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INTRODUCTION

Our immune system is generally accepted to respond
to threats by recognizing previously unseen pathogens
and toxins as non-self. In contrast, Polly Matzinger pro-
posed that immune responses are initiated by “danger
signals” released by the self [1-3]. Albeit, it is undeniable
that pathogen or toxin effects are often inseparable from
at least some amount of host cell damage and death. Un-
surprisingly, notions of cellular death can be traced back
to the 5% century BCE in the writings of Hippocrates.
Gangrene, a term used to describe dying or putrefying
tissue, typically at the extremities, was associated with
irreparable damage. Hippocrates recommended the direct
removal of the dead from the live tissue to stifle its spread
[4]. In recent decades, molecular understanding of cell
death has revealed the existence of a plethora of forms
by which cells die. Interestingly, forms of cell death have
been associated with inflammation and immune response,
or a lack thereof. In following the classification scheme
set forth by the Nomenclature Committee on Cell Death,
cell death can broadly be categorized into three modal-
ities [5]. Type I cell death, for example apoptosis, is
characterized by fragmentation of the cell into apoptotic
bodies while retaining membrane integrity (Figure 1). In
type II cell death, membrane integrity is also retained,
and the process of cell death is characterized by vacuole
formation (Figure 1). An example of this is autophagic
cell death. Autophagy is a process wherein the cell can-
nibalizes its organelles to survive energetic stress. In
contrast to the role of autophagy in cell survival, passing
a threshold in the degradation of cellular constituents
including organelles likely represents an inflection point
beyond which lies the certain death of the cell. Thus, the
giver of life can also take it away and it is the dose that
makes the poison (Sola dosis facit venenum). Exceptions
notwithstanding, both these forms of cell death are gen-
erally not associated with inflammation or an immune
response. Finally, type III cell death describes lytic mo-
dalities of cell death, such as necrosis (Figure 1). Here,
cell membrane integrity is rapidly compromised, and
cytosolic components are released into the environment.
This form of cell death is closely correlated with inflam-
mation and immune response.

The complexity of cell death makes for an intriguing
study of its context dependent functions vis-a-vis immune
activation. Within each of the broader categories of cell
death described above are often multiple subtypes, bring-
ing the tally of modalities of cell death to approximately
fourteen [5]. How does the body deal with cell death,
both in the context when an immune response is elicited
as well as when it is not? Does cell death contribute to
this response? Much like Hippocrates’ idea of restricting
the spread of putrefying tissue by its removal, the body’s

Galimberti et al.: Immunological responses to cell death

intrinsic response to cell death also involves the remov-
al of the dead cell, albeit through its engulfment by its
live neighbors. This specialized form of phagocytosis is
termed efferocytosis. Is the process of efferocytosis dis-
tinct for unique forms of cell death and accompanied by
differing effector functions? Here we review the distinct
consequences of cell death in physiological and patho-
logical conditions and discuss how these consequences
often depend not only upon the molecular mechanism
of cell death but also upon efferocytosis. As we will see,
cell death, and the response to it are two tightly inter-
twined processes, an accompaniment observed in nearly
all instances where cell death is present. Additionally, we
will provide a specific focus on the efferocytotic and im-
munoregulatory roles of TAM (TYRO3, AXL, MERTK)
family of receptor tyrosine kinases (RTKSs) in the variant
responses to cell death.

CELL DEATH AND ITS CLEARANCE IN
DEVELOPMENT

In contrast to the earliest notions of cell death, we
have now learned that one of the greatest ironies of life
is its undeniable dependence on death for perpetuation.
It is a phenomenon that occurs in development, during
homeostasis and of course, following injury or damage
— sterile or infected. Not only is cell death a constant
feature of the life cycle, it is also ubiquitous, occurring
in essentially all tissues and organs. It is no surprise to
many that the vast majority of cells you are born with are
not the same set you find yourself with today. However,
less intuitive is the vast population of cells that commits
to a cell death program during development itself and
that there is a dedicated mechanism for their clearance. In
Caenorhabditis elegans, the archetype model system for
studying development, Horvitz et al. famously demon-
strated that scheduled cell death occurs in 131 cells out of
a total of 1090, resulting in exactly 959 somatic cells in
the adult hermaphrodite worm [6].

