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Phagocytosis triggered by the phospholipid phosphatidylserine (PS) is key for the
removal of apoptotic cells in development, tissue homeostasis and infection. Modulation
of PS-mediated phagocytosis is an attractive target for therapeutic intervention in the
context of atherosclerosis, neurodegenerative disease, and cancer. Whereas the mechan-
isms of target recognition, lipid and protein signalling, and cytoskeletal remodelling in
opsonin-driven modes of phagocytosis are increasingly well understood, PS-mediated
phagocytosis has remained more elusive. This is partially due to the involvement of a
multitude of receptors with at least some redundancy in functioning, which complicates
dissecting their contributions and results in complex downstream signalling networks.
This review focusses on the receptors involved in PS-recognition, the signalling cascades
that connect receptors to cytoskeletal remodelling required for phagocytosis, and recent
progress in our understanding of how phagocytic cup formation is coordinated during
PS-mediated phagocytosis.

Introduction
In a classical paper by Fadok et al. exposure of phosphatidylserine (PS) was identified as a molecular
trigger for clearance of apoptotic lymphocytes by macrophages [1]. Phosphatidylserine (PS) is now
firmly established as a key trigger for phagocytosis, defined as the uptake of large (⌀ > 1 mm) particles
by cells. PS is arguably still most well-known for its specific role in uptake of apoptotic cells, a process
also termed efferocytosis. This process is common to many cell types, and is carried out by profes-
sional phagocytes (e.g. macrophages and dendritic cells) and regular tissue cells (e.g. epithelial and
endothelial cells) alike [2]. Besides efferocytosis, PS has many additional functions. This includes
intercellular signalling in a broad range of cell–cell interactions, for instance phagocytosis of non-
apoptotic dying cells [3, 4], partial uptake of live cells (such as in synaptic pruning [5]), fertilization
[6], cell-to-cell clustering by T cells [7], and even cell–cell fusion [8]. PS has further been reported to
change the biophysical properties of membranes [9] and to regulate intracellular signalling and traf-
ficking [10]. These intracellular functions predominantly take place in healthy cells, where PS is gener-
ally predominantly present in the internal leaflet of the cell membrane.
During apoptosis PS becomes increasingly exposed on the external membrane leaflet, due to

changed activity of scramblases and flippases [11]. Interestingly, exposure of PS triggers primarily a
tolerogenic form of uptake which, in addition to clearance and degradation of the target, is associated
with anti-inflammatory signalling [12]. This combination of triggering phagocytosis and anti-
inflammatory signalling is abundantly exploited by viruses, bacteria and protozoan parasites, which
expose PS as a form of apoptotic cell mimicry [12]. The proper clearance of dying and dead cells itself
also has great physiological importance during development, regular tissue maintenance, and infection
[13–15]. Failure in efferocytosis is associated with multiple disease conditions, including auto-immune
disorders, neurodegenerative disease, and atherosclerosis [16]. Modulating efferocytosis has also
become an attractive target for therapeutic intervention [17]. Increasing targeted efferocytosis, for
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example, yields promising results in mouse models of atherosclerosis [18]. Inhibiting efferocytosis may, on the
other hand, be desirable for creating a more inflammatory environment that promotes anti-tumour responses
[12, 19].
Impressive progress has been made over the past two decades in identifying the receptors mediating PS rec-

ognition during phagocytosis. With a multitude of identified PS-receptors, the question now becomes which
receptors function in which physiological contexts and how receptors inputs are integrated to elicit downstream
cellular responses. Moreover, how the activity of the cytoskeleton, which drives the formation of the phago-
some, is coordinated in space and time in PS-mediated phagocytosis is poorly understood compared with
phagocytosis driven by opsonins (antibodies or complement) [20]. This is particularly intriguing given the
broad roles of PS in fundamentally different cell–cell interactions such as synaptic pruning [5], clustering of T
cells [7], and cell–cell fusion [8]. How, at least partially, similar molecular signals and recognition receptors
result in such distinct cellular behaviours is poorly understood. This review focusses on the known receptors
involved in PS recognition, the signalling cascades that lead to cytoskeletal remodelling downstream of these
receptors, and the orchestration of cytoskeletal reorganization during PS-mediated phagocytosis.

