during 
ischemia-reperfusion-mediated injury protected the lung from 
leukocyte-mediated damage and upregulated the expression of 
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molecules that are associated with cell proliferation and tissue 
repair in the lung (8).

Therefore, SPM emerge both as potent regulators of mac-
rophage responses of interest during the resolution phase of 
acute inflammatory responses and effectors in macrophage-
mediated responses. Since the means and methodologies to 
identify these mediators have only recently become widely 
available, a number of aspects of their biology in humans have 
only just started to be explored such as the production of these 
pro-resolving mediators in human tissues (62–64). In addition, 
a number of questions still remain to be addressed such as the 
when and where these mediators are produced in human tissues 
in health and disease and the relevance of resolution processes 
that may fail giving rise to human disease. In this context, 
we recently found that following either a systemic insult or 
local inflammatory stimulus LM biosynthesis is differentially 
regulated between males and females. In these studies, vaccina-
tion with typhoid vaccine lead to peripheral blood leukocyte 
activation and endothelia dysfunction in males but not in 
females. This was associated with an increase peripheral blood 
E-series resolvin and a downregulation in the levels of LTB4 in 
females (65). Local challenge using chantaridin led to a rapid 
resolution of the inflammatory response in females that was 
associated with an increased exudate RvD and decreased LTB4 
concentrations. Differences in tissue SPM concentrations were 
also recently reported in patients with inflammatory arthritis 
where a correlation between synovial RvE2 concentrations and 
pain was observed, with higher concentrations of RvE2 in these 
inflammatory exudates correlating with lower pain in arthritic 
patients (66). Thus, these results underscore the role of SPM 
in controlling tissue inflammation in humans and the utility 
of measuring these mediators as a potential diagnostic tool in 
patient stratification.

Since resolution of inflammation is a fundamental process in all 
human tissues and that phagocytes and specifically macrophages 
play a central role in orchestrating this response as well as tissue 
repair and regeneration, immunoresolvents (such as resolvins, 
protectins, and maresins) may provide a novel therapeutic 
approach for diseases characterized by uncontrolled inflamma-
tion and failed resolution. In this context, recent findings dem-
onstrate that enriching microvesicles with SPM may represent a 
novel therapeutic approach to control chronic inflammation and 
promote tissue regeneration. In minipigs, administration of a 
single dose of a novel pro-resolving nanomedicine, produced by 
enriching microvesicles in a lipoxin analog, markedly reduced 
periodontal disease, and promoted bone regeneration (67). These 
results, together with many other recent studies, emphasize that 
using agonists to reprogram the immune cells rather then inhibit-
ing the inflammatory response may represent a novel paradigm 
to controlling inflammation without compromising the host 
immune response.
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In the human body, billions of cells die by apoptosis every day. The subsequent clearance 
of apoptotic cells by phagocytosis is normally efficient enough to prevent secondary 
necrosis and the consequent release of cell contents that would induce inflammation and 
trigger autoimmunity. In addition, apoptotic cells generally induce an anti-inflammatory  
response, thus removal of apoptotic cells is usually immunologically silent. Since the 
first discovery that uptake of apoptotic cells leads to transforming growth factor (TGF)-β 
and interleukin (IL)-10 release by engulfing macrophages, numerous anti-inflammatory 
mechanisms triggered by apoptotic cells have been discovered, including release of anti- 
inflammatory molecules from the apoptotic cells, triggering immediate anti-inflammatory  
signaling pathways by apoptotic cell surface molecules via phagocyte receptors, activat-
ing phagocyte nuclear receptors following uptake and inducing the production of anti-in-
flammatory soluble mediators by phagocytes that may act via paracrine or autocrine 
mechanisms to amplify and preserve the anti-inflammatory state. Here, we summarize 
our present knowledge about how these anti-inflammatory mechanisms operate during 
the clearance of apoptotic cells.

Keywords: apoptotic cell, phagocytosis, anti-inflammatory, pro-resolving lipid mediators, phosphatidylserine

iNTRODUCTiON

Timed initiation of apoptotic type of cell death followed by prompt removal carried out by profes-
sional engulfers or by non-professional neighboring cells plays a central role in the maintenance of 
tissue homeostasis. Every day billions of our cells die and get removed without inducing inflamma-
tion and autoimmunity (1). And even when inflammation is induced, efficient clearance of apoptotic 
neutrophils by engulfing macrophages during the inflammatory response is a determining event 
in initiating resolution of inflammation and contributes to the tissue repair processes following 
injury (2–5).

To initiate effective clearance, apoptotic cells attract engulfing cells by secreting various chemotactic 
signals, such as CX3CL1/fractalkine (6), lysophosphatidylcholine (7), sphingosine-1-phosphate (8), 
thrombospondin-1 (TSP-1) (9), ATP and UTP (10), endothelial monocyte-activating polypeptide II 
(11), monocyte chemoattractant protein-1 (12), cleaved human tyrosyl-tRNA synthetase (13), or the 
S19 ribosomal protein cross-linked dimer (14). Upon approaching the dying cells, engulfing cells must 
make a distinction between dead and living cells, and they act so by recognizing apoptotic cell-asso-
ciated molecular patterns (ACAMPs) displayed on the cell surface of apoptotic cells (15). Most of the 
ACAMPs are phagocytosis initiating “eat me” signals, which are able to trigger receptors on phagocytes 
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either directly or via bridging molecules. Phosphatidylserine 
(PS) on the outer leaflet of the cell membrane is the most uni-
versally seen “eat me” signal appearing in apoptotic cells (16). 
Stabilin-2, the macrophage receptor T-cell immunoglobulin-  
and mucin-domain-containing molecule (Tim4), and brain-
specific angiogenesis inhibitor 1 have the ability to directly 
engage PS on dying cells (17–19), other receptors, such as Mer 
tyrosine kinase (MerTk) (20), scavenger receptor SCARF1 (21), 
or integrin αv/β3/β5 either with the CD36 (22) or with the trans-
glutaminase 2 (TG2) coreceptors (23) require bridging molecules 
for PS binding. While for MerTk Gas6 and Protein S serve as 
bridging molecules (24, 25), TSP-1 and milk-fat globulin-E8 play 
a similar role for the integrin αv/β3/CD36 and integrin αv/β3/
TG2 receptor complexes, respectively (22, 26, 27). In the case of 
apoptotic neutrophils, however, the matricellular protein CCN1 
bridges PS to the αv/β3 and αv/β5 integrins of macrophages (28).

Besides the PS-recognizing bridging molecules, additional 
bridging molecules also contribute to the phagocytosis of apop-
totic cells. Thus, serum protein C1q links Annexin A2 and A5 on 
the apoptotic cells (29) to both the SCARF1 scavenger receptor 
and to the calreticulin-associated CD91 receptor on macrophages 
(20, 30, 31). Apoptotic neutrophils, T cells, and human mesangial 
cells release annexin I (32), and annexin I enhances phagocytosis 
of apoptotic cells via a mechanism that requires FPR2/ALX 
receptor and its internalization (33).

Interestingly, simultaneous triggering of all these phagocytic 
receptors seems to result in the activation of only two evolution-
ary conserved signaling pathways both leading to the activation of 
Rac1, a small GTPase that regulates cytoskeletal rearrangements 
required for the phagocytosis process (34).

Uptake of apoptotic cells delivers excess materials to the phago-
cytes, which is degraded after the newly formed phagosome fuses 
with the lysosomes (35, 36). However, for full protein degradation 
besides the lysosomal cathepsins (35), the proteosomal pathway 
also has to be activated (37). In addition, to successfully metabo-
lize lipids originated from the apoptotic cells, phagocytes also 
require the lipid metabolism organizing function of their lipid 
sensing nuclear receptors, the liver X receptors (LXRs), and the 
perixosome proliferator-activated receptors (PPARs) (38). LXRs 
and PPARs are ligand-regulated transcription factors belonging 
to the nuclear receptor family. They function in the form of heter-
odimers with the retinoid X receptors (RXRs) (39). The unligated 
LXRs and PPARs are located on their respective DNA response 
elements and recruit co-repressor molecules that repress the tran-
scription of their target genes. Binding of their ligand, however, 
induces such a conformational change in their structure that 
results in the exchange of co-repressors for co-activators, and in 
the consequent start of transcription. In addition, ligated LXR 
and PPAR heterodimers are also capable of transrepressing genes, 
the transcription of which would otherwise be initiated by other 
transcription factors (39).

The ligands of LXRs are sterol metabolites (40, 41), while for 
PPARs are unsaturated fatty acids, eicosanoids, and derivatives 
of linoleic acid (42). Metabolically, the main function of LXRs is 
to regulate whole body sterol metabolism (38). Since, in mam-
malians, sterols cannot be degraded; in macrophages, following 
the degradation of apoptotic cells, activated LXRs induce the 

expression of cholesterol efflux transporters ABCG1 and ABCA1, 
Apo lipoproteins ApoC and ApoE, and the lipoprotein remodeling 
enzyme PLTP (43) promoting this way the efflux of apoptotic cell-
derived sterols onto serum apolipoproteins and their transport to 
the liver, from where sterols will be redistributed again. PPARs, 
on the other hand, are involved in nearly every facet of fatty 
acid metabolism (44). Thus, PPARγ controls the expression of 
genes involved in lipid metabolism (43), while PPARδ controls 
the macrophage energy homeostasis by regulating the expression 
of genes involved β-oxidation, mitochondrial respiration, and 
thermogenesis (45).

While engulfment of a number of pathogenic targets induces a 
pro-inflammatory program in macrophages, uptake of apoptotic 
cells initiates their transition into an anti-inflammatory phenotype. 
Furthermore, apoptotic cells are capable of actively inhibiting the 
inflammatory program. For example, the inflammatory response 
induced by lipopolysaccharide (LPS), a component of the cell wall 
of Gram-negative bacteria, is strongly attenuated by preincuba-
tion of macrophages with apoptotic cells (46–48). First, after the 
exposure to apoptotic cells, an immediate-early inhibition of 
macrophage pro-inflammatory cytokine gene transcription can 
be detected (46, 47), subsequently, both nuclear receptors (38) are 
activated and, as it was first recognized, soluble mediators, such 
as transforming growth factor (TGF)-β and interleukin (IL)-10, 
are released (48). These mediators act via paracrine or autocrine 
mechanisms to strengthen and maintain the anti-inflammatory 
state (47, 48). The aim of this review is to highlight how these 
efferocytotic processes are coupled to the anti-inflammatory 
mechanisms provoked simultaneously by apoptotic cells, since 
efficient apoptotic cell removal and induction of immunologic 
tolerance by apoptotic cells are the two crucial mechanisms that 
prevent chronic inflammation and autoimmunity (49).

APOPTOSiS iS AN iMMUNOLOGiCALLY 
SiLeNT FORM OF CeLL DeATH

Increasing evidence indicates that the caspase-dependent apop-
tosis is unique in a sense that it is an immunologically silent 
form of cell death (50). Whereas necrotic cells typically provoke 
inflammation, apoptotic cells generally do not. What is more, 
even if apoptotic cells enter secondary necrosis and are leaking 
their cellular contents, they retain this anti-inflammatory state, 
in contrast to cells that have entered necrosis directly (51, 52). 
This suggests that significant alterations to cellular composition 
must occur during apoptosis to diminish the activity of danger-
associated molecules (DAMPs), and even if these are accidentally 
released, their pro-inflammatory activity is destroyed. There 
are several examples recently discovered that underline this 
assumption.

Genomic DNA is considered to be an important DAMP capable 
of initiating dendritic cell (DC) maturation and the initiation of 
immune responses to coadministered antigens (53). Conversely, 
hydrolysis of DNA with endonucleases strongly attenuates its 
immune-activating properties (54). In apoptotic cells, genomic 
DNA undergoes extensive hydrolysis to small ~200 bp fragments 
due to the actions of a caspase-activated DNAse (55). If DNA 
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cannot be degraded by either apoptotic or phagocytic endonucle-
ases, autoimmunity develops (55), which is related to incompletely 
digested DNA persisting in macrophages leading to the activation 
of the RIG-I/IRF-3 pathway which senses cytoplasmic DNA frag-
ments (56). In addition to the caspase-dependent degradation of 
genomic DNA, activated caspase-8 itself also interferes with the 
RIG-I/IRF-3 pathway by proteolytically inactivating RIP kinase 
1, a key signaling component of the RIG-I complex, and thereby 
attenuating expression of IRF-3-inducible genes that include 
interferons and other inflammatory factors (57). Apoptotic 
caspases, via interfering with the cGAS/STING pathway, prevent 
the induction of type I interferons also by mitochondrial DNA, 
which can be released into the cytosol during apoptosis following 
permeabilization of the mitochondrial outer membrane (58).

High mobility group 1 (HMGB1) is another well-known 
DAMP. It functions in the cell nucleus as an architectural 
chromatin-binding factor via bending DNA and facilitating 
this way the buildup of protein complexes on specific DNA 
sequences. But it associates only loosely with the DNA, and 
can be passively released by necrotic or damaged cells (59). In 
apoptotic cells, however, HMGB1 remains bound firmly to 
chromatin due to the generalized hypoacetylation of histones, 
another caspase-dependent event (59). Furthermore, caspases 
also inactivate HMGB1 indirectly via cleaving the mitochondrial 
protein p75NDUF. This event triggers a burst of reactive oxygen 
leading to oxidation of a critical cysteine residue on HMGB1 that 
neutralizes its pro-inflammatory activity (60). And finally, IL-33, 
a recently discovered alarmin, is also cleaved by caspases loosing 
this way its DAMP activity (61).

APOPTOTiC CeLLS ReLeASe ANTi-
iNFLAMMATORY MOLeCULeS

Apoptotic cells not only fail to be strongly immunogenic but 
were found to release various anti-inflammatory molecules as 
well. Thus, T cells express TGF-β, and release it during apoptosis 
(62). TGF-β is a potent anti-inflammatory cytokine (63). Its anti-
inflammatory effects are reflected in the observation that loss of 
TGF-β1 in mice leads to wasting syndrome accompanied by a 
multifocal, mixed inflammatory cell response and tissue necrosis, 
resulting in organ failure and death (64, 65). Both the initiation 
and resolution of general inflammatory responses involve TGF-β1.  
Thus, TGF-β1 stimulates monocyte migration and growth factor 
production (66). But after initiation of an inflammatory response, 
it also exhibits potent anti-inflammatory effects, including inhibi-
tion of neutrophil and T-lymphocyte adhesion to endothelium 
(67), downregulation of macrophages (66, 68), and antagonism 
of tumor necrosis factor-α (TNF-α) function (68). TGF-β is 
crucial also in the initiation of differentiation of the regulatory 
T cells (69), which play a key role in preventing the development 
of autoimmunity (70). TGF-β plays such an essential role in the 
initiation of regulatory T  cell differentiation that prior to the 
initiation of thymocyte apoptosis no Treg cells can be detected 
in the thymus (71).

Apoptotic cells can also release IL-10 (72). IL-10, together with 
TGF-β, induces an immune suppressive response by promoting 
regulatory T cell formation and by affecting their function (73).

Annexin I, which is released by apoptotic cells and promotes 
efferocytosis (32, 33), was also found to significantly attenuate IL-6 
signaling and the release of TNF-α from endotoxin-challenged 
monocytes by activating annexin A1 receptors of the formyl 
peptide receptor family and the consequent JAK/STAT/SOCS 
signaling (74). And, finally, apoptotic cells were found to release 
lactoferrin that inhibits the migration of neutrophil granulocytes 
and eosinophils toward the chemotactic signals released by apop-
totic cells (75, 76). As a result, apoptotic cells induce only migra-
tion of macrophages, but other classes of professional phagocytes 
are not recruited by the apoptotic cells (76).

Increasing evidence indicate that several chemotactic signals 
released from the apoptotic cells can also serve as anti-inflam-
matory molecules. Thus, TSP-1 functions as a major activator 
of TGF-β1 (77) which is secreted to the extracellular matrix in 
an inactive form by being in non-covalent association with the 
latency-associated peptide (78). First, TSP-1 releases TGF-β1 
from its latent form via interacting with the N-terminal region 
of latency-associated peptide, then it binds the mature TGF-β1. 
This interaction induces such a conformational change in the 
structure of TGF-β1 (79), which allows its binding to its recep-
tor. Furthermore, TSP-1 or its protease-cleaved derivative can 
also bind to immature DCs (iDCs) and induce their tolerogenic 
state (80). Fractalkine was also shown to act as an inhibitor of 
LPS-induced TNF-α production by microglia cells (81), while 
lysophosphatidylcholine was reported to interfere with the 
LPS-induced NO and pro-inflammatory cytokine production by 
macrophages (82).

Once released from the apoptotic cells via a caspase-regulated 
pannexin channel (83), ATP is fast degraded to AMP very often 
on the surface of apoptotic cells (84) and then to adenosine by 
the cell surface 5′ nucleotidase of engulfing macrophages (85, 86). 
Adenosine then triggers macrophage adenosine A2A receptors 
(A2ARs) to suppress the NO-dependent formation of neutrophil 
migration factors, such as macrophage inflammatory protein-2, 
via activating the adenylate cyclase/protein kinase A pathway 
(86). Interestingly, both adenosine A2A and A3 (A3R) receptors 
are expressed by macrophages, and while A2ARs inhibit, A3Rs 
promote the release of neutrophil migration factors by engulfing 
macrophages (87). However, while A2AR expression increases 
(86), A3R is downregulated during the course of efferocytosis 
(87) potentiating and maintaining this way the anti-inflammatory  
effects of adenosine. In addition, adenosine, by triggering 
adenosine A3R, contributes also to the chemotactic navigation 
of macrophages toward the apoptotic cells driven by apoptotic 
cell-derived chemotactic signals, thus facilitates the fast clearance 
of apoptotic cells (88). As a result, downregulation of A3R during 
clearance prolongs their presence around the apoptotic cells.

In an inflammatory milieu, adenosine strongly suppresses also 
the LPS-induced pro-inflammatory cytokine formation of mono-
cytes and macrophages by activating A2ARs (89). In monocytes 
adenosine increases the expression of the Nr4A orphan nuclear 
receptor which then inhibits the transcriptional activity of nuclear 
factor-κB (NF-κB) known to play a determining role in initiat-
ing the transcription of numerous pro-inflammatory cytokines 
(90). The adenosine-triggered adenylate cyclase pathway in 
LPS-activated macrophages, on the other hand, upregulates the 
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expression of dual-specific phosphatase 1 that interferes with the 
activation of LPS-activated MAP kinases (91).

APOPTOTiC CeLLS TRiGGeR ANTi-
iNFLAMMATORY SiGNALiNG PATHwAYS 
BY ACTivATiNG CeLL SURFACe 
PHAGOCYTOSiS ReCePTORS ON THe 
PHAGOCYTe

Soon after it was discovered that PS recognition plays a central 
role in the uptake of apoptotic cells (92), it was also discovered 
that PS recognition in macrophages mediates also some of the 
anti-inflammatory responses observed during the uptake of 
apoptotic cells (93). This was proven by the observation that 
several anti-inflammatory responses provoked by apoptotic cells 
can be prevented by administration of annexin V, a naturally 
occurring PS binding protein (92), or are not induced by cells that 
do not express PS during apoptosis. In addition, in the induction 
of these anti-inflammatory effects, apoptotic cells can be replaced 
by PS liposomes (94). Some of the PS-induced anti-inflammatory 
responses are direct and can be detected as immediate inhibition 
of NF-κB transcriptional activity (46). Some others appear later, 
such as upregulation of the zinc finger nuclear factor, named GC 
binding protein (GC-BP) (95), or that of the Nr4a1 transcrip-
tion factor (96). By binding to its promoter, GC-BP selectively 
inhibits IL-12 p35 gene transcription (95), while Nr4a1inhibits 
both NF-κB transcriptional activity and the induction of IL-12 
(96). The induction of these transcription factors, however, might 
be macrophage type specific, because Nr4a1 induction is seen in 
peritoneal, but not in bone marrow-derived macrophages (96).

In addition to these intracellular anti-inflammatory effects, PS 
is also responsible for triggering TGF-β1 secretion from engulf-
ing macrophages. Thus, apoptotic PLB-985 cells that are unable 
to express PS during apoptosis, fail to trigger TGF-β1 production, 
while PS directly transferred onto the PLB-985 cell surface mem-
branes or PS liposomes can restore the secretion of TGF-β1 (94).

Since PS is recognized by a number of phagocytic receptors 
and opsonins that span a wide range of gene families, it is very 
likely that they induce immune suppression and tolerance via 
overlapping and non-overlapping mechanisms. Among the PS 
receptors, TIM-4 is not expected to transmit anti-inflammatory 
signals; since in the absence of a cytoplasmic tail, it alone cannot 
activate an intracellular signaling pathway (97). However, stabi-
lin-2 was shown to be involved in inducing TGF-β1 release from 
engulfing macrophages (18), while MerTk was found to have a 
direct anti-inflammatory activity that suppresses NF-κB (98). The 
anti-inflammatory action of MerTk is independent of its effect 
on efferocytosis and is related to a signal transduction pathway 
that prevents the LPS-induced phosphorylation of IκB kinase 
and the consequent degradation of IκB (98). Whether other 
phagocytosis receptors also participate in the induction of the 
anti-inflammatory response of macrophages is still under investi-
gation, but CD36 and αvβ3 receptors do not seem to participate in 
it (99). Interestingly, however, loss of both MerTk and TG2 leads 
to pro-inflammatory cytokine production during efferocytosis 
(100, 101). But the pro-inflammatory cytokine production in 

this latter case might be related not only to an improper integrin 
signaling for which TG2 is a cofactor but also to the fact that TG2 
is required for proper TGF-β activation by macrophages (102).

Phosphatidylserine receptors are expressed not only by 
macrophages but by other immune cells as well. As a result, 
apoptotic cells can transmit further immune silencing signals 
via activating PS receptors on those cells as well. For example, it 
has been shown that in the presence of apoptotic cells, iDCs do 
not induce expression of DC maturation-markers, such as MHC 
class-II, CD40, CD80, CD83, and CD86, even after challenge with 
CD40-signaling, monocyte-conditioned medium, LPS, or TNF-α  
(103–108). Furthermore, activation of PS receptors in human 
DCs by PS liposomes reduces their IL-12p70 secretion and the 
capacity to stimulate allogeneic T cell proliferation and to activate 
IFN-γ-producing CD4+ T cells (109). iDCs express MerTK, and 
activation of MerTK in iDCs triggers the phosphatidylinositol 
3-kinase signaling pathway, which inhibits NF-κB activation and 
the consequent DC maturation (110). As a result, iDCs, which 
do not express MerTk or are treated with phosphatidylinositol 
3-kinase inhibitors, do not respond to the immunosuppress-
ing effect of apoptotic cells on LPS-induced pro-inflammatory 
cytokine formation (111). DCs also express Axl, another member 
of the TAM receptor family. The basal expression of Axl in DCs is 
very low, but it is significantly upregulated following TLR engage-
ment. Axl, following activation, induces resolution of inflamma-
tion at the end of an inflammatory cycle (111). Ligation of the 
thrombospondin receptor CD36 also inhibits iDC maturation 
and function by suppressing the release of IL-12 and the secretion 
of high levels of IL-10 in response to DC-activation stimuli (105).

T  cells, on the other hand, express the PS receptor TIM-3, 
another member of the TIM receptor family. In T cells, TIM-3, 
following PS exposure, transmits an immunosuppressive signal 
by sequestering lck, a critical tyrosine kinase participating in 
T cell receptor-mediated signal transduction (112).

In addition to PS, late apoptotic neutrophils were shown to 
express also pentraxin 3 (PTX3) in their membranes (113). PTX3 
was shown not only to enhance their phagocytic removal during 
inflammation (113) but also to induce the expression of CD169 in 
macrophages (114), a molecule that interferes with the develop-
ment of an autoimmune response (115).

NUCLeAR ReCePTORS ACTiveLY 
SUPPReSS PRO-iNFLAMMATORY 
CYTOKiNe FORMATiON BY iNHiBiTiNG 
NF-κB

Once apoptotic cells are taken up, they have to be fast metabo-
lized by macrophages in order to ingest further apoptotic cells. 
Uptake of high amount of extracellular material might induce 
a metabolic stress in the engulfing macrophages, and engulf-
ing macrophages respond to it in many ways by altering their 
metabolism. Interestingly, these metabolic adaptors also seem to 
contribute to the immune silencing processes as well. Thus, the 
amino acid metabolic-stress sensing protein kinase GCN2 was 
implicated to participate in the signaling pathways that lead to 
tolerance (116).
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Similarly, the lipid sensing nuclear receptors that func-
tion during engulfment as transcriptional regulators of lipid 
metabolic processes also interfere with inflammatory processes, 
such as those initiated by TLR signaling in macrophages. As it 
was reviewed by Kidani et  al. (38), under non-inflammatory 
conditions, NF-κB target genes are kept in an inhibited state 
by co-repressor complexes associated with their promoters. 
As a response to inflammatory signaling, proteins of these co-
repressor complexes become ubiquitinated and subsequently 
degraded by the 19S proteasome. At the same time, NF-κB 
activated simultaneously by the inflammatory signals trans-
locates into the nucleus, binds to promoters of inflammatory 
genes, and induces their expression. Ligation of PPARγ during 
efferocytosis prevents NF-κB-regulated gene expression by sus-
taining co-repressor binding on the promoters of NF-κB target 
genes. This is related to the fact that ligand binding to PPARγ 
induces conformational changes that allows for SUMOylation of 
its ligand-binding domain. SUMOylated PPARγ, subsequently, 
binds to the co-repressor complex and prevents its degradation 
by the 19S proteasome, thereby sustaining the suppressed state. 
LXR-mediated transrepression of NF-κB target genes operates via 
similar mechanisms involving SUMOylation of LXR by HDAC4, 
SUMO2, or SUMO3 as the E3-ligase (38).

Ligated PPARδ also interferes with the NF-κB transcription, 
but it operates through a different mechanism. BCL-6 is an evo-
lutionarily conserved zinc finger transcription factor that acts as a 
sequence-specific repressor of transcription. Unliganded PPARδ 
sequestrates BCL-6 away from the promoters of inflammatory 
genes; while following ligand binding PPARδ releases BCL-6 
leading to suppression of inflammatory gene transcription (117).

Ligated nuclear receptors are also anti-inflammatory because 
during efferocytosis they upregulate the expression of various 
phagocytic receptors, thus, enhance the clearance capacity of 
macrophages (118–122). The upregulation of some phagocytic 
genes by these receptors, such as MerTk by LXR, is direct, while 
that of others is mediated via retinoic acid receptor (RAR)-α (121, 
122). In engulfing macrophages, activation of all lipid sensing 
receptors leads to the upregulation of retinaldehyde dehydroge-
nase expression, an enzyme responsible for retinoic acid synthesis 
(123). Retinoic acids, ligands for the RAR and RXR receptors, 
then can promote both the transcriptional activity of lipid sensing 
nuclear receptors and trigger that of the RARs (122). In addition, 
LXRs are also involved in the induction of the synthesis of poly-
unsaturated fatty acids, which are precursors for the production 
of pro-resolving lipid mediators (124). And finally, ligated nuclear 
receptors are also responsible for the upregulation of A2ARs that 
mediate the anti-inflammatory effect of adenosine (86).

Besides the lipid sensing nuclear receptors, the orphan 
nuclear receptor Nr4a1 has also been implicated to act as an 
anti-inflammatory molecule during efferocytosis (96). Nr4a1 
seems to interfere with the TLR signaling pathway at two levels: 
(1) it can interact with TRAF6, a central adaptor molecule in 
the TLR signaling pathway. The interaction affects TRAF6 auto-
ubiquitination leading to the suppression of NF-κB activation 
and to that of the subsequent transcription of pro-inflammatory 
cytokines (125). (2) It directly associates with the p65 subunit of 
NF-κB and prevents its binding to the κB promoter. However, 

this latter effect of Nr4a1 might be suspended by its LPS-induced 
p38α phosphorylation (126).

MACROPHAGeS ReSPOND TO 
APOPTOTiC CeLL UPTAKe BY 
ReLeASiNG ANTi-iNFLAMMATORY OR 
PRO-ReSOLviNG MOLeCULeS

Since the first discovery that macrophages engulfing apoptotic cells 
release TGF-β and IL-10 (47, 48), numerous other anti-inflammatory 
molecules have been described to be released by engulfing mac-
rophages. Many of these anti-inflammatory molecules are lipid 
mediators, such as PGE2, PGF1α, LXA4, or PAF, the synthesis of which 
is interestingly dependent on TGF-β (127). TGF-β at the same time 
inhibits the synthesis of pro-inflammatory lipid mediators. While in 
the case of TGF-β, it was found that activation of PS receptors can 
regulate its production (94), the regulation of IL-10 synthesis by mac-
rophages engulfing apoptotic cells was not studied in detail. Annexin 1,  
however, is a known inducer of it in macrophages (128).

Retinoids produced during engulfment to enhance efferocytosis 
(122, 123) can also be released into the surrounding environment 
and contribute to the TGF-β-induced development of regulatory 
T cells. They act so by stabilizing TGF-β-induced Foxp3 expression 
under inflammatory conditions via inhibiting DNA methylation, 
which otherwise would lead to the silencing of the Foxp3 gene 
(129). Since regulatory T  cells play a central role in preventing 
autoimmunity, release of TGF-β and retinoids by engulfing mac-
rophages strongly contributes to the prevention of an autoimmune 
response build up following engulfment of apoptotic cells (70).

In addition to producing anti-inflammatory mediators, engulf-
ing macrophages converted from M1 pro-inflammatory mac-
rophages to M2 CD11blow macrophages (130) during inflammation 
are also capable of producing pro-resolving lipid mediators, such 
as resolvins, protectins, and maresin (131–133). These molecules 
are synthetized from ω-3 fatty acids via the 12/15-lipoxygenase 
pathway. Pro-resolving mediators are stimulators of resolution of 
inflammation. Each facilitates cessation of neutrophil transmigra-
tion, microbial phagocytosis, and engulfment of apoptotic neutro-
phils. They also promote the formation of CD11blow macrophages, 
which in addition to producing pro-resolving lipid mediators, 
also contribute to the termination of efferocytosis and emigration 
to lymphoid organs (130) required for the proper termination 
of the inflammatory program. The conversion to pro-resolving 
macrophages is also facilitated by the atypical chemokine receptor 
D6 expressed on the surface of apoptotic neutrophils (134) and by 
the apoptotic cell uptake itself (135).

And, finally, apoptotic cells also modulate the function of 
immature iDCs in a way that they force them to secrete molecules 
which inhibit T cell function. For example, apoptotic cells induce 
in iDCs the secretion of interferon-γ that upregulates via autocrine 
and paracrine mechanisms their indoleamine 2,3-dioxygenase 
activity leading to the degradation of tryptophan into metabolites 
that inhibit T cell function (136). Apoptotic cells also induce the 
release of large amounts of nitric oxide from iDCs that impairs 
the T cell response (137). At the same time uptake of apoptotic 
cells by iDCs triggers TGF-β production, which also strongly 
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FiGURe 1 | Mechanisms of the anti-inflammatory effects of apoptotic cells. 
Apoptotic cells release various anti-inflammatory molecules, such as 
transforming growth factor (TGF)-β, interleukin (IL)-10, annexin I, 
thrombospondin-1 (TSP-1), fractalkine to inhibit pro-inflammatory cytokine 
formation of phagocytes. Once released from the apoptotic cells via a 
caspase-regulated pannexin channel, ATP is fast degraded to adenosine by 
the cell surface 5′ nucleotidase of engulfing macrophages. Adenosine then 
triggers macrophage adenosine A2A receptors to suppress the NO-
dependent formation of neutrophil migration factors, or in an inflammatory 
milieu the lipopolysaccharide (LPS)-induced pro-inflammatory cytokine 
formation by phagocytes. Apoptotic cells express phosphatidylserine (PS), 
which activates various PS sensing phagocytic receptors. Many of these 
receptors initiate such intracellular signaling pathways that interfere with the 
pro-inflammatory cytokine formation of phagocytes. Following engulfment, 
the lipid content of the apoptotic cells activate the nuclear lipid sensing 
receptors [liver X receptors (LXRs) and perixosome proliferator-activated 
receptors (PPARs)], which in ligated form can also interfere with the 
NF-κB-driven pro-inflammatory cytokine formation. And, finally, engulfing 
macrophages release TGF-β, IL-10, and retinoids, which act in a paracrine or 
autocrine fashion to amplify and sustain the anti-inflammatory response and 
strongly contribute to the formation of the regulatory T cells to prevent the 
development of autoimmunity.
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contributes to the immunosuppressive effects of apoptotic cells 
in vivo (138). Interestingly, plasmacytoid DCs, which themselves 
cannot engulf apoptotic cells, can also initiate an apoptotic cell-
induced anti-inflammatory response. However, their response 
is dependent on engulfing macrophage-derived soluble factors, 
including TGF-β (139).

CONCLUDiNG ReMARKS

Apoptotic cell death is a determinant contributing factor to the 
cell turnover in most of the tissues. The silent removal of apop-
totic cells maintains tissue integrity under healthy conditions 
and its anti-inflammatory nature contributes to the resolution 
of inflammation (Figure  1). Since the initial discovery that 

apoptotic cells possess potent immune suppressing effects on 
phagocytes of the immune system, numerous laboratories have 
initiated successful apoptotic cell-based therapies to induce 
donor-specific immunosuppression in transplantation (140). 
Though similar strategies were successful in mouse autoim-
mune experimental models as well, where apoptotic cells 
were given at the time of triggering of the disease (141), they 
would very likely fail in the treatment in chronic inflammatory 
diseases. This assumption is based on the observation that the 
establishment and/or progression of an increasing number of 
chronic inflammatory diseases seem to be coupled to improper 
phagocytosis of apoptotic cells (142). If the removal of apoptotic 
cells is delayed, their cell content is released and induces tissue 
damage leading to long-term inflammation or even to autoim-
munity (143). During the past decade, we have understood 
that the development of chronic inflammation in these cases 
is related not only to the disturbed removal of dead cells but 
very likely also to the improper anti-inflammatory regulation 
that develops as a consequence of the improper clearance. Thus, 
enhancing efferocytosis and/or the related anti-inflammatory 
and pro-resolving mechanisms might provide a possibility in 
the treatment of those human chronic inflammatory diseases, in 
which impaired clearance of apoptotic cells appears as a driving 
or contributing force (49).