The selective advantage of developmental cell death,
at least in C. elegans, remains uncertain since the failure
of cells to die does not appear to cause any great harm
to this worm, at least for its life in a laboratory dish [7].
Unlike in C. elegans, however, errors of elimination
have inescapable deleterious consequences in mammals.
Similar to C. elegans, where most of the developmental
cell death occurs in neurons, with precisely 105 of them
dying during the 131 cell death events, one observes dis-
tinguished patterns of cell death in neuronal development
in mammals, such as the death of approximately half of
gamma-aminobutyric acid (GABA)-secreting cortical
interneurons in postnatal mice [8]. The high levels of
neuronal cell death observed in vertebrate development
have been attributed to limiting the cell population during



Galimberti et al.: Immunological responses to cell death

-development

context: -homeostasis
types of
cell death:
clearance:

-morphogenesis
outcome: -tissue renewal

-tissue repair

-stress
-intracellular damage

665

-accidental cell death
-unscheduled but regulated
cell death

-immune response

-response to stress
-tissue renewal

Figure 1. Comparison between context, type of cell death, clearance mechanisms, and outcomes of type I, type
Il, and type Il cell death. The context in which cells die are numerous and their clearance is associated with multiple
outcomes. Type | cell death, also referred to as apoptosis is typically followed by quick clearance by a phagocyte, such
as a macrophage, as is depicted. Overall these combined processes are essential in morphogenesis, tissue renewal,
as well as promoting an immune response and tissue repair in a context-dependent manner. Type |l cell death utilizes
a process that likely evolved for cell survival under stress. Fusion of the autophagosome with the lysosome creates
the autolysosome that allows for the large-scale degradation of sequestered cargoes. This can help recycle cellular
components for survival during times of metabolic stress. However, autophagic cell death occurs when continuing au-
tophagy crosses an inflection point and the cell in essence cannibalizes itself. Debris from this process is then cleared
by phagocytes. Type Il cell death is also known as regulated necrosis. Cells that die in this manner display a necrotic
phenotype, characterized by the rupturing of the membrane and the release of DAMPs that are sensed by innate im-
mune cells, summoning an inflammatory response. Some modalities of regulated necrosis, such as necroptosis have

been shown to also expose PtdSer on the surface.

neurogenesis, correcting structural errors, as well as aid-
ing in synaptogenesis [9]. Children diagnosed with au-
tism spectrum disorder (ASD) possessed higher numbers
of neurons in the amygdala than neurotypical children
[10] implying that perhaps differences in the temporal
and spatial map of cell death in early neurogenesis are
in part delinquent in ASD. The gene responsible for loss
of programmed cell death (PCD) in ASD has not been
identified. In mice, the simultaneous genetic ablation of
two pro-apoptotic genes Bax and Bak displayed multiple
developmental defects, including excess cell numbers
in the central nervous system and in the hematopoietic
system [11].

Cell death is inexorably associated with clearance.
Although C. elegans lacks specialized phagocytes, the
process of efferocytosis is carried out by neighboring
cells in these worms and accounts for the clearance of the
corpses [12,13]. Engulfment of apoptotic cells appears
to occur through two partially redundant pathways com-

prised of cell death abnormality gene (ced)-1, ced-6 and
ced-7, and ced-2, ced-5, ced-10, and ced-12, respectively
[14]. CED-1 appears to be a receptor that binds apoptot-
ic cargo in conjunction with Transthyretin-like protein
(TTR)-52 and CED-7 in the ced-1/ced-6/ced-7 pathway
[14]. In the ced-2/ced-5/ced-10/ced-12 pathway, Phos-
phatidylserine receptor (PSR)-1, More of MS (MOM)-5
and integrin alpha (INA)-1/Paralysed Arrest at Two-fold
(PAT)-3 might function as the receptors for apoptotic car-
g0 [14]. Perhaps one of the more fascinating discoveries
with regards to efferocytosis receptors in C. elegans was
the finding that the failure of efferocytosis by neighboring
cells resulted in what is described as a “near death expe-
rience” of the cell destined to undergo cell death — termed
anastasis — where the cell committed to die recovered to
live again [15,16]. Weak mutants of cell death effector
caspase ced-3 were reported to synergize with ced-6 and
ced-7 mutants in reversing the commitment of cells to
their scheduled death [16]. Similar observations were
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made with the other genes involved in engulfment of
apoptotic cells such as ced-1, ced-2, ced-5, ced-10, and
ced-12 [16]. Mutations in engulfment genes, even with-
out defects in execution genes, resulted in “undead” cells
[15].