Recognition of phosphatidylserine
More than 15 distinct cell surface proteins that directly or indirectly - through bridging molecules - mediate
binding to PS have now been established in mammals (Figure 1a). The evidence supporting the involvement of
these receptors varies between biochemical assays using purified proteins, genetic deletion, ectopic expression
models or PS liposome competition assays. Ideally, a combination of such approaches is used to show both PS
recognition and a role in PS-dependent phagocytosis. Among the earliest identified direct receptors for PS was
brain-specific angiogenesis inhibitor BAI-1 [21]. Although BAI1 has been convincingly shown to both mediate
PS recognition and induce downstream signalling, its general importance in macrophage biology was recently
contested because of its low expression levels in macrophages [22]. Multiple T-cell immunoglobulin and mucin
domain-containing proteins, most notably Tim1, which is also known as Kim1 [23], and Tim4, also directly bind

(a)

(b) (c)

Figure 1. Engulfment and don’t eat me signals during phosphatidylserine-mediated efferocytosis.

(a) Receptors involved in PS recognition. (b) PS-independent recognition of apoptotic cells. (c) Anti-phagocytic (‘don’t eat me’)

signalling. Receptor colours correspond to their known involvement in downstream signalling pathways, with those visualized

in two colours present in multiple pathways (see Figure 2).

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1282

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://creativecommons.org/licenses/by/4.0/


PS and are involved in PS-mediated phagocytosis [24]. Many other phagocytic receptors for PS, including Stab1
& 2 [25], Rage [26], Scarf1 [27], CD36 [28], CD300 family proteins CD300b [29] and CD300f [30] and Trem2
[31] are scavenger receptors or generally quite promiscuous. These receptors may bind a wide variety of ligands
in addition to PS, often including other negatively charged lipids, apolipoproteins, bacteria, and more [32, 33].
In addition to receptors that directly bind PS, multiple bridging molecules enable indirect interactions

between phagocytes and PS-exposing targets (Figure 1a). Mfge8 can bridge PS on the target surface to the
RGD motif on phagocytic integrins, particularly integrin αvβ3 and αvβ5 [34]. Similarly, Gas 6 can bind PS [35],
and engage macrophages through their Mer(TK) receptor [36]. Gas6 can also bind to Tyro3 and Axl, which
together with Mer belong to a family named TAM-receptors [37]. Protein S, which has homology to Gas 6,
similarly bridges PS to Mer and Tyro3 [38, 39]. Yet additional bridges can be formed by complement compo-
nent 1q (C1q) between PS and Megf10 [40, 41], of which the homologues Ced-1 in Caenorhabditis elegans and
Draper in Drosophila melanogaster have extensively been studied [42, 43]. Finally, calreticulin (Crt) is a bridg-
ing molecule that can bind PS directly, or through association with C1q and is recognized by Lrp1 (CD91) [44,
45]. In addition to a role in uptake of apoptotic cells, calreticulin plays an important role during phagocytosis
of live cancer cells [46].
It is noteworthy that many PS receptors are regulated by sheddases, enzymes with the ability to cleave off

the ectodomain of membrane proteins. Tim1/4, Trem2, Mer, CD36 and Lrp1 can all be shed from the cell
surface, most notably by Adam 17 activity [47–51]. Shedding of PS receptors has a dual inhibitory effect on PS
recognition and efferocytosis. Firstly, the obvious direct effect that the receptor is removed from the phagocyte’s
surface. Secondly, once in soluble form the ectodomains may mask PS exposed on apoptotic cells or by seques-
tering bridging molecules. The presence of multiple PS receptor ectodomains in elevated levels is associated
with disease, including neurodegeneration and auto-immune diseases [52, 53]. Soluble PS receptors may also
have additional physiological functions, such as inducing inflammatory responses and increasing phagocyte
survival, such as in the case of Trem2 [54].
Physiological preys that expose PS often display additional phagocytosis-promoting molecules (Figure 1b).

CD14, a GPI-anchored protein that lacks an intracellular signalling domain, is involved in uptake of apoptotic
cells [55], which it may recognize through Icam-3 or phosphorylated phosphoinositides (PIPs) [56, 57]. Like PS,
PIPs also lose their asymmetric distribution and become exposed on the external membrane leaflet during apop-
tosis. Although PS is far more abundant, making up to 10% of the plasma membrane phospholipids [58],
increased PIP exposure was recently reported to contribute to triggering efferocytosis [56]. To further add to the
complexity, in addition to prophagocytic ligands, anti-phagocytic ligands, or ‘don’t eat me’ signals also play a key
role in meal selection by macrophages (Figure 1c). PS exposure alone is often insufficient to trigger uptake of
cells, and anti-phagocytic ligands need to be removed from the target cell or blocked before efficient uptake takes
place. Receptors for antiphagocytic ligands often contain an immunoreceptor tyrosine-based inhibitory motif
(ITIM) domain and were recently reviewed in detail [59]. These ‘don’t eat me signals’ include CD47 and CD24,
which are recognized by SIRPα and Siglec-10 [60], respectively, and CD31, which engages in homotypic interac-
tions. The CD300 protein family, which includes multiple prophagocytic receptors, also includes inhibitory
receptors, specifically CD300a, which, surprisingly, has been suggested to, amongst others, recognize PS [61].