While the anti-inflammatory nature of apoptotic cell clearance 
is protective in healthy tissues, high PS expression of apoptotic 
tumor cells might promote tumor growth via suppressing immu-
nity (93). Indeed, increasing evidence indicate that systemic 
administration of annexin A5 or other PS ligands that cover PS 
and block PS-mediated apoptotic tumor cell signaling may slow 
down tumor progression via interfering with the immunosup-
pressive properties of apoptotic tumor cells and tumor-derived 
microvesicles (144, 145). Thus, it was suggested that in combina-
tion with radio- or chemotherapy, annexin A5 could be used 
as a natural adjuvant to increase the immunogenicity of dying 
tumor cells thereby promoting the development of an anti-tumor 
immune response (93, 146).

And, finally, it is worth to note that though apoptotic cells are 
generally anti-inflammatory, cancer cells undergoing apoptosis 
in response to specific anticancer therapies can be immunogenic, 
if they emit precise DAMPs in a spatiotemporally defined fashion. 
Some of these DAMPs activate DCs during engulfment, which 
then can prime CD4+ T cells, CD8+ cytotoxic lymphocytes, and 
γδT  lymphocytes against one or several tumor-associated anti-
gens (147).
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Inefficient and abnormal clearance of apoptotic cells (efferocytosis) contributes to 
systemic autoimmune disease in humans and mice, and inefficient chromosomal 
DNA degradation by DNAse II leads to systemic polyarthritis and a cytokine storm. By 
contrast, efficient clearance allows immune homeostasis, generally leads to a non-in-
flammatory state for both macrophages and dendritic cells (DCs), and contributes to 
maintenance of peripheral tolerance. As many as 3 × 108 cells undergo apoptosis every 
hour in our bodies, and one of the primary “eat me” signals expressed by apoptotic 
cells is phosphatidylserine (PtdSer). Apoptotic cells themselves are major contribu-
tors to the “anti-inflammatory” nature of the engulfment process, some by secreting 
thrombospondin-1 (TSP-1) or adenosine monophosphate and possibly other immune 
modulating “calm-down” signals that interact with macrophages and DCs. Apoptotic 
cells also produce “find me” and “tolerate me” signals to attract and immune modulate 
macrophages and DCs that express specific receptors for some of these signals. 
Neither macrophages nor DCs are uniform, and each cell type may variably express 
membrane proteins that function as receptors for PtdSer or for opsonins like comple-
ment or opsonins that bind to PtdSer, such as protein S and growth arrest-specific 6. 
Macrophages and DCs also express scavenger receptors, CD36, and integrins that 
function via bridging molecules such as TSP-1 or milk fat globule-EGF factor 8 protein 
and that differentially engage in various multi-ligand interactions between apoptotic 
cells and phagocytes. In this review, we describe the anti-inflammatory and pro-ho-
meostatic nature of apoptotic cell interaction with the immune system. We do not 
review some forms of immunogenic cell death. We summarize the known apoptotic cell 
signaling events in macrophages and DCs that are related to toll-like receptors, nuclear 
factor kappa B, inflammasome, the lipid-activated nuclear receptors, Tyro3, Axl, and 
Mertk receptors, as well as induction of signal transducer and activator of transcription 
1 and suppressor of cytokine signaling that lead to immune system silencing and DC 
tolerance. These properties of apoptotic cells are the mechanisms that enable their 
successful use as therapeutic modalities in mice and humans in various autoimmune 
diseases, organ transplantation, graft-versus-host disease, and sepsis.

Keywords: clearance of apoptotic cells, toll-like receptor, nuclear factor kappa B, inflammasome, lipid-activated 
nuclear receptors, TAM receptors, signal transducer and activator of transcription 1, suppressor of cytokine 
signaling
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iNTRODUCTiON

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

As many as 3 × 108 cells undergo apoptosis every hour in our 
bodies (13), where they are engulfed by macrophages and imma-
ture DCs and possibly by neighboring cells. What are the signal-
ing patterns that induce these non-inflammatory responses?

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

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

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

Neither macrophage subpopulations or DCs are “uniform” 
and each cell type may variably express membrane proteins that 
function as receptors for PtdSer (Tim-4, stabilin 2, and BAI1), or 
for opsonins that bind to PtdSer, milk fat globule-EGF factor 8 
protein (MFGE8), ProS, and growth arrest-specific 6 (GAS6) (14). 
Masking the PtdSer on apoptotic cells prevents their engulfment 
by macrophages and induces autoantibodies (4) and inflamma-
tion (32), supporting the idea that PtdSer is not only an important 
“eat me” signal but also a “tolerate me” signal. Macrophages also 

express integrins that function via bridging molecules such 
as TSP-1, MFGE8, and complement (2, 9, 33). These integrins 
can contribute to both phagocytosis and inhibition of a pro-
inflammatory immune response, for example, by scavenger 
receptor (ScR) SCARF1 (34), the immunoglobulin superfamily 
member leukocyte-associated Ig-like receptor 1 (CD305) (35), 
CD11b or CD11c (2, 9, 36), other ScRs, CD36, and possibly addi-
tional receptors that are important in multi-ligand interactions 
between apoptotic cells and phagocytes (2, 19, 26, 37). In addition, 
“cross-talk” exists and, for example, C1q-dependent induction of 
opsonins Gas6 and Protein S has been described (38, 39).

Macrophages express specific receptors for some of these 
“find me” signals (CX3CR1 for fractalkine, aS1PR1 for S1P, and 
P2Y2 for ATP and UTP), which may mediate migration to the 
dying cells (15). The “find me” signals are thought to prime mac-
rophages for engulfment, as best exemplified by the enhanced 
expression of MFGE8 (40). On the other hand, some “find 
me” signals, for example, LPC, ATP/UTP, and S1P, may cause 
inflammation (41–43), contradicting the anti-inflammatory 
nature of the apoptotic process. How is the anti-inflammatory 
character of the apoptotic process maintained during cell death 
and engulfment? We will discuss several signaling patterns that 
have been identified.

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

SiGNALiNG iNHiBiTiON OF TOLL-LiKe 
ReCePTORS (TLRs), NUCLeAR FACTOR 
KAPPA B (NF-κB), AND THe 
iNFLAMMASOMe

Toll-Like Receptors
Toll-like receptors are membrane-associated innate immune 
sensors that recognize conserved microbial-associated mole cular 
structures of invading pathogens. A classic example is lipopoly-
saccharide (LPS), which is expressed by Gram-negative bacteria 
that binds to TLR4 and induces pathogen-associated molecular 
patterns (PAMPs). What is mostly relevant to this review is that 
TLRs also detect host-derived, danger-associated molecular 
patterns (DAMPs) and alarmins that can be produced during 
immunogenic programmed cell death or cell necrosis, including 
HMGB1 and endogenous RNA and DNA that are normally hid-
den in TLR-inaccessible compartments but become exposed and 
are released during cell stress, inflammation, infection, or non-
apoptotic death (46–48). TLRs are expressed by macrophages and 
DCs that are specifically important for interaction with apoptotic 
cells, but they are also expressed by natural killer (NK) cells, mast 
cells, and T- and B-lymphocytes, as well as by some non-immune 
cells, such as epithelial and endothelial cells (46–48).

Importantly, apoptotic cells downregulate the response to TLR 
receptors on both macrophages and DCs (9, 49–51). For ligand 
detection and co-receptor interactions, TLRs contain an ectodo-
main with multiple leucine-rich repeat domains involved in a por-
tion of the transmembrane, and an intracellular toll/IL-1 receptor 
(IL-1R) homology domain (TIR) essential for signaling (46–48).
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Toll-like receptors are expressed on the plasma mem-
brane (e.g., TLR1, TLR5, TLR6, and TLR10), in intracellular 
endosomes (e.g., TLR3, TLR7–9, and TLR11), or in both com-
partments (e.g., TLR2 and TLR4) (52), and TLR localization 
critically regulates its signaling where the initial step following 
binding is recruitment of adaptor proteins. The two main known 
pathways are myeloid differentiation primary response gene 
88 (MyD88)- and TIR-domain-containing adapter inducing 
interferon β (TRIF)-dependent. All TLRs except TLR3 use the 
MyD88-dependent pathway to initiate signaling, whereas TLR3 
and TLR4 use the TRIF-dependent pathway to elicit induction of 
both pro-inflammatory cytokines and type I IFNs (52).

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

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

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

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

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

The NF-κB family consists of five DNA-binding members. 
NF-κB1 is synthesized as p105 and is processed into a DNA-binding 
subunit, p50 (65). Likewise, NF-κB2 is produced as p100, which 
serves as a precursor for the active transcription factor p52. p50  
and p52 form various combinations of heterodimers with RelA 
(p65), c-Rel, and RelB. These DNA-binding complexes target dis-
tinct sets of genes for transcriptional activation (66). In addition, 
RelA and c-Rel can also activate gene transcription as homodimers 
(67). By contrast, p50 homodimers, which lack transactivation 
function, can instead suppress NF-κB target gene expression,  
for example, in response to stimulation by LPS (68, 69).

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

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

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

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

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

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

have distinct inhibition effects on NF-κB and NLRP3 (86). The 
dextran sulfate sodium (DSS) colitis model is generally viewed as 
an epithelial damage model suited to investigate innate immune 
responses. Macrophages primed with LPS and subsequently 
exposed to DSS secrete high levels of IL-1β in an NLRP3-, ASC-, 
and caspase-1-dependent manner. The DSS murine model and 
Nlrp3-deficient mice were used by us to assess the effect apop-
totic cells on colitis. Immunohistochemistry, flow-cytometry, 
and Western blots helped to explore the effect and mechanisms. 
Using a variety of NLRP3 triggering mechanisms, we showed that 
apoptotic cells negatively regulate NF-κB and NLRP3 activation 
at the pre- and post-transcription levels via inhibition of reac-
tive oxygen species (ROS), lysosomal stabilization, and blocking 
potassium efflux. This property of apoptotic cells was associated 
with a dramatic clinical, histological, and immunological ame-
lioration of DSS colitis in Balb/c and B6 mice following a single 
administration of apoptotic cells (86).

Apart from apoptotic cell opsonization, MFGE8 was also 
found to be an endogenous inhibitor of inflammasome-induced 
IL-1β production (91). MFGE8 inhibited necrotic cell-induced 
and ATP-dependent IL-1β production by macrophages through 
mediation of integrin β3 and P2X7 receptor interactions in 
primed cells. itgb3 deficiency in macrophages abrogated the 
inhibitory effect of MFGE8 on ATP-induced IL-1β production. 
Furthermore, in a setting of post-ischemic cerebral injury in 
mice, MFGE8 deficiency was associated with enhanced IL-1β 
production and larger infarct size. The latter was abolished after 
treatment with IL-1β receptor antagonist. MFGE8 supplementa-
tion significantly dampened caspase-1 activation and IL-1β 
production and reduced infarct size in wild-type (WT) mice,  
but did not limit cerebral necrosis in IL-1β-, Itgβ3-, or P2rx7-
deficient animals.

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

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

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

Additional related possible mechanisms include a functional 
subgroup of NLRs that negatively regulate inflammation (100), 
including the possible effect of apoptotic cells on NLRP12. 
This suppressor of pro-inflammatory cytokine and chemokine 
production downstream of TLRs targets multiple points in 
the NF-κB pathway. However, it is clear that failure to clear 
apoptotic cells will trigger persistent inflammasome-dependent 
inflammation, as perhaps is seen in failure to clear intracellular 
organelles (101).

LiPiD-ACTivATeD NUCLeAR ReCePTORS

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

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

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

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

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

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

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

Macrophage activation via adenosine receptors is followed by 
the upregulation of TSP-1 and Nr4a gene expression, especially 
of Nur77, NOR-1, and Nurr1. TSP-1 is the major activator of 
TGFβ (108) and Nr4a family members inhibit the expression 
of pro-inflammatory cytokines such as TNFα, IL-8, and IL-6 in 
macrophages (109) by recruiting a repressor complex to their 
promoter (110). Yamaguchi et  al. (27) found that AMP was 
present at 30- to-100-fold higher concentrations than ATP in 
the culture supernatants of apoptotic thymocytes and a T  cell 
line. When cells undergo apoptosis, ATP is quickly hydrolyzed 
to AMP, while its generating system is inactivated by caspases 
(111). The caspase-cleaved Pannexin channel also contributes to 
cellular loss of ATP by allowing ATP to exit cells through the 
plasma membrane. Chekeni et  al. (112) showed that caspases 
cleave Pannexin 1 in the early stages of apoptosis, resulting in the 
release of ATP, which can serve as a “find me” signal to attract 
macrophages. Depending on the types of cells and apoptotic 
stimuli, intracellular ATP levels remain high (113–115) or rapidly 
decrease (116, 117).

iNHiBiTiON OF iNFLAMMATiON BY Tyro3, 
Axl, AND Mertk (TAM) ReCePTORS

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

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

TAM receptors are activated via two known mediators,  
ProS and GAS6 (125). Both bind to apoptotic cells and there after 
mediate ligation to TAM receptors. Both are Gla domain-con-
taining proteins, i.e., proteins containing gamma-carboxylated 
glutamic acid residues. The gamma-carboxylation of glutamate 
residues vastly increases their ability to bind Ca2+. GAS6 and ProS 
contain Gla domains consisting of ~50 amino acids stretched 
near their N termini. Gamma-carboxylation and PtdSer binding 
are essential for the maximal bioactivity of both full-length TAM 
ligands (126–129). For example, ProS has a cofactor activity; 
its ability to activate the TAM RTKs is dependent on gamma-
carboxylation of the GLA domain and binding to PtdSer (130).

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

iNHiBiTiON OF iFNs BY SOCS 1/3 
UPReGULATiON

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

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

We were the first to show that clearance of apoptotic cells 
inhibits type II IFN (human γ-IFN) signaling by upregulation 
of SOCS (59). We showed that interaction of macrophages with 
apoptotic cells had no activation effect for MAPKs p38, JNK, or 
ERK1/2 (59). By contrast, apoptotic cells suppressed the LPS-
induced IFN-mediated autocrine loop by attenuating STAT1 
activation and suppressing IFN activation of STAT1-dependent 
genes such as CXCL10 (133, 134). It has been suggested that 
apoptotic cell induction of SOCS1 and SOCS3 expression con-
tributes to suppression of IFN-induced gene expression (135), 
and thus suppresses JAK-STAT signaling and IFN-mediated 
responses downstream of TLR4.

Interferon-γ is a key activator of macrophages and is mainly 
produced by NK cells, Th1 cells at later stages of the immune 
response, and chimeric antigen receptor T cells. STAT1 mediates 
most of the IFN-γ activating effects on macrophages. We ana-
lyzed the effect of apoptotic cells on the IFN-γ signaling pathway 
in macrophages both in vitro and in vivo. We found that IFN-γ 
induced STAT1 activation at both the tyrosine phosphorylation 
and DNA-binding levels, and was significantly inhibited in 
macrophages that had interacted with apoptotic cells in  vitro 
and in  vivo in a chemically induced peritonitis murine model 
of inflammation. Inhibition of STAT activation was somewhat 
selective for STAT1 relative to STAT3, which is activated by 
IL-10 and is strongly anti-inflammatory. This selective inhibi-
tion pattern of cytokines and STATs would have the net effect of 
suppressing inflammatory macrophage activation while leaving 
deactivation pathways intact.

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

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

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

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

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

APOPTOTiC CeLLS AND MAiNTeNANCe 
OF PeRiPHeRAL TOLeRANCe

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

Dendritic cells are the most potent antigen-presenting cells, 
and as such they are key regulators of the immune system (142). 
They share with macrophages many of the roles described earlier 
in the engulfment and clearance of apoptotic cells (85). Two main 
issues differentiating DCs from macrophages, in the context of 
this review, are the existence of more than two subpopulations 
of DCs with different roles and anatomical locations (85, 143), 
and their main role initiating the adaptive immune response 
classically described after migrating to a lymphoid organ (144). 
For example, CD8α+ murine DCs and their suggested human 
analog, the CD141+ DCs (145) are specialized in the uptake 
of apoptotic cells and the cross-presentation of their antigens 
to T cells (146). In this review, we will concentrate on myeloid 
DCs, although there are reports on the effects of plasmacytoid 
DCs after engulfment of apoptotic cells (147), and they can have 
anti-inflammatory effects via mechanisms similar to those used 
by myeloid DCs (148).

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

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

Lung DCs are an excellent example of the dual role of DCs 
that can induce tolerance or activate naïve T cells, making these 
DCs well-suited to their role as lung sentinels. Lung DCs are 
supposed to serve as a functional signaling/sensing unit to 
maintain lung homeostasis and orchestrate host responses to 
benign and harmful foreign substances [reviewed in Ref. (150)]. 
In vitro observations demonstrating this role were further 
investigated using in  vivo murine studies. CD11c+ CD11b+ 
CD8α+ DCs were found in the pancreatic lymph nodes, car-
rying fluorescently labeled dead cells that had been injected 
directly into the pancreas (151). Furthermore, apoptotic cells 
were phagocytosed by CD8α+ DCs within the spleen and apop-
totic cell antigen was cross-presented to antigen-specific CD8 
T  cells, leading to their deletion as a mechanism of immune 
tolerance (10, 11).

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

With respect to apoptosis of antigen-presenting cells, we 
were able to show that apoptotic monocytes secrete TSP-1, 
which, by itself, induces a tolerogenic phenotype in DCs (26). 
While it has long been known that apoptotic cells change their 
phenotype during the death process (154), this has not been 
given much attention in the literature. Our group has shown that 
there are two subpopulations of human monocyte-derived DCs 
with different immune phenotypes and functions. Apoptotic 
cells are not necessarily homogeneous; thus, upon entering the 
process of apoptotic cell death, these two cell types differentially 
regulate their expression of cell surface antigens in a way that 
will dramatically influence interaction with T cells (149). Thus, 
even while dying, these DCs are explicitly signaling the cells 
they interact with and conveying information, their “immune 
will.” We identified three general patterns of expression: Pattern 
1, surface marker expression increases for both subpopulations 
as cell death progresses; Pattern 2, surface marker expression 
increases in one subpopulation; and Pattern 3, surface marker 
expression shows a mixed pattern as cell death progresses 
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FiGURe 1 | Multiple mechanisms of immune modulation following interaction with apoptotic cells in macrophages and dendritic cells (DCs). Multiple mechanisms 
are used by apoptotic cells to create an immune homeostatic anti-inflammatory state in macrophages and DCs. In apoptotic cells themselves, in parallel with  
PtdSer exposure, caspase activation plays a critical role by deactivating potential danger-associated molecular patterns (DAMPs) and by releasing “find me” signals 
such as adenosine monophosphate (AMP), lysophosphatidylcholine (LPC), fractalkine, and sphingosine-1-phosphate (S1P). Apoptotic cells possess a direct 
immunosuppressive effect by the release of “calming” agents TGF-β, IL-10, adenosine diphosphate (ADP), thrombospondin-1 (TSP-1), and more. Direct binding  
to PtdSer receptors (PtsR) and indirect binding to TAM receptors, as well as signaling via opsonins/bridging molecules that use additional integrinsor scavenger 
receptors (ScRs) or complement receptors, act to reprogram the phagocyte, to inhibit toll-like receptors (TLRs), nuclear factor κB (NF-κB), signal transducer and 
activator of transcription 1 (STAT1), and interferon (IFN) signaling, and to activate liver X receptor (LXR), peroxisome proliferator-activated receptor delta (PPAR-δ), 
suppressors of cytokine signaling (SOCS) 1/3, and hepatic growth factor (HGF), and to downregulate costimulation and induce induction of indoleamine 2,3 
dioxygenase-1 (IDO), that promote tolerogenic phenotype and the induction of T-regulatory (Treg) cell differentiation. The sum of these events leads to 
downregulation of the inflammatory characteristics of macrophages and DCs, repair, and peripheral tolerance. Pro-inflammatory pattern are marked  
in red and anti-inflammatory patterns in blue.

Trahtemberg and Mevorach Immune Homeostatic Regulation by Apoptotic Cells

Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1356

with behavior dependent on the stimuli used. Importantly, 
one subpopulation dramatically increased CD86 expression 
in correlation to advanced apoptosis, suggesting that even dur-
ing the death process DCs can signal to T  cells for immune  
responses.

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

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

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

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

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

APOPTOTiC CeLLS AS THeRAPeUTiC 
AGeNTS

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

Autoimmune and autoinflammatory conditions, including 
type 1 diabetes in non-obese diabetic mice, experimental 
auto immune encephalomyelitis, arthritis, colitis, pulmonary 
fibro sis, fulminant hepatitis, contact hypersensitivity, acute- 
and chronic-graft rejection, hematopoietic cell engraftment, 
acute graft-versus-host disease (GvHD), and reduction of 
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infarct size after acute myocardial infarction have all been 
treated quite successfully by apoptotic cell infusion (175). 
While these works have been performed in animal models, our 
group has shown a remarkable reduction in the occurrence 
of grade II–IV GvHD following heterologous hematopoietic 
stem cell transplantation in humans with apoptotic cell  
treatment (176).

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

In another example of the use of apoptotic cells for the treat-
ment of inflammatory conditions in post-ischemic cerebral 
injury in mice, MFGE8 deficiency was associated with enhanced 
IL-1β production and larger infarct size. The latter was abolished 
after treatment with IL-1β receptor antagonist. MFGE8 sup-
plementation significantly dampened caspase-1 activation and 
IL-1β production and reduced infarct size in WT mice, but did 
not limit cerebral necrosis in IL-1β-, Itgβ3-, or P2rx7-deficient 
animals (91).

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

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

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

Other works showed that timing is important, and if apop-
totic cells were given 5 days before sepsis induction, worsened 
survival was observed (178). Sepsis and septic conditions were 
also examined in  vivo in Mertk−/− mice, by Camenisch et  al. 
(118), who used Mertk−/− mice. In vivo, the LD50 of LPS for 
Mertk−/− mice was half of that for WT mice. Mertk−/− mice had 
an approximately threefold enhancement of serum TNFα when 
administered 100 mg/kg of LPS, and about 90% of mice died of 
endotoxic shock (118).

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

SUMMARY

Multiple mechanisms are used by apoptotic cells to create an 
immune homeostatic anti-inflammatory state in macrophages 
and DCs. As illustrated in Figure 1, these include direct bind-
ing to PtdSer and indirect binding to TAM receptors, as well as 
signaling via opsonins/bridging molecules that use additional 
integrins and ScRs to inhibit TLRs as well as NF-κb, STAT1, 
and IFN signaling, and to activate LXR, SOCS 1/3, PPAR-δ, 
and hepatic growth factor (HGF). The sum of these events 
leads to downregulation of the inflammatory characteristics of 
macrophages and DCs, repair, and peripheral tolerance. Despite 
establishment of a pattern recognition effect in the clearance of 
apoptotic cells, some controversies in the field exist, including 
the role of complement, the importance of different receptors for 
PtdSer, the “cross-talk” between different opsonins and recep-
tors, and the specific conditions where “immunogenic” clearance 
is occurring.
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Early-stage apoptotic cells possess immunomodulatory properties. Proper apoptotic cell 
clearance during homeostasis has been shown to limit subsequent immune responses. 
Based on these observations, early-stage apoptotic cell infusion has been used to pre-
vent unwanted inflammatory responses in different experimental models of autoimmune 
diseases or transplantation. Moreover, this approach has been shown to be feasible 
without any toxicity in patients undergoing allogeneic hematopoietic cell transplanta-
tion to prevent graft-versus-host disease. However, whether early-stage apoptotic cell 
infusion can be used to treat ongoing inflammatory disorders has not been reported 
extensively. Recently, we have provided evidence that early-stage apoptotic cell infusion 
is able to control, at least transiently, ongoing collagen-induced arthritis. This beneficial 
therapeutic effect is associated with the modulation of antigen-presenting cell functions 
mainly of macrophages and plasmacytoid dendritic cells, as well as the induction of  
collagen-specific regulatory CD4+ T cells (Treg). Furthermore, the efficacy of this approach 
is not altered by the association with two standard treatments of rheumatoid arthritis 
(RA), methotrexate and tumor necrosis factor (TNF) inhibition. Here, in the light of these 
observations and recent data of the literature, we discuss the mechanisms of early-stage 
apoptotic cell infusion and how this therapeutic approach can be transposed to patients 
with RA.

Keywords: apoptotic cells, rheumatoid arthritis, collagen-induced arthritis, macrophages, regulatory T  cells, 
efferocytosis, cell-based therapy, biologic DMARD

iNTRODUCTiON

Apoptotic cells, at least at their early stage, possess immunomodulatory properties [please refer 
to recent reviews (1, 2)]. These cells are generated by a process called apoptosis (primarily termed 
programmed cell death), initially defined on morphological features (3). Today, apoptotic cells can 
be characterized at different levels by biochemical and genetic methods (4). Different forms of cell 
death have been identified so far (4). Early-stage apoptotic cells, as defined in this review, correspond 
to cells characterized in vitro (i.e., before in vivo administration) that express phosphatidylserine 
(PtdSer) at their cell surface and keep the ability to exclude vital dyes [propidium iodide (PI) or 
7-aminoactinomycin D (7-AAD)]. This exclusion means that these early-stage apoptotic cells con-
serve their cell membrane integrity. Exposure of PtdSer on the surface of early-stage apoptotic cells 
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allows their rapid removal by macrophages (5), thus preventing 
apoptotic cell “explosion” and the release of pro-inflammatory 
factors. At steady state, efficient apoptotic cell clearance by 
macrophages (a process called efferocytosis) has been shown to 
limit subsequent immune responses. Initially, this clearance of 
apoptotic cells by macrophages has been identified using apop-
totic thymocytes (6). This observation has been then extended by 
Savill and colleagues to the removal of apoptotic neutrophils (7). 
This seminal work serves as a basis to explain later on, the resolu-
tion of inflammation (8). These interactions of apoptotic cells 
with monocytes or macrophages are associated with a decreased 
capacity to produce pro-inflammatory cytokines together with 
the ability to produce anti-inflammatory factors. This has been 
reported at the end of the nineties (9), and this process is now 
called macrophage reprogramming. For timelines of the history 
of apoptosis in inflammation, readers can refer to two recent 
reviews (10, 11). In contrast, altered efferocytosis has been associ-
ated with autoimmune diseases. For instance, a deficiency in the 
last step of efferocytosis, namely the digestion of apoptotic cell 
materials by macrophages (i.e., a defect in intracellular DNase II),  
has been shown to be responsible for a polyarthritis syndrome 
similar to rheumatoid arthritis (RA) (12). Based on their immu-
nomodulatory properties, early-stage apoptotic cells have been 
used to prevent unwanted inflammatory responses in different 
experimental models of autoimmune diseases or transplantation 
[for a recent review, please refer to Ref. (2)]. Hence, preven-
tion of arthritis by early-stage apoptotic cell injection has been 
reported in different mouse and rat models (13–15). Moreover, 
this approach of apoptotic cell infusion has been shown to be 
feasible without any toxicity in patients undergoing allogeneic 
hematopoietic cell transplantation (16). However, whether early-
stage apoptotic cell infusion can be used to treat ongoing inflam-
matory disorders has not been reported extensively. Xenogeneic 
human apoptotic cell administration 3 days after sepsis initiation 
in mouse models stimulates the resolution of acute inflammation 
(17). This therapeutic effect of apoptotic cell infusion in sepsis has 
been confirmed in lipopolysaccharide-induced endotoxic shock 
as well as in cecal ligation and puncture sepsis (18). Furthermore, 
donor apoptotic cell infusion can interfere with acute graft rejec-
tion in a mouse model of allogeneic cardiac transplantation (19). 
Recently, we have provided evidence that apoptotic cell infusion 
is able to control, at least transiently, ongoing collagen-induced 
arthritis (CIA) (20). Interestingly, the efficacy of this approach is 
not altered by the association with two standard treatments of RA, 
methotrexate (MTX) and tumor necrosis factor (TNF) inhibition 
(20). Here, in the light of these observations and recent data of 
the literature, we discuss the mechanisms of this therapeutic 
approach and how it can be transposed to patients with RA.

CURReNT KNOwLeDGe iN RA 
PATHOPHYSiOLOGY AND THeRAPeUTiC 
APPROACHeS

Rheumatoid arthritis is an autoimmune disorder characterized 
by a chronic inflammation of the synovial joints leading to the 
destruction of cartilage, bone, and ligaments (21). However, RA is 

a heterogeneous syndrome as attested by genetic studies (22, 23).  
The pathophysiology of RA implicates several immune cell sub-
sets belonging to both innate (e.g., neutrophils, macrophages) 
and adaptive immunity (i.e., T and B cells). At the inflammatory 
site, the synovial lining becomes thickened due to an infiltra-
tion of macrophages and the proliferation of resident synovial 
fibroblasts (also called fibroblast-like synoviocytes). At the end of 
the eighties, massive infiltration of neutrophils and macrophages 
was reported in the joints of patients suffering from acute sterile 
arthritis, among whom RA patients (7). These data serve as 
a basis for our current understanding of the resolution step of 
inflammation and identify neutrophils and macrophages as key 
players in RA pathogenesis. While the exact etiology of RA is still 
unknown, macrophage activation leading to local inflammatory 
cytokine secretion in the joints can be considered as one of these 
etiologies (12). Therapeutic approaches triggering these inflam-
matory cytokines (i.e., TNF-α, IL-1β, or IL-6) have been used to 
treat RA patients (24, 25). Despite recent significant advances in 
the characterization of monocyte and macrophage subsets, the 
origin of macrophages infiltrating or present in the joint remains 
to be explored in RA (26). Indeed, the origin of joint macrophages 
(tissue-resident versus derived from blood Ly6Chigh monocytes) 
depends on the considered arthritis models (26). Recently, it has 
been shown that neutrophils may participate in RA pathophysiol-
ogy through the formation of neutrophil extracellular traps (NET), 
which consist of DNA fibers associated with a large amount of 
antimicrobial peptides (e.g., LL37) and nuclear proteins (e.g., high 
mobility group box-1). This has been reported in RA, as well as 
in experimental models such as CIA (27–29). Formation of NET 
by neutrophils during arthritis provides a pro-inflammatory loop 
via the secretion of pro-inflammatory cytokines (28). Dendritic 
cells (DC)—both conventional DC (cDC) and plasmacytoid DC 
(pDC)—may also play a role in RA pathophysiology. For instance, 
pDC are present in the synovial fluid of RA patients (30–32). Pro-
inflammatory pDC aggravates ongoing CIA (33). Activation of 
cDC by NET may be also involved in arthritis pathogenesis (29). 
Pathogenic CD4+ helper T (Th) and cytotoxic CD8+ T cells have 
been also implicated in RA, while the exact target of these cells 
has not been fully characterized. However, autoreactive CD4+ 
T cells specific to citrullinated epitopes with a memory and/or 
effector phenotype have been identified in some RA patients (34). 
Concerning CD8+ T  cells, Epstein–Barr virus (EBV)-derived 
antigens can be targeted antigens in RA since high expression of  
EBV markers is present in RA synovium (35). These cytotoxic 
T cells can mediate joint damage, but in all cases, inflammatory 
CD4+ Th cells are required. Both interferon-γ (IFN-γ)-secreting 
Th1 and IL-17-producing Th17  cells (36) are involved in RA 
pathogenesis. They are driven mainly by macrophage cytokines 
consisting of TNF and IL-12 versus IL-23 for Th1 and Th17 cell 
polarization, respectively (26). These two Th cell polarization 
pathways occur in the absence of adequate immune regulation, 
since an altered regulatory CD4+ T cell (Treg) response is another 
feature of RA (37). Finally, concerning B cell responses, a high 
frequency of circulating polyspecific B cell clones has been found 
in RA patients (23). However, it is unclear how such B cells con-
tribute to RA disease. The reversion of anergic autoreactive B cells 
under inflammatory conditions has been suggested to participate 
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in RA pathogenesis (23). Nevertheless, the implication of auto-
antibodies in RA pathophysiology is highlighted by the two major 
biological tests performed for RA diagnosis: rheumatoid factor 
(RF) and anti-citrullinated protein antibody (ACPA) detection 
(35). RF is involved in the formation of immune complex (IC) 
that induces complement activation responsible for its consump-
tion and generates non-resolving inflammation observed in RA 
(35, 38). Non-resolving inflammation significantly contributes 
to RA pathogenesis (38). Citrullinated proteins result from 
arginine-containing proteins modified by deimination mediated 
by intracellular enzymes, called peptidyl-arginine deiminases. 
NET produced by neutrophils can be an additional source of 
citrullinated autoantigens (28, 39). These resultant citrullinated 
proteins could be the antigenic component of IC driving RF pro-
duction (35) and become the targets of autoantibody responses 
(35), as well as autoreactive CD4+ T  cells (34). Furthermore, 
ACPA are T cell-dependent immunoglobulin G auto-antibodies, 
and thus, follicular helper T cells may help B cell activation in 
ACPA-positive RA (34). Thus, several immune mechanisms 
and immune cell subsets participate in RA pathophysiology and 
represent targets for therapeutic strategies, such as apoptotic cell 
infusion.