Therefore, not only can cell death itself be considered
the paradoxical impetus of morphogenesis, its recogni-
tion and removal by its efferocyte (the cell performing the
act of efferocytosis) may also play a role in molding and
sculpting the growing organism. Perhaps, PCD eliminates
a function no longer required for the organism and the
removal of the corpse creates space for a cell with a new
function to take the place of the dead cell. The players
involved in efferocytosis in the developing mammalian
brain are not fully characterized and it remains rather un-
clear specifically how defects in execution mechanisms
and/or efferocytosis contributes to ASD or neurodevelop-
mental disorders. However, a less figurative example of
PCD and sculpting by efferocytosis is seen in the classical
case of digit morphogenesis. Here, apoptosis was shown
to be crucial in digit separation and joint cavity forma-
tion in mouse fetuses [17]. Hammertoe mutants, as they
were dubbed, displayed interdigital webbing and reduced
cell death in comparison to their wild-type counterparts.
Moreover, imaging of wild-type mouse embryos revealed
macrophages as the drivers of dead cell clearance in the
interdigital zone [18]. Therefore, PCD and efferocytosis
may be synchronized in its orchestration, and failure of
either execution of cell death or the clearance of dead/dy-
ing cells may manifest as developmental abnormalities.

The form of cell death commonly encountered in de-
velopment is apoptosis. It is mostly considered a non-im-
munogenic form of cell death. Typically, this is associat-
ed with the variety of distinct morphological alterations
in apoptotic cells that produce “find me” and “eat me”
signals. For example, in the early stages of apoptosis,
cells release uridine triphosphate (UTP) and adenosine
triphosphate (ATP), which are sensed by the purinergic
receptor P2Y, on the efferocyte, inciting timely removal
of the dying cell [19]. Ultimately, it is these molecular
markers that facilitate the quick and tidy removal of dying
cells that is characteristic to the apoptotic mechanism in
physiological settings such as development. Indeed is this
process so elusive to human observation that in tissues
like bone marrow or the thymus known to possess a high
turnover rate, few apoptotic cells are ever seen, demon-
strating the efficacy of the efferocytotic mechanism [20].

Perhaps the best characterized “eat me” signal of
apoptotic cells is the exposure of phosphatidylserine
(PtdSer) on the cell surface. Caspase-mediated changes
in enzymatic activity are essential to PtdSer externaliza-
tion. Specifically, cleavage of flippases such as ATP11C
(adenosine triphosphatase type 11C) mitigate activity that
would otherwise work to translocate PtdSer to the inner
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leaflet of the membrane. Various caspase recognition sites
present in ATP11C and experiments performed with point
mutations in these sites demonstrated that this flippase
inhibition is not only caspase-dependent, but also neces-
sary for the externalization of PtdSer on the cell surface
of dying apoptotic cells [21,22]. Scramblases, including
transmembrane protein 16F (TMEM16F), actively trans-
locate PtdSer between the outer and inner plasma mem-
brane leaflets of the cell [23]. Normally kept inhibited,
caspase cleavage results in its irreversible activation and
scrambling of the inner membrane-restricted PtdSer to
disperse between the two membrane leaflets.

There are a number of vertebrate receptors that
function to recognize PtdSer when exposed to the out-
er membrane leaflet of a neighboring cell that is dying,
such as T-cell immunoglobulin mucin receptor 4 (TIM4),
brain-specific angiogenesis receptor 1 (BAIl) and TAM
RTKs. TAM RTKs are a set of transmembrane molecules
with tyrosine kinase activity that can bind two soluble
ligands named growth-arrest-specific 6 (GAS6) and Pro-
tein S (PROS1) [24,25]. On the surface opposite of that
used to interact with TAM RTKs on GAS6 and PROSI1
is a Gla-domain: a region rich in Glutamic acid residues
(Glu) that can be y-carboxylated [25]. y-carboxylated
Gla-domains provide a mechanism for protein-phospho-
lipid interactions so serine head groups of PtdSer, such as
of those exposed on the outer leaflet of the plasma-mem-
brane of apoptotic cells, can bind GAS6 and PROSI.
Thus, GAS6 and PROSI essentially bridge a cell contain-
ing TAM RTK through their extracellular ligand binding
region to PtdSer exposed on the outer leaflet of a dying
cell [26]. Downstream, intracellular signaling enabled
by the cytosolic kinase domain of TAM RTKs within the
efferocyte drives TAM RTK-dependent efferocytosis of
apoptotic cells [27].