Signalling pathways eliciting downstream cytoskeletal
rearrangements
Engagement of PS receptors during efferocytosis triggers two main processes: immune tolerance and phagocyt-
osis. The former includes the release of anti-inflammatory cytokines (including interleukin (IL) 10 and TGFβ)
and inhibition of release of pro-inflammatory cytokines (e.g. TNFα, IL-1β and IL-12), and has been reviewed
in detail before [12, 37, 62, 63]. Instead, we will focus here solely on how PS recognition results in the signalling
events that lead to downstream cytoskeletal remodelling and ultimately target engulfment. In these signalling
pathways, Rho-GTPases, like Rac1, Rac2, RhoA, and RhoG, play a central role [64]. As master regulators of
cytoskeletal remodelling, they coordinate the large-scale actin rearrangements required for phagocytic cup for-
mation. Indeed, multiple signalling pathways link PS receptors to Rho-GTPase activity (Figure 2).
A well-established pathway connects direct PS-receptor Bai1 to Rac1 activation (Figure 2a). Bai1 directly

binds the adaptor protein Elmo1, which forms a complex with Dock1 (also known as Dock180), a guanine
nucleotide exchange factor (GEF) that can activate Rac1 [21]. This pathway was initially established, and shares
great similarity with, engulfment pathways in C. elegans [65]. Other receptors, including integrin αvβ5 and
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Stabilin (Stab) 2, through its association with integrin αvβ5, also make use of this Elmo1-Dock1 signalling
module [66, 67] (Figure 2b). A second classical pathway leads to Rho GTPase activation through Gulp (Ced-6
in C. elegans) and was also originally identified in C. elegans. [65, 68, 69]. Gulp has been implicated down-
stream of indirect PS receptors Megf10 and Lrp and direct PS receptor Stab2 [69–71], yet how Gulp regulates
Rac1 activation remains to be clarified (Figure 2c). Recently, Gulp was established to directly interact with Rac1
inactivating protein ArhGAP12 [72]. Interestingly, Stab2 also directly interacts with actin sequestering protein
thymosin β4, and may therefore also have an additional, rather direct, impact on cytoskeletal organization [73].
Because of the large number of PS-recognition receptors, the involvement of additional downstream signal-

ling pathways is likely. Indeed, integrins involved in PS phagocytosis for example, may use pathways independ-
ent of Elmo1-Dock1 to activate Rho GTPases (Figure 2b). This involves classical integrin signalling molecules
such as focal adhesion kinase (FAK) and integrin-linked kinase (ILK), which can lead to downstream activation
of multiple RhoGEFs [74]. For example, in endothelial-like trabecular meshwork cells, after engagement of
integrin αvβ5 the GEF Tiam1, and not Dock1, appeared critical for phagocytosis [75]. Similarly, in macro-
phages, the GEF Vav3 has been reported as a downstream Rho GTPase activator of integrin αvβ5 and direct
PS-receptor TIM4. The VAV family of GEFs, in particular Vav1, has also been shown to be involved after indir-
ect PS engagement by the TAM receptors (Tyro3, Axl, Mer) (Figure 2d). These receptors belong to the family
of receptor tyrosine kinases that have an intracellular catalytic domain directly engaged in kinase activity. Mer
can bind Vav1 directly and release it upon phosphorylation [76].
Possibly underappreciated in the context of efferocytosis is that multiple PS-receptors may also use pathways

with similarity to antibody (Ab)-mediated phagocytosis (Figure 2e). In Ab phagocytosis, Fc-receptors are

(a)

(d) (e)

(b) (c)

Figure 2. Signalling pathways leading from PS receptor engagement to actin reorganization.

(a–e) Pathways linking PS receptors to actin reorganization, where individual panels indicate distinct initial signalling steps.