Today, no causal treatment of RA is available, since RA is 
still a chronic inflammatory disorder of unknown cause. Hence, 
there is currently no curative treatment for RA and treatment 
has to be initiated for prolonged periods of time if not for life 
(40). The European League Against Rheumatism organization 
recommends that patient starts treatment with conventional syn-
thetic disease-modifying anti-rheumatic drugs (csDMARD) in 
combination with corticosteroids, followed by biologic DMARD 
(bDMARD) in the case of a non-response to the initial regimen 
and the presence of poor prognosis markers (41). Treatment of 
RA aims to limit disease symptoms, delay or prevent future joint 
destruction, and target low disease activity (LDA) or remission. 
According to a recent review (40), LDA is a state in which the 
progression of joint damage is minimal and physical function, 
quality of life and work capacity are preserved. Low-dose MTX is 
the traditional csDMARD administered weekly either alone, or in 
combination with corticosteroid or bDMARD. While the precise 
molecular mechanism of MTX remains to be determined, MTX 
alone has been proven safe and efficient in RA (42). However, 
nearly a quarter of patients treated with MTX have to discontinue 
their treatment because of inadequate responses, adverse effects 
(e.g., hepatic, gastrointestinal, hematological, renal, or pulmonary 
toxicity), or both (43, 44). Biologic agents targeting inflammatory 
cytokines, such as anti-TNF therapy, combined with MTX have 
significantly improved the treatment of RA (24, 40). However, 
again, some RA patients are refractory or have contraindications 
to receive these agents (44, 45). The proportion of patients who do 
not respond favorably to TNF inhibitors is estimated between 30 
and 40% (24). Only few RA patients achieve complete remission 
after such treatment (24). Moreover, adherence to treatment with 
biologic agents is moderate with only around 60% of RA patients 
respecting treatment regimens over a 1- or 2-year period (46). 
This requires frequently a switch to another form of treatment 
(40, 46). Biologic agents targeting different modes of action have 
been developed, and are now available in RA. This consists in 

TNF blocking agents, IL-6 or IL-1 inhibitors, T-cell costimulatory 
modulators, or B-cell depletion therapies (25). However, despite 
this multitude of treatments, treatment failure occurs and RA 
patients are still in need of new treatment modalities (25). Finally, 
it should be mentioned that combinations of bDMARD acting 
on different therapeutic targets (i.e., TNF, IL-6, or B cells) usually 
do not increase efficacy, but are more toxic (47). Overall, new 
therapeutic strategies are needed in RA among which cell-based 
therapies could be proposed, such as apoptotic cell infusion.

THe DiSeASe-MODiFYiNG  
ANTi-RHeUMATiC POTeNTiAL  
OF APOPTOTiC CeLL iNFUSiON

In this section, we will describe the mechanisms by which early-
stage apoptotic cell infusion may treat ongoing arthritis. Based on 
our recent data (20), we will focus on the resolution of inflamma-
tion, antigen-presenting cells (APC), including DC subsets and 
macrophages, as well as CD4+ T cell polarization. Data obtained 
using apoptotic cell infusion as prevention of arthritis (13–15, 48) 
will be also considered to shed light on these mechanisms.

Lessons from Preclinical Arthritis Models
Early-stage apoptotic cells have been injected in arthritis experi-
mental models before the disease is fully established or at time 
of immunization with the autoantigen (13–15, 48). This is not 
relevant to the clinical situation, and contrasts with our recent 
study in which early-stage apoptotic cells are infused when CIA 
reaches a clinical score of 8 out of 16 (20). Therefore, one may 
distinguish the prophylactic versus the therapeutic effect of 
apoptotic cell infusion (Table 1). To date, one limitation is that 
only one experimental model has been tested for the therapeutic 
effect (20). For the prophylactic effect, several experimental 
models have been used (13–15). These models recapitulate dif-
ferently RA pathophysiology. An absence of prevention has been 
reported in the serum transfer-induced arthritis (STIA) (13) in 
which arthritis is induced by the intraperitoneal (i.p.) injection of 
K/BxN serum in C57BL/6 mice (49) (Table 1). This STIA model 
recapitulates the effector phase of human RA, but is independent of 
the adaptive immune response (49, 50). Thus, this suggests that the 
prophylactic effect of apoptotic cell infusion modulates rather the  
adaptive immune response, such as CD4+ T  cell polarization. 
The model consisting in injecting streptococcal cell wall (SCW) in 
Lewis rats is induced by a single i.p. injection of SCW fragments 
(51). This results in a first T cell-independent phase followed by a 
chronic inflammatory phase that is T cell-dependent and associ-
ated with the production of high levels of inflammatory cytokines 
(51). This results in erosive cartilage damage in the joints (51). In 
the prophylactic approach using early-stage apoptotic cell infu-
sion, both phases were significantly reduced but the effect was 
more impressive or pronounced on the chronic phase (14). This is 
consistent with an impact of apoptotic cell infusion on inflamma-
tory cytokine secretion by macrophages affecting the first phase 
and on Treg increase modulating the second chronic phase (14) 
(Table 1). Methylated bovine serum albumin (mBSA)-induced 
arthritis in C57BL/6 mice belongs to antigen-induced arthritis. 
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TAbLe 1 | Effects (therapeutic versus prophylactic) of early-stage apoptotic cell infusion in arthritis models.

experimental 
models

effects on 
disease

Administration 
route

Characteristics of infused apoptotic 
cells

immune mechanisms Reference

CIA (DBA/1) Therapeutic i.v. Syngeneic thymocytes, 5 or 15 × 106, 
early-stage apoptotic cells (70–85% 
AxV+/7-AAD− and <10% 7-AAD+)

Pro-Treg splenic macrophages; splenic cDC and pDC 
resistant to TLR ligand stimulation—pro-Treg splenic pDC; 
induction of auto-Ag-specific Treg in the DLN; reduction of 
pathogenic anti-collagen auto-Abs; depend on TGF-β

Bonnefoy 
et al. (20)

CIA (DBA/1) Prophylactic i.v. or i.p. Syngeneic thymocytes, 2 × 107 (total 3 
consecutive days), early-stage apoptotic 
cells (mean: 43% of AxV+ and <5% PI+)

IL-10-producing splenic and PLN CD4+ T cells; reduction 
of IFN-γ secreting CD4+ T cells; IL-10-producing MZB cells; 
reduction of pathogenic anti-collagen auto-Abs

Gray  
et al. (13)

STIA 
(C57BL/6)

No effect i.v. or i.p. Same as above No prophylactic effect but T cell-independent model (50) Gray  
et al. (13)

SCW (Lewis 
rats)

Prophylactic i.p. Mouse thymocytes, 2 × 108, early-stage 
apoptotic cells (90–95% AxV+/7-AAD−)

Decrease of peritoneal macrophage pro-inflammatory 
response (tumor necrosis factor); increase of blood and DLN 
Treg; depend on TGF-β

Perruche 
et al. (14)

mBSA 
(C57BL/6)

Prophylactic i.v. Syngeneic thymocytes, 3 × 107, 3 
consecutive days, early-stage apoptotic 
cells (60–80% AxV+/PI−)

Decrease of DLN Th17, but not Th1 cells; increase of DLN 
IL-10-producing T cells; IL-10-producing MZB cells; depend 
on natural IgM

Notley 
et al., 2011 
(15)

mBSA 
(C57BL/6)

Prophylactic i.v. Syngeneic DC, 2 × 107, 3 consecutive 
days, early-stage apoptotic cells (60–75% 
AxV+/PI− and 8–11% PI+)

Activated apoptotic cells induce IL-6 and prevent TGF-β-
mediated prevention of arthritis

Notley 
et al., 2015 
(48)

7-AAD, 7-aminoactinomycin D; Ab, antibody; Auto-Ag, autoantigen; AxV, annexin-V; cDC, conventional DC; CIA, collagen-induced arthritis; DC, dendritic cell; DLN, inguinal draining 
lymph node; i.p., intraperitoneal; i.v., intravenous; mBSA, methylated bovine serum albumin; MZB, marginal B cells; pDC, plasmacytoid DC; PI, propidium iodide; PLN, peripheral 
lymph node; SCW, streptococcal cell wall; STIA, serum transfer-induced arthritis (i.e., intraperitoneal injection of K/BxN serum in C57BL/6 mice) (49); TLR, toll like receptor;  
Treg, regulatory CD4+ T cells.
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apoptotic cell uptake and stimulate the resolution of inflamma-
tion with a decrease of pro-inflammatory cytokines (Figure 1). 
Macrophage reprogramming following efferocytosis stimulates 
anti-inflammatory factors (e.g., TGF-β or IL-10) and reduces the 
pro-inflammatory ones (e.g., TNF or IL-1β) (9). The importance 
of anti-inflammatory cytokines, such as TGF-β (14, 20, 48) 
and IL-10 (13, 15), was shown in the prevention or treatment 
of experimental arthritis (Table  1). In addition, reduction of 
TNF after apoptotic cell infusion in the SCW model has been 
also reported (14) (Table 1). In the therapeutic approach using 
intravenous (i.v.) apoptotic cell infusion, macrophages sorted 
from the spleen [i.e., the main site where blood-borne apoptotic 
cells are eliminated (53, 54)] induce the polarization of naive 
CD4+ T cells toward a Treg phenotype. Altogether, this sustains 
our initial hypothesis.

Now, we want to discuss the implications of macrophages 
in the beneficial effects of apoptotic cell infusion in the light of 
recent data from the literature. The critical macrophage subset 
for this beneficial effect can be: (i) splenic macrophages, as 
identified after i.v. apoptotic cell infusion (20), (ii) peritoneal 
macrophages, as shown after i.p. apoptotic cell infusion (14), or 
perhaps (iii) macrophages present in the joint (Figure 1). This 
may concern tissue-resident macrophages or monocyte-derived 
macrophages (26) (Figure 1).

Splenic Macrophages
Professional circulating phagocytes, and in particular monocyte-
derived macrophages, are guided by “find-me” signals released 
by dying cells in order to remove apoptotic cells (55). But here, 
in the case of apoptotic cell infusion to prevent or treat arthritis, 
injections have been performed, not in the joint, but at distant 

In this model, arthritis results from IC-mediated inflammation 
followed by articular T  cell-mediated responses. However, this 
model does not recapitulate the endogenous breach of tolerance 
that is typical of RA pathogenesis. This represents a limitation 
in applicability to RA (50). The prophylactic effect of apoptotic 
cell infusion has been observed in this model (15, 48) (Table 1). 
This effect is dependent on natural IgM and IL-10 secretion (15). 
Finally, the CIA model in DBA/1 mice has been used to evaluate 
the prophylactic and therapeutic effect of apoptotic cell infusion 
(13, 20) (Table  1). This mouse model shares with human RA 
several clinical (i.e., erythema and edema), histopathological 
(i.e., synovitis, pannus formation, cartilage, and bone erosion), 
as well as immunological features (51). These features consist 
in the breach of tolerance with the implication of pathogenic 
T cells associated with the production of inflammatory cytokines  
(e.g., TNF), as well as the production of auto-antibodies against 
self-antigens and collagen (50). Some drawbacks have been evoked 
for this CIA model. The main drawback is that CIA constitutes only 
an acute model in contrast to the SCW model (52). Nevertheless, 
all these models are relevant to some features of RA (49–51), 
and most of them have been used to test drugs now in clinical 
development for RA (51). Now, we will highlight some immune 
mechanisms (Figures 1A–C) and propose future investigations.

effects on Macrophages and Resolution  
of inflammation
One of our hypotheses concerning the use of early-stage apop-
totic cell infusion to treat ongoing arthritis was that reintroducing 
apoptotic cells in a context of non-resolving inflammation—a key 
feature in RA (38)—may force macrophage reprogramming after 
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FiGURe 1 | Continued

sites, either i.v. (13, 15, 20) or i.p. (13, 14) (Figure 1). The spleen 
is the main blood filter (53, 54), and marginal zone macrophages 
of the spleen are specialized in the uptake of blood-borne 
apoptotic leukocytes (56). Thus, how can splenic macrophages 
act on the inflamed joint? First, it can occur by the release of 

anti-inflammatory cytokines that exert a systemic effect affecting 
inflamed joints (Figure 1A). Alternatively, immune cells gener-
ated in the spleen (e.g., Treg) may migrate to the inflamed joints 
and limit/control inflammation (Figure 1A). Second, the spleen 
is a site of immune tolerance induction and can be alerted—or 
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FiGURe 1 | Continued  
Potential immune mechanisms induced by early-stage apoptotic cell infusion in arthritis. Apoptotic cells are infused by two routes: the intravenous (i.v.) and the 
intraperitoneal (i.p.) routes. (A) Apoptotic cells infused intravenously are certainly eliminated by the spleen, and more specifically marginal zone (MZ) macrophages 
(MZMφ). Splenic Mφ plays a critical role in the effect of i.v. apoptotic cell infusion. These cells may act on inflamed joint by soluble factors (e.g., IL-10 or TGF-β), the 
generation of peripheral regulatory CD4+ T cells (pTreg) that migrate to the inflamed joints. Alternatively, the immunosuppressive mechanisms identified in the spleen 
(pro-Treg pDC, anti-inflammatory Mφ or pTreg) can reflect the transfer of tolerance generated in the joints by apoptotic cells to the spleen. Apoptotic materials, such 
as apoptotic-derived microvesicles (Apo-MVS) have been proposed to mediate this transfer of tolerance from peripheral tissues to the spleen. Finally, splenic Mφ 
may imprint local joint phagocytes via the release of insulin-like growth factor (IGF)-1 and macrophage-derived microvesicles (Mφ-MVS). (b) Apoptotic cells injected 
intraperitoneally can be eliminated by peritoneal Mφ. These cells may migrate to lymph nodes, including mesenteric lymph nodes, and maybe, inguinal draining 
lymph nodes to stimulate the generation of pTreg. This migration may be guided by the CXCR4/CXCL12 axis. Peripheral Treg generated in the draining lymph nodes 
are able to reach inflamed joints. (C) Infused apoptotic cells may reach the inflamed joints, and be eliminated by local joint Mφ. These Mφ can be either tissue-
resident Mφ (TR-Mφ) that have colonized the joints during embryogenesis or blood monocyte-derived Mφ (Mono-Mφ) that have migrated in response to 
inflammatory signals. The uptake of apoptotic cells by these joint Mφ may be responsible for Mφ reprogramming, that corresponds to the capacity to produce 
anti-inflammatory factors (e.g., IL-10, TGF-β, or pro-resolving lipid mediators) and lose their ability to secrete pro-inflammatory cytokines [i.e., tumor necrosis factor 
(TNF), IL-1β or IL-6]. Non-professional phagocytes, such as osteoclasts (ost.) or synovial fibroblasts (S.F.) may also remove apoptotic cells. Deleterious effectors 
(TNF, Mφ, osteoclasts, synovial fibroblasts, Th1, or Th17 cells) of arthritis present in the inflamed joints are written in red font, while factors or effectors triggered by 
apoptotic cell infusion are written in green font. Dotted arrows correspond to hypotheses, whereas solid arrows represent data obtained in experimental arthritis 
models. For references, see the text.
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affected—via apoptotic “remnants” (including apoptotic cells, or 
apoptotic materials, such as apoptotic bodies or microvesicles) 
(54) released by distant tissues during normal cell turn-over (54). 
This transfer of tolerance from peripheral tissues to the spleen 
exists also under chronic inflammatory conditions (54). When 
the functions of splenic macrophages were assessed ex vivo after 
i.v. infusion of apoptotic cells in the setting of arthritis models 
(20), it is possible that we measured the consequence (i.e., the 
transfer of tolerance from the joint to the spleen) and not the 
cause of clinical improvement. Third, based on data obtained 
in the lungs (57, 58), splenic macrophages phagocyting infused 
apoptotic cells may release insulin-like growth factor-1 (IGF-1) 
and macrophage-derived microvesicle (Mφ-MVS) (57) targeting 
joint-infiltrating immune cells. Extracellular vesicles emitted by 
macrophages have been shown to export an anti-inflammatory 
signal to distant cells (58). It remains to be determined which 
one of these three hypotheses (Figure 1A) is responsible for the 
beneficial effect in arthritis models.

Peritoneal Macrophages
Peritoneal macrophages are affected by i.p. infusion of early-stage 
apoptotic cells in the SCW (14) or the CIA (13) model (Table 1). 
Recently, it has been reported that macrophages phagocyting 
apoptotic cells acquire CXCR4 expression and the capacity to 
migrate in response to CXCL12 (59). This may explain the migra-
tion of the so-called “satiated” macrophages to draining lymph 
nodes after efferocytosis (60). This corresponds to an additional 
mechanism to export the anti-inflammatory response from tissues 
where cells die to draining lymph nodes and to participate to the 
maintenance of tolerance. It remains to be determined whether 
peritoneal macrophages migrate to draining lymph nodes in the 
setting of arthritis treatment by apoptotic cell infusion, and if they 
are then responsible for the modulation of T cell subsets in these 
lymph nodes. In support of this hypothesis, several modifications 
of T  cell subsets in inguinal draining lymph nodes have been 
reported in arthritis models (13–15, 20) (Table 1; Figure 1B).

Joint Macrophages
In steady state, tissue-resident macrophages are the predominant 
phagocyting cells in the different tissues analyzed (i.e., the bone 

marrow, spleen, intestine, liver, and the interstitial space of the 
lungs) (61). This may be related to the expression of an enzyme 
called, 12/15-Lipoxygenase (12/15-LOX), expressed by tissue-
resident macrophages that confines apoptotic cell removal by 
these resident macrophages and blocks apoptotic cell uptake 
by inflammatory Ly6Chigh monocyte-derived macrophages (62). 
This mechanism may be responsible for the non-immunogenic 
removal of apoptotic cell-derived antigens in steady state (62). 
The anti-inflammatory phenotype imprinted by apoptotic cell 
phagocytosis in resident macrophages is only partially preserved 
across the different tissues analyzed (61). Thus, based on this 
elegant study (61), it is not possible to predict the consequences 
for joint-infiltrating or joint-resident macrophages under 
inflammatory conditions. The origin of macrophages present in 
inflamed joint (tissue-resident versus derived from monocytes) 
has not been deciphered to date (26). Whatever the origin of 
joint macrophages contributing to apoptotic cell clearance in 
the therapeutic effect of early-stage apoptotic cells (Figure 1C), 
one may imagine that some mechanisms described for splenic 
or peritoneal macrophages (Figures 1A,B) may occur. Although 
the anti-inflammatory response imprinted by apoptotic cell 
phagocytosis in macrophages in steady state is partially preserved 
across the different tissues analyzed (61), one may postulate that 
certain mechanisms may be conserved, such as macrophage 
reprogramming associated with cytokine secretion. Indeed, the 
downregulation of Il1b transcripts in phagocyting macrophages 
has been found in all tissues analyzed so far (61). Nevertheless, 
this remains to be determined specifically in the inflamed joints.

The implication of 12/15-LOX in joint macrophages after 
apoptotic cell infusion is relevant in arthritis. Indeed, the expres-
sion of 12/15-LOX is not always confined to tissue-resident 
macrophages (63). While this observation is true during steady 
state, other macrophage subsets, in particular monocyte-derived 
macrophages, may acquire 12/15-LOX expression in response to 
cytokines (63) or after interactions with apoptotic cells (60, 63, 64).  
This is the case of the so-called “alternatively activated” M2 mac-
rophages that express 12/15-LOX in response to the triggering 
of the IL-4 receptor-α signaling pathway, common to both IL-4 
and IL-13 (63). An increase in Alox15 (i.e., the gene encoding 
12/15-LOX) mRNA expression in macrophages during the 
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resolution phase of inflammation has been reported in zymosan-
induced peritonitis (65). Furthermore, CD11blow “satiated”  
(i.e., apoptotic cell ingesting) macrophages derived from mono-
cytes have been also shown to express high levels of 12/15-LOX 
and to possibly promote efferocytosis by the production of pro- 
resolving lipid mediators, such as resolvin D1 (RvD1) (60). 
Interestingly, the induction of Alox15 mRNA has been detected 
in the synovial tissue of inflamed joints of arthritic mice both in 
STIA (66) and CIA (67) models. The study of the kinetics of Alox15 
mRNA expression in the inflamed limbs is highly interesting, 
since Alox15 mRNA transcripts increase during the CIA induc-
tion phase, returns to basal levels during the inflammatory phase, 
and then increase again during the resolution phase (67). This 
supports an acquisition of 12/15-LOX by macrophages during 
the resolution phase of inflammation (65), possibly after effero-
cytosis (60, 64). Moreover, increased LOX-15 mRNA expression 
was found in synovial tissues of RA patients (68). The enzyme 
12/15-LOX is the murine ortholog of human 15-LOX (63). These 
enzymes—human 15-LOX and mouse 12–15/LOX—mediate the 
oxidation of unsaturated fatty acids. Depending on its substrate 
(e.g., arachidonic, docosahexaenoic, or linoleic acid), 12/15-LOX 
generates different key lipid products with anti-inflammatory and 
pro-resolution properties, such as resolvins, protectins, or lipoxins 
(63, 69). Lipoxin A4 (LXA4) plays a major role in the resolution of 
inflammation mediated by 12/15-LOX in experimental arthritis 
(66, 67). Overall, this suggests that 12/15-LOX is expressed in 
inflamed joints during arthritis and that this enzyme present in 
joint macrophages may exert an anti-inflammatory role via the 
synthesis of pro-resolving lipid mediators (e.g., RvD1 or LXA4). 
One can hypothesize that this mechanism may participate in the 
local therapeutic effect after apoptotic cell infusion.

Non-Professional Phagocytes
Apoptotic cells can be eliminated by several subsets of phago-
cyting cells, including professional, but also non-professional 
phagocytes (70). The involvement of these phagocytes appears 
again to be tissue-dependent. For instance, five different profes-
sional phagocyte subsets (i.e., macrophages and DC subsets) have 
been recently identified in the intestine (71). Each professional 
phagocyte subset is dedicated to a specific task (71). Macrophage 
subsets phagocyting apoptotic intestinal epithelial cells exert 
an anti-inflammatory response, while CD103+ cDC are rather 
dedicated to drive peripheral Treg (pTreg) in the draining mesen-
teric lymph nodes (71). However, non-professional phagocytes, 
mainly epithelial cells, are also important to control apoptotic 
cell-induced inflammatory responses in the intestine (72) or in 
the airway (57). In this latter site, non-professional phagocytes 
(i.e., airway epithelial cells) are controlled by factors released by 
alveolar macrophages, including IGF-1 and Mφ-MVS (57). Thus, 
an interaction exists between different phagocytes, and thus, 
macrophages may affect non-professional phagocytes present in 
the joint when arthritic animals are treated by early-stage apop-
totic cell infusion. Among the potential non-professional phago-
cytes present in the joint (Figure  1C), synovial fibroblasts can 
be considered as a candidate since fibroblasts are able to uptake 
apoptotic cells (73) and rabbit synovial fibroblasts have been 
reported to ingest latex beads in culture (74) or uptake soluble 

antigen when infused intravenously at high concentrations (75). 
Osteoclasts are another possibility of non-professional phago-
cytes for several reasons: (i) elevated osteaclast activities have been 
observed in RA patients (76); (ii) dead cells are found engulfed 
by osteoclasts in vivo (77); and (iii) osteoclasts are well capable of 
ingesting apoptotic thymocytes in vitro (78) (Figure 1C).

The immune consequences of apoptotic cell removal by non-
professional phagocytes depend on the phagocytes considered. 
Apoptotic cell removal by non-professional phagocytes is usually 
slower than removal by professional phagocytes, and particularly 
macrophages. It requires apoptotic cells at a more advanced stage 
than early-stage apoptotic cells, and may be limited to subcellular 
fragments rather than the whole dying cell (73). In certain set-
tings, pro-inflammatory chemokines (e.g., MCP-1) are released 
by these non-professional phagocytes, leading to inflammatory 
monocyte recruitment (73). In contrast, in other tissues, neigh-
bor non-professional phagocytes participate efficiently in the 
control of inflammation after apoptotic removal (57, 72). Thus, 
the role of synovial fibroblasts and/or osteoclasts in the beneficial 
effect of apoptotic cell infusion has to be studied in the setting of 
experimental arthritis models.

Genetic manipulation of non-professional phagocytes (i.e., epi-
thelial cells) (72) attenuates inflammation in vivo at least in the 
intestine. This was performed in a non T cell-dependent disease, 
namely dextran sodium sulfate-induced colitis (72). Even if 
genetic manipulation is not easily transposable from experimen-
tal models to patients, this approach (72) does not appear to be 
appropriate since data obtained in STIA—a T cell-independent 
disease (50)—show that apoptotic cell infusion is inefficient to 
prevent this disease.

effects on DC
Here, the interactions of apoptotic cells with cDC and pDC in the 
settings of arthritis will be discussed. The implication of pDC after 
i.v. apoptotic cell infusion has been initially shown in the bone 
marrow transplantation (BMT) model (79), and found again in 
the CIA model with the capacity of ex vivo sorted splenic pDC 
(20) to generate pTreg (Table 1; Figure 1A). Data on the interac-
tions of early-stage apoptotic cells and pDC are certainly easier to 
interpret than data on cDC. cDC represent different heterogene-
ous cDC subsets (80), and tools used so far to analyze the impact of 
apoptotic cell infusion on cDC functions do not allow researchers 
to separate each subset. For instance, in CD11c/diphtheria toxin 
(DT) receptor (DTR) transgenic mice, all CD11chigh cells are 
depleted after DT infusion (81). These CD11chigh cells consist 
of cDC (81), but also of other APC subsets having the ability to 
eliminate apoptotic cells, such as marginal zone and metallophilic 
macrophages in the spleen (82), sinusoidal macrophages in the 
lymph node (82), or alveolar macrophages (83). In contrast, pDC 
have been shown to be spared by depletion after DT administra-
tion in CD11c/DTR mice (79). It is known that depending on the 
considered cDC subsets, the response against apoptotic cells can 
be the opposite, with splenic lymphoid-resident cDC implicated in 
tolerance induction (73) while a particular subset of cDC localized 
at barrier surfaces (e.g., the intestine, the lungs, and the skin) boosts 
inflammatory responses via a PtdSer receptor CD300a (84). Thus, 
the role of cDC in the therapeutic effect of apoptotic cell infusion 
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in the setting of arthritis has to be further explored. Nevertheless, 
in the therapeutic approach using the CIA model, we observed 
that the addition of anti-TNF therapy to apoptotic cell infusion is 
able to generate ex vivo sorted splenic CD11c+ cDC stimulating 
the polarization of Treg (20). The activation of draining lymph 
node cDC by NET exacerbated Th1-, but not Th17-, mediated 
autoimmune responses in CIA (29). This was confirmed in vitro by 
the maturation of human monocyte-derived DC or mouse bone 
marrow-derived DC in response to NET isolated from CIA mice 
or RA patients, respectively (29). Interestingly, it was reported that 
apoptotic cell clearance by neutrophils reduced NET formation 
(85). Apoptotic cell infusion may, therefore, limit cDC activation 
and subsequent Th1 responses by limiting NET formation.

effects on CD4+ T Cell Polarization
One of the salient consequences following apoptotic cell clear-
ance is the induction of pTreg. This has been demonstrated 
after i.v. apoptotic cell infusion (86) or local apoptotic death of 
epithelial cells (87). The increase of Treg in the spleen follow-
ing i.v. apoptotic cell infusion has been shown to require TGF-β  
(79, 86), splenic macrophages, and donor pDC in the setting 
of BMT (79). TGF-β is also required for Treg polarization after 
intestinal epithelial cell apoptosis (87). In arthritis models, the 
induction of pTreg after apoptotic cell infusion is also TGF-β-
dependent (14, 20) (Table 1; Figures 1A,B). In the therapeutic 
CIA model, we took advantage of the presence of an infectious 
antigen, Mycobacterium tuberculosis (MBT), mixed with col-
lagen in the complete Freund’s adjuvant used for the induction 
of arthritis, to analyze T cell responses against another antigen 
than the autoantigen (i.e., bovine type II collagen). In contrast 
to the response observed with collagen, a similar cell prolifera-
tion against MBT antigen is found between cells from apoptotic 
cell-treated and untreated CIA mice. Moreover, the suppressive 
activity of Treg sorted from apoptotic cell-treated arthritis mice is 
restricted to collagen and not extended to MBT (20). This strongly 
demonstrated that the infusion of apoptotic cells allows the induc-
tion of pTreg in vivo with an antigenic specificity restricted to the 
collagen autoantigen. The same effect (i.e., induction of autoan-
tigen-specific pTreg but not infectious antigen-specific Treg) has 
previously been reported in a similar therapeutic approach based 
on to the in vivo generation of apoptosis (88). Further works are 
necessary to explain why apoptotic cell infusion favors the induc-
tion of autoantigen-specific Treg. Nevertheless, other teams have 
reported the induction of IL-10-dependent Treg (13, 15) after 
the prophylactic infusion of apoptotic cells in arthritis models. 
Thus, this confirms the induction of pTreg after apoptotic cell 
infusion and may explain the anti-inflammatory effect in the joint 
whatever the administration route since the generated pTreg may 
migrate to inflamed joints.

Concerning safety reasons, one has to evoke the high plasticity 
of CD4+ T cells, and in particular, pTreg that have in common 
with pro-inflammatory Th17  cells the requirement of TGF-β  
(36, 89). Apoptotic cell-induced pTreg polarization can be 
influenced by a simultaneous microbial infection providing IL-6 
necessary for Th17 differentiation. The coincident production of 
IL-6 and TGF-β in response to bacteria and apoptotic epithelial 
cell death, during orogastric bacterial infection, leads to the 

generation of both bacteria-specific and autoreactive Th17 cells 
(87, 90). Similarly, the production of IL-6 together with TGF-β 
has been shown when “activated” apoptotic cells or apoptotic cells 
containing high amounts of demethylated DNA have been infused 
in mBSA arthritis model instead of “resting” apoptotic cells rather 
containing methylated DNA (48, 91). In the same model, the 
infusion of “resting” apoptotic thymocytes decreases Th17 cells in 
the inguinal draining lymph nodes (15). This dichotomy between 
anti-inflammatory pTreg and pro-inflammatory Th17  cells is 
not so simple, since different Th17  cell subsets have been now 
described including pro-inflammatory and anti-inflammatory 
Th17 cells (89). To date, these subsets have not been studied in 
the settings of apoptotic cell infusion.

Perspectives and Considerations for 
Therapeutic Apoptotic Cell infusion
Here, we will evoke the clinical perspectives of apoptotic cell 
infusion. This is based on the preclinical data (Table  1), but 
also on data obtained in the field of cancer research. There is 
an extensive literature on the immunomodulation by dead and 
dying cells in the setting of cancer (92). We propose to discuss 
the critical points to achieve a beneficial therapeutic effect (73). 
These are the following: (i) peripheral blood leukocytes are the 
easiest and major source of apoptotic cells to consider in human 
settings, while apoptotic cells used in the preclinical studies were 
other apoptotic leukocytes [i.e., thymocytes (13–15, 20) or DC 
(48), Table 1] from a practical point of view. In RA patients, cyta-
pheresis has to be considered to achieve a sufficient number of 
apoptotic cells as it has been done in the clinical trial in the setting 
of hematopoietic cell transplantation (16). The highest number of 
apoptotic leukocytes planned to be infused is 210 million of cells 
per kilogram. This will require to pool two sequential cytapher-
eses. Donor-derived apoptotic cells (i.e., allogeneic cells) will not 
be considered in the first instance for ethical/regulatory purposes; 
patient (i.e., syngeneic) apoptotic leukocytes are considered as 
a cell-based product by the French regulatory agency, while 
apoptotic cells from healthy volunteers correspond to advanced 
therapy medicinal products. Nevertheless in experimental mod-
els, prevention of arthritis is observed independently of the apop-
totic cell origin (i.e., syngeneic, allogeneic, or even xenogeneic) 
(2); (ii) a tolerogenic signal inducing early-stage apoptotic cells, 
that is, leukocytes stained by annexin-V but little or no staining 
with PI or 7-AAD dyes (Table 1). These stimuli correspond to 
γ- or ultraviolet B (UVB)-irradiation (73, 93). Stimuli inducing 
apoptotic cell death have been particularly studied in the field 
of cancer research in order to generate immunogenic dying 
tumor cells to favor tumor rejection. A recent study performed 
in vivo using melanoma cells is particularly informative on these 
stimuli (93). The authors have compared three different apoptotic 
signals and have confirmed that UVB-irradiation generates non- 
immunogenic apoptotic cells. Furthermore, the authors have 
identified that the production of IL-27 and IL-1α by bone  
marrow-derived macrophages after in  vitro incubation with 
apoptotic tumor cells predicts immunogenicity. In addi-
tion, this work shows that primary necrotic cells induced by 
tuberculosis-necrotizing toxin in vivo are also non-immunogenic 
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(93). This confirms that necrotic cells induced by a repeated 
freeze/thaw procedure or obtained by incubating apoptotic cells 
for 24 h before infusion are very poor inducers of CD8+ T cell 
responses in  vivo (94). The immunogenicity of necrotic cells 
remains, however, a matter of debate (92) that we do not want 
to comment further here; (iii) one infusion appears sufficient 
whereas multiple infusions may expose to a risk of immunization 
against apoptotic cell-derived antigens (95), as discussed in Ref. 
(92). The question arises as to how long the therapeutic effect 
will last. In the CIA model, the therapeutic effect of early-stage 
apoptotic cell infusion is transient but prolonged when associ-
ated with anti-TNF therapy (20). Only clinical studies will allow 
to answer to this question; and (iv) a systemic administration 
route can be considered while local administration is also pos-
sible. In experimental arthritis models, two distinct systemic 
routes of administration [i.e., i.p. (13, 14) versus i.v. (13, 15,  
20, 48)] have been tested with a similar efficacy (Table 1). However, 
no local administration has been evaluated so far. Another lesson 
coming from cancer research on dying/dead cells is the ability 
of apoptotic tumor cells to stimulate the proliferation of nearby 
viable tumor cells (96, 97). This apoptotic cell-mediated prolifera-
tion is not restricted to tumor cells (98). Relevant to the present 
review, primary human synovial fibroblasts isolated from knee 
joints of RA patients are also able to proliferate in vitro when these 
fibroblasts are in close contact with apoptotic tumor cells (97). 
Considering the therapeutic use of apoptotic cell infusion, it is, 
however, reassuring to see that when the number of apoptotic 
tumor cells is increased, the proliferative effect is limited (97). The 
percentage of infused early-stage apoptotic cells planned to be 
infused to RA patients is higher than 50%. However, one has to be 
cautious on this apoptosis-induced proliferative effect, since it is 
mainly mediated by a soluble factor, the nucleoside inosine (97).