As we shall see later in this article, TAM RTKs are
essential molecules for efferocytosis in many settings. In-
triguingly though, previous studies conducted with TAM
RTK triple knock out (TKO) mice where all of Tyro3,
Axl, and Mertk were genetically ablated have demonstrat-
ed that TAMs are not needed for embryogenesis. This is
greatly surprising given the commonality of embryonic
and postnatal cell death in the brain. In the early embry-
onic development, microglia, specialized phagocytic cells
in the brain, migrate to the brain and establish permanent
residency [28]. MERTK is expressed by embryonic day
14.5 in the mouse brain [29]. Furthermore, MERTK is
required for microglial efferocytotic function later in life
[30]. Selective ablation of Mertk in microglia was shown
to significantly impair the ability of these phagocytes to
migrate towards laser-induced capillary disruption in the
blood-brain barrier and mediate their engulfment [30].
Nevertheless, mouse ablated for Mertk or even the TAM
RTK TKOs do not have gross developmental anomalies
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as far as brain development is concerned [31]. There are
aspects of later developmental processes though where
TAM RTKs appear to have crucial function. For example,
Sertoli cells aid in the transition of germ cells into sperm
cells and express TAM RTKs to facilitate clearance
during spermatogenesis. TAM TKO male mice displayed
the most severe phenotype in relation to single or double
knockouts with significantly reduced testes size and ste-
rility [31].

Another example where cell death and its clearance
ensure that potentially deleterious functions that are per-
haps intrinsic to the design of the biological system are
avoided is activation-induced cell death (AICD), a pro-
cess observed in mature T and B cells and developing T
cells alike, where the lymphocyte undergoes apoptosis.
During the development of the immune system, diversity
of receptors responding to the vast number of possible,
yet unencountered pathogens is encoded by gene re-ar-
rangement through random recombination of segments,
insertion of random nucleotides within specific regions
and somatic hypermutations [32]. This potential to attack
essentially all possible antigens is restricted, in part, by
AICD. For example, AICD is observed in the elimination
of autoreactive lymphocytes in the thymus, as well as in
the peripheral deletion of T cells following expansion
in response to antigen exposure [33,34]. Critically, cell
death in development is not associated with inflammation
or immune activation. In fact, failure of cell death execu-
tion mechanisms and efferocytosis may elicit a pathologi-
cal immune response. Consistent with this idea, defects in
both cell death execution mechanism or its clearance has
been linked to autoimmunity. The loss-of-function of Fas
Cell Surface Death Receptor (FAS)/CD95 — a cell surface
receptor that transmits the signal to die when activated by
its ligand — resulted in lymphoproliferation and autoim-
munity in mice [35]. Genetic ablation of TAM RTKs that
are receptors engaged in the phagocytic clearance of dead
cells, also leads to lymphoproliferation and autoimmuni-
ty in mice [36]. Ablation of MERTK alone was sufficient
in conferring autoimmunity, as mutants were found to
possess notable levels of antibodies to chromatin, DNA,
and immunoglobulin G (IgG) [37]. This manifestation of
lupus-like disease in mutants was attributed to the abili-
ty of residual apoptotic cells to induce an immunogenic
response to self-peptides [37]. It has been proposed that
the systemic autoimmunity accompanied with MERTK
KOs can be attributed to hindrance of tingible body mac-
rophages (TBMs) to clear self-reactive apoptotic B cells
in germinal centers [38].

CELL DEATH, EFFEROCYTOSIS, AND
COMPENSATORY PROLIFERATION IN
HOMEOSTASIS

667

Scheduled cell death is not exclusive to development
and occurs in a homeostatic manner in adult tissues. Al-
though cortical neurons are essentially of the same age as
the individual in whom they are found [39], this is more
an exception to the rule in terms of cellular longevity. The
finite life span of a cell is pre-programmed. For example
human red blood cells live for approximately 110 to 135
days [40]. In an adult tissue at homeostasis, the death of a
cell and its removal is part of the continuous cycle of life
and death of cells. In instances of homeostatic scheduled
cell death, in an act of martyrdom, the cell intrinsically
commits to its cell death program in order to maintain the
functionality of the tissue. Examples include intestinal
epithelial cells.