Receptors visualized in two colours are present in multiple pathways (and hence multiple panels). Solid lines indicate more

direct connections than dashed lines.
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engaged on the cell surface. These receptors contain an intracellular ITAM domain, which can be phosphory-
lated by Src family kinases (e.g. Lyn), after which they induce a signalling cascade through Syk [20]. In turn,
this leads to the activation of RhoGEFs, as well as PI3 Kinase and Plcγ [20]. Multiple direct or indirect recep-
tors of PS either contain an ITAM (such as Megf10) [77] or associate with the ITAM containing coreceptor
Tyrobp (Dap12), such as Trem2 and CD300lb [29, 78]. The potential importance of this pathway is under-
scored by two recent studies. First, using a genome-wide screening approach for identification of regulators of
PS-mediated phagocytosis in a murine macrophage-line, the receptor Trem2 and downstream effectors includ-
ing Lyn, Syk, and PI3 kinase were found to be critical in PS-mediated phagocytosis [79]. Second, in work by
Morrissey et al. chimeric antigen receptors for phagocytosis (CARPs) were developed in macrophages. Only
those CARPs containing ITAM domains, and not those based on the internal signalling moieties Bai1 or Mer,
were able to efficiently trigger phagocytosis [80].

Receptor cooperation: tether and tickle?
Why are there so many different receptors for PS with apparently redundant functionality? Multiple hypotheses
to explain redundancy have been put forward. Firstly, it is likely that receptor expression and hence involve-
ment in phagocytosis is, at least partially, cell type specific. Indeed, multiple studies reported cell-specific
involvement of receptors, such as Trem2, which has been specifically associated with clearance of neuronal
debris by microglia, the tissue-resident macrophages of the brain [81, 82]. Differences in involvement or expres-
sion of receptors have also been reported between macrophages and dendritic cells [83], or between astrocytes
and microglia [40]. Nonetheless, single phagocytes appear to use multiple receptors, such as microglia which,
in addition to Trem2, also require Bai1 and Tim4 for efficient phagocytosis [84].
The requirement of multiple receptors could also indicate distinct functioning of individual receptor species

during phagocytic cup formation. A central hypothesis in PS-mediated phagocytosis is that some receptors play
a role merely in establishing adhesion between phagocyte and target cell (‘tethering’), whereas other receptors
lead to tethering as well as downstream signalling (‘tickling’) [85]. This hypothesis is attractive because of its
simplicity and was initially inspired by the observation that the intracellular domain of PS-receptor Tim4 is dis-
pensable for efferocytosis. It was therefore suggested that Tim4 only mediates tethering and does not mediate
signalling [86, 87]. Tethering and tickling were further suggested to be two distinct consecutive steps during
apoptotic cell phagocytosis [88]. From recent studies of antibody (Ab)-mediated phagocytosis it has, however,
become clear that even during the first steps of contact formation signalling is essential. Such early signalling
events enable changes in the cortical actin cytoskeleton and thereby increased mobility, engagement and clus-
tering of receptors [89]. Furthermore, it is difficult to exclude that supposed tethering receptors truly have no
signalling function. Receptors with dispensable, or even no, intracellular domain may still associate, through
their extracellular or membrane domain, with other membrane proteins that mediate intracellular signalling
(coreceptors). Indeed, multiple phagocytic receptors that recognize PS, including Trem2 and CD300b, associate
through their transmembrane domain with Tyrobp, a protein containing an intracellular immunoreceptor
tyrosine-based activation motif (ITAM), which mediates intracellular signalling [29, 31]. Direct and indirect
association with integrins as coreceptors has even been reported for Tim4 [90, 91], the receptor that sparked
the tethering hypothesis. An in vivo imaging approach further revealed that Tim4 deficient microglia still
formed phagosomes, albeit of reduced stability, meaning that the pseudopods surrounding the target extended
and retracted repeatedly [84]. Such observations are inconsistent with a pure tethering role for Tim4.
Although distinct functioning of receptors is extremely likely, considering these recent findings the classical

tethering and tickling model likely needs to be reassessed. Recent advances in imaging approaches now allow
tracking the localization and dynamics of receptors and key cytoskeletal proteins over the course of phagocyt-
osis [92], and even allow following the mechanical progression of phagocytosis [93, 94]. The more detailed
readout of phagocytosis that such approaches provide, could be key in dissecting the individual, and coopera-
tive, contributions of PS-receptors to signalling and phagocytic cup shaping mechanisms.