Finally, one has to remain cautious, since a different effect 
can be obtained depending on the infusion of “resting” versus 
“activated” apoptotic CD11c+ cDC (48). This may be related to 
the methylation status of DNA from apoptotic cells (91). This 
work found that, as apoptotic cDC, apoptotic CD4+ T cells from 
RA patients exhibit a DNA demethylated status, suggesting 
a pro-inflammatory effect after infusion associated with IL-6 
secretion (91). Whether this may impact on the therapeutic 
efficacy of apoptotic cell infusion remains to be determined.  
We used apoptotic splenic cells from arthritic mice (i.e., con-
taining multiple activated leukocytes) in the therapeutic CIA 
model, and we observed the same effects as apoptotic thymocytes 
(Bonnefoy F., Perruche S., unpublished results). An additional 
security can be also provided by the addition of csDMARD, such 
as low-dose MTX or bDMARD, such as TNF inhibitors. Indeed, 
these treatments do not inhibit the beneficial therapeutic effects of 
apoptotic cell infusion (20). MTX (at high-dose) has been also 
used as prophylaxis of graft-versus-host disease in the clinical trial 
testing the effects of donor early-stage apoptotic cell infusion (16). 
This confirms our experimental data in CIA: MTX does not affect 
the therapeutic effect of apoptotic cell infusion, and allows to pre-
serve its beneficial effect on collagen (autoantigen)-specific Treg 
(20). In addition, the capacity of splenic pDC and macrophages 
to induce ex vivo pTreg polarization is not inhibited by MTX (20). 
Thus, MTX can be continued if an apoptotic cell-based therapy 

has to be proposed to patients. Compared with MTX, anti-TNF 
therapy has the advantage to synergize with apoptotic cell infusion 
to control ongoing arthritis (20). However, the exact mechanism 
responsible for this synergy has not been identified (20). In the 
future, IL-6 inhibitors, such as tocilizumab, can be also envisaged 
to be associated with apoptotic cell infusion in order to prevent the 
antagonistic effect of IL-6, previously reported in mBSA-induced 
arthritis (48, 91). This can be a way to neutralize the effects of the 
methylation status of DNA from apoptotic T cells obtained from 
RA patients (91).

Apoptotic cell infusion can potentially be associated with 
corticosteroids without any risk. Indeed, corticosteroids enhance 
apoptotic cell removal by inducing the expression of the PtdSer- 
binding protein, milk fat globule-EGF factor 8 (MFG-E8) selec-
tively in human and mouse monocytes and macrophages (what-
ever their differentiation profile, M1 or M2) (99).

CONCLUSiON/CONCLUDiNG ReMARKS

Apoptotic cell infusion represents an additional potential 
bDMARD in RA, and more particularly a cell-based bDMARD. 
We plan to initiate a phase I/II clinical trial (ClinicalTrials.gov 
Identifier: NCT02903212) to achieve LDA in patients with RA 
who did not respond adequately to one previous bDMARD. 
Concerning the potential toxicity of this approach, one may 
build on the experience gained by the clinical trial performed 
in the setting of hematopoietic cell transplantation (16), but also 
those using extracorporeal photopheresis (ECP) in RA patients 
(100, 101). Even if ECP does not necessarily generate “proper/
pure” early-stage apoptotic cells (102), this treatment introduces 
high amounts of dead cells in patients and no specific toxicity has 
been reported (100, 101). The efferocytosis capacity of monocyte-
derived macrophages from 14 RA patients has been shown to be 
similar to those of healthy volunteers (103). A careful selection 
of patients should be done in order to avoid genetic alterations 
of molecules involved in efferocytosis (e.g., MFG-E8), as well as 
apoptotic cells carrying demethylated DNA (91). One advantage 
of cell-based therapies could be the adherence to treatment since 
we propose only one infusion in our clinical trial. This study is an 
opportunity to analyze in human the immune mechanisms trig-
gered by infused apoptotic cells. Furthermore, association with 
biologic agents acting on different therapeutic targets (e.g., TNF)  
appears feasible to increase efficacy without the toxicity.
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Neutrophils recognize particulate substrates of microbial or endogenous origin and 
react by sequestering the cargo via phagocytosis or by releasing neutrophil extracellular 
traps (NETs) outside the cell, thus modifying and alerting the environment and bystander 
leukocytes. The signals that determine the choice between phagocytosis and the gener
ation of NETs are still poorly characterized. Neutrophils that had phagocytosed bulky 
particulate substrates, such as apoptotic cells and activated platelets, appear to be 
“poised” in an unresponsive state. Environmental conditions, the metabolic, adhesive 
and activation state of the phagocyte, and the size of and signals associated with the 
tethered phagocytic cargo influence the choice of the neutrophils, prompting either 
phagocytic clearance or the generation of NETs. The choice is dichotomic and apparently 
irreversible. Defects in phagocytosis may foster the intravascular generation of NETs, 
thus promoting vascular inflammation and morbidities associated with diseases char
acterized by defective phagocytic clearance, such as systemic lupus erythematosus. 
There is a strong potential for novel treatments based on new knowledge of the events 
determining the inflammatory and prothrombotic function of inflammatory leukocytes.

Keywords: neutrophils, apoptosis, phagocytosis, NeTs, platelets

NeUTROPHiLS ReCOGNiZiNG PARTiCULATe SUBSTRATeS

Neutrophils activate stereotyped programs when the environment changes. As most professional 
phagocytes, they react when challenged with bulky preys. Neutrophils kill microbes via phagocytosis, 
generation of oxidant species, and activation of the cell proteolytic machinery, processes that have 
been extensively studied in the last decades. The release of neutrophil extracellular traps (NETs) 
vicariates frustrated or ineffective phagocytosis. It enhances the efficacy of the innate response coping 
with invading microbes. Moreover, NETs counterbalance microbial strategies to evade the immune 
response. NETs are large macromolecular structures that comprise neutrophil DNA, citrullinated 
histones, and an array of active proteases (1, 2). Because of the adhesive properties of nucleic acids 
and of the action in the extracellular environment of histones and of neutrophil enzymes, NETs 
contribute to the host defense against various microbial species (3). They form a three-dimensional 
template absorbing and retaining players of the humoral innate immune response, the prototypic 
long pentraxin, pentraxin 3, and complement (4–8).

Excellent recent reviews detail the mechanisms involved in the generation of NETs and we 
remand to them interested readers (3, 9–13). Of importance, NET formation and extrusion implies 
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a dramatic rearrangement of the neutrophil intracellular archi-
tecture. Chromatin decondensation is a prerequisite for NET 
assembly and depends on the citrullination of histones driven 
by the PAD4 enzyme (14, 15), by the action of DEK, a nuclear 
chromatin protein involved in epigenetic and transcriptional 
regulation (16), and by the concerted action of enzymes, which 
are partially complexed in the azurophilic primary granules, 
myeloperoxidase, and elastase. Elastase action is responsible of 
the partial proteolytic processing necessary to disrupt chromatin 
packaging (17–19). von Willebrand factor adsorbed to NETs, 
citrullinated histones, and nucleic acid negative charges concur 
to the recruitment and the activation of platelets, thus impacting 
on hemostasis and eventually favoring thrombosis. Thrombosis 
initiated by the innate immunity, also referred to as “immuno-
thrombosis,” plays an increasingly recognized role in vessel pro-
tection, limiting the intravascular growth and the hematogenic 
spread of infectious agents (5, 20–23). Conversely, endogenous 
mechanisms involving DNase1 and DNase1-like 3 control the 
thrombogenic potential of NETs in vivo, under conditions where 
microbial and sterile stimuli are responsible for the activation of 
neutrophils (24).

In this essay, we focus on neutrophils that face non-microbial 
“unconventional” particulate substrates, apoptotic cells, and 
activated platelets in particular. Non-infectious particulates do 
not usually pose a direct challenge to the integrity of the organ-
ism. However, they cause neutrophil responses surprisingly 
similar to those caused by microbes, including most notably 
phagocytosis and generation of NETs. Neutrophils avidly 
phagocytose apoptotic cells and are the prominent scavengers 
of cell remnants in biological fluids, the blood in particular, 
where they represent the counterpart of scavenger macrophages 
in solid tissues. Neutrophils that had internalized extracellular 
nuclei are referred to as “LE cells,” and they represent a virtually 
unique feature of the prototypical systemic autoimmune disease, 
systemic lupus erythematosus (SLE) (25, 26). Initially, the LE 
phenomenon was thought to reflect the lysis of a neutrophil 
lobe. In contrast, the intracellular vesicles contain entire nuclei 
that had actually been phagocytosed, transferred into the 
phagolysomes, and partially digested. Phagocytosis has been 
confirmed by flow cytometry (27, 28) and depends on factors in 
the biological fluids of patients with SLE, in particular autoan-
tibodies recognizing nuclear antigens, histones and DNA, 
and complement (25). LE cells have been originally identified 
in the bone marrow of lupus patients. They have been found 
in the blood, synovial and cerebrospinal liquids, and serosal 
effusion (25, 26). The LE phenomenon can be induced in vitro 
and, besides highlighting the importance of opsonizing signals, 
reveals that whole nuclei are frequently present in biological 
fluids. This might depend on pyroptosis, an inflammatory form 
of cell death, in which entire nuclei surrounded by the nuclear 
membrane are released together with inflammatory cytokines in 
the microenvironment (29).

Indeed cytokines and other signals important in phagocyte 
biology, including the growth factor, GM-CSF, are known to 
enhance the ability of neutrophils in the fluid phase to recognize 
and to internalize apoptotic cells (30–32). Conversely, the deple-
tion of phagocytes before sterile acute tissue injuries causes the 

accumulation of cell debris, influencing the outcome of the repair 
and the associated immune response (33, 34). Thus, neutrophils 
emerge as key players in the maintenance of tissue homeostasis 
in physiological conditions (35).

Neutrophils and platelets frequently and extensively interact 
in the peripheral blood and at sites of inflammation. Their 
cross-talk is important in the maintenance of the homeostasis. 
Platelets scan the vascular surface and collect deposited bacteria, 
boosting neutrophil activities such as NET generation (36), 
while the deregulated neutrophil–platelets interaction plays a 
role in the pathogenesis of rheumatic diseases (21, 37, 38) and 
severe sepsis (39). Platelets and neutrophils adhere and form 
heterotypic aggregates, which are found not only in the blood of 
patients with inflammatory or autoimmune diseases but also in 
the blood of patients with cancer and acute coronary syndromes 
(40). Heterotypic aggregates sustain and amplify the activation of 
platelets and neutrophils, fostering their inflammatory, antibacte-
rial, hemostatic, and pro-thrombotic actions (11). The ability to 
release cytokines, chemokines, and vasoactive molecules and 
the enhanced ability of leukocytes to extravasate and to reach 
inflamed tissues reflect the reciprocal activation of platelets and 
neutrophils (36, 41–44).

Neutrophil–platelet initial interaction depends in  vitro and 
in vivo on platelet P-selectin interaction with the PSGL1 receptor 
on leukocytes (45–49). Because of the initial tethering event, 
neutrophils redistribute their vesicular content and expose on 
the plasma membrane biologically active molecules, such as 
myeloperoxidase and tissue factor, which are normally contained 
in the granules or in the cytoplasm. Moreover, they upregulate 
the expression of phagocyte β2 integrins that are transactivated, 
acquiring a higher affinity for the fibrinogen presented by platelet 
α integrins. The latter interaction stabilizes the adhesion between 
the phagocyte and the platelet (50–52) (Table 1).

Depending on environmental conditions, the phagocyte 
metabolism, activation and interaction with the extracellular 
matrix, and still poorly identified signals expressed/released by 
the tethered platelets, three outcomes can be envisaged. First, at 
the end of the sustained interaction, leukocytes dissociate from 
platelets—possibly because of active proteolysis of ligands by 
neutrophil enzymes—and reach the inflammatory sites where 
they exert their effector function (41–43, 55, 67).

Second, active engulfment takes place, which is exquisitely 
dependent on the recognition of a common feature of activated 
platelets, i.e., the exposure of anionic phospholipids, such as 
phosphatidylserine (PS). The direct or indirect recognition of 
PS on the prey can result in the rearrangement of actin-based 
cytoskeleton and the internalization of the tethered platelet by 
professional and non-professional phagocytes, such as endothe-
lial cells (51, 55, 68, 69). Under physiological conditions, rec-
ognition and phagocytic clearance of activated platelets purge 
the bloodstream of procoagulant stimuli while quenching the 
neutrophil sensitivity to inflammatory stimuli (see below) (70). 
The phagocytic removal of activated platelets conforms to the 
“tether and tickle” model originally proposed for the removal of 
apoptotic dying cells by Fadok, Henson, and collaborators (71, 
72). This is a two-step model in which (i) the dying cell is ini-
tially tethered to the phagocyte and (ii) other interactions based 
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TABLe 1 | Some defined platelet/neutrophil molecular interactions.

Platelet/
platelet-derived 
microparticles

Bridging moiety Neutrophil Possible outcome Main relevant 
references

Pselectin None described PSGL1 Neutrophil β2 integrin upregulation/transactivation (50, 53, 54)

Neutrophil degranulation (51, 55–57)

ROS generation (58, 59)

PS Gas-6? MERTK? Platelets clearance via phagocytosis (51)

Protein S? AXL?

MFG-8 RAGE? Phagocyte hyporesponsiveness to further inflammatory stimuli (51)
Others?

HMGB1 None described RAGE Neutrophil β2 integrin upregulation/transactivation (58, 60, 61)

Pericellular distribution of myeloperoxidase and elastase from primary granules (58, 60, 61)

Mitochondrial ROS formation (23, 62, 63)

Autophagy (58, 61)

Inflammatorymediated tissue damage (60, 64, 65)

NETs generation and thrombosis (58, 65)

Glycoprotein Ib Activated Mac1 Adhesion of resting platelets to activated neutrophils (63)

αIIβ3 Fibrinogen Activated Mac1 Adhesion of resting platelets to activated neutrophils (66)

MFG-E8, milk fat globule-EGF factor 8; NET, neutrophil extracellular trap; ROS, reactive oxygen species.
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on the direct or indirect recognition of PS transduce signals 
that initiate cell internalization (73, 74). In the case of activated 
platelets, the initial tethering depends on P-selectin recognition 
and immediately downstream events, while the availability of 
PS appears crucial for actual internalization of the phagocytic 
substrate (51, 55, 68, 69).

Third, the firm interaction between neutrophils and tethered 
PS-expressing phagocytic substrates is a potent inducer of NETs 
(see below). Indeed, regulation of the overall charge of the phago-
cytic substrate, like it occurs during apoptosis when glycosylated 
epitopes undergo caspase-dependent desialylation, influences the 
interaction between phagocyte and prey and the efficacy of the 
clearance (75).

PS AND CeLL CLeARANCe PROGRAMS

Phospholipid translocases, scramblases, and flippases, maintain 
the asymmetry of the plasma membrane phospholipids. Upon 
platelet activation triggered by various agonists, the intracellular 
Ca2+ concentration sharply increases, interfering with the trans-
locase action and causing the rapid, patchy, potentially transient 
exposure of PS (76). The pathway involves the disruption of the 
platelet inner mitochondrial membrane, an event underlying PS 
exposure by activated, apoptotic and senescent platelets (77). 
Activated cells often expose PS without being phagocytosed. 
This points out to the existence of “do not eat me” signals. The 
dynamics of exposure of PS represents another variable (78). PS 
recognition leads to phagocytosis only when PS aggregation by 
tethering receptors causes firm and lasting interactions between 
the phagocyte and the prey. Such tethering receptors comprise 
Tim4 for apoptotic cells and possibly PSGL1 for activated plate-
lets (78, 79). Finally, cells dying because of caspase-mediated 
programmed cell death might expose modified PS residues, 
thus providing a better substrate for recognition from at least 

some PS receptors (see below) and tagging cells for phagocytic 
clearance (80, 81).

In support, hindrance with the recognition of oxidized lipids 
interferes with the interaction between phagocyte and prey 
and the ensuing clearance of apoptotic cells (82). Moreover 
internalized oxidized phospholipids and oxysterols cause the 
activation of PPAR-delta receptors (83) and the LXR nuclear 
receptor in macrophages (84) in turn inducing the expression in 
macrophages of signals that further enhance the process such as 
the Mer receptor (84).

Oxidation-specific epitopes in general are recognized by vari-
ous pattern recognition receptors and components of the humoral 
innate immune systems, tagging for removal damaged cells and 
low-density lipoproteins. Of interest, natural IgM antibodies 
specifically and effectively bind to oxidized epitopes on blood 
microparticles, quenching their ability to trigger the production 
of inflammatory signals, IL-8 in particular from macrophages 
(85). Conversely, the accumulation of oxidized moieties per  se 
cause unrelenting inflammation and contribute to various human 
vascular disease, including atherosclerosis (85–87).

Diverse receptors recognize PS, either directly or through 
the moieties that PS binds on the outer leaflet of the plasma 
membrane. Receptors include Tim4, the tyrosine kinase recep-
tors Tyro3, Axl, and Mer (78, 88, 89). “Bridging” molecules 
comprise structurally and functionally heterogeneous soluble 
ligands such as Protein S, Gas-6, and milk fat globule-EGF factor 
8 (MFG-E8). Microparticles released from activated platelets 
bind via PS to Protein S and Gas-6 (90). Gas-6 stabilizes the 
interaction among activated platelets, endothelial cells, and 
leukocytes facilitating heterotypic cell aggregation in the blood 
(91), while the interaction among PS, GAS-6, and the Axl recep-
tor mediates microparticle clearance (90). MFG-E8 has been as 
well implicated in the formation of heterotypic aggregated and 
in PS-mediated clearance of platelets in in vivo models of sepsis 
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(69). Human neutrophils constitutively express the Mer receptor 
and upregulate its expression in septic conditions (92) (Table 1). 
Other molecules related to the humoral innate immune responses 
such as the beta2-glycoprotein 1, pentraxins, and complement 
fractions bind to apoptotic cells and activated platelets influenc-
ing their immunogenicity either because they provide a template 
for autoantibody binding or because they facilitate the local 
generation of adjuvant signals (8, 93–100).

Direct or indirect PS recognition is required on the one hand 
for the efficacy of phagocytosis. It also causes the selective produc-
tion of cytokines such as IL-10 and TGF-β and specialized classes 
of pro-resolving lipidic mediators such as resolvins (101–106) 
that prompt the active termination of the inflammatory response. 
In concert with the cytokines, IL-4 and IL-13, PS recognition 
links tissue damage to tissue repair by the reprogramming of local 
macrophages (107), which in turn guide the activation, the prolif-
eration, and the survival of stem and progenitor cells (108–111).

Tampering with the recognition of PS or PS-associated 
moieties thus leads to the accumulation of apoptotic debris, to 
persisting unrelenting inflammation, and to the failure in the 
ability of injured or damaged tissues to heal. Moreover, it is 
closely associated with the development of autoimmunity, often 
with serological and clinical features of the prototypic systemic 
autoimmune disease, SLE (86, 112–116). Autoimmunity follows 
the cross-presentation of apoptotic cell antigens to autoreactive 
T  cells in genetically susceptible backgrounds (114, 117–125). 
Autoimmunity, unrelenting inflammation, and accumulation of 
cell remnants associate in human SLE and in most SLE experi-
mental models with alteration of blood neutrophils (126). 
Exogenous MFG-E8 corrected in  vivo most alterations (see 
above), highlighting the link of systemic autoimmunity, defective 
neutrophil function, and the recognition of PS (127).

wHeN THe GAMe iS TOUGH, 
NeUTROPHiLS LOOK FOR COMPANY

As discussed above, the interaction with particulate substrates 
can trigger the production of NETs (128). The seminal work of 
Clark and collaborators has revealed that in experimental models 
of sepsis, bacterial LPS primarily activate the TLR4 of platelets. 
In turn, TLR4-activated platelets interact with neutrophils and 
commit them to the generation of NETs NETs (39, 129). Besides 
microbial constituents, sterile stimuli leading to platelet activation 
cause the generation of signals that trigger neutrophil activation 
and favor the production of NETs (58). HMGB1 is a prototypic 
endogenous inflammatory signal, which is expressed by platelets, 
is released upon activation, and represents a master regulator 
of leukocyte inflammatory activation and thromboinflamma-
tion (60–62, 130–135). Indeed the presentation of bioactive 
HMGB1—either soluble or associated with the plasma membrane 
of tethered platelets or of platelet-derived microparticles (58, 
60–62, 64, 65, 130)—to neutrophils represents a non-redundant 
signal, by which platelets instruct neutrophils to release NETs, 
via a pathway that involves the HMGB1 receptor expressed by 
neutrophils, RAGE (13). Platelets represent a “barometer” used 
by neutrophils to decide whether they should undergo activation. 

NETs generation occurs when inflammatory stimuli of microbial 
or endogenous origin exceed a threshold acceptable for platelets 
only (11, 39, 49).

NeUTROPHiLS THAT HAve 
PHAGOCYTOSeD KeeP CALM

The platelet barometer works not only by soliciting neutrophil 
responses but also by switching them off. Neutrophils that had 
phagocytosed bulky particulate substrates, such as apoptotic cells 
and activated platelets, appear to be “poised” in an unresponsive 
state, since they become unable to respond to further inflamma-
tory stimuli and fail to release their granular content or to gener-
ate NETs (51, 68, 128, 136). The “calming touch” associated with 
the phagocytosis of large PS-exposing particulate substrate (137) 
(Figure 1) might limit the collateral damages to inflamed vessels 
and tissues by the unrestrained activation of neutrophils (138).

THe CHOiCe OF NeUTROPHiLS iN 
FRONT OF CRYSTALS AND 
MiCROPARTiCLeS

Monosodium urate crystals, whose precipitation is the key event 
in the pathogenesis of gout (139), are potent NET inducers. 
Recent elegant studies have shed light on the clinical pattern of 
early gouty arthritis. This stage of the disease is characterized 
by acute and transient inflammatory responses to crystals that 
cannot be eliminated through phagocytosis and persist in the tis-
sues of patients for long periods (140). Early phases after crystal 
precipitation are characterized by the production of inflamma-
tory cytokines, IL-8 and IL-1β in particular (139, 141), and by the 
noxious effects of isolated, pro-inflammatory NETs (142). Later 
neutrophils accumulate within the tissue. The concentration of 
locally produced NETs increases, favoring NET aggregation. 
Aggregated NETs provide a proteolytic template, which traps 
cytokines and chemokines that undergo degradation by the 
neutrophil proteases associated with the NET DNA backbone. 
Inactivation of the chemokines and cytokines leads the swift 
termination of the inflammatory response despite persistence of 
precipitated crystals (140, 143), while aggregated NETs contrib-
ute to tissue damage and remodeling in late phases of the disease, 
referred to as tophaceous gout (142).

Environmental signals and intracellular events shape the 
transient response elicited by the crystals. They include (i) still 
uncharacterized signals activating the P2Y6 purinergic recep-
tor/store-operated calcium entry/IL-8 axis (144) and (ii) the 
presence of IL-1β, combined with the ability of neutrophils to 
activate the autophagic machinery (145). IL-1β and autophagy-
dependent NET generation also play a critical role in Familial 
Mediterranean fever, possibly the best characterized autoinflam-
matory disease, whose clinical manifestations comprise transient 
self-limiting inflammatory phases with fever, polyserositis, 
and acute phase responses (146). Neutrophil ability to activate 
autophagy is selectively downregulated during remitting phases 
of Familial Mediterranean fever via upregulation of the stress-
related protein REDD1 (regulated in development and DNA 
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FiGURe 1 | Neutrophils that had phagocytosed apoptotic cells or activated platelets fail to be activated when challenged with further inflammatory stimuli. 
Neutrophil extracellular traps (NETs) formation was monitored by confocal microscopy. Cathepsin G was revealed by immunofluorescence (Alexa Fluor 541, red), 
and DNA was counterstained with Hoechst and apoptotic cells preloaded with CFSE (equivalent to Alexa 488, green). (A) Unstimulated neutrophils; (B) neutrophils 
challenged with apoptotic cells; (C) neutrophils that had phagocytosed apoptotic cells and then were after adherence further stimulated with recombinant IL8. (D) 
β2 integrins were determined by flow cytometry in resting neutrophils (basal value), neutrophils with adherent tethered PS + cargos (platelets or apoptotic LCL cells), 
or neutrophils with intracellular PS + cargos (platelets or apoptotic LCL cells) after further stimulation with fMLP or IL8. Results (mean ± SEM) are expressed as the 
percentage of basal value. Adapted from Ref. (51, 128).
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damage responses 1) signal, suggesting that remission might be 
associated with a block of the ability to activate autophagy and 
to release inflammatory NETs (147).

IL-1β generated via macrophage inflammasomes plays a criti-
cal role in atherosclerosis, and cholesterol crystals prompt in vivo 
NET generation. Macrophages exposed to NETs respond by 
activating the TH17 cell-dependent pathway that amplifies and 
sustains the recruitment of neutrophils within the atherosclerotic 
plaque (148). Similar self-sustaining positive feedback forward 
loops might be involved in the establishment and growth of 
lesions and in the atherothrombotic complications associated 
with diseases in which neutrophil activation is involved (38, 44, 
56, 58, 149–154).

Relatively small (less than 1  μ) urate aggregates are a nor-
mal finding in the fluids of patients with hyperuricemia and 
only a fraction of these subjects develops acute gouty arthritis. 
Microaggregate clearance by blood neutrophils and monocytes 
prevents the actual precipitation of crystals, their frustrated 
phagocytosis, and the generation of NETs (155). Phagocytosis is 
assisted by fractions of the complement cascade and by the nega-
tive acute phase protein, fetuin (155). Therefore, even in the case of 
crystal recognition, phagocytosis and NET generation represent 
alternative outcomes of neutrophil activation, which may eventu-
ally adjust negatively to each other, as it has been demonstrated 
extensively for microbial structures [e.g., see Ref. (156)].

Microparticles also trigger NETs generation, playing a role 
in the pathogenesis of diseases characterized by extensive vas-
cular damage, such as lupus nephritis, systemic sclerosis, and 
preeclampsia (60, 157–160). Microparticles share signals with 
activated platelets and apoptotic cells, from which they often 
originate. Microparticle recognition involves a similar group of 
receptor/ligand pairs, including the direct or indirect recognition 
of PS and PS-associated moieties (90). However, the content of 
microparticles does not appear to be degraded in the phagolyso-
some. Microparticle constituents are often integrated within the 
phagocyte machinery and influences the cell function, differen-
tiation, and activation state (161–168), indicating that internal-
ized material is not routed to a conventional phagocytic route. 
Even synthetic particles induce NETs, and this effect is strictly 
dependent on their size (169). To the best of our knowledge, little 
is known on the possible action of microparticles on the ability of 
neutrophils to phagocytose particulate substrates.

MeCHANiSMS OF THe CHOiCe

The size of the particulate dramatically influences the outcome of 
its interaction with neutrophils (170, 171). Neutrophils efficiently 
phagocytose several microorganisms. After internalization, neu-
trophil granules are rapidly mobilized via mechanisms dependent 
on small GTPases and on interacting proteins. Primary azuro-
philic granules, which contain preformed microbicidal moieties 
including myeloperoxidase and neutrophil elastase, eventually 
fuse with phagosomes (172). The phagocyte NADPH oxidase 
NOX2 complex assembles within the resulting phagolysosome, 
and electrons are transferred to molecular oxygen, with massive 
production of reactive oxygen species (ROS) into the lumen 
(173, 174). The presence of ROS combined with the neutrophil 

enzymes guarantees the killing of internalized microbes and the 
further degradation of the internalized particulate.

Myeloperoxidase, elastase, and ROS are in parallel key signals 
in the generation of NETs. In this case, signals that activate neu-
trophils lead to an oxidative burst and to the generation of ROS 
in the absence of a competent phagolysome. Thus, ROS cannot 
promote the focused release of neutrophil enzyme within the 
vesicle, contributing to dismantle the internalized cargo. ROS 
promote the release of the azurosome complex, which contains 
among other components myeloperoxidase and elastase, from the 
membrane of azurophilic granules into the cytosol. The complex 
then binds to and degrades the actin-based cytoskeleton. This 
event is a critical checkpoint.

 (i) The degradation of the cytoskeleton is required to allow 
proteases to enter the nucleus (13, 18). Elastase and myelo-
peroxidase in particular concur to favor the decondensation 
of the chromatin via a pathway dependent on the ability of 
elastase to cleave histones but independent of the enzymatic 
activity of myeloperoxidase (17). Interference with the activity 
of elastase or complete absence of myeloperoxidase prevents 
the formation of NETs. When neutrophils have been previ-
ously engaged in phagocytosis, elastase and myeloperoxidase 
are sequestered within the phagolysome. They cannot reach 
the cytosol and eventually the nucleus and are not available 
for chromatin decondensation making it impossible for the 
phagocyte to generate NETs (18, 170).

 (ii) Conversely, the integrity of the cytoskeleton is required to 
phagocytose particulate substrates. Neutrophils dismantle 
to generate NETs, the actin-based cytoskeleton, and are not 
competent anymore to phagocytose particulates. Small Rac 
GTPases, components of the NADPH oxidase NOX2 com-
plex and required for the generation of NETs, regulate the 
cytoskeleton dynamics and adhesion (175, 176), providing 
a molecular link between the cytoskeleton remodeling and 
the requirement of neutrophil adhesion to solid substrates 
in vitro and in vivo for NETs generation (128).

NADPH oxidase activity is optimal at an intracellular pH of 
7.5. An acute, transient drop in intracellular pH, dependent on H+ 
ions generated as a consequence of the NADPH oxidase activity, 
ensues the phagocytosis of opsonized bulky particulates (177) and 
acidic environments impair NET formation (178). Increased pH 
in contrast favors NET generation, possibly influencing the natu-
ral history of pancreatitis, where aggregated NETs occlude ducts 
and cause tissue injury (178, 179). Further studies are necessary 
to verify the effect of variation of the tightly regulated intracellular 
pH on the fate of neutrophils challenged with particulates.

Pathways leading to NET generation differ in terms of 
dependence on oxygen species, of kinetics of the process, and 
of the fate of the involved neutrophils, which can either die or 
survive after NET generation conserving at least some of their 
biological function (13, 180–182). Specifically MAPKs such as 
ERK and p38 regulate NOX2-dependent generation of NETs 
(183–185). The extent of activation of JNK/SAPK determines the 
response to synthetic and microbial stimuli, regulating the overall 
efficiency of ROS production and the ensuing NET generation 
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the prey to phagocytose further particulate substrates (206). A 
similar energetic constrain might restrict other potentially energy-
consuming activities of the cell, such as initiation of the oxygen 
burst or the complete redistribution of the intracellular nuclear 
and granular content, which is a prerequisite of the release of NETs 
in the extracellular environment. Figure  2 depicts a schematic 

FiGURe 2 | Integration of multiple signals leads to the final decision of the 
neutrophils challenged with a bulky particulate substrates, whether to 
phagocytose it or to generate neutrophil extracellular traps (NETs). 
Phagocytosed blood platelets were revealed by transmission electron 
microscopy in blood neutrophils of patients with polycythemia vera (A). 
Neutrophils of healthy donors challenged with autologous activated platelets 
acquire a typical appearance at electron microscopy (B). Several factors 
regulate phagocytosis and NET generation differentially, prompting one event 
to negatively regulate the other (C). Internalization of red fluorescent platelets 
by neutrophils (D) and generation of extracellular threads of DNA (blue) 
decorated with myeloperoxidase (green color) was detected by confocal 
microscopy. (A,D) had originally been published in Ref. (68), (B) in Ref. (60), 
and (e) in Ref. (58).

(186). NET generation elicited by calcium ionophores relies on 
mitochondrial ROS and the calcium-activated small conductance 
potassium SK3 channel but is relatively independent of ERK 
activation (185, 187, 188). The existence of independent pathways 
leading to the generation of NETs endowed with potent biological 
action in the microenvironment that might compensate one for 
the other (13, 19, 182) supports the evolutionary importance of 
neutrophil activation. A ROS-independent, fast and vital pathway 
is apparently the first to be activated in neutrophils challenged 
with activated platelets and apoptotic cells. Depending on the 
environmental conditions, other outcomes can be envisaged.

The nucleus is not a passive target of the action of granular and 
cytosolic enzymes. At least two signals normally involved in chro-
matin architecture and function, DEK and HMGB1, actively regu-
late NET generation. Both molecules have a “double life.” Besides 
their action in the nucleus, they can be extruded or actively released 
in the extracellular environment where they regulate the inflamma-
tory response. DEK, a highly conserved phosphoprotein involved 
in the control of genomic stability, is both an autoantigen and a 
chemoattractant signal whose role has been so far only partially 
characterized (189). Neutrophils release DEK into the extracellular 
space, and its presence is necessary for NETs generation, possibly 
because it stabilizes NET architecture in the extracellular space 
(16). To the best of our knowledge, little is known on the possible 
action of DEK in regulating neutrophil phagocytosis.

HMGB1 is as well a non-histone protein with an architec-
tural function in the living cells [see above and (135, 190–192)]. 
Released in the extracellular environment, it represents the 
prototypic and so far the best characterized DAMP/alarmin 
signal (193–195). HMGB1 is a potent inducer of autophagy 
(196) and NETs generation (58, 131). HMGB1 released by 
activated platelets, activated leukocytes, and necrotic cells 
influences leukocyte functions, favoring neoangiogenesis (197), 
a tumor-permissive environment in experimental models  
(198, 199) and—possibly via NET induction—favoring a 
prothrombotic state in tumor-bearing patients (135). HMGB1 
is also an effective inhibitor of phagocytosis (200–203). It 
is tempting to hypothesize that cytosolic, extracellular and 
nuclear HMGB1 can act in a coordinated manner, facilitating 
the survival and the adoption of the most effective response of 
a neutrophil challenged with a phagocytic substrate. Further 
studies are needed to test this hypothesis.

A MeTABOLiC SwiTCH?

Other mechanisms probably concur to explain the dichotomic 
nature of the neutrophil choice between phagocytosis and NET 
generation. Phagocytosis implies the sudden increase of the cell 
actual content depending on the ingestion of the phagocytic cargo 
with its own lipids, nucleic acids, proteins, etc. The metabolic 
pathways that allow the phagocyte to handle the further burden 
of internalized material have been only partially elucidated (204, 
205). The fine regulation of the mitochondrial function appears of 
crucial importance, with the total mitochondrial membrane poten-
tial that directly impacts on the efficacy of the clearance in vivo, 
eventually leading to the termination of the apoptotic meal, i.e., 
to the failure of phagocytes that have internalized/are processing 
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Viruses are infectious entities that hijack host replication machineries to produce their 
progeny, resulting, in most cases, in disease and, sometimes, in death in infected host 
organisms. Hosts are equipped with an array of defense mechanisms that span from 
innate to adaptive as well as from humoral to cellular immune responses. We previously 
demonstrated that mouse cells underwent apoptosis in response to influenza virus 
infection. These apoptotic, virus-infected cells were then targeted for engulfment by 
macrophages and neutrophils. We more recently reported similar findings in the fruit 
fly Drosophila melanogaster, which lacks adaptive immunity, after an infection with 
Drosophila C virus. In these experiments, the inhibition of phagocytosis led to severe 
influenza pathologies in mice and early death in Drosophila. Therefore, the induction of 
apoptosis and subsequent phagocytosis of virus-infected cells appear to be an anti-
viral innate immune mechanism that is conserved among multicellular organisms. We 
herein discuss the underlying mechanisms and significance of the apoptosis-dependent 
phagocytosis of virus-infected cells. Investigations on the molecular and cellular features 
responsible for this underrepresented virus–host interaction may provide a promising 
avenue for the discovery of novel substances that are targeted in medical treatments 
against virus-induced intractable diseases.