Recognition and removal of the dead cell may be a
prerequisite for the differentiation and proliferation of a
functionally identical clone to replace the dead cell for
the maintenance of tissue function. It has been recog-
nized that there is a balance between cell death and pro-
liferation in adult tissues. This death and replenishment
equilibrium is most clearly manifested in the gut lumen,
a highly proliferative microenvironment where epithelial
cell turnover is mainly accounted for by apoptotic cell
death [41]. To meet these high turnover demands, leu-
cine-rich repeat-containing G protein coupled receptor
5(Lgr5+) intestinal stem cells divide asymmetrically
and differentiation occurs in most instances during mi-
gration to the upper layers of the villus throughout a 3
to 5 day period [42]. One of the key regulators of this
apoptotic cell death is the tumor suppressor p53 [43].
Loss of Mdm2 or Mdm4, inhibitors of p53, in intestinal
epithelium of mouse resulted in mutants with increased
p53-dependent apoptosis in the gut [44,45]. Yet, there
were no gross morphological abnormalities in the adult
animal [44]. The lack of expected phenotype due to in-
creased apoptosis was attributed to compensatory mech-
anisms wherein proliferation was increased to account
for increased cell loss [44]. The particular mechanisms
for sensing cell death and whether or not they lead to
compensatory proliferation are not completely clear.
However, it is recognized that homeostatic cell death and
its clearance are not associated with inflammation. Apop-
totic cells in the lung and airway epithelia are engulfed
by neighboring epithelial cells and produce anti-inflam-
matory cytokines such as interleukin (IL)-10 [46]. Inhibi-
tion of efferocytosis resulted in enhanced inflammation,
increased IL-33 and allergic airway hyper-responsiveness
[46]. Macrophages have been described to produce insu-
lin-like growth factor-1 (IGF-1) after engulfing apoptotic
cells [47]. While the study described the functional role
of IGF-1 in re-directing epithelial cells to phagocytose
microvesicles rather than larger apoptotic bodies and in
reducing airway inflammation [47], IGF-1 is known to
signal through IGF-1R and control the proliferation of
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many different cells and growth of tissues, including the
brain and lung [48-52].

Environmental stress can also cause type II cell death.
Notwithstanding, inflammation and immune response is
not a consequence of homeostatic cell death. Autophagy
is one of two primary mechanisms for large-scale degra-
dation, the other being proteasomal degradation follow-
ing ubiquitination. Autophagy is perhaps best known for
its role in recycling non-essential materials in situations
of stress, which may subsequently be used for the synthe-
sis of macromolecules needed to perpetuate cell survival
[53]. Recent studies have shown that this process plays
a much more multifaceted role in eukaryotic organisms,
as it takes part in embryogenesis, cell differentiation,
and homeostasis [54]. For example, one observes rela-
tively high levels of autophagy in the thymic epithelial
cells, which possess major histocompatibility complex II
(MHC II) molecules that are used to present antigens to
CD4" T-cells, and thereby create self-tolerant T-cells; by
genetically disrupting autophagic activity in the thymus,
researchers saw high levels of inflammation and colitis,
demonstrating the vital role of autophagy in immune
tolerance [55]. Autophagy has also been identified as a
contributor in various myopathies and neurodegenerative
diseases [56]. One of the most prevalent connections
has been made with Parkinson disease (PD). A classic
hallmark of Parkinson’s pathogenesis is the aggregate of
Lewy bodies in PD brains, which are primarily composed
of alpha-synuclein protein [57]. It was deduced that ly-
sosomes selectively target and degrade wild-type alpha
synuclein via chaperone-mediated autophagy, while
pathogenic mutants of alpha-synuclein inhibit their own
degradation by binding to lysosomal membrane receptors
[58]. Although the precise mechanisms for the pathogen-
esis of PD remain unclear, it is thought that this autophag-
ic inhibition is key in the degeneration of dopaminergic
neurons, a fundamental facet in the development of PD.

In looking at the clearance of apoptotic and necro-
ptotic cells, we see a clear two-step process involving
two players: the eater and the eaten: the phagocyte and
the dying cell. With autophagy this notion is blurred; the
eater and the eaten is one and the same. When pushed too
far it can result in cell death. Ironically, in the cell’s final
efforts for self-preservation, part of the removal process
is intrinsically completed. Here, we make the important
distinction between autophagy, a primary mechanism
for degradation in eukaryotic organisms, and autophagic
cell death, which has been defined by the Nomenclature
Committee on Cell Death as a program of cell death that
depends on autophagic activity [5]. The final crumbs of
autophagic cell death have to be cleared and this is known
to occur by macrophage-mediated phagocytosis [59].
In contrast to the iconic ouroboros, an ancient symbol
depicting a serpent or a dragon eating its own tail, the
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autophagic machinery could also be used by a phagocyte
as a mechanism of clearance of dead cells. Recently, a
pathway of LC3-associated phagocytosis (LAP) was de-
scribed, wherein the engagement of an efferocytosis re-
ceptor by a cell corpse induces the translocation of the au-
tophagic machinery, termed LAPosome, for phagocytosis
[60]. Even further associating autophagy in the clearance
of dead cells, autophagy genes, atg5 and beclin I in mice
demonstrated defects in embryonic cavitation as dying
cells failed to externalize PtdSer, severely impacting the
clearance of the dead mutant cells [61].