Beyond Rac1 activation: dynamics of
phosphatidylserine-mediated target internalization
Engulfment of targets in phagocytosis is ultimately driven by remodelling of the actin cytoskeleton [89, 95, 96].
Building a phagocytic cup requires dynamic and large-scale assembly, as well as disassembly of actin filaments.
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These processes need to be carefully coordinated in space and time for successful engulfment, and are
regulated by a multitude of actin-binding proteins. The exact regulation and timing of the activity of these
regulators can dramatically affect the dynamics of uptake, and distinct uptake modes have been described
for different targets.
In Ab-mediated phagocytosis, for which the engulfment process has been studied in most detail,

F-actin-filled protrusions are important for initiating target engagement. Early signalling events lead to a dis-
ruption of the actin cortex of the cell, which allows increased mobility and thereby clustering of receptors [89].
Thin membrane protrusions then grow outward from the cell cortex and tightly surround the target. The phys-
ical forces required for shaping phagocytic cups are generated by Arp2/3-dependent actin polymerization and
Myosin-II activity. These forces are transduced to the target, resulting in local target constriction at the rim of
the phagocytic cup [94, 97, 98]. Protrusion and constriction at the cup rim ultimately bring together the pseu-
dopods at the opposite end of the target, where membrane fusion machinery closes the phagosome [99].
During engulfment, actin is depolymerized at the base of the phagocytic cup to allow passage of the target
through the cortical actin layer of the cell, as well as enabling fusion of vesicles for delivery of the required
membrane for expansion of the phagocytic cup [20]. The coordination of the activity of various actin-binding
proteins, leading to local and timely assembly and disassembly of actin filaments is regulated by multiple
guanine nucleotide exchange factors (GEFs) and activating proteins (GAPs) of Rho GTPases [64], and lipid
signalling by phosphoinositides [100]. Different mechanisms of phagocytic cup formation, in which
outward protrusions are largely lacking, and targets appear deeply embedded in the cytoplasm before cup
closure, leading to the name ‘sinking’ phagocytosis, have also been described [101]. This mode of uptake
has classically been associated with complement-mediated phagocytosis, although this view has recently
been contended [102, 103].
Little is known regarding the dynamics of PS-mediated engulfment, and it is currently unclear if it resembles

one of these previously described strategies, or perhaps, progresses yet in different fashion. Furthermore, it is
largely unknown which actin-binding proteins are involved, and how their activity is coordinated in space and
time by upstream regulators. Recent microscopy studies, however, give some indications of cup shaping
mechanisms during PS-mediated phagocytosis. Uptake of PS-coated beads by a murine macrophage line
resembled ‘sinking’ phagocytosis described above, and further reported involvement of long finger-like F-actin
protrusions in early stages of engulfment [79]. Studies in Drosophila melanogaster indicate that the uptake
strategy used, and specifically the use of long pseudopods, may depend on the physical surroundings where
phagocytosis takes place [104, 105]. PS-mediated uptake of apoptotic cells by epithelial cells in early zebrafish
embryo’s revealed outgrowing cups with F-actin accumulation and target constriction at the rim, reminiscent of
Ab-mediated uptake as observed by macrophages in vitro [106]. This study also revealed that, in vivo, phago-
cytosis of apoptotic cells can involve piecemeal uptake, or trogocytosis [107], in which parts of apoptotic cells
are ‘nibbled’ off and engulfed. These studies revealing apparently distinct engulfment mechanisms indicate that
the engulfment dynamics in PS-mediated phagocytosis may depend on the cell type, the environmental
context, and additional cues presented by the target.

New physically accurate model targets for studying
efferocytosis
Phagocytosis is an intricate process that requires rapid recognition, lipid and protein signalling, and cytoskeletal
remodelling. Efferocytosis, in particular, is astoundingly complex due to the involvement of many ligands, a
multitude of receptors for individual such ligands, as well as the involvement of anti-engulfment signals.
Moreover, in in vivo studies, indirect effects on phagocytosis, such as effects on phagocyte proliferation and
survival, as for example reported in the case of Trem2 in microglia [108], can be hard to discern from direct
involvement of receptors in phagocytosis. To reduce this complexity, model targets that capture key attributes
of apoptotic cells have frequently been used. Although necessarily a simplification, such systems may be essen-
tial to tease apart the signalling networks involved in PS phagocytosis.
As an early model system to study efferocytosis, bare carboxylate beads were used to mimic apoptotic cells

[21]. Such beads carry a negative charge, but lack any resemblance of the molecular identity of prophagocytic
ligands like PS. It is now quite achievable to coat glass or polystyrene beads with phospholipid bilayers, and the
composition of such bilayers can be tuned to incorporate a physiological amount of PS [109]. We, and others,
have recently established deformable microparticles that can be functionalized with a variety of ligands [93, 110].
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A key benefit of such particles is that they can be made to accurately mimic physical properties, like size and
rigidity, of apoptotic cells, whereas glass or polystyrene beads are 1–10 million times more rigid than apoptotic
cells. Such new model systems will therefore also be key to achieving a better understanding of how phagocytes
deal with the specific physical challenges in phagocytosis of apoptotic cells.