Keywords: viral infection, apoptosis, phagocytosis, innate immunity, antiviral mechanism

iNTRODUCTiON

Viruses are one of the most abundant entities present in the environment. All species, including 
microbial pathogens, such as bacteria and fungi, are subject to infections by viruses (1, 2). Greater 
susceptibility to viral infection has been reported in higher metazoans, such as humans, which 
live in a community system (3). In this system, close interactions exist between species, and, thus, 
infection easily spreads among members of the community (3), particularly under the condition 
of compromised immunity (4). Irrespective of the types of genomes and other structural and 
functional characteristics, viruses behave in a similar manner after invading host organisms. Most 
viruses, if not all, are obligate intracellular parasites and, thus, require immediate access to the 
cytosolic and/or nuclear compartments of host cells (2, 5). In the cytoplasm, viruses hijack the 
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FigURe 1 | Similarity in apoptosis-inducing pathways in three model animals. Pathways for the induction of apoptosis in mammals, Drosophila melanogaster, and 
Caenorhabditis elegans are shown. Not all signal mediators are indicated. In the activation of initiator caspases, the mitochondrion is involved in mammals, probably 
involved in Drosophila, and not involved in C. elegans. Initiator caspases are caspase-9 in mammals, caspase-9-like Dronc in Drosophila, and absent in C. elegans, 
while effector caspases are caspase-3 and caspase-7 in mammals, caspase-3-like DrICE and Dcp-1 in Drosophila, and caspase-9-like CED-3 in C. elegans. 
Effector caspases, once activated by initiator caspases, degrade a number of cellular proteins, leading to structural and functional features that are typical of 
apoptosis. In mammals, two different modes of apoptosis-inducing pathways exist, and the so-called intrinsic pathway that involves the action of mitochondria is 
shown. The other one, the extrinsic pathway, which is initiated by extracellular death factors and their receptors independent of mitochondrial actions, is not shown 
(see Figure 4). CED, cell death abnormal; Dcp-1, death caspase-1; DrICE, Drosophila interleukin-1 β-converting enzyme; Dronc, Drosophila Nedd2-like caspase; 
Egl-1, egg-laying defective-1.
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ribosomes of host cells to generate proteins encoded by their 
own genomes for the production of new infective virions (5–8). 
In the nucleus, viruses may utilize, when necessary, host enzymes 
to replicate their genomes and synthesize mRNA. On the other 
hand, host cells are equipped with an array of intracellular and 
extracellular immune responses to limit this viral proliferation 
process (9, 10). The final result of this race between the host and 
virus decides the outcome of infection, from which infected host 
organisms become ill or remain healthy. Although drugs have 
been developed to combat diseases caused by viral infections, 
their efficacy, unlike those against bacteria and fungi, is limited 
to certain types of viruses: targets for effective drugs are nucleo-
side kinases of herpes virus, protease and reverse transcriptase 
of human immunodeficiency virus, neuraminidase of influenza 
virus, and non-structural proteins of hepatitis C virus (11–13). 
Some infectious diseases, such as those caused by Ebola virus 
and highly pathogenic influenza virus, have been challenging 
to treat and often result in a large number of deaths (14–17). 
Therefore, medical treatments that are effective against different 
types of viruses are urgently required.

We herein highlight an underrepresented virus–host interac-
tion, the apoptosis-dependent phagocytosis of virus-infected 

cells, which enables the elimination of viruses as an innate 
immune response. This mechanism may be effective against most 
types of viruses and appears to be conserved among multicellular 
organisms. Therefore, it may provide a better rationale for the 
development of novel medical treatments against virus-induced 
diseases (18, 19).

PHAgOCYTiC eLiMiNATiON OF CeLLS 
UNDeRgOiNg APOPTOTiC DeATH

As one of the host responses evoked upon viral infection, host 
cells are induced to undergo apoptotic death (20, 21). Apoptosis 
is an orchestrated process of self-demolition, which is observed 
across metazoan species and considered to be a major form of 
programmed cell death (22–24). The pathways for the induction 
of apoptosis have been documented for three model animals—
the nematode Caenorhabditis elegans, the fruit fly Drosophila 
melanogaster, and the mouse Mus musculus—and are shown to be 
fundamentally equivalent (22, 25, 26), as illustrated in Figure 1. 
All cellular changes observed during the apoptotic process are 
generally attributed to the actions of cysteine-proteases, caspases, 
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FigURe 2 | Processes of apoptosis-dependent phagocytosis. Cells undergoing apoptosis secrete substances that attract phagocytes (STEP 1), often called 
find-me signals, and simultaneously express eat-me signals on their surface (STEP 2). Phagocytes that come into close proximity to apoptotic cells recognize and 
bind eat-me signals using engulfment receptors (STEP 2), and activate signaling pathways for the induction of phagocytosis. The culmination of this signal 
transduction is the generation of pseudopodia that help phagocytes surround and incorporate apoptotic cells (STEP 3). Materials engulfed exist as phagosomes, 
which subsequently fuse with the lysosomes for degradation (STEP 4).
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and the onset of apoptosis involves the activation of initiator 
caspases that, in turn, partially cleave and activate another group 
of caspases, the effector caspase (24, 27, 28). Activated effector 
caspases then cleave a number of cellular proteins, resulting in 
the structural and biochemical features of apoptosis, such as the 
shrinkage of cells, fragmentation of DNA, and condensation of 
chromatin (22).

Apoptotic cells completely disappear: they are engulfed 
and digested by immune cells, a process-dubbed phagocytosis 
(29–31). Phagocytosis was described more than 100 years ago 
through the seminal studies of the late professor Elie Metchnikoff 
(32, 33). Researchers initially investigated the mechanisms 
underlying the phagocytosis of microbial pathogens that invade 
the human body and later identified apoptotic cells as another 
target. The phagocytosis of microbial pathogens is evident in 
innate and adaptive immune responses: phagocytes bind to 
surface structures specific to the target in the former response, 
while immunoglobulin, which binds antigens on the surface of 
pathogens and is often called an opsonin, functions as a ligand 
for an engulfment receptor, i.e., the Fc receptor, of phagocytes 
in the adaptive response. In contrast, antibodies are not 
involved in the phagocytosis of apoptotic cells, and the surface 
structures of the target that undergo modifications during the 

apoptotic process are recognized by the engulfment receptors 
of phagocytes. Under certain conditions, soluble proteins called 
bridging molecules connect apoptotic cells and phagocytes, 
similar to opsonins; however, these bridging molecules do not 
include immunoglobulin. Therefore, apoptotic cell clearance 
is categorized into an innate immune response to eliminate 
cells unwanted by the body. The phagocytic elimination of cells 
undergoing apoptosis is so rapidly accomplished that apoptotic 
cells are rarely detected in tissues and organs. Cells undergoing 
apoptosis maintain the integrity of plasma membrane perme-
ability until engulfment by phagocytes, and thus the noxious 
components of cells do not leak out and damage surrounding 
tissues. Therefore, apoptosis is considered to be a physiological, 
silent mode of cell death (34, 35).

The entire process of the phagocytosis of apoptotic cells is 
shown in Figure 2. Apoptotic cells that are close to engulfment 
release substances, which are often referred to as find-me signals, 
to recruit phagocytes. A number of molecules have been reported 
to act as such signals, including proteins, lipids, and nucleotides, 
and their receptors as well as downstream signal transduction 
pathways have been mostly identified (36–38). Phagocytosis is 
initiated when apoptotic cells are in close proximity to phago-
cytes, which allows engulfment receptors on the surface of 
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FigURe 3 | Similarity in signaling pathways for the induction of apoptotic cell clearance in three model animals. Molecules constituting two partly overlapping 
pathways for the induction of phagocytosis in the nematodes, insects, and mammals are shown. The names of eat-me signals, bridging molecules, engulfment 
receptors, and intracellular signal mediators of Caenorhabditis elegans, Drosophila melanogaster, and mammals are shown from left to right with slashes in 
between. All molecules in each individual category are counterparts to each other in three animal species. Refer to the text for explanation.
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phagocytes to recognize and bind to ligands on the surface of 
target apoptotic cells (34, 35). The ligands for engulfment recep-
tors are called eat-me signals or markers for phagocytosis, which 
appear on the cell surface during the apoptotic process (37, 39, 40).  
The engagement of eat-me signals to the corresponding receptors 
activates signaling pathways that ultimately generate pseudopo-
dia, extensions of plasma membranes that surround and engulf 
target cells (30, 37, 40). Apoptotic cells are then incorporated, 
forming specialized membrane vesicles called phagosomes. 
Phagosomes subsequently fuse with lysosomes, giving rise to 
phagolysosomes (31, 34), and the components of apoptotic 
cells are then subjected to digestion through the actions of 
lysosomal enzymes. There are two partly overlapping pathways 
for the induction of phagocytosis, which are conserved among 
the nematode, fruit fly, and mammals (22, 25, 31, 34), as are 
those for the induction of apoptosis, and are shown in Figure 3.  
In the figure, the names of eat-me signals, engulfment receptors, 
and intracellular signal mediators of C. elegans, Drosophila, and 
mammals are shown. Phosphatidylserine (PS) is an eat-me sig-
nal common among these animal species, and transthyretin-like 
protein 52 (TTR52) in C. elegans and milk fat globule epidermal 
growth factor protein 8 (MFG-E8) in mammals are PS-binding 
proteins that bridge apoptotic cells and phagocytes. The C. elegans 
cell death abnormal protein 1 (CED-1) and its counterparts, 
Draper in Drosophila and multiple epidermal growth factor-like 
domains 10 (MEGF10) in mammals, and integrin INA1-PAT3 of  

C. elegans and its counterparts, αPS3–βν of Drosophila and αv–β3 
and αv–β5 of mammals, are engulfment receptors located at the 
furthest upstream of the two pathways. CED-6 in C. elegans and 
its counterparts, dCed-6 in Drosophila and engulfment adapter 
protein (GULP) in mammals, and CED-2 in C. elegans and its 
counterparts, CT10 regulator of kinase (Crk) in Drosophila, and 
CrkII in mammals, are adaptor proteins that directly bind the 
engulfment receptors upon activation by eat-me signals. The 
C. elegans CED-5 and its counterparts, myoblast city (Mbc) 
of Drosophila and dedicator of cytokinesis 180 (Dock180) of 
mammals, are guanine nucleotide exchange factors that activate 
small G proteins. CED-12 in C. elegans and engulfment and 
cell motility (ELMO) in mammals are another adaptor proteins 
constituting one pathway, but their counterpart in Drosophila, 
dElmo, seems to be dispensable (41). The two pathways con-
verge on the small G proteins CED-10 in C. elegans, Rac1 and 
Rac2 in Drosophila, and Rac1 in mammals, which remodel the 
actin cytoskeleton for the generation of pseudopodia. CED-7 
in C. elegans and its counterparts, CG1718 in Drosophila and 
ATP-binding cassette (ABC) protein A1 in mammals, are ABC 
transporters whose actions in the pathways remain to be solved. 
Some signal mediators remain missing in these pathways and 
need to be identified. Other eat-me signals, bridging molecules, 
engulfment receptors, and signal mediators have been reported, 
which could be incorporated into the pathways shown here or 
constitute additional pathways.
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FigURe 4 | Fas and Fas ligand-induced apoptosis in influenza virus-infected 
cells. Upon infection with influenza virus, the production of the death receptor 
Fas and its ligand, the Fas ligand, is enhanced at the level of gene 
transcription. As a result, virus-infected cells have higher levels of Fas and the 
Fas ligand on their surface. When these cells associate with each other, the 
ligand-engaged receptor activates an intracellular signaling pathway for the 
induction of apoptosis. This mode of apoptosis induction is called the 
extrinsic pathway and does not involve mitochondria (see Figure 1).

FigURe 5 | PS-mediated and sugar residue-stimulated phagocytosis of influenza virus-infected cells. Influenza virus-infected cells are induced to undergo apoptosis 
and express PS and viral NA on their surfaces. When phagocytes, macrophages and neutrophils, bind to these cells through interactions between PS and a 
PS-recognizing engulfment receptor, NA enzymatically modifies sugar residues that exist on the surface of phagocytes. The PS-bound receptor activates a signaling 
pathway for the induction of phagocytosis, while modified sugar residues somehow stimulate phagocytosis. NA, neuraminidase; PS, phosphatidylserine.
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iNDUCTiON OF APOPTOSiS AND 
SUBSeQUeNT PHAgOCYTOSiS OF 
iNFLUeNZA viRUS-iNFeCTeD CeLLS

Ranges of cell types, either primarily cultured cells or established 
cell lines, are susceptible to infection with influenza virus and are 
subsequently induced to undergo apoptosis (42–47). Previous 
studies demonstrated that HeLa cells and Madin–Darby canine 
kidney cells become apoptotic upon influenza A virus infection, 
characterized by the cleavage of host chromosomal DNA (48), 
condensation of chromatin (48), surface exposure of PS (49), 
and activation of initiator and effector caspases (50). Further 
studies demonstrated that the initiation of apoptosis in HeLa 
cells infected with influenza H3N2 virus may due to an elevated 
levels of Fas and the Fas ligand, a death receptor and its ligand 
(48, 49, 51). Upon infection, the activity of the transcription fac-
tor CCAAT/enhancer-binding protein β (C/EBPβ) increased, 
possibly through the action of double-stranded RNA-activated 
protein kinase (52), and this factor enhances the transcription 
of Fas- and Fas ligand-encoding genes (51, 53). Influenza virus-
infected cells with elevated levels of Fas and the Fas ligand on the 
cell surface most likely interact with each other for the induc-
tion of apoptosis (54) (Figure 4). Besides the above-described 
study, influenza virus-induced cell death also appears to occur 
through the actions of apoptosis-inducing factor, another cell 
death-inducing ligand, in the human alveolar epithelial cell 
line A549, independent of caspases (55), and the upregulated 
expression of tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) and tumor necrosis factor-α was observed in 
human monocyte-derived macrophages exposed to influenza 
H5N1 virus (56). Similarly, the induction of TRAIL was 
reported in natural killer cells, helper T  cells, and cytotoxic 
T cells during infection with influenza H1N1 virus (57). Viral 
clearance was found to be markedly delayed in the presence 
of an anti-TRAIL monoclonal antibody, suggesting an impor-
tant role for TRAIL in the antiviral immune response (57).  
A recent study demonstrated that the upregulated expression of 
B-cell lymphoma-2-associated X protein may be an alternative 
cause of the induction of apoptosis in influenza virus-infected 
cells (58). Nevertheless, all findings revealed that influenza 

virus-infected cells were induced to undergo apoptotic cell death  
(48, 59–61).

Although typical apoptosis mediated by caspases is evident in 
influenza virus-infected cells, virus replication in these cells did 
not appear to be impaired (48). This may be because this type 
of virus rapidly produces its progeny after entering host cells.  
In order to examine the role of apoptosis, we investigated whether 
influenza virus-infected cells are targeted for engulfment by 
phagocytes. The findings obtained from an assay for phagocy-
tosis in vitro using mouse peritoneal macrophages as phagocytes 
showed that HeLa cells became susceptible to phagocytosis 
when infected with influenza A virus (62), and that this leads 
to the inhibition of viral propagation (63). The phagocytosis of 
influenza virus-infected cells appeared to be mediated by PS, the 
eat-me signal characterized in the most detail, and carbohydrate 
moieties on the surface of macrophages, which are modified by 
influenza virus neuraminidase expressed in virus-infected cells 
(62, 64) (Figure 5). Further investigations using an in-vivo model 
of infection in mice revealed the involvement of macrophages 
and neutrophils in the phagocytosis of cells infected with influ-
enza A virus, and this contributed to the mitigation of influenza 
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FigURe 6 | Possible mechanism for the induction of apoptosis in Drosophila C virus-infected cells. The process for the propagation of the virus somehow increases 
pro-apoptotic proteins Reaper and Hid, which cause a decrease in the level of DIAP1. This leads to the liberation and, thus, activation of the initiator caspase Dronc 
that partially cleaves the effector caspases DrICE and Dcp-1 for activation. Activated DrICE and Dcp-1, in turn, cleave a number of cellular proteins for apoptotic 
changes. The brownish dot at the end of the viral genome indicates a viral protein called virion protein, genome-linked, which plays a role in the synthesis of viral 
RNA. Dcp-1, death caspase-1; DIAP1, Drosophila inhibitor of apoptosis protein 1; DrICE, Drosophila interleukin-1 β-converting enzyme; Dronc, Drosophila 
Nedd2-like caspase.

Nainu et al. Phagocytic Elimination of Virus-Infected Cells

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1220

pathologies in mice (65). Find-me signals responsible for the 
recruitment of these phagocytes to the site of virus-infected 
cells remain to be known. The phagocytic activity of alveolar 
macrophages prepared from influenza virus-infected mice was 
stronger than that of macrophages from uninfected counterparts 
(65). Furthermore, the increased mortality of Toll-like receptor 
4-lacking mice infected with influenza virus suggested a role 
for this pattern recognition receptor in antiviral mechanisms 
(65). The rapid mobilization of neutrophils and macrophages to 
target sites soon after influenza virus infection may explain the 
importance of pattern recognition receptors (65). Collectively, 
apoptosis in influenza virus-infected cells makes them susceptible 
to phagocytosis, and this mechanism for the direct elimination of 
the virus serves as an antiviral immune response.

iNDUCTiON OF APOPTOSiS AND 
SUBSeQUeNT PHAgOCYTOSiS OF 
Drosophila C viRUS-iNFeCTeD CeLLS

We then examined whether a similar antiviral mechanism exists 
in insects with no adaptive immunity. We used D. melanogaster 
as a host for infection with Drosophila C virus (DCV), a natural 
pathogen of Drosophila (66, 67). DCV is a non-enveloped, positive-
strand picorna-like RNA virus that belongs to the Dicitroviridae 
genus Cripavirus (66, 68). When S2 cells, a Drosophila culture 
cell line, were incubated with DCV, they underwent apoptosis, as 
was evident from chromatin condensation, DNA fragmentation, 
and caspase activation, accompanied by the propagation of the 
virus (69). We found that the amount of Drosophila inhibitor of 
apoptosis protein 1 (DIAP1), a Drosophila protein that inhibits 
caspases, decreased upon infection with DCV. All these changes 
in S2 cells after viral infection became undetectable when a syn-
thetic inhibitor of caspase was present in cell cultures or the virus 
was pretreated with UV. The mechanisms underlying apoptosis 
in DCV-infected cells have not yet been elucidated; however, 

several studies suggested the involvement of a mechanism 
similar to that observed during the early developmental stages 
of Drosophila (69–71). Upon infection with Flock house virus or 
the DNA virus Autographa californica multicapsid nucleopoly-
hedrovirus, the expression of reaper and head involution defective 
(hid), the products of which antagonize DIAP1, was significantly 
increased in a manner mediated by the transcription control 
regions of the two genes, namely, a p53-bound sequence and 
sequence named the irradiation-responsive enhancer region (71).  
A similar mechanism appears to exist in mosquitoes when they 
are infected with Culex nigripalpus nucleopolyhedrovirus (72).  
We anticipate the following pathway for the induction of apopto-
sis in DCV-infected cells, as shown in Figure 6: the propagation 
of the virus enhances the transcription of reaper and hid; Reaper 
and/or Hid suppress DIAP1; the initiator caspase Drosophila 
Nedd2-like caspase (Dronc) is activated; Dronc cleaves and acti-
vates the effector caspases Drosophila interleukin-1 β-converting 
enzyme (DrICE) and death caspase-1 (Dcp-1); and the activated 
effector caspases degrade cellular proteins.

The presence of l(2)mbn cells, a Drosophila cell line derived 
from larval hemocytes, in cultures of DCV-infected S2 cells 
induced a decrease in the amount of the virus (69). Therefore, 
we examined whether DCV-infected cells are phagocytosed in a 
manner that is dependent on apoptosis and found that this was 
the case. Phagocytosis was partly inhibited in the presence of a 
PS-containing liposome that interferes with the action of this 
phospholipid as an eat-me signal. Drosophila phagocytes used 
the engulfment receptors Draper and integrin αPS3–βν for the 
phagocytosis of apoptotic cells (30), and the inhibited expression 
of either receptor by RNA interference (RNAi) caused a decrease 
in the level of phagocytosis. Phagocytosis was decreased further 
after the simultaneous RNAi of both receptors. These findings 
collectively suggested that DCV-infected cells are subjected to 
apoptosis-dependent phagocytosis by Drosophila phagocytes, 
depending on, at least partly, the eat-me signal PS and engulf-
ment receptors Draper and integrin αPS3–βν. In order to assess 
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FigURe 7 | Orchestrated antiviral mechanisms initiated by the phagocytosis of virus-infected cells. Virus-infected cells are subjected to apoptosis-dependent 
phagocytosis, which results in the digestion of viruses together with host cells, Virus Removal. At the same time, phagocytes process incorporated viral proteins for 
the presentation of antigens toward CTLs for their activation, Antigen Presentation. Moreover, phagocytes change the pattern of gene expression at a transcriptional 
level, so that the repertoire of cytokines shifts to the mitigation of inflammation, Inflammation Resolution; the phagocytic activity of phagocytes is enhanced, Trained 
Immunity; and virus-specific RNAi is systemically induced, Trained Immunity. CTLs, cytotoxic T lymphocytes.
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this in vivo, we established a fatal infection of Drosophila adults 
with DCV. The findings of an assay for survivorship revealed 
that Draper and integrin αPS3–βν were both involved in the 
protection of flies from viral infection. Measurements of the viral 
load during infection indicated that these engulfment receptors 
were responsible for reducing viral propagation in adult flies. 
The ectopic expression of a PS-binding protein made flies more 
severely succumb to DCV infection and increased the viral load, 
confirming the PS-mediated phagocytosis of DCV-infected 
cells in adult flies. Hemocytes contained in the adult hemocoel 
appeared to be responsible for the phagocytosis of virus-infected 
cells. These findings indicate that the PS-mediated, Draper and 
integrin αPS3–βν-dependent phagocytosis of DCV-infected, 
apoptotic cells by hemocytes plays a role in antiviral mechanisms 
in Drosophila (see Figure 3).

In Drosophila, RNAi-based antiviral innate immunity has been 
intensely investigated (73–81). Our study now adds another mech-
anism for the immune response, i.e., the apoptosis-dependent,  
phagocytosis-based elimination of virus-infected cells. A recent 
study demonstrated that Drosophila hemocytes spread double-
stranded RNA, which induces virus-specific RNAi, in the entire 
body of adult flies upon viral infection; therefore, cells uninfected 
with the virus acquired the competence for RNAi (82). The 
phagocytosis of virus-infected cells may make hemocytes gain a 
source for the production of double-stranded RNA. More impor-
tantly, the apoptosis-dependent phagocytosis of virus-infected 
cells serves as an antiviral mechanism in Drosophila, which is only 
equipped with innate immunity, indicating that this mechanism 
is an innate immune response against viral infection and com-
mon among multicellular organisms.

CONTRiBUTiON OF APOPTOSiS-
DePeNDeNT PHAgOCYTOSiS  
TO iMMUNiTY CONTROL

Recent studies on the mechanisms and consequences of apoptosis- 
dependent phagocytosis have revealed that this type of phago-
cytosis achieves not only the elimination of unwanted cells but 
also endows additional effects that contribute to the maintenance 

of tissue homeostasis. These effects may cooperatively control, 
with the direct removal of virus-infected cells, immunity to fight 
against viral infection, as shown in Figure 7.

Antigen Presentation
The presentation of antigens by certain types of immune cells 
toward T  lymphocytes is a prerequisite for the induction of 
adaptive immunity. Antigen presentation is mainly accom-
plished by dendritic cells and macrophages, antigen-presenting 
cells (APCs), which sample the peptides of foreign materials, 
such as microbial pathogens, and expose them on the cell surface 
together with the major histocompatibility complex (83–86). 
Although APCs may process the foreign peptides synthesized 
in these cells, the presentation of microbial antigens by APCs 
that are apparently not infected with the corresponding patho-
gens is often observed, and this is an immunological process 
called cross-presentation (84, 87–89). Apoptosis-dependent 
phagocytosis provides a mechanistic basis for this phenomenon; 
APCs that are not infected by the virus engulf virus-infected 
cells undergoing apoptosis, process viral proteins, and present 
viral antigens to cytotoxic T lymphocytes (CTLs) for their acti-
vation (90, 91). Activated CTLs induce apoptosis in cells that 
are infected with the same virus. Therefore, the phagocytosis 
of virus-infected cells may lead to the activation of adaptive 
immune responses.

inflammation Resolution
The phagocytic elimination of cells undergoing apoptotic cell 
death is an immunologically silent reaction; inflammation is not 
evoked. Previous research by Fadok, Henson, and others dem-
onstrated that this mode of phagocytosis more actively resolves 
inflammation (92–95). They showed that macrophages engulf 
apoptotic neutrophils to remove cells that produce and secrete 
pro-inflammatory cytokines, and that neutrophil-engulfing mac-
rophages simultaneously secrete anti-inflammatory cytokines 
such as transforming growth factor-β. Therefore, phagocytes alter 
the repertoire of cytokines after the engulfment of virus-infected 
cells so that possible inflammation ceases in addition to the direct 
elimination of virus.
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Trained immunity
In animals equipped with innate and adaptive immunity, the first 
encounter with foreign substances such as microbial pathogens 
makes the host organism prepare for a second encounter with the 
same substances (96, 97). In the first encounter, the major players 
to combat invaders are the components of innate immunity, and 
they take actions not only to eliminate the invaders but also setup 
the activation of adaptive immunity so that adaptive responses are 
evoked in a rapid and robust manner in the second encounter, a 
mechanism called trained immunity or immunological memory. 
The culmination of trained immunity that involves apoptotic cell 
clearance is expected to be antigen presentation as described above.

Until recently, trained immunity was generally considered to 
not exist in innate immunity, which does not involve antibodies 
and lymphocytes. However, recent studies using Drosophila cast 
doubts on this assumption. Hemocytes, Drosophila macrophages, 
exhibit enhanced phagocytic activity when they encounter targets, 
namely, bacteria (98) and apoptotic cells (41). This is regarded 
as preparation for the next encounter with the same targets in 
order to eliminate them. The enhancement of phagocytic activity 
observed in both studies may have been due to a higher level 
of engulfment receptors. An increase of engulfment receptors 
in phagocytes after phagocytosis was previously reported for 
mammalian macrophages (96, 97), and, thus, trained immunity 
that leads to the activation of phagocytes is most likely conserved 
among multicellular organisms. Our findings also demonstrated 
that gene expression patterns in phagocytes changed after the 
engulfment of apoptotic cells, including the enhanced transcrip-
tion of genes coding for engulfment receptors (41). In addition, 
a change in the mode of cytokine production in macrophages 
appears to occur at the level of transcription (99). Therefore, the 
mode of gene transcription appears to change in phagocytes upon 
the engulfment of apoptotic cells in order to more effectively 
control tissue homeostasis.

CONCLUDiNg ReMARKS

Most living organisms are always exposed to potentially fatal 
infections by viruses and, thus, have acquired several distinct 
mechanisms to prevent the invasion, proliferation, and release of 
viruses. The apoptosis-dependent phagocytosis of virus-infected 
cells is one such mechanism, through which organisms directly 
remove viruses from the body. Cells are induced to undergo 
apoptosis upon infection with a number of viruses, and this pro-
cess inactivates the cellular machineries for gene expression and 
proliferation, which are required by invading viruses to produce 
their progeny in infected cells. Although apoptosis itself retards 
the growth of invaders, virus-infected cells appear to be equipped 
with a more active process, subsequent to apoptosis, for the direct 
elimination of viruses; virus-infected cells become susceptible to 
phagocytosis for degradation. Recent studies demonstrated that 
not only apoptotic cells, but also those undergoing other types 
of cell death are subjected to phagocytic elimination (100–102). 
Nevertheless, apoptosis remains a major biological process for 
the safe removal of cells unwanted by the body because it is 
the only mode of cell death during which the control of plasma 
membrane permeability is maintained. As opposed to viruses, 

Leishmania major, an intracellular parasite, appears to exploit the 
mechanisms described above for the establishment and dissemi-
nation of infection (103). Upon entry into animals, these types 
of protozoa are first captured by neutrophils that subsequently 
undergo apoptosis. Then, L. major-infected, apoptotic neutro-
phils are phagocytosed by macrophages, which are primary host 
cells for these protozoa. The pathogens survive and replicate in 
macrophages, and, at the same time, macrophages create an anti-
inflammatory environment. As a result, L. major disseminates its 
infection. The mechanisms by which L. major evades killing and 
digestion in neutrophils and macrophages remain to be clarified.

Individual processes that constitute the apoptosis-dependent 
phagocytosis of virus-infected cells may be targeted by the 
development of novel medical treatments against virus-induced 
diseases. The enhancement of apoptosis in virus-infected cells 
may be one such treatment. Apoptosis is induced in cells that 
ideally need to be retained, and, thus, this treatment needs to be 
restricted to cells infected with viruses. In order to achieve this, 
the mechanisms underlying virus-induced apoptosis need to be 
elucidated in more detail. Another concern is the presence of 
proteins that inhibit apoptosis by antagonizing caspases in some 
types of viruses, particularly DNA viruses (20, 21, 104). The devel-
opment of a method to repress apoptosis-inhibiting viral proteins 
may be an effective treatment. On the other hand, molecules 
involved in the process of the phagocytosis of virus-infected cells 
have been largely identified, and the stimulation of phagocytic 
activity is not always harmful to health. A substance that acts 
as an agonist for engulfment receptors is a promising candidate 
for an effective drug. Alternatively, the secondary effects of the 
phagocytosis of apoptotic cells may be targeted. The administra-
tion of apoptotic cells to patients may contribute to mitigating 
inflammation and stimulating phagocytes, and antiviral adap-
tive immunity is expected when apoptotic cells harboring viral 
antigens are used to treat patients. However, such efforts toward 
inventing novel medical treatments require great care, because 
the apoptosis-dependent phagocytosis of microbe-infected cells 
could favor the pathogens, as an example shown above.
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Within an organism, environmental stresses can trigger cell death, particularly apoptotic 
cell death. Apoptotic cells, themselves, are potent regulators of their cellular environ-
ment, involved primarily in effecting homeostatic control. Tumors, especially, exist in a 
dynamic balance of cell proliferation and cell death. This special feature of the tumorous 
microenvironment—namely, the prominence and persistence of cell death—necessarily  
entails a magnification of the extrinsic, postmortem effects of dead cells. In both nor-
mal and malignant tissues, apoptotic regulation is exerted through immune as well as 
non-immune mechanisms. Apoptotic cells suppress the repertoire of immune reactivi-
ties, both by attenuating innate (especially inflammatory) responses and by abrogating 
adaptive responses. In addition, apoptotic cells modulate multiple vital cell activities, 
including survival, proliferation (cell number), and growth (cell size). While the microenvi-
ronment of the tumor may contribute to apoptosis, the postmortem effects of apoptotic 
cells feature prominently in the reciprocal acclimatization between the tumor and its 
environment. In much the same way that pathogens evade the host’s defenses through 
exploitation of key aspects of innate and adaptive immunity, cancer cells subvert several 
normal homeostatic processes, in particular wound healing and organ regeneration, to 
transform and overtake their environment. In understanding this subversion, it is crucial 
to view a tumor not simply as a clone of malignant cells, but rather as a complex and 
highly organized structure in which there exists a multidirectional flow of information 
between the cancer cells themselves and the multiple other cell types and extracellular 
matrix components of which the tumor is comprised. Apoptotic cells, therefore, have the 
unfortunate consequence of facilitating tumorigenesis and tumor survival.

Keywords: tumorigenesis, apoptosis, microenvironment, selective adaptation, inflammation, immunity

iNTRODUCTiON

A predisposition to apoptotic death among cells that have acquired a malignant mutation serves to 
facilitate one of the body’s primary defenses against cancer. Induction of apoptosis is a failsafe and 
occurs as a result of the tight interweaving of the multiple genes and signaling pathways regulating 
survival, proliferation, and growth (1–4). Were the cell’s demise the sole consequence of this defense 
against cancer, the benefits to the organism would be unambiguous and unopposed.

Apoptosis, while a cell-autonomous process, has postmortem consequences that are not simply 
cell-intrinsic. Through an array of mechanisms, both direct and indirect, dead or dying cells actively 
and potently influence other cells within their environment (5–8). Although earlier studies focused 
on the ability of apoptotic cells to suppress inflammation (9–12), apoptotic cells also affect a broad 
range of cellular functions, including such vital activities as survival (13–15), proliferation (13–15), 
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FigURe 1 | The reciprocal acclimatization of cancer cells and their 
microenvironment is enhanced by apoptotic cells. A dynamic flow of 
information exists between transformed cancer cells and the tumorous 
microenvironment in which they reside. The microenvironment consists of 
non-transformed stromal cells, both resident and recruited, phagocytic cells 
including macrophages, as well as extracellular matrix components. As 
depicted in the figure, the ongoing interaction between transformed cancer 
cells (shaded in orange) and their microenvironment leads to a process of 
reciprocal adaptation, in which the environment becomes progressively more 
conducive to cancer cell growth, and the cancer cells themselves become 
progressively more adapted to their environment. Through their postmortem 
effects, apoptotic cells (schematized here as shrunken and misshapen, with 
extensive nuclear condensation) impact tumorigenesis and tumor growth. 
The relative effects of transformed cells and their microenvironment on 
tumorigenesis likely are in a continuously dynamic balance. Certainly, the 
balance of those inputs changes during the life of a tumor. One obvious shift 
occurs following antitumor therapy (e.g., chemotherapy and radiotherapy), in 
which the rates of cell death increase dramatically, including both 
transformed cancer cells and non-transformed stromal cells. These elevated 
levels of apoptosis can lead to further tumor-promoting enhancement of the 
microenvironment.
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differentiation (16), metabolism (17), and migration (5, 7, 8). 
Moreover, these effects are not only limited to the professional 
phagocytes charged with the clearance of apoptotic cells, but 
extend also to virtually every living cell in the vicinity of the 
apoptotic cell, regardless of its origin or lineage (14–20).