The role of an efferocyte in the homeostatic removal
and consequent physiological replacement of function is
perhaps best exemplified in the case of retinal pigmental
epithelial (RPE) cells and their role in the clearance of
photoreceptor outer segments (OS) [31,62]. Photorecep-
tors, especially the OS, suffer from toxic byproducts of
phototransduction. Phagocytosis of OS occurs following
a circadian schedule by RPE cells [63]. New OS are gen-
erated from the base of the photoreceptors to replace the
engulfed segments. This process of removal and growth
maintains a roughly constant length of the photorecep-
tors. What is more, successful removal of photoreceptor
outer segments may likely be tied to TAM RTKs role in
this process as adult TKO mice were blind [31]. Exam-
ination of the retina of the TAM RTK TKO mice revealed
drastic degeneration of the photoreceptor cells. This sur-
prising result indicates that the growth of photoreceptors
is coupled to the phagocytic removal of OS by RPE.
Failure to engulf photoreceptor OS leads to the atrophy
of photoreceptors.

IN THE AFTERMATH OF INJURY AND/OR
INFECTION

Unscheduled cell death is associated with inflamma-
tion and the induction of an immune response. Necrosis
or Greek for “to kill” has historically been considered
the counterpart to apoptosis and the embodiment of un-
scheduled cell death. This type of cell death, also termed
accidental cell death (ACD) is often invoked by irrep-
arable trauma to the cell, leading to the disassembly of
the plasma membrane [5]. Typically, lytic unscheduled
cell death is associated with presence of pathogens and
leads to the induction of an immune response. The hall-
mark necrotic morphology consists of the rupture of the
membrane, swelling of the organelles and flooding of
the dying cell’s cytoplasmic components into the sur-
rounding cellular microenvironment. Among the released
substances are damage-associated molecular patterns
(DAMPs) that stimulate the immune system and sum-
mon an inflammatory response. Novel advances have
demonstrated that these morphological markers are not
only result of ACD, but also associated with regulated
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forms of cell death. It was not until recent years where we
witnessed the true unveiling of this idea, culminating in
the characterization of various “regulated necrosis” pro-
cesses, including necroptosis, mitochondrial permeability
transition (MPT)-driven regulated necrosis, parthanatos,
ferroptosis, and pyroptosis [64].

The best characterized aforementioned form of regu-
lated necrosis is that of necroptosis. In instances of stress
where apoptosis is deliberately inhibited, scripted genetic
programs may take over inducing regulated genetic path-
ways resulting in a necrotic morphotype, and is thereby
termed “regulated necrosis” [65]. For example, cytomeg-
alovirus is able to hinder the release of cytochrome ¢ by
inhibiting BAK and BAX, two proteins upstream in the
apoptotic pathway; this in turn disables the cell’s ability
to undergo apoptosis [66]. In a display of evolutionarily
derived resourcefulness, the cell instead resorts to necro-
ptosis, a programmed form of lytic cell death (type III)
[67]. The necroptotic signal transduction cascade relies
on activation of receptor-interacting serine/threonine-
protein kinase (RIPK) 3 by RIPK1 and subsequent acti-
vation of mixed lineage kinase domain like pseudokinase
(MLKL) [68]. One of the principle roles of MLKL in the
necroptotic pathway is its association with phosphatidyli-
nositol and pore formation in the plasma membrane [69].
It is known that necroptosis results in a robust release of
DAMPs, and many argue that this supports the notion
that necroptotic cells play a pro-inflammatory role.

The precise downstream immunological conse-
quences and the specific identity of necroptotic DAMPs
remains an active area of investigation. Necroptosis can
be induced in macrophages through ligation of Pattern
Recognition Receptors (PRR), such as Toll-like receptor
(TLR) 3 and TLR4 in the presence of pan-caspase in-
hibitors [70]. Of note, the TLR4-dependent pathway of
necroptosis has been associated with the release of (high
mobility group box 1) HMGBI in macrophages [71].
Release of HMGBI is consistent with the pro-inflamma-
tory nature of necroptosis, as it has been shown in the
past that necrotic cells passively release this chromatin
protein, while apoptotic cells retain HMGB1 [72]. Once
outside the cell, HMGB1 binds Receptor for Advanced
Glycation End products (RAGE), an important pro-in-
flammatory mediator, that upon ligation activates various
transcriptional programs that promote the expression of
pro-inflammatory genes like vascular cell adhesion mol-
ecule 1 (VCAM-1), IL-6 and tumor necrosis factor alpha
(TNF-alpha) [73]. Novel studies have shown that necro-
ptotic DAMPs may in fact increase interferon (IFN)-y
production and cross-priming of CD8" T cells, perhaps
providing more clues for the particular ways necroptosis
stimulates the immune system [74].

While necroptosis has been associated with sterile
and non-sterile inflammation, pyroptosis provides an
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instance of regulated necrosis more strongly tied to infec-
tion. Upon cell membrane rupture, this highly lytic cell
death modality has been shown to create pore-induced
intracellular traps (PITs) that effectively ensnare live bac-
teria for subsequent neutrophilic phagocytosis [75]. The
hallmark of pyroptosis is the release of pro-inflammatory
cytokines IL-1f and IL-18, which along with the release
of eicosanoids, mediate this phagocytic response [76].

Among the most novel forms of regulated cell death
(RCD) is ferroptosis, a lytic cell death modality charac-
terized by the accumulation of iron-dependent lipid per-
oxidation [77]. At present, ferroptosis is an area of high
interest for its potential immunogenicity in ferroptotic
cancer cells. It has recently been shown that immuno-
therapy-activated CD8" T cells are able to enhance lipid
peroxidation in order to increase ferroptosis incidence
in tumor cells [78]. Ferroptosis has been shown to play
a pro-inflammatory role important for pathogenesis in a
variety of contexts, yet the precise nature of the molec-
ular patterns that drive these processes remains largely
unknown. Researchers have demonstrated that among
the potential pro-inflammatory effectors characteristic of
ferroptosis is the autophagy-mediated release of HMGBI1
[79]. In addition, HMGBI ligation to RAGE has been
implicated in actively mediating the ferroptotic pathway
in macrophages, which is manifest by the increased pro-
duction of TNF-alpha [79].

While inflammation and adaptive immune responses
activated by these forms of cell death described above
are crucial for controlling/eliminating the pathogen,
exaggerated or overzealous responses risk serious host
damage through heightened or chronic inflammation and/
or induction of autoimmunity. Therefore, corpses have
to be removed to avoid damaging inflammation. Even
apoptosis, which is usually considered an anti-inflam-
matory process, requires the timely participation of the
phagocyte. If left unattended, the apoptotic cell under-
goes secondary necrosis, which may involve the release
of pro-inflammatory cytokines. In systemic lupus erythe-
matosus (SLE), it has been shown that patients have a
comparatively lower quantity of efferocytes, specifically
TBMs in the germinal centers of lymph nodes, relative
to healthy individuals [80]. As more apoptotic cells are
allowed to enter the secondary necrosis phase, this is ac-
companied by the release of more autoantigens that im-
part an autoreactive immune response, as is characteristic
of SLE. Deficiency in efferocytotic mechanisms has also
been linked to a variety of other disorders ranging from
rheumatoid arthritis, diabetes to atherosclerosis [81].

Even necroptotic, pyroptotic, and ferroptotic cells
may also be required to be removed. While PtdSer is as-
sociated with efferocytosis of apoptotic cells, recent stud-
ies have elucidated a pervasiveness of this signal across
additional regulated necrotic cell death types. Interesting-
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ly, caspase-1 inhibition was insufficient for preventing
PtdSer exposure of pyroptotic cells, indicating that there
are significant mechanistic differences between pyroptot-
ic and apoptotic cells, as PtdSer translocation to the outer
leaflet is caspase-3-dependent in apoptosis [82]. It was
also reported that pyroptotic cells release ATP more effi-
ciently than compared apoptotic cells, yet are still cleared
less efficiently by macrophages [82]. Further studies
have demonstrated similar results with necroptotic cells,
suggesting that PtdSer exposure is dependent on a mech-
anism downstream of MLKL, where PtdSer is present on
so-called “necroptotic bodies” [83,84].

At the crossroads of cell death and immune cell reg-
ulation lies the TAM RTKs. TAM RTKs have been impli-
cated in a wide range of processes involving negative reg-
ulation of the magnitude of inflammation and resolution
of inflammation. Dendritic cells (DCs) are equipped with
TLRs that serve as sensors for highly conserved molecu-
lar signatures of pathogens. TLR ligation in DCs is often
followed by the release of cytokines that not only facili-
tates an innate immune response such as the production
of inflammatory cytokines, but also engages the adaptive
immune response by improving DC antigen presentation
and co-stimulation [85]. However, the inflammatory
process set forth by TLR engagement must eventually be
restrained to ensure that the immune response is perfectly
calibrated to avoid chronic inflammatory diseases or even
drive autoimmunity. Implicated in this process of stifling
of the immune response following the initial burst of ac-
tivation are TAM RTKs, specifically by their ability to
suppress TLR-mediated cytokine secretion by inducing
suppressor of cytokine signaling (SOCS) 1 and 3 [86].