It is owing to these extrinsic, postmortem effects of apoptosis 
that dying cancer cells may act to promote, rather than retard, 
tumorigenesis. This facilitation comes about through a subver-
sion of normal homeostatic mechanisms. In much the same way 
that pathogens evade the host’s defenses through clever disguise 
and manipulation of key aspects of innate and adaptive immunity, 
cancer cells subvert several normal homeostatic processes, in 
particular wound healing and organ regeneration, to transform 
and overtake their environment (4, 16, 21–23). In understand-
ing this subversion, it is crucial to view a tumor not simply as 
a clone of malignant cells, but rather as a complex and highly 
organized structure in which there exists a multidirectional 
flow of information between the cancer cells themselves and the 
multiple other cell types and extracellular matrix components 
of which the tumor is comprised (24). In a sense, a reciprocal 
process of acclimatization takes place, in which the environment 
becomes progressively more conducive to cancer cell growth, and 
the cancer cells themselves become progressively more adapted to 
their environment (Figure 1).

Several features unique to the milieu of the cancerous  
micro-environment facilitate this reciprocal adaptation, not least 
of which is the very prominence and persistence of cell death in 
nearly all cancers (4, 24, 25). As compared with normal tissues, 
tumors are characterized by increased rates of both proliferation 
and death, with tumor mass increasing if the rate of proliferation 
exceeds that of death (1–4). Increased cell death is not solely 
due to the failsafe induction of apoptosis during unregulated 
proliferation (1–4). Multiple other factors contribute to the 
death of cancer cells, including antitumor immune responses, 
competitive interactions among different clones, and metabolic 
stress as a result of limitations in growth factors, nutrients, and 
oxygen. While a variety of types of cell death arise, apoptosis is 
the predominant form of cell death in tumors, as it is in normal 
homeostatic physiology. Importantly, the rapidity and efficiency 
with which dead cells are cleared means that, in the absence of 
specific histologic labeling, cell death often goes undetected (4, 
5, 7, 8). Even the heightened numbers of dead cells typically 
observed in cancerous tissues represent an underestimate of the 
actual number of dying cells. Indeed, with the possible excep-
tions of embryogenesis or the immature thymus, the degree of cell 
death in tumors far outstrips that found in any organ under physi-
ological conditions. Moreover, the supply of dead cells undergoes 
more or less continuous renewal. This is unlike non-cancerous 
tissues, for which, even following severe injury, cell death rarely 
continues unabated for weeks to months, as occurs characteristi-
cally within growing tumors. This special feature of the tumorous 
microenvironment—namely, the prominence and persistence of 
cell death—necessarily entails a magnification of the extrinsic, 
postmortem effects of dead cells. In turn, this enables tumors to 
usurp and manipulate for their own advantage a number of the 
normal homeostatic processes initiated by the recognition and 
clearance of dead cells. As a result, cell death has the potential to 
be among the most crucial factors impacting the development 
and progression of cancers.

In this review, we will describe how, within the context of 
tumorigenesis, several of the normal homeostatic responses 
triggered by apoptotic cells are subverted, with the unfortunate 
consequence of facilitating tumorigenesis. At least in part, the 
reciprocal adaptation between cancer cells and their environment 
may be said to occur under the specific aegis of apoptotic cells. 
Because this seemingly paradoxical outcome of cell death derives 
mainly from the postmortem effects of apoptosis, we will focus on 
this aspect of cell death, rather than on the myriad genes involved 
in the regulation and execution of the apoptotic death program, 
many of whose mutations predispose to malignancy. Finally, we 
will highlight what, from our perspective, are some of the field’s 
major unanswered questions and areas open for investigation.

PATHOgeNiC eXPLOiTATiON OF 
APOPTOTiC iMMUNiTY

Infections with microbial pathogens provide a useful context 
in which to appreciate the subversion of postmortem apoptotic 
effects. In the acute context of pathogenic infection, the reper-
toire of potent immunosuppressive responses elicited normally 
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by apoptotic cells (“Innate Apoptotic Immunity”; refs. 9–12, 18, 
19) appears to be specifically exploited as a means of enhancing 
pathogenicity (26). Multiple microbial pathogens subvert the 
processes of apoptosis and Innate Apoptotic Immunity in this 
way.

One of the hallmarks of this pathogenic sabotage is that patho-
gens trigger the apoptotic cell death of cells that are expendable 
for productive infection. In other words, while those viable cells 
are not essential to the pathogen, the apoptotic corpses of those 
cells serve to enhance pathogenicity. For example, in the case of 
the lethal food-borne bacterial pathogen Listeria monocytogenes, 
the extensive induction of apoptotic cell death, especially among 
lymphocytes (27), is of particular interest. Lymphocytes are not 
critical for the in vivo replication of the bacterium, do not serve 
as substantial bacterial reservoirs, and are not the primary cells of 
entry for productive infection (28, 29). Still immunocompromised 
mice genetically deficient in lymphocytes are less susceptible to  
L. monocytogenes infection than are lymphocyte-replete, wild-type 
mice (30). The reconstitution of normal lymphocyte populations 
in these mutants restores pathogen susceptibility to wild-type 
levels (30). Strikingly, exogenous apoptotic lymphocytes, includ-
ing uninfected apoptotic lymphocytes, are as effective as viable 
lymphocytes (29). Thus, although viable lymphocytes are dispen-
sable for L. monocytogenes replication, apoptotic lymphocytes 
are important for L. monocytogenes pathogenesis (29). Because 
apoptotic cells are not susceptible to L. monocytogenes infection 
(29), the uptake of those apoptotic cells cannot be responsible for 
pathogen spread. Similar results have been obtained with a sepsis 
model of bacterial pathogenicity (31, 32). The specific action of 
apoptotic lymphocytes in these cases appears to be the suppres-
sion of host inflammation via Innate Apoptotic Immunity.

Another hallmark of this process is that pathogen-induced  
host cell apoptosis is dissociable from the postmortem effects of 
the apoptotic cells. Again, in the case of L. monocytogenes, lym-
phocyte apoptosis depends upon pathogen-dependent stimula-
tion of host innate immunity (and production of interferon-β; 
refs. 33–35), as well as a pathogen-encoded pore-forming protein 
(Listeriolysin O; ref. 36). The efficacy of apoptotic cells is fully 
independent of these mediators, however.

In the chronic setting of a tumor, the consequences of cell 
death (as judged by interference with that process; see below) 
allow the suggestion that apoptotic cells do similar things. Just 
as microbial pathogens exploit Innate Apoptotic Immunity, the 
extrinsic, postmortem effects of apoptotic cells also appear to be 
exploited in tumorigenesis. Indeed, it may even be that in the 
more chronic tumorigenic setting, a broader spectrum of post-
mortem apoptotic effects is involved.

CLiNiCAL eviDeNCe OF THe 
COUNTeRvAiLiNg ROLe OF APOPTOSiS 
iN CANCeR

Initial evidence for a paradoxical, tumor-enhancing role of 
apoptosis in cancer arose from multiple studies of clinically 
related cohorts across a broad spectrum of cancers in which an 
association was observed between the extent of apoptosis and the 

aggressiveness of the underlying malignancy (22, 37–57). Cancers 
studied included non-Hodgkin’s lymphoma (37, 38), synovial 
sarcoma (39), and carcinomas of the tongue (40), esophagus 
(41), bladder (42, 43), breast (22, 44–46), endometrium (47), 
prostate (48, 49), cervix (50–52), kidney (53), stomach (52, 54), 
liver (55), ovaries (52, 56), larynx (57), colorectum (52), and 
head and neck (22). In these studies, a statistical correlation 
was observed between the extent of apoptosis and the follow-
ing parameters: histologic grade (37–39, 42–45, 53–55), cancer 
stage (39, 43, 55), mitotic/proliferative index (37, 38, 43–45, 50,  
55, 56), metastasis (40, 45, 55), mortality (22, 37, 38, 43–46, 50, 52, 
56, 57), recurrence following treatment (22, 40, 43–46, 49–51), 
local invasiveness (41, 55), tumor progression (43, 48), and tumor 
size (39, 45). Moreover, while a statistical association does not 
necessarily imply causality, it is noteworthy that in several of 
these studies, upon multivariate analysis, an index of the extent of 
apoptosis proved to be one of very few independent predictors (or 
even the only independent predictor) of overall or disease-free  
survival (37, 39, 43, 49–51, 55, 57).

THe LANgUAge OF APOPTOTiC CeLLS

The increased rate of cell death typical of nearly all cancers means 
that the specialized microenvironment of tumors, more so than 
other tissues under physiologic conditions, is characterized by a 
robust flow of information centered on dead or dying cells—into 
malignant cells from their environment that influences their  
decision whether to live or die, and out of them to live cells in their 
vicinity, both cancerous and non-cancerous (Figure 1). A sense of 
the vast extent of apoptosis observed in human malignancies can 
be informative. In most studies of human cancer, apoptosis has 
been quantified in the form of an apoptotic index, defined as the 
number of apoptotic nuclei per 100 intact neoplastic cells (37–42, 
46, 47, 49–56). While rigor varied widely across these studies, the 
mean apoptotic indices in general fell in the range of 0.5–2.0% 
(37–39, 41, 42, 46, 49, 50, 56). With increasing markers of tumor 
aggressiveness, apoptotic indices reached as high as 5–10% (40, 
49, 51, 54, 55), and at times even exceeded 10% (53). These 
numbers offer powerful evidence of the markedly increased rates 
of apoptosis characteristic of most tumors. While apoptotic cell 
death may be largely invisible under physiologic conditions (4, 5, 
7, 8), it is not silent.

Transmission of information from apoptotic cells to the 
environment occurs in one of two fundamental ways, either 
directly, through physical interaction between dead and live 
cells, or indirectly, without physical interaction. Direct effects 
occur most commonly via receptor-mediated recognition by 
live cells of adjacent dead cells or their fragments (5–8, 11, 14, 
18, 19). Indirect effects are most frequently the result of soluble 
mediators released from the dying cells, but can entail more sub-
tle mechanisms (4–8). For example, apoptotic cells may adsorb 
soluble mediators and thereby lower effective concentrations, 
precluding viable cell responses (58). Dying cells also may shed 
various membrane-enclosed vesicles containing a combination 
of cytosolic proteins, RNA, and lipids (59–61) that can serve in 
information transmission. Depending upon the origin of these 
extracellular vesicles, whether from the plasma membrane or 
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endosomes, they are referred to as microparticles or exosomes, 
respectively (62). Docking of these vesicles at the surface of live 
cells, followed by their fusion with the plasma membrane, or by 
their endocytosis and fusion within an endocytic compartment, 
leads to release of their contents and delivery of the message those 
contents represent (62).

A striking range and complexity characterize all steps of the 
information flow from apoptotic cells to live cells in their vicin-
ity (4–8). Viewed as a language, dead cells carry a surprisingly 
large amount of information, with an extensive vocabulary and 
an intricate grammar. While this complexity has been shown 
predominantly for non-tumorous cells and tissues, some data 
suggest the same is true for tumors, especially since the ability to 
recognize and respond to dead cells seems to be ubiquitous across 
practically all organs and cell lineages (18, 63, 64). Death-related 
variables from which information can be extracted include, but 
are by no means limited to, the mode of cell death (11, 14, 15, 
17, 65)—and, under certain circumstances, perhaps even the 
conditions and the particular inducer of that form of cell death 
(15, 66)—as well as the pattern, distribution, kinetics, rate, and 
extent of cell death (67–69). Moreover, the response by any given 
live cell, whether cancerous or not, depends as much on the 
identity of the responding cell itself—its lineage (13–15), organ 
of residence (13–15), and stage of differentiation (70, 71)—as on 
the specific nature of those death-related variables. It is easy to 
imagine that even live cells lacking direct physical interaction 
with apoptotic cells or their released mediators may be affected 
by the dynamic multidirectional flow of information. A ripple 
effect may ensue, in which apoptotic cells stimulate the synthesis 
and release of cytokines and mediators from live cells, and in turn 
these cytokines and mediators then modulate the activity of other 
live cells that reside at a distance from the dead cells, at the fringe 
or beyond the tumorous microenvironment, even in distal organs 
and tissues.

PARADigM

As first formulated in an influential review on cancer (2, 3), the 
evolution of a cell from normal to neoplastic entails the acquisi-
tion of as many as eight discrete biological capabilities. These 
capabilities, or hallmarks, represent a series of steps, each of 
which confers a trait or selective advantage necessary to the emer-
gence of a clone of highly malignant cells. Hallmarks include: (i) 
sustained proliferative signaling, (ii) evasion of growth suppres-
sors, (iii) resistance to cell death, (iv) induction of angiogenesis, 
(v) tissue invasion and metastasis, (vi) reprogramming of energy 
metabolism, (vii) evasion of immune destruction, and (viii) 
replicative immortality. While the succession of hallmarks need 
not occur in any set order, the overall process itself proceeds in a 
step-by-step manner analogous to that of other cases of natural 
selection.

Integral to this evolution is the interaction between cancer cells 
themselves and the microenvironment in which they reside. The 
tumorous environment is a specialized structure, consisting not 
only of malignant clones, but also of multiple non-transformed cell 
types, both resident and recruited (2–4, 24, 25). These ostensibly 
normal cells, together with a surrounding extracellular matrix, 

comprise the tumor-associated stroma. A critical determinant 
underlying the acquisition of hallmark capabilities is the genomic 
instability of cancer cells (2, 3). The facilitated occurrence of 
genetic mutations and/or epigenetic changes affecting gene 
expression catalyzes the development of heritable phenotypes 
better adapted to the tumorous environment (2, 3, 72). In turn, 
cancer cells contribute to the favorable transformation of their 
environment (4, 24, 25). Through tissue remodeling and modu-
lation of the function of stromal cells, such as macrophages (4, 
73–75), cancer cells help make the environment more conducive 
to their outgrowth and supremacy.

Increasingly, apoptotic cells have been recognized as partici-
pants in the reciprocal adaptation between cancer cells and their 
microenvironment (4). While an established role for apoptotic 
cells has so far been limited to only a few of the hallmarks—most 
extensively, in sustained proliferative signaling and evasion of 
growth suppressors (22, 74–80)—it is striking how many of the 
biological capabilities of cancer cells are known to be impacted 
by apoptotic cells under non-cancerous conditions. Indeed, the 
only one of the eight hallmarks for which a convincing, or at least 
highly suggestive, example of the influence of apoptotic cells does 
not yet exist is the induction of replicative immortality.

Most of these activities of apoptotic cells fall under the rubric 
of two homeostatic processes in which the active role of apoptotic 
cells has been carefully explored, namely, wound healing and 
organ regeneration (4, 21, 67–69). Although these two processes 
probably differ more quantitatively than qualitatively, they do 
represent clearly separable stages in the life of a tumor, with 
treatment representing the boundary. As first pointed out over 
30  years ago (21), and expanded upon by numerous reviewers 
since (4, 81, 82), growing tumors are like “wounds that do not 
heal,” or even “wounds that do not stop repairing,” whereas the 
repopulation of a tumor that occurs following therapy most 
resembles organ regeneration. These broad similarities dwarf the 
finer differences and provide a convenient lens through which to 
view the subversion of homeostatic processes by the apoptotic 
cells within tumors.

APOPTOTiC CeLLS AND THe 
HALLMARKS OF CANCeR

Postmortem apoptotic modulation targets almost every hallmark 
of cancer (Figure 2). The sole hallmark for which no evidence 
of apoptotic modulation yet exists is replicative immortality, in 
which cancer cells escape their inbuilt limitation on replicative 
doublings. This may not be so surprising since, given the increased 
numbers of apoptotic cells observed in nearly all cancers (4, 24, 
25), a heightened effect of apoptotic signaling in cancerous as 
opposed to non-cancerous tissues would be expected. Moreover, 
as many of the hallmarks of cancer represent unregulated and 
essentially continuous manifestations of cellular functions nor-
mally modulated by apoptotic cells, it is tempting to hypothesize 
a prominent role for apoptotic cells in hallmark acquisition. As 
examples of the ways in which tumors can subvert the normal 
homeostatic functions of apoptotic cells, we examine the many 
parallels between tumor progression and the processes of wound 
healing and organ regeneration.
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FigURe 2 | Apoptotic cells enhance achievement of cancer hallmarks. Eight hallmarks of cancer (sustained proliferative signaling, evasion of growth suppressors, 
resistance to cell death, induction of angiogenesis, metabolic reprogramming, immune evasion, tissue invasion/metastasis, and replicative immortality) have been 
elaborated (3). With the exception of the last, apoptotic cells enhance each of these cancer attributes, as discussed in the text.
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Tumor growth and Progression: wounds 
That will Not Heal
The tissue repair that follows a wound can be divided into three 
broad and overlapping phases (Figure 3; see refs. 21, 81, 82). In 
the first inflammatory phase, a blood clot is formed and seals the 
wound; local inflammation, a direct consequence of injury, leads 
to the recruitment of inflammatory cells. In the second phase, 
new tissue, called granulation tissue, is formed and replaces the 
blood clot. Macrophages are key players in this phase, which 
entails the formation of new blood vessels (an especially critical 
event in the case of tumors), the laying down of new extracellular 
matrix, and an overall increased proliferation of multiple cell 
types, including fibroblasts and keratinocytes. During the final 
phase, granulation tissue is converted into a scar, with an overall 

decrease of cellularity and an extensive remodeling of the extra-
cellular matrix. For each of these phases of wound healing, there 
are parallels with tumor growth, and for each of these parallels a 
plausible role for apoptotic cells exists.

The blood clot, formed during the initial inflammatory phase 
of wound healing, serves multiple purposes. It provides a protec-
tive barrier against infection and evaporative loss, it serves as a 
reservoir of growth factors, and it acts as a scaffold for the multiple 
cell types attracted to the wound. The two major matrix compo-
nents of a clot are fibrin and fibronectin. Fibrin is generated as an 
end product of the coagulation cascade, whereas fibronectin leaks 
through capillary walls because of a local increase in vascular 
permeability. Although the origins of fibrin and fibronectin differ 
in the case of cancer, most tumors are also characterized by the 
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FigURe 3 | The processes of regenerative wound healing are subverted by apoptotic cells in cancer. The canonical attributes of wound healing are categorized into 
overlapping and sequential phases, as discussed in the text. These are compared to similar, yet distinct, events occurring in an ongoing and simultaneous manner in 
cancer, resulting largely from the postmortem effects of apoptotic cells. The view that cancers are “wounds that do not resolve” emerges from this perspective.
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presence of a fibrin and fibronectin matrix (21, 81). Apoptotic cells 
influence the generation and localization of both of these proteins. 
By virtue of reorganization of their membrane phospholipids (83, 
84), apoptotic cells, and especially their shed microvesicles (85), 
are procoagulant, thereby providing a nidus for initiation and 
amplification of the coagulation cascade. In addition, exposure 
to apoptotic cells upregulates the expression by macrophages and 
endothelial cells of vascular endothelial growth factor (VEGF)-A, 
a factor that potently augments vascular permeability (73, 86, 87).

A key event in the initiation of coagulation is a loss of 
membrane asymmetry in platelets and other blood cells (88). 
Exoplasmic exposure of several phospholipids normally retained 
within the cytoplasmic leaflet of cell membranes, such as the ani-
onic phospholipid phosphatidylserine (PS) and the amphipathic 

phospholipid phosphatidylethanolamine, supports the binding 
of clotting factors and initiates the coagulation cascade (88, 89). 
A similar loss of membrane asymmetry occurs in cells undergo-
ing apoptosis (90, 91). Exposure of PS is mediated, generally, by 
activation of a phospholipid scramblase (an energy-independent 
bidirectional transporter that dissipates membrane asymmetry) 
and/or inhibition of a phospholipid flippase (a P4-ATPase that 
enhances asymmetry by transporting specific membrane phos-
pholipids against their concentration gradient; refs. 89–91). The 
procoagulant activity of apoptotic cells, and especially their shed 
microvesicles (85), may, therefore, be attributed largely to their 
mimicking of the surface membranes of activated platelets and 
other blood cells. Although the normal physiologically handling 
of apoptotic cells does not appear to predispose to clotting 
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disorders, the prominence and persistence of apoptotic death 
within tumors may upset the delicate balance between pro- and 
anti-coagulant activities.

Closely related to its procoagulant function, the exposure of 
PS on the outer leaflet of the apoptotic cell membrane has been 
identified as one element involved in the recognition of apoptotic 
cells. A related group of receptors with intrinsic tyrosine kinase 
activity, composed of the molecules Tyro3, Axl, and Mertk (the 
“TAM receptor” family) are involved in PS-dependent apoptotic 
recognition (92, 93). TAM receptor-mediated recognition of 
apoptotic cells relies upon Vitamin K-dependent bridging mol-
ecules and is associated with the phagocytic clearance of apoptotic 
cells. TAM receptors are expressed primarily on myeloid cells of 
the immune system and exert a variety of immunoregulatory and 
other functions, including the suppression of inflammation and 
the enhancement of angiogenesis (92, 94, 95).

The recognition of apoptotic cells also occurs by PS- 
independent mechanisms (18, 96), relying on surface-exposed 
protein determinants (97). This recognition, which is not 
encumbered by serum-derived tethering molecules (18), triggers 
immediate-early responses independent of phagocytosis (11, 14, 
15, 17). These include all of the homeostatic processes subverted 
in cancer (Figure  2). Most notably, PS-independent apoptotic 
recognition is ubiquitous among all cell types (18).

Tumor-Associated Macrophages (TaMacs)
Among the inflammatory cells recruited to wounds during the 
initial inflammatory phase are neutrophils, mast cells, and mac-
rophages (21, 81, 82). Of these, the macrophages are the one whose 
pivotal role in wound healing and the acquisition of many of the 
hallmarks of cancer is best established (4, 73–75, 98–100). TaMacs 
acquire a phenotype that favors proliferation, angiogenesis, tissue 
invasion and metastasis, and evasion of immune destruction (4, 
73–75, 98–100). Like macrophages in healing wounds, TaMacs 
are intimately involved in remodeling of the extracellular matrix 
and in creating an environment more favorable to tumor growth 
(4, 74, 75). Indeed, of the many parallels between wound healing 
and cancer, one of the strongest is the molecular concordance in 
gene expression patterns between TaMacs and repairing tissues 
(74, 75, 81).

Far more controversial is the origin and state of polarization of 
TaMacs, as compared with macrophages in other tissues and other 
pathological conditions. There is a general consensus that TaMacs 
are recruited from the blood as monocytic precursors (98–100). In 
the case of a murine mammary tumor model, TaMacs were shown 
to be derived predominantly from C–C chemokine receptor type 
2 positive (CCR2+) monocyte precursors, and were functionally 
and phenotypically distinct from the tissue macrophages of non-
cancerous glands (101). As shown in two other models, murine 
breast cancer and xenografted Burkitt’s lymphoma, TaMacs had 
a higher proliferative capacity than resident macrophages and, 
therefore, required less replenishing from the blood (74, 101). 
Although from a functional perspective, TaMacs found in most 
tumors resemble alternatively activated (M2-like) more than 
classically activated (M1 or M(IFN- γ/LPS)) macrophages (98–100), 
their gene expression patterns, when carefully examined, fit the 
pattern of neither macrophage subtype (74, 101). For example, 

unlike alternatively activated macrophages, TaMacs from mouse 
mammary tumors lacked IL-4 dependence and failed to express 
several characteristic M2-like genes (101). Correspondingly, 
TaMacs from Burkitt’s lymphoma expressed multiple classically 
activated genes (74). While macrophage activation is best viewed 
within a continuum of gene expression patterns rather than 
fixed in discrete polarized states, these data nonetheless suggest 
the presence within the tumor microenvironment of unique 
determinants influencing the phenotypic and genotypic state of 
TaMacs. One of these determinants, as demonstrated in murine 
models of melanoma and lung carcinoma, is lactic acid, which 
is produced by cancer cells as a result of their relatively hypoxic 
microenvironment (73). The effect of lactic acid is mediated by 
the transcription factor hypoxia-inducible factor 1α (HIF-1α), 
which induces strong expression of the genes for VEGF-A and 
arginase 1 (73). Again, non-tumor wounds also are relatively 
hypoxic environments, so that at least some of the similarities in 
gene expression patterns between TaMacs and wound tissue may 
be attributable to the effects of lactic acid and HIF-1α (21, 81, 82).

Significantly, exposure to apoptotic cells contributes to the 
phenotypic and genotypic expression of a number of the pro-
oncogenic properties of TaMacs. In vitro exposure of classically 
activated M(IFN- γ/LPS) macrophages to apoptotic lymphoma cells 
shifted their gene expression pattern toward that of in  situ 
TaMacs, as obtained by laser-capture microdissection of Burkitt’s 
lymphoma xenografts (74, 75). Among the gene clusters identi-
fied in TaMacs in  situ were several specifically associated with 
tumor progression and wound healing. These included functional 
clusters related to the key cancer hallmarks of proliferation, cell 
death, and differentiation; extracellular matrix deposition and 
remodeling; and angiogenesis (74, 75, 81, 82). In this same model, 
suppression of apoptosis, via expression of the anti-apoptotic 
genes Bcl-2 or Bcl-XL, led to reduced TaMac accumulation and 
reduced angiogenesis when lymphoma cells were xenografted into 
SCID mice (74). Somewhat surprisingly, suppression of apoptosis 
had a minimal effect on tumor growth in vivo, despite promot-
ing expansion in vitro (74). This may be related to the reduced 
angiogenesis observed in apoptosis-suppressed xenografts or 
to differences between in  vitro and in  vivo growth conditions. 
Similarly suggestive, though less complete, evidence for a role of 
apoptotic cell-dependent effects on TaMacs also was found in a 
model of melanoma (74).

Supportive data for the importance of apoptotic cells in the 
conditioning of TaMacs also comes from models of prostate and 
breast cancers (102, 103). Coculture of bone marrow derived 
macrophages with apoptotic cells from several prostate cancer cell 
lines induced an M2-like state of macrophage polarization char-
acterized by increased expression of multiple M2-like-associated 
genes without alteration in the expression of several markers of 
classical activation (102). This occurred in a milk fat globule-
EGF factor 8 (MFG-E8)-dependent manner, with significantly 
increased levels of MFG-E8 detected in exosomes from prostate 
cancer cells (102). Additional provocative findings were reported 
in a model of breast cancer, in which the widespread apoptosis of 
mammary epithelial cells that occurs in the postpartum period 
was shown to enhance tumor metastasis (103). Molecular or 
pharmacologic blockade of the clearance of apoptotic cells led 
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to a reduction of M2-like TaMacs (without a change in the total 
number of macrophages) and a concomitant reduction in tumor 
metastasis as compared to nulliparous mice (103).

Tumors As Continually Regenerating 
Organs
The direct enhancement of cancer cell proliferation and tumor 
growth by apoptotic cells may be the most well-established 
postmortem apoptotic effect. More than 50 years ago, it was first 
reported that admixing lethally irradiated cancer cells with live 
cancer cells led to a higher incidence of rapidly growing tumors 
and shorter survival times when compared to injection of an 
equal number of live cancer cells (79). These results have been 
replicated both in vitro and in vivo in a variety of cancers and 
cancer cell lines (22, 74–80). In one study, the effect was shown 
to be specific to apoptotic cells, as necrotic cells had no effect 
(76). A strong parallel exists with wound healing in that the 
proliferative effect of apoptotic cells in both cancer and wound 
healing strongly depended on caspase-3-mediated activation 
of calcium-independent phospholipase A2 (iPLA2) and the 
iPLA2-mediated generation of prostaglandin E2 (PGE2; refs. 16, 
22, 52, 77, 78). An important consideration here is that, in these 
experimental studies, the number of apoptotic cells typically was 
very large in comparison to that of viable cells, with the ratio 
of apoptotic to viable cells varying from 20–50:1 to as much 
as 1,000–10,000:1 (22, 76–80). In one study, the precise ratio 
proved important, as the effect was found to be highly depend-
ent on apoptotic dose (80).

The later phases of wound healing involve extensive remod-
eling of the extracellular matrix (21, 81, 82). While the deposition 
and renovation of connective tissue is time-limited in wounds, 
eventually leading to the formation of a healed scar, the process 
is ongoing in tumors. Nevertheless, the genetic signatures of 
wounds and tumors—and, in particular, of TaMacs—are very 
similar, highlighting their many shared features (73–75, 81, 82). 
Among the categories of mutually expressed genes are proteinases 
and their regulators involved in the cleavage and restructuring of 
extracellular matrix components [metalloproteinase (MMP)-2, 
MMP-3, MMP-12, tissue inhibitor of MMP-2 (TIMP2), urokinase 
plasminogen activator], components of the extracellular matrix 
(fibronectin-1), and various cytokines regulating the activity and 
state of differentiation of fibroblasts, myofibroblasts, and other 
stromal cells (platelet derived growth factor, transforming growth 
factor-β, VEGF; refs. 73–75, 81, 82).

Antitumor therapies, of course, trigger massive cell death 
responses. While clearly an intended and vital outcome of 
therapy, the abrupt upsurge of cell death following radiation or 
chemotherapy is a double-edged sword, holding the potential to 
undermine the direct benefit of therapy by promoting the prolif-
eration of surviving tumor cells (22, 23, 77, 78). The repopulation 
of tumors following therapy may be compared to the compensa-
tory proliferation and organ regeneration observed in lower 
organisms following structural injury or amputation (67–69). In 
humans, the only organ with similar regenerative capacity is the 
liver (16). Many of the factors and signaling events involved in 
tumor repopulation mirror those driving organ regeneration in 
lower organisms as well as those promoting the pre-treatment 

growth and progression of tumors in mice and humans (22, 67–69, 
74–80, 104–106). For example, caspase-3-mediated cleavage of 
iPLA2, and the subsequent generation of PGE2, which has been 
shown to be important for the proliferative effect of apoptotic 
cells in wound healing and tumor growth, also play a critical role 
in liver regeneration (16) and tumor repopulation (22, 23, 77, 
78). The potential importance of this pathway in human cancer is 
highlighted by an association between elevated levels of caspase-3 
and several markers of tumor aggressiveness, including shortened 
survival, in a variety of cancers (22, 52).

In many ways, the role of apoptotic cells in tumor regeneration 
may be viewed as an exaggeration of their role in pre-treatment 
tumor growth and progression. Still, there may be several notable 
differences. For example, the massive increase of cell death after 
therapy shifts the proportions of live and dead cells, so that 
apoptotic cells almost certainly pass from a minority to a majority 
of cells. The extremely elevated ratios of apoptotic to viable cells 
used in most studies describing a proliferative effect of apoptotic 
cancer cells actually may reflect the post-therapy situation (22, 
76–80). Additionally, since therapy-induced death is not limited 
to cancerous cells, the bystander death of non-cancerous cells 
within the tumor’s microenvironment may have further deleteri-
ous consequences. It may be that the activities of cancerous and 
non-cancerous apoptotic cells differ. For example, apoptotic 
human umbilical vein endothelial cells (HUVEC) stimulated the 
growth in vitro of glioma cell lines; as with apoptotic cancer cells, 
the effect was linked to PGE2 released from apoptotic HUVEC 
(78). Similar results were obtained in vivo in murine models of 
fibrosarcoma and melanoma (107). Following therapy, tumors 
not only grew twice as fast but also became resistant to further 
radiation in mice whose endothelial cells were rendered more 
sensitive to radiation-induced apoptosis (107). Further, non-
cancerous cells need not die to have a profound impact on tumor 
repopulation (108, 109). Following chemotherapy, secreted fac-
tors produced by stressed stromal cells within the tumor’s micro-
environment, which have sustained sublethal DNA damage, may 
enhance tumorigenesis and promote resistance to future therapy. 
For example, transcripts of the Wnt family member, wingless-
type MMTV integration site family member 16 B (WNT16B), 
were increased approximately sixfold in prostate stroma after 
chemotherapy (109). Augmented expression of WNT16B within  
the prostate tumor microenvironment in vivo promoted cancer 
cell proliferation, migration, and tumor invasiveness, and attenu-
ated the effects of chemotherapy (109). While this study did not 
specifically address the role of apoptotic cells, the induction of 
WNT16B by genotoxic stress and the subsequent role of Wnt-
dependent signaling events in accelerated repopulation are 
reminiscent of the roles of apoptotic cells in organ regeneration 
and compensatory proliferation of lower multicellular organisms 
(67–69, 104–106).

immunity, Apoptosis, and Tumorigenesis
The impact of apoptotic cells in suppressing inflammatory 
responses (“Innate Apoptotic Immunity”) is well established 
(9–12, 18, 19). The contribution of inflammation appears to be 
critical in tumorigenesis, and the potential for apoptotic cell 
intervention on this level is obvious. A recent elegant series of 
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studies sheds particular light on the role of inflammation in 
tumor initiation in the context of the liver (110–114). The com-
bination of chronic inflammation and continuously increased 
rates of apoptotic hepatocellular death leads to the spontaneous 
development of hepatocellular carcinoma. While the liver may 
be unique in its susceptibility, perhaps because of its enormous 
regenerative capacity, abundant evidence supports a role for 
inflammation as an enabling feature of tumor development and as 
an essential characteristic of the tumor microenvironment (3, 4, 
74, 75, 98, 100). On the surface, it may appear difficult to reconcile 
ongoing inflammation with the known potent anti-inflammatory 
properties of apoptotic cells (9–11), especially as they are present 
in tumors in increased numbers (4, 24, 25). In the case of wounds, 
a plausible resolution is that macrophages recruited during the 
initial inflammatory phase start out in a classically activated state 
[M1 or M(IFN- γ/LPS)] state, but, under the influence of apoptotic cells 
and other factors, they eventually transition to an alternatively 
activated M2-like state. Given that tumors “never heal,” it may 
be that pro- and anti-inflammatory forces are each continuously 
and potently present within tumors, and that their continuous 
opposition helps to explain the lack of a clear state of polarization 
among TaMacs (4, 73–75, 98–101).