It has been indicated that there is a direct link be-
tween efferocytosis and TAM RTK-mediated negative
regulation of inflammation. TLR engagement in DCs
drives inflammation by activating the Nuclear Factor kap-
pa B (NF-kB) signaling pathway. Sen ef al. demonstrated
that apoptotic cells downregulated NF-kB signaling in
DCs and this required MERTK [87]. Thus, the effective
clearance of apoptotic cells can lead to the maintenance
of an anti-inflammatory microenvironment. Consistent
with this idea, defects in this process are linked to various
pathologies including autoimmunity and chronic inflam-
mation on one hand [88], while on the other hand it may
improve an anti-cancer immune response [89]. The link
with cancer, admittedly, is not straight-forward, as loss
of AXL and MERTK has been reported to be associated
with increased gastrointestinal cancers in mouse models
[90]. Inflammation and cancer remain rather strange bed-
fellows as inflammation can, in a context-dependent man-
ner, promote tumorigenesis and/or cancer progression,
while in other contexts it can facilitate robust anti-tumor
immune responses. Therefore, types of cell death — apop-
tosis versus necroptosis/pyroptosis/ferroptosis — as well
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as their timely clearance or not via TAM RTKSs or other
cell death sensors may have important implications in the
context of anti-tumor immunity.

Negative regulation of inflammation and immune
response not only limits the magnitude and severity of
adverse events associated with it, but also aids in limiting
its duration and the transition of inflammation to the pro-
cess of repair. An example of the crucial role of removal
of dead cells to tissue repair is debridement. In medicine,
debridement is the surgical, mechanical, or chemical re-
moval of necrotic tissue from a wound site to promote
healing. In light of the knowledge that persistence of
corpses can lead to enhanced inflammation and immuno-
genicity, it might be somewhat intuitive that removal of
the dead cells is paramount to halt inflammation and to
allow the process of repair to begin. However, removal of
dead cells might also have a direct role in promoting tissue
repair. An efferocyte that has an active role in tissue repair
are macrophages [91,92]. These cells were discovered as
specialized “big eaters” by Metchnikoff while examining
echinoderms in 1883. It is now recognized that macro-
phages can be derived from monocytes during ongoing
inflammation after injury or can be “resident” — present
through-out the tissues in homeostasis. They also exist in
multiple states — those derived from monocytes during in-
flammation, produce inflammatory cytokines while oth-
ers favor tissue maintenance through phagocytic clean-up
of damage or dead tissue or favor tissue repair by secret-
ing factors to suppress inflammation or growth factors to
help in tissue regeneration. The different states of macro-
phages ensuing as a result of the cytokines present in the
environment are called “polarization” states. However, it
has been demonstrated that macrophage polarization is
not simply a function of cytokines, and at least in the case
of IL-4/IL-13 polarized tissue-repair macrophages, this is
mediated in part by sensing and/or efferocytosis of apop-
totic cells [93]. It has been shown that macrophage deficit
and subsequent impaired formation of lymphatic vessels
in corneal inflammation produce a blunted wound healing
response in a murine diabetic model [94]. It is also known
that improper macrophage resolution function may lead
to scarring and organ damage [95].

TAM RTKs play a crucial functional role is the mac-
rophage. In fact, it is the simultaneous detection of IL-4/
IL-13 by their cognate receptor, as well as the sensing/
uptake of apoptotic cells vie TAM RTKs AXL and/or
MERTK that ultimately lead to the gene expression sig-
nature characteristic of tissue-repair macrophages [93].
Whether a similar role of dead cells — perhaps necro-
ptotic, pyroptotic, or ferroptotic — is also involved in the
inflammatory polarization of macrophages, and whether
or not they all lead to similar gene expression profile
or distinct signatures remain purely speculative so far.
While it is evident that TAM RTKSs play a prominent role
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in providing efficient clearance of apoptotic cells, their
roles in other pro-inflammatory cell death modalities re-
main unclear. With the elucidation of PtdSer as a more
ubiquitous “eat-me” signal in various other forms of cell
death [82,84,96], it is possible that further ties between
TAM RTKs and cell death are yet to be revealed.

CONCLUDING REMARK

The response of the body to cell death is purposeful
and calibrated. In part through the release of molecular
signals from dying cells that facilitate inflammation and
an immune response or the absence thereof, and in part
through the recognition of the dying/dead cell by effe-
rocytes that drive the clearance of dead cells, a game of
yin and yang is constantly in play between various forms
of cell death and the response of the live organism — its
balance is crucial for life and its disbalance manifesting
in pathology. Thus, cell death and the response to it play a
central role throughout the life of an organism, as seen in
developmental morphogenesis, tissue/organ homeostasis
and repair/regeneration after injury/infection. As Haruki
Murakami wrote “Death exists, not as the opposite but as
a part of life [97].”
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