While robust adaptive immunity certainly can function effec-
tively against established tumors (as demonstrated dramatically 
with the recent success of T cell stimulatory treatments targeting 
so-called checkpoint inhibitors [such as PD-1 and its ligands]; 
ref. 115), the role of adaptive immunity normally in tumorigenic 
initiation and propagation is less well-defined. A plethora of 
studies spanning almost the entirety of the field of tumor immu-
nology has led to the striking axiom that tumors, generally, are 
poorly immunogenic, eliciting feeble immune responses. The 
abundant presence of anti-inflammatory apoptotic cells within 
a tumor gives rise to the notion that apoptotic tumor cells may 
be responsible for triggering tumor-specific immunosuppression. 
However, in contrast to their well-described suppression of innate 
immune responses, the effects of apoptotic cells on adaptive 
immune responses are uncertain, even in the non-tumorigenic 
setting (116). Further, it is not clear whether a common basis 
exists for the poor immunogenicity of tumors. This might reflect 
a deficit in antigen presentation, a failure to activate antigen-
specific T  lymphocyte responders (for example due to a defect 
in co-stimulation), and/or the stimulation of antigen-specific 
inhibitory (e.g., T-regulatory) cells.

Under experimental conditions (especially in vitro), it is clear 
that apoptotic tumor cells can be a source of antigen and elicit 
antigen-specific T  cell responses (116). Whether this is mean-
ingful physiologically, and what the relative potency of apoptotic 
immunostimulatory activity might be, remains unresolved, 
although other work suggests that non-apoptotic corpses may 
be more immunogenic (117, 118). It is worth noting that, in 
cases in which apoptotic immunostimulatory activity has been 
observed, those apoptotic cells also have provided an innate 
immune stimulus (due to viral infection; refs. 119, 120). On 
the other hand, compelling data indicating that apoptotic cells 
interfere with the process of antigen presentation or skew T cell 
responses toward a regulatory phenotype are lacking, and the 
possibility that co-stimulatory molecule expression is modulated 

by apoptotic cells is contentious. Published studies have vari-
ously reported that the expression of one or more co-stimulatory 
molecules (CD40, C80, and CD86) is diminished, increased, or 
unaltered (118, 121–123).

Perhaps the most parsimonious view is that, within the tumor 
microenvironment, the preponderance of apoptotic cells, which 
shift TaMacs away from a classically activated profile and toward 
an alternatively activated one, has the potential to attenuate 
inflammatory responsiveness generally. In this context, requisite 
innate immune triggers for adaptive immune responsiveness may 
be insufficient. This perspective also suggests that the paradig-
matic conviction that the tumor microenvironment is frankly 
pro-inflammatory may be in need of re-evaluation.

OPeN QUeSTiONS FOR iNveSTigATiON

Our discussion of the multifaceted effects of apoptotic cells on 
tumors rests on the recognition of the unique and ongoing place 
of apoptotic cells in the tumor microenvironment. Implicit in 
our discussion is the assumption that the potent postmortem 
regulatory activities of apoptotic cells are comparable between 
transformed and non-transformed apoptotic cells. This, how-
ever, remains to be tested experimentally, not only in terms of 
the apoptotic cells eliciting a response, but also in terms of the 
responding cells themselves. In particular, the possibility exists 
that subtle differences distinguish the postmortem activities of 
transformed and non-transformed apoptotic cells. Similarly, 
it remains to be explored whether subtle differences also dis-
tinguish the repertoire of responses of viable transformed and 
non-transformed cells to apoptotic ones. We have noted that 
apoptotic cells modulate multiple vital cell activities of untrans-
formed cells, including their survival, proliferation, and growth, 
but that no evidence exists for the apoptotic modulation of the 
cancer hallmark of replicative immortality. This is an interesting 
issue for exploration.

Just as apoptosis is ongoing throughout the life of a tumor, 
so too is inflammation. We have suggested that the preponder-
ance of apoptotic cells in the tumor microenvironment may shift 
subtly its balance away from a pro-inflammatory one. While our 
understanding of the anti-inflammatory, homeostatic effect of 
apoptotic cells is best contextualized in terms of wound healing, 
there are important differences between healing wounds and 
tumors. For example, what are the long-term consequences of an 
“unhealing” tumor for apoptotic modulation? Might the resolv-
ing activity of apoptotic cells eventually become “exhausted” in 
this setting?

The basis of the insubstantial immunogenicity of tumors 
remains puzzling and is a critical issue for resolution. Certainly, 
the state of inflammation within the tumor microenvironment, 
and the question of whether apoptotic suppression of innate 
immune responsiveness is the basis of adaptive immune unre-
sponsiveness, must be major considerations. A direct evaluation 
of the efficacy with which antigen-specific T  cell responses 
(including cross-primed responses) are elicited by apoptotic 
tumor cells, as compared with other dead tumor cell forms, is 
urgently needed. In addition, it is important to know whether 
apoptotic modulation of adaptive immune responsiveness, like 
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that of innate immune responsiveness, is manifest in a dominant 
manner.

While apoptosis is the primary mechanism by which cells die 
physiologically and, as we have discussed, is ongoing throughout 
tumor life, other forms of cell death can occur as well. Notably, 
and especially post-chemotherapy, this may include “immuno-
genic cell death” (6, 66). Cells dying in that way, in contrast to 
typical immunosuppressive apoptosis on which we have focused, 
can elicit immune responses. It will be interesting to consider the 
postmortem effects of those non-immunosuppressive cell death 
forms and the roles that they play in tumorigenesis.
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It is known that apoptotic cells can have diverse effects on the tumor microenvironment. 
Emerging evidence indicates that, despite its renowned role in tumor suppression, 
apoptosis may also promote oncogenic evolution or posttherapeutic relapse through 
multiple mechanisms. These include immunomodulatory, anti-inflammatory, and trophic 
environmental responses to apoptosis, which drive tumor progression. Our group 
has introduced the term “onco-regenerative niche (ORN)” to describe a conceptual 
network of conserved cell death-driven tissue repair and regeneration mechanisms 
that are hijacked in cancer. We propose that, among the key elements of the ORN are 
extracellular vesicles (EVs), notably those derived from apoptotic tumor cells. EVs are 
membrane-delimited subcellular particles, which contain multiple classes of bioactive 
molecules including markers of the cell from which they are derived. EVs are implicated 
in an increasing number of physiological and pathological contexts as mediators of local 
and systemic intercellular communication and detection of specific EVs may be useful 
in monitoring disease progression. Here, we discuss the mechanisms by which EVs 
produced by apoptotic tumor cells—both constitutively and as a consequence of ther-
apy—may mediate host responsiveness to cell death in cancer. We also consider how 
the monitoring of such EVs and their cargoes may in the future help to improve cancer 
diagnosis, staging, and therapeutic efficacy.

Keywords: extracellular vesicle, apoptosis, exosome, ectosome, cancer pathogenesis, wound healing, 
regeneration

inTRODUCTiOn: APOPTOSiS AnD OnCOGeneSiS

Apoptosis plays important roles in regulating cell populations during ontogeny and in adult tissues. 
Emerging evidence indicates that, not only is apoptosis responsible for the well-established deletion 
of cells during organ sculpting (for example, removal of the cells of the interdigital webs during 
limb development of mammals) but also for stimulating the proliferation of cells in neighboring 
compartments, a process termed compensatory proliferation or apoptosis-induced proliferation 
(1–3). In adults, apoptosis is prominent in controlling responses to infection and other inflammatory 
stimuli and in cyclical turnover of tissues ranging from the lactating/post-lactating mammary gland 
to the turnover of epithelia. In the steady state in which cell gain is balanced by cell loss, apoptosis 
provides important tissue homeostatic signals, ensuring the safe, non-phlogistic removal of billions 
of cells daily.
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FiGURe 1 | Extracellular vesicles (EVs) produced by viable and apoptotic cells. Diagrammatic representation of the broad categories of EVs produced by viable cells 
(left) and cells undergoing apoptosis (right). Exosomes are produced through endosomal pathways involving the formation of multivesicular bodies that fuse with the 
plasma membrane. Ectosomes or microvesicles bud directly from the plasma membrane. Apo-EVs are produced in a diverse size range specifically by apoptotic 
cells—larger Apo-EVs are commonly known as apoptotic bodies. Apo-EVs can contain large cellular organelles including nuclear fragments as shown. Relatively 
little is yet known about the molecular mechanisms underlying the production of Apo-EVs/apoptotic bodies and the roots of their heterogeneity [see Ref. (18, 27), for 
reviews] or indeed their relationships with exosome or ectosome production. Preparations of Apo-EVs are likely to be contaminated by exosomes and ectosomes 
produced at least during pre-apoptosis stages of activation. Red and blue “lollipop” symbols serve to illustrate orientation of transmembrane proteins of the plasma 
membrane. Left-hand cartoon adapted from Ref. (17).
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In malignant disease, the homeostatic cell birth/cell death 
balance becomes dysregulated through acquisition of oncogenic 
mutations that lead to net expansion of transformed cell popula-
tions. In addition to the loss of normal constraints on prolifera-
tion, the capacity to evade apoptosis and survive inappropriately 
facilitates oncogenesis. Thus, mutations affecting genes that 
promote cell survival such as antiapoptotic Bcl-2 family mem-
bers and molecules active in the PI3K/Akt pathway complement 
those that promote cell proliferation (4). In the face of frequent 
mitoses, tumors that grow slowly—a typical example being basal 
cell carcinoma—display relatively high rates of apoptosis [high 
apoptotic index (AI)] (5). Less intuitively, aggressive, rapidly 
growing tumors also display high AIs. Indeed, close association 
between high AI and high proliferative rate has been reported 
for multiple aggressive cancers, including colorectal carcinoma, 
bladder, lung and breast cancers, leukemia, and lymphoma (6). 
To place these observations in perspective, it has long been 
known that in Burkitt’s lymphoma, for example, which displays 
evidence of both high mitotic and apoptotic indices in standard 
histological sections, a substantial proportion (around 70%) of 
the proliferating cells die (7). This accords with the principle that 
apoptosis is often prominent in association with proliferation in 
normal tissues.

Constitutive apoptosis in growing tumors is likely to be caused 
by multiple stresses characteristic of rapidly expanding tissues, 
cell growth outpacing (i) supply of nutrients and oxygen and  
(ii) removal of potentially toxic metabolites. Additional causes 
of constitutive apoptosis include survival pathway “insufficiency” 
(caused by genetic mutation), antitumor immunity, and cell 
competition effects. Apoptosis of tumor cells is also the basis for 

the effectiveness of anticancer chemotherapies and radiotherapy. 
Recent evidence indicates that microenvironmental tissue repair 
and regenerative responses to tumor cell apoptosis are critically 
important in promoting net tumor growth and posttherapeutic 
tumor repopulation/relapse (8–11). We propose that extracellular 
vesicles (EVs) play key roles in potentiating the microenviron-
mental effects of apoptosis in tumors.

evs: CLASSeS, CARGOeS, AnD 
FUnCTiOnAL PROPeRTieS in CAnCeR

EVs are subcellular membrane-delimited particles, which can 
be released from cells both constitutively and in response to 
activation or stress. Although there is a lack of consensus on 
properties and nomenclature within the EV field, it is gener-
ally accepted that there are at least three different types of 
EVs, which have been classified according to size, biogenesis, 
or isolation technique (12–18) (Figure  1). Exosomes are the 
smallest category (30–150  nm) formed from endosomal 
membranes and released from the cell by exocytosis of multi-
vesicular bodies. Ectosomes or microvesicles (100–1,000 nm) 
bud directly from the plasma membrane. Apoptotic bodies 
(typically described as 1,000–5,000  nm) are formed during 
apoptosis, and apoptotic cell-derived vesicles have very broad 
size ranges (our unpublished observations). Relatively large 
EVs (ectosome-like), >2  μm in diameter and not apparently 
associated with apoptosis, have also been described, showing 
intact organelles but not nuclear components [see, for example, 
Ref. (19)]. EV cargoes are diverse, ranging from nucleic acids 
such as miRNA, mRNA, and DNA, to lipids, and cytosolic and 
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membrane proteins. It is thought that the sequestering of specific 
cargoes into EVs is directed, but the mechanisms by which this 
occurs have not yet been fully elucidated. EVs can be detected 
in most bodily fluids, including blood, urine, saliva, amniotic 
fluid, breast milk, and ascites. There has been a growing interest 
in using circulating EVs as carriers of biomarkers of disease, 
especially since EVs carry markers of their cell of origin and 
may represent the pathophysiological status of the cells (12–17, 
20–22). EVs are involved in the regulation of tumor growth, 
progression, and antitumor immunity, in the latter context 
showing potential application in antitumor vaccination [see Ref. 
(23–26) and forthcoming Frontiers in Immunology Research 
Topic: The Immunomodulatory Properties of Extracellular Vesicles 
from Pathogens, Immune Cells and Non-Immune Cells].

EVs both from tumor cells and from stromal cell components 
of the tumor microenvironment can promote cancer growth and 
metastasis. Accruing evidence indicates that the pro-oncogenic 
properties of EVs are mediated via multiple mechanisms, 
reflecting the multitude of cargoes and the complex biological 
composition of EVs. For example, tumor cell-derived EVs can 
promote tumor growth and angiogenesis through transferral of 
mutant receptors, angiogenic proteins, and RNAs from tumor 
cells to neighboring cells, including endothelial cells and mutant 
growth receptor-deficient tumor cells in the tumor microen-
vironment (22, 28, 29). EVs can promote tumor metastasis 
through horizontal transfer of oncogenic molecules from cancer 
cells to bone marrow-derived stromal cells (30) or directly from 
malignant tumor cells to relatively benign counterparts, endow-
ing the recipient cells with metastatic properties (31). EVs from 
tumor cells also endow stromal cells with switched metabolic 
pathways (32) and can alter the activation status of fibroblasts 
to resemble that of cancer-associated fibroblasts (CAFs) (33, 34). 
Furthermore, EVs derived from the stromal or immune cells 
of tumors have regulatory properties in cancer. For example, 
M2-polarized tumor-associated macrophages (TAMs) have been 
shown to transfer microRNA-21 to gastric cancer cells, suppress-
ing apoptosis, and thereby causing cisplatin resistance (35).

APOPTOTiC TUMOR CeLL-DeRiveD evs

Apoptotic cells in tumors communicate with neighboring cells 
not only by intercellular contact but also via soluble and 
EV-encapsulated signal mediators (36, 37). EVs from apoptotic 
cells display a broad size heterogeneity from around 50  nm to 
several microns and the term “apoptotic body” is often used to 
describe the larger varieties—commonly >1,000 nm—of apop-
totic cell-derived EVs (Apo-EVs) (18). However, the terminology 
describing the different types of membrane-delimited subcellular- 
sized particles released from apoptotic cells is currently a mat-
ter of discussion, as a standardized nomenclature has not been 
established to date (38). We favor the concept that Apo-EVs 
represent a continuum (albeit heterogeneous) of vesicles released 
from apoptotic cells with wide variation in size, including those 
classed as apoptotic bodies (Figure  1). Although there seems 
little doubt that Apo-EVs will prove to be heterogeneous in other 
ways [e.g., some carrying genomic DNA and/or organelles such 
as mitochondria, together with heterogeneity in macromolecule 

content (39–42)], the critical definition of an Apo-EV is a vesicle 
that is apoptosis dependent. Clearly EVs may be released from 
apoptotic cells as a consequence of pre-apoptosis stress signals or 
as a result of post-apoptotic necrosis. The need for more informa-
tion about the EVs released throughout the apoptotic process is 
reinforced by evidence of significant levels of proteins such as 
histones that are loaded into Apo-EVs prior to the loss of plasma 
membrane integrity (40). Since Apo-EVs encapsulate a wide 
variety of bioactive molecules and cellular organelles (39–43), 
they can be characterized as metabolically active structures that 
provide apoptotic cells with the ability to transduce signals over 
relatively long distances (6, 36, 37, 44).

Although several studies have been forthcoming in recent 
years, the structural characteristics, contents, and functional 
attributes of Apo-EVs in cancer remain poorly defined (6, 18, 44),  
particularly since apoptosis dependence of putative Apo-EVs 
has not been stringently investigated, for example, by comparing 
EVs from apoptotic and non-apoptotic cells subjected to identical 
stress signals. Notwithstanding this limitation, we highlight the 
potential for Apo-EVs and their cargoes to play important roles in 
the regulation of tumor growth and progression. Thus, it has been 
shown that cancer cells under stress transfer genetically active 
material to their neighbors and given that EVs are rich in nucleic 
acids—including both DNA and RNA [the former likely to be 
especially enriched specifically in Apo-EVs (our unpublished 
observations)]—they are likely to play a significant role in this 
communication (45). Furthermore, stromal cell-derived EVs 
(<100 nm) released as a consequence of cell stress may provide 
key signals supporting the neighboring tumor cells’ capacity to 
metastasize, promoting proliferation and inhibiting apoptosis 
(46). Immunological functional heterogeneity of Apo-EVs is 
evident from studies indicating that, on the one hand they can 
be immunosuppressive (26), while on the other (albeit in a dif-
ferent context), immunostimulatory (41). Horizontal transfer 
of potentially oncogenic genomic DNA through phagocytosis 
of apoptotic bodies and its control through p53-mediated DNA 
damage responses has been demonstrated (47–49), raising the 
possibility that cells receiving Apo-EVs may, even transiently, 
express gene signatures from apoptotic tumor cells, with impli-
cations for tumor growth. It is also conceivable that oncogene 
transfer through Apo-EVs could lead to sustained transformation 
of recipient cells. Indeed, the production of EVs by tumor cells 
in response to anticancer therapies—which are well known to 
induce apoptosis in tumor cells—suggests that EV production 
is detrimental to therapeutic success (50–52). Mechanisms 
of EV-mediated drug resistance are beginning to emerge. For 
example, in pancreatic ductal adenocarcinoma (PDAC), EVs 
produced by CAFs as a consequence of chemotherapy transfer 
Snail and miR-146a to PDAC cells, enhancing both their survival 
and proliferation during treatment (53). Further work will clarify 
roles specifically for Apo-EV in tumor growth and progression 
pre- and posttherapy.

THe OnCO-ReGeneRATive niCHe (ORn)

Our group has proposed that Apo-EVs are key components in a 
conceptual tissue repair microenvironmental “module” we have 
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termed the ORN (6, 44). This concept is based upon the well-
rehearsed comparison of tumors to “wounds that fail to heal” or, 
perhaps more accurately, “wounds that fail to stop repairing.” We 
propose that the ORN represents a microenvironmental signaling 
network driven by apoptosis and involving tumor cells, non-tumor 
stromal and immune cells, connective tissue, soluble factors, and 
EVs. The putative network engenders pro-repair and regenerative 
responses that promote tumor cell proliferation, angiogenesis, 
and invasiveness while at the same time suppressing antitumor 
immunity. Currently, the ORN remains conceptual, serving as a 
platform for rationalized experimentation to test the hypothesis 
that conserved tissue repair and regenerative responses to cell 
death in tumors provide fundamental pro-oncogenic signals 
that can facilitate tumor growth, metastasis, and posttherapeutic 
relapse.

Intercellular communication events concerning apoptotic 
cells, which lie at the heart of the ORN, involve TAMs, endothelial 
cells, and viable tumor cells among others including additional 
immune cells, CAFs, and mesenchymal stromal cells. Little is yet 
known about the mechanisms by which Apo-EVs interact with 
neighboring cells of the tumor microenvironment although 
EVs released by apoptotic cells harbor “find-me” signals that 
facilitate the directed migration of phagocytes to apoptotic cells. 
In some studies, active chemotactic molecules associated with 
EVs (CX3CL1 and ICAM-3) have been described (54–56). In 
the context of phagocytosis, apoptotic cells are able to activate 
multiple lineages of cells in addition to macrophages, includ-
ing dendritic cells, epithelial cells, bone marrow stromal cells, 
muscle cells, fibroblasts, and endothelial cells. Although direct 
cell-to-cell contact is an obviously essential prerequisite for 
phagocytosis of apoptotic cell bodies, information is currently 
limited on the potential roles of Apo-EVs in activating the 
phagocytes of apoptotic cells. Given the multiple modes by 
which EVs can interact with cellular targets, we speculate that 
both receptor-dependent and independent mechanisms oper-
ate in the ORN to provide communication pathways between 
apoptotic cell-derived EVs and other cells in the microenviron-
ment—both phagocytes and non-phagocytes, non-transformed 
and transformed cells (Figure 2). First-line candidate receptors 
would be those already known to function in apoptotic cell 
clearance, especially the phosphatidylserine (PS)-binding 
glycoproteins, be they opsonins such as Gas6, Protein S, or 
MFG-E8, or cell surface PS receptors such as TIM-4, BAI-1, 
and Stabilin 2 [reviewed recently by Ref. (57)], especially since 
the majority of EVs, including those released from apoptotic 
cells tend to expose PS [(12) and our unpublished observa-
tions]. Additional, PS-independent mechanisms may also be 
involved, and mechanisms of activation of the cellular targets of 
Apo-EVs would be expected to include agonistic or antagonistic 
receptor ligation, localized release or transfer of highly labile, 
biologically active molecules and transfer of proteins, nucleic 
acids, and metabolites as has been described for EVs in other 
contexts.

Although limited mechanistic information is yet available, 
we propose that EVs released into the tumor microenviron-
ment have multiple tumor-modulating activities. Apoptotic 
cells activate diverse responses in neighboring cells, producing 

mitogens, anti-inflammatory mediators, pro-angiogenic factors, 
and matrix-degrading enzymes in addition to chemoattractants 
(6, 10, 44). Given their biological potential as we have already 
discussed, it seems likely that Apo-EVs will prove to harbor key 
bioactive molecules that mediate at least some of the aforemen-
tioned tumor-modulating activities.

CLiniCAL POTenTiAL OF APOPTOTiC 
TUMOR CeLL-DeRiveD evs

It is widely accepted that EVs contain biomolecules indicative 
of the cell from which they derive, its state of activation, its 
metabolic activity, and in some cases its genotype. Since EVs 
are accessible in various body fluids, their cargoes may be 
useful as non-invasive biomarkers for diagnosis and prognosis 
of disease, including cancer. Recent investigations serve to 
highlight the association of EVs and their cargoes with diverse 
cancer types. For example, a recent study of EVs isolated from 
blood of colorectal cancer patients, based on EpCAM+ selection, 
found increased levels of specific miRNAs in patients compared 
to healthy controls, which decreased after surgical removal of 
the tumor (59). EVs from patients with liver cancer (hepatocel-
lular carcinoma and cholangiocarcinoma) are measurable and 
distinct from EVs derived from non-cancerous chronic liver 
disease such as cirrhosis (60). A study of multiple myeloma 
showed that the number of EVs expressing the plasma cell 
marker CD138 in the blood of patients corresponded to both 
disease state and therapeutic outcome, giving both diagnostic 
and prognostic relevance to the detection of EVs in this disease 
(61). In PDAC patients, mutant KRAS DNA can be detected with 
a higher frequency in circulating EVs than the more prevalent 
method of cell-free circulating DNA (62). Detection of miRNA 
in the EVs of Hodgkin lymphoma patients was followed along 
the course of treatment and was found to decrease concordantly 
with the FDG-PET scans that are routinely used to monitor 
this cancer type, and in patients with relapsing disease those 
miRNA levels were seen to rise (63). In breast cancer, the TRPC5 
receptor channel, shown to be essential for chemoresistance, can 
be detected on circulating EVs and used to predict treatment 
response and relapse (64). In prostate cancer, two proteins—
ADSV and TGM4—found in urinary EVs, can in combination 
predict not only the presence of the disease but also relapse of 
the patient after treatment (65).

These examples illustrate that there is conceptual concord-
ance between the biological activities of EVs in mechanistic 
cancer models and their association with disease status in human 
patients. As yet, however, the particular significance of Apo-EVs 
in human malignant disease remains unclear. We speculate that 
a fraction of the Apo-EVs from cells of the tumor microenviron-
ment, including tumor cells themselves, macrophages, and other 
immune cells, together with fibroblasts, mesenchymal stem cells, 
and endothelial cells, would gain access to the circulation [note 
the well-established circulation of tumor cells and nucleosomes 
in cancer patients (66, 67)] and as such would be readily ame-
nable to analysis using appropriate technologies (vide infra) 
and could potentially provide useful diagnostic and prognostic 
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FiGURe 2 | Apoptotic tumor cell-derived extracellular vesicles (Apo-EVs) in the onco-regenerative niche (ORN). Cartoon depicting the potential involvement of 
Apo-EVs in providing key intercellular networking and activating elements of the ORN. Currently, the ORN is conceptualized as an apoptosis-driven oncogenic niche. 
Here, this is represented by Apo-EVs communicating with non-tumor cellular elements of the niche such as tumor-associated macrophages and endothelial cells as 
well as with viable tumor cells. Although little is yet known of the modes of interaction of Apo-EVs with recipient cells, it seems reasonable to assume that at least 
some of the molecules [see text and Ref. (57)] involved in clearance of apoptotic cells (and relatively large apoptotic bodies) will prove to be shared by smaller 
varieties of Apo-EVs. In this context, it is noteworthy that receptor-mediated cellular interaction of EVs involves the phosphatidylserine receptor TIM-4 and the 
integrins αvβ3 and αvβ5 (58), all of which are well defined as phagocyte receptors for apoptotic cells. Novel pathways also seem likely. Here, the surface of Apo-EVs 
is shown to display signals (green “lollipop” symbols), putatively involved in engagement with appropriate receptors on cells of the niche. We propose that, in 
addition to being targeted for degradation in phagolysosomes, Apo-EVs may transfer cargoes, including surface receptors and nucleic acids, to recipient cells, as 
has been described for other EV types, thereby altering cellular functional activities (red arrows) and intercellular communication (e.g., black arrow), culminating in the 
pro-oncogenic activities of the ORN such as the promotion of clonal tumor cell growth, angiogenesis, and metastasis, together with inhibition of antitumor immunity.

Lynch et al. Apoptotic Cell-Derived EVs in Tumor Pathogenesis

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1174

information of benefit to patient care. As well as providing valu-
able cargo information, EVs (and possibly Apo-EVs too) may 
also antagonize cancer therapies by acting as “decoy” vehicles for 
therapeutic antibodies, thereby diluting effective biopharmaceu-
tical delivery to tumor cells. This has been shown to be the case 
for the anti-CD20 therapeutic antibody Rituximab, which binds 
EVs produced by lymphoma cells, effectively protecting the cells 
from immunotherapeutic destruction (68). Similarly, EVs from 
HER2+ breast cancer carry HER2 molecules that can bind to the 
anti-HER2 therapeutic antibody, trastuzumab, compromising 

its effectiveness (69). Thus, EVs, possibly including Apo-EVs, 
are capable of inactivating therapy as well as promoting tumor 
growth, and so reducing EV production may provide a novel 
strategy to improve therapeutic responses.

COnCLUSiOn

Although EVs, including Apo-EVs, show much promise for use 
both in diagnosis and treatment monitoring, and potentially 
even as therapeutic targets, there are many hurdles to overcome 
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before this can be translated effectively to the clinic. Perhaps 
the most significant challenge is EV heterogeneity and lack of 
standardization in terms of EV isolation and characterization in 
clinical samples (or indeed any samples). Much research effort is 
focused on purification of EV populations using advanced plat-
forms such as immunomagnetic isolation and immunoaffinity 
arrays (70, 71), which also hold potential to become miniatur-
ized, enabling the development and application of point-of-care 
technologies in the clinical setting. Methods of characterization 
are also a challenge, as the size of the smallest EVs pushes many 
techniques beyond their lower limits of reliability. However, 
progress is likely to be speedy, following the rapid progress in 
nanometrology that has occurred in recent years. The relatively 
recent explosion in EV interest and research has led to signifi-
cant progress, not least in clinical oncology diagnostics (see, for 
example, products from Exosome Diagnostics http://www.
exosomedx.com).

Because of their structure and highly specific cargoes, EVs are 
likely to prove to be most useful targets for biomarker screening in 
cancer, as well as in other disease settings. It is anticipated that new 
technologies will allow screening of tiny, readily accessible biopsy 

samples, most commonly blood, and that the vesicular nature 
of EVs will provide for concentration and protection of valuable 
biomarker cargoes, including labile molecules. Resolution of the 
phenotypic and functional heterogeneity of EVs is already under 
way, and we predict that substantial advances will continue to be 
made in EV research in the near future, not least in the functional 
attributes of Apo-EVs and their relevance to human cancer diag-
nosis, prognosis, and therapy.
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Carcinogenesis is a multistep process. Besides somatic mutations in tumor cells, 
stroma-associated immunity is a major regulator of tumor growth. Tumor cells produce 
and secrete diverse mediators to create a local microenvironment that supports their 
own survival and growth. It is becoming apparent that iron acquisition, storage, and 
release in tumor cells is different from healthy counterparts. It is also appreciated that 
macrophages in the tumor microenvironment acquire a tumor-supportive, anti-inflam-
matory phenotype that promotes tumor cell proliferation, angiogenesis, and metastasis. 
Apparently, this behavior is attributed, at least in part, to the ability of macrophages to 
support tumor cells with iron. Polarization of macrophages by apoptotic tumor cells 
shifts the profile of genes involved in iron metabolism from an iron sequestering to an 
iron-release phenotype. Iron release from macrophages is supposed to be facilitated by 
ferroportin. However, lipid mediators such as sphingosine-1-phosphate, released form 
apoptotic tumor cells, upregulate lipocalin-2 (Lcn-2) in macrophages. This protein is 
known to bind siderophore-complexed iron and thus, may participate in iron transport in 
the tumor microenvironment. We describe how macrophages handle iron in the tumor 
microenvironment, discuss the relevance of an iron-release macrophage phenotype for 
tumor progression, and propose a new role for Lcn-2 in tumor-associated macrophages.

Keywords: apoptosis, phagocytosis, macrophage polarization, sphingosine-1-phosphate, lipocalin-2, tumor 
progression

MACROPHAGe UPTAKe OF DYiNG CeLLS iN THe TUMOR 
MiCROeNviRONMeNT

Among factors of the tumor microenvironment that shapes the macrophage phenotype to promote 
cancer are dying cells (1). Tumor cells and other tumor-resident cells undergoing programmed, 
apoptotic, or necroptotic, as well as accidental necrotic cell death are sensed and removed by mac-
rophages, which induces different functional macrophage programs (Table 1). While lytic forms 

Abbreviations: ANXA1, annexin A1; BDH2, 3-hydroxybutyrate dehydrogenase, type 2; CX3CL1, fractalkine; DAMP, damage-
associated molecular pattern; DHBA, dihydroxybenzoic acid; DMT-1, divalent metal transporter-1; FTH, ferritin heavy chain; 
FTL, ferritin light chain; FPN, ferroportin; HIF, hypoxia-inducible factor; HO-1, heme oxygenase-1; IL, interleukin; IRE, 
iron responsive element; IRP, iron-regulatory protein; Lcn-2, lipocalin-2; PS, phosphatidylserine; TAM, tumor-associated 
macrophage; Tf, transferring; TfR, transferrin receptor; S1P, sphingosine-1-phosphate.
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TAbLe 1 | Molecules involved in the attraction, recognition, and polarization of phagocytes by dying cells.

Mode of cell death Mode of interaction with 
phagocytes

Dying cell-derived molecules Outcome/goal

Apoptosis Attraction ATP/UTP (9), LPC (10), S1P (11), RPS19 (12), EMAPII (13), CX3CL1 (14) Early phagocyte recruitment

Recognition PS (15), CRT (16), ANXA1 (17), PTX3 (18) Corpse removal (phagocytosis)

Polarization Tolerogenic apoptosis: PS (19), S1P (20), IL-38 (21), ANXA1 (17) Immuno-suppression

Polarization Immunogenic apoptosis: CRT (16), ATP (22) Immune activation

Necrosis Attraction Primary necrosis: ATP? Phagocyte recruitment
Secondary necrosis: ANXA1 (23)

Recognition PS (24), complement (25), antibodies (25), pentraxins (25), F-actin (26) Corpse removal (macropinocytosis)

Polarization HMGB1 (27), ATP (28), DNA (29), IL-1α (30), IL-33 (31) Immune activation

Necroptosis Attraction ATP (32), others? (Early) phagocyte recruitment

Recognition PS (33), others? Corpse removal (mode unclear)

Polarization HMGB1, ATP, DNA, IL-1α, IL-33 + induced DAMPs? [reviewed in Ref. (34)] Immune activation

LPC, lysophosphatidylcholine; S1P, sphingosine-1-phosphate; RPS19, ribosomal protein S19; EMAPII, endothelial monocyte-activating polypeptide 2; PTX3, pentraxin 3;  
IL, interleukin; ANXA-1, annexin A1; CRT, calreticulin; PS, phosphatidylserine; HMGB1, high mobility group box 1; DAMP, damage-associated molecular pattern.
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of cell death such as necroptosis and necrosis predominantly 
induce inflammatory cascades that may promote tumor initia-
tion through modifying DNA and triggering cytokine-induced 
survival pathways in tumor cells (2), apoptotic cells (AC) induce 
macrophage-dependent matrix remodeling, recruitment of vas-
culature, and inhibition of antitumor inflammation (1, 3). These 
properties of AC are seen in analogy to their function during 
wound healing and regeneration (4, 5), supporting the notion 
that tumors are “wounds that do not heal” (6). The interaction of 
macrophages and dying cells, however, does not only alter their 
functional response, it also comes with a high metabolic load after 
engulfment of cell debris that needs to be handled by macrophages 
(7, 8). Hereby, macrophages can be considered an extravascular 
relay station of tumor-associated metabolism, to acquire and 
redistribute metabolic intermediates and other (bio)chemical 
substances, including iron, as outlined in more detail below (see 
Macrophage Subsets and Iron Handling). To our knowledge, 
there are no detailed studies comparing the metabolic challenges 
macrophages face when taking up apoptotic versus necroptotic 
or necrotic cells, and whether redistribution of nutrients such as 
iron differs in these circumstances. Studies toward these direc-
tions will help to aid decisions, which mode of cell death should 
be initiated in pathologies such as cancer.

MACROPHAGe POLARiZATiON bY  
DYiNG CeLLS

Macrophage interactions with cells succumbed to different 
modes of cell death show overlapping and also discreet molecular 
features at the levels of attraction, recognition, and subsequent 
alteration of the macrophage phenotype (macrophage polari-
zation) as summarized in Table 1.

In a first step, macrophages need to be alerted to their prey. 
In the case of AC, this is mediated by the active release of 
phagocyte-attracting molecules, so-called “find-me signals.” 
Their functions are intrinsically coupled to the apoptotic machin-
ery, i.e., demanding caspase activation (35, 36). The release of 
find-me signals serves to recruit macrophages with the goal to 
efficiently clear apoptotic corpses before they undergo secondary 

necrosis. To achieve this goal, AC produce a variety of different 
find-me signals, probably dependent on the respective apoptotic 
stimulus. These include the lipids lysophosphatidylcholine and 
sphingosine-1-phosphate (S1P), the nucleotides ATP and UTP as 
well as the proteins fractalkine (CX3CL1), ribosomal protein S19, 
and endothelial monocyte-activating polypeptide 2. Moreover, 
apoptosis in the context of an inflammatory environment gener-
ates a number of different chemokines (3, 37–39). Of these, only 
CX3CL1 (14), ATP/UTP (9), and S1P (40) have been connected 
to phagocyte recruitment to AC in vivo. The diverse biochemical 
nature of these find-me signals and their different production 
kinetics (35) suggests a remarkable degree of redundancy. This 
redundancy likely ensures efficient macrophage recruitment at 
different time-points during the apoptotic cascade and from dif-
ferent locations, i.e., local macrophages versus monocytes from 
the circulation, based on short half-life versus long half-life of 
the find-me signals and their concentration in local tissues versus 
the circulation (14, 41, 42). When looking at lytic forms of cell 
death, characterized by the loss of plasma membrane integrity, 
the picture appears less clear. Secondary necrotic cells that 
were formerly apoptotic generate distinct find-me signals such 
as annexin A1 (ANXA1) fragments to sustain their clearance 
(23). Whether such ANXA1 fragments or other specific find-me 
signals are actively produced during necrosis or cells undergoing 
accidental, primary necrosis is largely unknown. A recent report 
suggests the release of nucleotides from necroptotic cells that, 
in vitro, induced a rapid and immunological silent clearance (32). 
Importantly, lytic cell death will promote the passive release of a 
number of apoptotic cell-derived find-me signals such as lipids 
or nucleotides, likely in higher quantities. The contribution of 
these molecules to necrotic/necroptotic cell clearance remains to 
be determined.

Regardless the find-me signal, phagocytes need to discriminate 
dying cells from their living neighbors. This is accomplished by the 
recognition of “eat-me” signals that are exposed by dying cells, in 
concert with the absence of “don’t eat-me” signals that restrict the 
uptake of living cells (43, 44). The most prominent eat-me signal 
that appears to be relevant to clear all dying cells, irrespective of 
the mode of cell death is the phospholipid phosphatidylserine 
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(PS) that is confined to the inner leaflet of the plasma membrane 
in living cells, but gets oxidized and redistributed to the outer 
leaflet during apoptosis (15, 45, 46). PS is also involved in 
clearance of necrotic or necroptotic cells, but whether oxidative 
modification is equally required remains unknown (24, 25, 33). 
Other eat-me signals that are specifically exposed on the plasma 
membrane of AC include calreticulin (CRT), ANXA1, and the 
long pentraxin PTX3 (37). These eat-me signals are recognized 
either directly by specific receptors including scavenger recep-
tors, complement receptors, C-type lectin receptors, a number of 
PS-specific receptors, and the pattern recognition receptor (PRR) 
CD14, or indirectly via bridging molecules that mainly promote 
the recognition of PS by Tyro, Axl, and MerTK-family receptor 
tyrosine kinases or the vitronectin receptor (VnR, αvβ3 integrin) 
(3, 47). Some of the molecular interactions that mediate apop-
totic cell recognition are employed for efficient uptake of necrotic 
debris, but specific pathways were also identified. Necrotic cell 
uptake is mediated by the classical complement pathway (C1q) 
and the mannose pathway (mannose-binding lectin and ficolins) 
recognized via complement receptors on phagocytes, antibodies, 
short pentraxins such as CRP, and serum amyloid protein via 
Fc-receptors, and also via PS recognition by VnR [reviewed in 
Ref. (25)]. Moreover, F-actin filaments in necrotic debris are 
recognized by the c-type lectin CLEC9A to facilitate clearance 
(26). The combination of different uptake receptors results in 
fundamental difference in the uptake mode. Whereas AC are 
engulfed via phagocytosis that is sensitive to PI3K inhibition, 
necrotic debris is taken up by PI3K-independent macropino-
cytosis (48). Specific uptake receptors and uptake mechanisms  
for necroptotic cells are so far not described.

Signals emanating from these numerous interactions between 
the phagocyte and its prey initiate not only corpse engulfment 
but also powerfully modulate inflammatory responses of the 
phagocytes [reviewed in Ref. (49)]. These responses are often 
fundamentally different when comparing apoptosis with cell 
death modes that are characterized by the loss of plasma mem-
brane integrity and the subsequent spilling of intracellular com-
ponents into the extracellular space. Many of such intracellularly 
confined molecules are considered as danger signals that are 
sensed by pathogen recognition receptors (PRRs) on phagocytes 
that also sense microbial components, and therefore trigger 
pro-inflammatory pathways. Such damage-associated molecular 
patterns (DAMPs) comprise high mobility group box 1, a protein 
usually found in complex with chromatin in the nucleus that 
activates toll-like receptors (TLR)-2, 4, 9 and the receptor for 
advanced glycation end products, the interleukins IL-1α and 
IL-33, DNA that is recognized by TLRs, and ATP that activates 
purine receptors including P2RX7. These pathways may be also 
exploited to trigger antitumor immunity (34, 50–53). Similar 
ligand receptor interactions may be assumed when considering 
the effect of necroptotic cells on the functional phenotype of their 
phagocytes based on the lytic nature of necroptotic cell death 
(53). An interesting difference is that necroptosis, as a form of 
regulated cell death, allows the transcriptional upregulation of 
additional DAMPs such as heat-shock proteins (34).

In contrast to necrosis or necroptosis, apoptotic cell death 
is usually considered as anti-inflammatory or immunologically 

silent. This is triggered at least partially through the recognition 
of PS, since mice lacking non-PS eat-me signal receptors such 
as CD14, CD36, and αvβ3 integrin do not show major signs of 
auto-inflammation (54, 55). PS recognition on AC by mac-
rophages suppressed the production of inflammatory cytokines, 
dependent on the autocrine production of transforming growth 
factor-β, platelet-activating factor, and prostaglandin E2 (PGE2) 
(19). Inhibition of inflammatory cytokine release from mac-
rophage interacting with AC was further linked to inhibition of 
the classical NF-κB pathway (p65/p50 heterodimers) through 
transcriptional repression via the nuclear hormone receptor 
peroxisome proliferator-activated receptor γ (PPARγ) (56–59), or 
through PPARγ-dependent upregulation of phagocytic receptors 
such as MerTK (60). MerTK activation in turn interferes with 
NF-κB signaling (61). Besides inhibiting NF-κB, PS recognition 
on AC reduced the formation of nitric oxide (NO) and NADPH 
oxidase-dependent reactive oxygen species in macrophages 
(62–64). Therapeutically, targeting PS in tumors induced inflam-
matory macrophage activation to suppress tumor growth and 
progression in prostate tumors (65). MerTK-deficient mice 
with autochthonous mammary carcinoma were protected from 
metastasis, which was initiated by the interaction of macrophages 
with AC during mammary gland involution after pregnancy (66). 
Thus, PS recognition creates a feed-forward loop to guarantee 
efficient corpse removal and blocks a number of inflammatory 
pathways. This likely promotes efficient and immunologically 
silent corpse removal during homeostasis, but is exploited by 
tumors to promote carcinogenesis.

Also soluble factors produced by AC contribute to limiting 
inflammation, including the find-me signals CX3CL1 and S1P 
(3, 40, 67). Besides, AC release signals that exclusively limit 
destructive inflammation. The IL-1 family receptor antagonist 
IL-38 was proteolytically processed and released from AC 
and specifically inhibited the generation of Th17  cells, which 
are associated with chronic inflammation (21). In conclusion, 
apoptosis induces the production of membrane-bound and 
soluble cues that serve to ensure immunologically silent clear-
ance by phagocytes.

The question remains why necrosis retains its inflammatory 
potential despite PS recognition being part of the program to 
remove necrotic debris. One explanation is that other signaling 
pathways are activated in necrotic versus AC due to alternative PS 
receptor usage and associated signaling pathways. For instance, 
apoptotic cell recognition activates the PI3K pathway, which is 
critical to limit inflammation (68), whereas removal of necrotic 
debris does not require PI3K (48). Alternatively, the context of PS 
recognition may matter, as phagocytes face necrotic cell-derived 
DAMPs before or simultaneously when engaging PS. Along this 
line, apoptotic cell recognition under conditions of danger, indi-
cated by, e.g., ER stress or the presence of pathogens, promotes 
inflammation rather than restricting it. For instance, infected 
AC trigger autoimmune T cell (Th17) generation (69). Also, the 
potentially immunogenic molecule CRT on the surface of AC, 
which requires autophagy or ER stress linked to the execution of 
apoptosis, is recognized through the LDL-receptor-related pro-
tein on phagocytes (16, 70, 71). The find-me signal ATP, besides 
ensuring corpse clearance, can bind P2X purinoceptor 7 (P2RX7) 
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to induce activation of the NOD-Like receptor family, pyrin 
domain containing 3 (NLRP3) inflammasome and subsequent 
IL-1β release. These examples illustrate that apoptosis does not 
always restrict inflammation, which may explain why necrosis 
can trigger inflammation despite PS recognition. In wounds, 
this ensures that inflammation proceeds as long as pathogens 
or other noxa are present. In tumors, the response to apoptosis 
likely depends on the microenvironment. Immunosuppressive 
apoptosis is exploited by the tumor to fuel its growth (1),  
whereas induction of immunogenic cell death may be exploited 
therapeutically to initiate protective immunity (72).

iRON HANDLiNG PROTeiNS iN 
MACROPHAGeS

In humans, approximately 60% of total body iron is present in 
erythrocytes, bound to heme in hemoglobin (73). About 2 mil-
lion senescent red blood cells (RBCs) are cleared per second from 
the circulation by tissue-specific macrophages (74). Senescent 
erythrocytes get recognized by macrophages due to alterations 
in the membrane protein Band 3 that only is displayed by aged 
erythrocytes (75, 76). Additionally, PS is exposed on the outer 
leaflet of the cell membrane (77) and membrane rigidity is 
increased to foster recognition by macrophages (78). A daily 
turnover of about 20 mg iron makes macrophages essential play-
ers in iron metabolism, as we only take up 1–2 mg iron with our 
daily nutrition. In order to fulfill their essential roles in systemic 
iron homeostasis, macrophages evolved a variety of pathways to 
take up, recycle, store, or release iron. The majority of iron is 
delivered by transferrin (Tf), the main iron-transport protein in 
the blood, circulating between the reticuloendothelial system, 
and the bone marrow in order to guarantee hematopoiesis. Tf 
binds to the transferrin receptor (TfR) and following internaliza-
tion, iron is released from Tf in the endosome. Subsequently, 
the divalent metal transporter-1 (DMT-1) shuttles iron from the 
endosome into the cytoplasm. In addition, macrophages recycle 
phagolysosomal iron through natural resistance-associated 
macrophage protein 1 (Nramp-1), a divalent metal transporter 
homologous to DMT-1 (79). If iron supply exceeds its demands, 
iron can be stored by the iron storage protein ferritin, consist-
ing of ferritin heavy chain (FTH) and ferritin light chain (FTL) 
subunits. FTH and FTL differ in their function, as FTH has a 
ferroxidase activity and FTL is important for iron core nucleation 
(80). By transforming soluble and reactive ferrous iron (Fe2+) of 
the cytoplasmic labile iron pool (LIP) into the insoluble ferric iron 
(Fe3+) and store Fe3+ within the soluble ferritin shell, cells avoid 
the potential damage of redox active iron, i.e., Fenton chemistry. 
Consequently, the intracellular iron amount must be tightly 
regulated. Iron is sensed by the iron-regulatory proteins (IRPs) 
IRP1 and IRP2. When intracellular iron is low, IRPs bind to iron 
responsive elements (IREs) in the untranslated regions (UTRs) 
of certain mRNAs. Binding of IRPs to IREs in the 5′-UTR attenu-
ates translation, whereas binding to IREs in the 3′-UTR stabilizes 
respective mRNAs and fosters translation. Mechanistically, when 
iron is high, mRNAs of TfR and DMT-1 are unstable, which 
decreases iron uptake and transport. Simultaneously, iron stor-
age is supported by releasing a translational blockade of FTH 

and FTL. Iron export from cells is achieved through ferroportin 
(FPN), the only known ferrous iron exporter. Although details of 
the transport remain unclear, the transport of ferrous iron (Fe2+) 
requires ferroxidase activity to convert it to ferric iron (Fe+3) in 
order to load it onto Tf. The oxidation to ferric iron is catalyzed 
by either free or GPI-anchored ceruloplasmin (CP) or the 
transmembrane protein hephestin that are copper-containing 
ferroxidases in order to stabilize FPN to facilitate iron efflux (81) 
and assure efficient Tf-loading. This makes FPN an important 
checkpoint to adjust global and local iron homeostasis and to 
adjust iron storage versus its release (82). The protein amount 
of FPN is controlled by the peptide hormone hepcidin, which 
primarily is produced in the liver. Hepcidin regulates FPN stabil-
ity by inducing its internalization and proteasomal degradation 
thus, affecting the systemic iron level (83) by reducing iron 
export. Consequently, hepcidin expression and release from 
the liver increases with the systemic iron amount and decreases 
under iron deprived conditions to guarantee macrophage iron 
supply for erythropoiesis. This is crucial as iron supply is the rate-
limiting step during erythropoiesis (84). As shown in Figure 1, 
heme bound to the heme-sequestering protein hemopexin (Hpx) 
is taken up by the hemopexin receptor (CD91), while CD163 
binds haptoglobin-transported hemoglobin (85).

Overall, iron metabolism is tightly regulated by a network 
of proteins to guarantee iron homeostasis with specific mac-
rophage subsets in key positions to fulfill their role in iron 
recycling by erythrophagocytosis and iron release to sustain 
erythropoiesis.

MACROPHAGe SUbSeTS AND iRON 
HANDLiNG

The major macrophages subsets involved in systemic iron home-
ostasis consist of red pulp macrophages in the spleen and Kupffer 
cells in the liver. Their main function is to phagocytose damaged 
or senescent erythrocytes to recover iron. Therefore, phagocy-
tosed erythrocytes are exposed to reactive oxygen species and 
hydrolytic enzymes in the erythrolysosomal compartment, with 
the subsequent release of hemoglobin and heme. Heme is then 
degraded by heme oxygenase-1 (HO-1) to carbon monoxide, 
biliverdin, and free iron, which usually joins the chelatable LIP 
or is stored (86). Heme also induces the expression of the tran-
scription factor Spi-C, which is essential for the differentiation of 
red pulp macrophages (87) and erythroid island macrophages in 
the bone marrow (88), with no other macrophage subset being 
affected. Consequently, Spi-C knockout mice accumulate iron in 
the red pulp of the spleen, as RBCs are trapped but inefficiently 
phagocytosed (87). Red pulp macrophages, compared to other 
macrophage subsets, show a specialized gene signature required 
for enhanced iron recycling in order to fulfill their crucial meta-
bolic function in systemic iron homeostasis.

However, macrophages are highly plastic cells regarding their 
functional properties, responding to a great number of inflamma-
tory stimuli (89, 90). As extremes within a continuum, two oppos-
ing states of macrophage activation were identified. Macrophages 
activated by T helper 1 (Th1) cell-derived interferon-γ (IFN-γ), 
in combination with TLR ligands such as lipopolysaccharide 
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FiGURe 1 | Iron handling in macrophages. Macrophages take up, metabolize, store, and export iron. Classically activated macrophages sequester iron by taking  
up transferrin (Tf) bound iron via the Tf-receptor (TfR) or accumulating ferrous iron (Fe2+) via zinc transporters ZIP8 and ZIP14. Iron export via ferroportin (FPN) is 
impaired by binding of hepcidin (HAMP), thus causing iron storage in ferritin. In alternatively activated macrophages, the uptake of hemopexin-heme (Hpx-heme)  
by CD91 or haptoglobin-hemoglobin by CD163 into endosomes as well as phagocytosis of senescent erythrocytes into erythrophagosomes results in the release  
of heme via the heme transporter HRG1 to the cytosol. The subsequent activation of heme oxygenase-1 (HO-1) further degrades heme into iron, CO, and biliverdin, 
which is further processed to bilirubin. Fe2+ is exported from alternatively activated macrophages through FPN and oxidized to ferric iron (Fe3+) iron by ceruloplasmin 
(CP), which is essential for efficient binding to Tf. Secretion of ferritin-bound iron represents an alternative route of iron export.

TAbLe 2 | Iron regulated genes in classically and alternatively activated 
macrophages.

Classically 
activated

Alternatively 
activated

Receptors
Transferrin receptor (TfR) ↓ ↑
CD91 ↓ ↑
CD163 ↓ ↑

Recycling
Heme oxygenase-1 (HO-1) ↓ ↑

Trafficking
Ferroportin (FPN) ↓ ↑
Divalent metal transporter 1 (DTM-1) ↑ ↑
Transferrin ↑ ↑

Storage
Ferritin (FT) ↑ ↓

Regulation
Hepcidin (HAMP) ↑ ↓
Iron-regulatory proteins (IRP) ↓ ↑

Oxidreductase
Ceruloplasmin (CP) ↓ ↑

Regulation of genes related to iron metabolism in classically versus alternatively 
activated macrophages (93, 94). ↑ upregulation, ↓ downregulation.
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(LPS) creates cells with a strong pro-inflammatory profile. These 
“classically activated” macrophages generate pro-inflammatory 
mediators such tumor necrosis factor-α, IL-1β, IL-6, IL-12, and 
IL-23, reactive oxygen and nitrogen species, and present antigens 
to T  cells. Classically activated macrophages are efficient in 
microbial host defense and show antitumor activity. In contrast, 
macrophages stimulated by activated T helper 2 (Th2) cell-derived 
IL-4 or IL-13, or by IL-10, produce alternative sets of cytokines, 
functionally oppose the repertoire of classically activated mac-
rophages, and help to resolve inflammation. Additionally, such 
“alternatively activated” macrophages express specific phagocytic 
receptors, combat extracellular parasites, and help to promote 
tissue remodeling by producing extracellular matrix and growth 
factors (89–91). Taking their functional diversity into account, it 
is not surprising that macrophages also show distinct properties 
in handling iron (92). Iron recycling by macrophages comprises 
the steps of uptake, storage, and release. These are critical features, 
as there is no way to get rid of body iron, except during bleeding 
or sloughing of mucosa and/or skin. As part of their functional 
repertoire upon activation of tissue-resident macrophages or 
differentiation of newly recruited, tissue-infiltrating monocytes, 
macrophages evolved multiple ways to handle iron (Table  2) 
according to diverse microenvironmental stimuli.
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The groups of Recalcati and Cairo (93) discovered that 
classically activated macrophages tend to accumulate iron, 
whereas alternatively activated macrophages provide recycled 
iron to their microenvironment. To do so, classically activated 
macrophages maximize iron uptake directly via the TfR, and 
indirectly via the Nramp-1 and DMT-1 as well as through stor-
age by ferritin, whereas they downregulate FPN-mediated iron 
export. During inflammation, this serves to deplete invading 
pathogens from iron (95–99). In addition, bacteria-derived LPS 
and pro-inflammatory cytokines cause macrophages to express 
hepcidin (83), which degrades FPN and adds to restrain iron. 
Thus, under infectious/inflammatory conditions, macrophages 
are a major site for storing iron. Acute phase proteins as well as 
the formation of reactive oxygen species and NO join to induce 
a macrophage iron-sequestration phenotype, mainly achieved by 
downregulating FPN. Opposed to these functions, alternatively 
activated macrophages provide iron to their local microenviron-
ment (93, 94). Taking into account that alternatively activated 
macrophages express scavenger receptors that not only serve 
as PRRs but also sense and clear AC these macrophages accu-
mulate hemoglobin during hemodialysis or inflammation. The 
inflammatory-promoting actions of free heme are antagonized 
(100–102), thereby fostering the resolution of inflammation. 
Moreover, the redox-sensitive transcription factor nuclear factor 
erythoid 2-like 2 gets activated with concomitant transcription 
of the iron exporter FPN and the heme-degrading enzyme HO-1 
(40). In alternatively activated macrophages, heme-recycled iron 
joins the LIP for a rapid release via FPN, while in inflammatory 
macrophages iron is stored in ferritin. Iron export may also add 
to stabilize hypoxia-inducible factor (HIF) in macrophages, as 
iron is a prerequisite for the activity prolyl hydroxylases (PHD) 
as part of the HIF-degrading machinery (103). Lowering iron 
deactivates PHD enzymes, which stabilizes HIF-1α (104). Active 
HIF-1 causes target gene activation of, e.g., arginase-1, which are 
part of the alternative macrophage signature (105). These con-
siderations suggest that in alternatively activated macrophages 
iron from the LIP is preferentially provided to the local micro-
environment. In turn, this source of extracellular iron, provided 
by macrophages, may add to promote tissue regeneration, but 
may also be part of the tumor-promoting capacity of tumor-
associated macrophages (TAMs). Mechanistically, an increased 
pool of iron stimulates proliferation of fibroblasts or tumor cells 
in the neighborhood of macrophages. The question remains 
how cancer cells acquire iron from their local microenviron-
ment that includes, among others, macrophages. Conclusively, 
macrophages residing in the tumor stroma may provide iron to 
their local microenvironment, which includes the expression of 
alternative iron-transport mechanisms.

TAMs AND iRON iN THe TUMOR 
MiCROeNviRONMeNT

Cell division, growth, and survival of malignant cells require 
iron. Therefore, tumor cells enhance iron import and storage 
mechanisms and decrease iron export. It is already known that 
tumor cells adopt an iron-utilization phenotype, tightly linked to 

intracellular iron sequestration (106). This is achieved by upregu-
lating the TfR (107) and hepcidin (108) as well as downregulating 
FPN (109). In contrast to tumor cells, inflammatory cells of the 
stroma, e.g., infiltrating macrophages and lymphocytes, acquire 
an “iron-donor” phenotype (110), which is accomplished by 
upregulating the iron exporter FPN. Mechanistically, our and 
other labs noticed that IL-10- or IL-4-stimulated macrophages 
export iron to accelerate tumor growth by supplying iron to 
actively proliferating tumor cells (93, 94). This may point to a 
so far unappreciated facet of stromal cells in promoting tumor 
progression by supplying iron in order to facilitate the transi-
tion from pre-malignant lesions to invasive tumors. It was also 
speculated that tumor cells specifically hijack the process of 
erythrophagocytosis by macrophages to sustain their survival 
and proliferation. Knutson and coworkers illustrated the role of 
FPN in J774 macrophages in releasing 59Fe after phagocytosis 
of 59Fe-labeled RBCs (111). Erythrophagocytosis not necessarily 
is restricted to the systemic level, but may also occur locally 
under conditions of increased blood flow. In this respect, tumor 
cells may benefit from tumor angiogenesis and an increased 
migration of cells into tumor tissue (112), which fosters the con-
vergence of TAMs with erythrocytes. Of note, tumor vessels are 
often leaky and it can be speculated that macrophages residing 
close to these vessels are particularly prone to recycle and donate 
iron to tumor cells (113). So far it remains unclear whether 
the physiological process of erythrophagocytosis alters genes 
that regulate iron metabolism in a way similar to those seen in 
alternatively activated macrophages or TAMs. TAMs alter their 
gene expression profile in favor of a tumor-supportive, iron-
release phenotype (Figure 2). This is reflected by an increased 
expression of CD163, the high-affinity scavenger receptor for 
haptoglobin bound to hemoglobin (114). Subsequent to the 
uptake of hemoglobin or haptoglobin, released heme is then 
degraded via HO-1 and induces the downregulation of the 
transcription factor Bach-1, thereby allowing the transcription 
of FPN (115). Thus, at least in macrophages, heme may work as 
a modulator of FPN expression, independent of hepcidin. As 
a substantial part of plasma iron is provided by macrophages, 
recycled from senescent RBCs, it is surprising that mice carrying 
a knockout of FPN in macrophages only showed mild signs of 
anemia (116). One explanation could be that macrophages can 
export heme via the feline leukemia virus C receptor transporter 
(117), which might substitute for a loss of FPN. Moreover, in 
an inflammatory environment, ferritin can be secreted from 
lymphocytes and macrophages in the tumor stroma (118, 119). 
In line, extracellular ferritin causes proliferation of breast cancer 
cells, independent of its iron content. Another explanation, as 
discussed below, might be the development of additional or 
alternative iron-transport mechanisms.

Lcn-2 MAY FUNCTiON AS AN iRON 
TRANSPORTeR iN THe TUMOR 
MiCROeNviRONMeNT

Taking into consideration that cancer cells have a higher demand 
for iron, it is tempting to speculate that tumor cells hijack 
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macrophages to turn them into an iron-delivery cell. In this 
regard, we noticed that the high-affinity iron-carrier Lcn-2 is 
part of the pro-tumor macrophage phenotype and upregulated 
following macrophage-apoptotic cell interactions.

Lipocalin-2 belongs to the lipocalin superfamily. These 
proteins are known for their bacteriostatic effects by capturing 
and depleting siderophores (120). Furthermore, recent evidence 
suggests that Lcn-2 stimulates growth and differentiation 
in various cells (121). Exogenous Lcn-2 causes marker gene 
expression profiles that reflect early epithelial progenitors and 
epithelial cell proliferation (122). Our work revealed that apop-
totic tumor cells stimulated protein expression and secretion of 
Lcn-2 in macrophages along with their functional shift toward 
an alternative phenotype (123, 124). Macrophage-derived Lcn-2 
stimulates cancer cell proliferation (124), tumor cell dissemina-
tion, metastasis (125), and tumor lymphangiogenesis (126). 
Mice lacking Lcn-2 developed significantly less tumors, while an 
impact on metastases was not consistently observed (127–129). 
The impact of Lcn-2 on metastasis might depend on the cel-
lular source, with at least macrophage-derived Lcn2 promoting 

metastasis in mammary carcinoma (125, 126). Studies in humans 
pointed to Lcn-2 as a pro-tumorigenic factor in breast cancer, 
correlated with decreased survival and reduced responsiveness 
to neoadjuvant chemotherapy (130, 131). Mechanistically, 
overexpression of Lcn-2 in non-invasive human MCF-7 breast 
cancer cells elicits an aggressive phenotype that promotes 
growth and metastasis by inducing epithelial-to-mesenchymal 
transition (132). So far most studies focused on the role of 
Lcn-2 in stabilizing matrix metalloproteinase-9 to explain 
cancer metastasis, linked to extracellular matrix degradation, 
migration, and invasion. Furthermore, Lcn-2 coordinates the 
expression of vascular endothelial growth factor and causes 
the induction of angiogenesis in the tumor microenvironment 
(133). Interestingly, Lcn-2 was mainly examined in tumor cells. 
The possibility that Lcn-2 is also provided by tumor-infiltrating 
immune cells was not fully appreciated. However, own results 
provided evidence that TAM express increasing amounts of 
Lcn-2 (124, 134).

We previously showed that the interaction of macrophages 
with AC shapes the macrophage phenotype and function (11). 
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Importantly, macrophage activation upon their interaction 
with AC was independent of phagocytosis or cell-cell contact, 
but demanded the release of S1P from AC (135). Moreover, we 
demonstrated a critical involvement of sphingosine kinase 2 
in the production of S1P during tumor cell apoptosis (20). We 
further obtained evidence that Lcn-2 was expressed in primary 
human macrophages in response to dying MCF-7 breast cancer 
cells (123). Mechanistically, Lcn-2 production was connected 
to S1P release from apoptotic cancer cells. S1P elicited signal 
transducer and activator of transcription 3-dependent induc-
tion of Lcn-2 in macrophages. siRNA studies in primary 
human macrophages and the use of bone marrow-derived 
macrophages from S1P receptor knockout mice suggested that 
the S1PR1 was required for Lcn-2 induction in macrophages 
(126). We substantiated Lcn-2 as a key macrophage pheno-
type determinant, with parallel actions during physiological 
tissue regeneration and repair mechanisms (123), but also 
under pathophysiological conditions such as tumor develop-
ment. In human and experimental tumors, tumor-infiltrating 
macrophages are massively exposed to apoptotic tumor cells, 
since cells at core tumor regions undergo cell death as a con-
sequence of oxygen and nutrient deprivation. Therefore, we 
speculate that dying tumor cells educate macrophages at core 
tumor regions in order to access additional iron via Lcn-2. 
However, it is presently unclear whether the pro-tumor actions 
of Lcn-2 depend on its iron loading or not. Previously, it was 
shown that iron-loaded holo-Lcn-2 favors cellular survival 
and proliferation by increasing the intracellular iron content 
and the induction of Bcl-2 (136). In contrast, the uptake to  
iron-free apo-Lcn-2 causes cell death, which was correlated to 
the expression of Bim.

Importantly, Lcn-2 does not directly bind iron. The iron-
trafficking function of Lcn-2 largely depends on its association 
with bacterial or mammalian siderophores. Siderophores 
are iron-chelating molecules that were first described in 
bacteria (137–139). Devireddy et  al. recently reported that 
mammals also produce iron-sequestring agents to enhance 
innate immune responses. Along this line, the mammalian 
siderophore 2,5-dihydroxybenzoic acid (2,5-DHBA) was 
characterized (140), which is structurally similar to the 
bacterial enterobactin. Lcn-2 interacts with siderophores in 
order to control bacterial growth as part of the innate immune 
response. Consequently, mice lacking Lcn-2 are more prone 
to a number of pathogens (141). Since siderophore-binding 
constitutes the limiting factor for Lcn-2-dependent iron 
handling, it is important to understand the function, regula-
tion, and sources of mammalian siderophores. Several of the 
biological functions of Lcn-2 have already been linked to 
its association with the iron-loaded siderophore 2,5-DHBA 
(136). In the tumor, it might be speculated that tumor cells 
evolved a strategy to produce and secrete siderophores in 
order to sequester iron. Consequently, siderophore shuttling 
from tumor cells to TAM would allow Lcn-2 iron loading and 
the reverse transport of iron-loaded Lcn-2. Up to now, it is 
unclear how siderophores are taken up by mammalian cells. 
It also remains unknown whether 2,5-DHBA acts alone as 
the iron-chelating siderophore or whether it functions as the 

iron-binding moiety of a more complex siderophore structure 
as described for 2,3-DHBA in enterobactin. Regarding its 
production in mammalian cells, it was previously described 
that the mammalian enzyme 3-hydroxybutyrate dehydroge-
nase, type 2 (BDH2) synthesizes 2,5-DHBA. Unfortunately, 
the exact mechanism how BDH2 synthesizes 2,5-DHBA still 
remains elusive but the knockdown of BDH2 completely 
depleted cellular 2,5-DHBA (140). BDH2 knockout mice 
developed severe anemia and splenic iron overload (142) thus, 
confirming the requirement of 2,5-DHBA for iron transport 
(140). Additionally, the knockdown of BDH2 in mammalian 
cells points to an important role of 2,5-DHBA in balancing the 
LIP. A knockdown of BDH2 is linked to high cytoplasmic iron 
content and elevated levels of reactive oxygen species, whereas 
mitochondria became iron deficient (140). This increases an 
oxidative stress signature (143). Intriguingly, the expression 
of BDH2 negatively correlated with patient survival suffering 
from normal acute myeloid leukemia (144). However, regard-
ing the clinical importance of siderophores, especially in 
tumors, more investigations are needed. Independent of their 
putative endogenous roles in pathology, sidrophores represent 
an attractive target for therapeutic approaches, e.g., as iron-
chelating drugs in cancer therapy or iron-overload diseases, 
due to their high iron affinity (145, 146). Another possibility 
would be the use of siderophores as “trojan horse” in order 
to deliver antibiotics or other toxic compounds to resistant 
bacteria (147) and possibly tumor cells.

CONCLUSiON

In the tumor microenvironment, macrophages are subjected 
to an intense cross talk with tumor cells. Signal exchange is 
facilitated by chemically diverse, soluble mediators as well as 
communication by cell-cell contacts. This comprises the release 
of S1P from apoptotic tumor cells. As a consequence of the 
liaison between innate immune and tumor cells, the phenotype 
of macrophages changes. They become less cytotoxic and their 
cytokine mediator profile supports rather than antagonizes 
tumor progression to basically support all hallmarks of cancer 
(Figure 2).

Tumor cells with their high capacity to proliferate show a 
strong demand for accumulating iron. Consequently, it seems 
rational that TAMs gain an iron-release phenotype, thereby 
allowing tumor cells to access additional sources of iron. In the 
tumor context, macrophages may be forced by S1P to upregulate 
a so far unappreciated iron export system, the key component 
being Lcn-2. Although highly speculative, one can envision 
that the siderophore 2,5-DHBA is produced and released from 
tumor cells, travels to macrophages to load iron and in turn 
shuttles back to tumor cells to unload its cargo. Surplus iron 
in tumor cells is now being used to foster growth and survival 
and to add to the distinct phases of tumor dissemination and 
metastasis. This unique iron distribution system may offer 
the advantage to interfere pharmacologically and thus, more 
selective than manipulating the overall iron homeostasis 
in our body. Selectivity may be obtained if we successfully 
chelate iron in TAMs, interfere with expression regulation of 
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macrophage Lcn-2 or the proposed shuttling of the mammalian  
siderophore.

While the overarching role of TAMs during tumor progres-
sion is undisputed, underlying molecular mechanisms are less 
clear. We believe that altering mechanisms of iron handling 
in tumor and stroma cells, i.e., macrophages has to be added 
to the list of changes that occur in the tumor microenviron-
ment and shape the unique macrophage phenotype found  
in tumors.
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