Physical challenges in PS-mediated phagocytosis
PS-exposing targets, such as apoptotic cells, present unique physical challenges for the phagocytes engulfing
them. Apoptotic cells are large, but also relatively soft, with an apparent Young’s modulus (a measure for the
resistance of a material to withstand uniaxial compression or elongation) of 0.1–10 kPa [95]. Many natural (e.g.
bacteria) and lab-based model targets are thousand to more than million-fold more rigid [95]. This is especially
relevant because phagocytosis is a mechanosensitive process, reportedly being more efficient for rigid than
softer targets [93, 102, 111, 112]. Rigidity-dependent uptake has, to my knowledge, not been shown for
PS-mediated phagocytosis specifically. However, the list of immune receptors that are identified as mechano-
sensitive molecules is rapidly expanding [113]. Particularly the involvement of integrins (Figure 2b), which are
known to be broadly involved in mechanosensing in cellular processes [102, 114], in PS-mediated phagocytosis
makes target rigidity dependence likely. Potential differences in degree, or range, of mechanosensitivity of spe-
cific PS receptors may even lead to differential engagement of distinct PS receptors of physically distinct
targets. Future studies will need to confirm such differences and may thereby contribute to our understanding
of target-specific signalling responses and the apparent redundancy among PS receptors.
It is also expected that cells undergo mechanical changes during apoptosis, for example because of disassem-

bly of the F-actin cortex in late-stage apoptosis [115]. A decrease in rigidity has indeed been observed in single
cells during apoptosis [116]. Surprisingly, this would likely present a mechanical anti-phagocytic signal [95]. It
may, however, also allow phagocytes to protrude deep into apoptotic cells and thereby mediate partial engulf-
ment, as recently observed for soft artificial microspheres [79]. An interesting feature of apoptotic cells is that
they, for example due to the occurrence of blebs, are mechanically heterogeneous and also have a complex
geometry [115]. Similar to target rigidity, phagocytosis can be affected by the geometry of the target, including
size, shape and local curvature [95]. Observation of phagocytosis of geometrically complex targets suggests that
phagocytes use local changes in curvature to adapt phagocytic strategies during engulfment, for example
switching from whole target phagocytosis to partial engulfment (trogocytosis) [117]. How variation in mechan-
ical properties of a single target may affect phagocytosis is currently unknown, but may include similar adapta-
tions of engulfment mechanisms. To elucidate the strategies for dealing with mechanically heterogeneous and
geometrically complex apoptotic cells, novel sophisticated experimental approaches are required and future
studies should focus on capturing the dynamics of target engulfment in progress.

Perspectives
• PS-mediated clearance of dying and dead cells has great physiological importance during

development and regular tissue maintenance. Modulation of this process is a promising thera-
peutic strategy in the context of atherosclerosis, neurodegenerative disease and cancer.

• The individual and joined contribution of PS receptors to phagocytosis are likely more
complex than suggested in the classical ‘tethering and tickling’ model. Multiple signalling
pathways, including one closely resembling pathways of antibody-mediated phagocytosis,
connect receptor engagement to Rho GTPase activation and cytoskeletal remodelling.

• Novel imaging and biophysical approaches allow observation of how phagocytic cups are
built in space and time and simultaneously pinpoint where key molecules localize. These
approaches may be key to deciphering how PS receptors work individually and in concert.

Competing Interests
The author declares that there are no competing interests associated with this manuscript.

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1287

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://creativecommons.org/licenses/by/4.0/


Funding
This work was partially funded through a CRI Irvington fellowship and through the Howard Hughes Medical
Institute (HHMI).

Acknowledgements
I would like to thank Roarke A. Kamber and Ramon Lorenzo D. Labitigan for critical reading and feedback on
this manuscript. I would further like to acknowledge Julie A. Theriot and Matt F. Footer for support and
proofreading.

Abbreviations
CARPs, chimeric antigen receptors for phagocytosis; GEF, guanine nucleotide exchange factor; IL, interleukin;
ITAM, immunoreceptor tyrosine-based activation motif; TAM, Tyro3, Axl, Mer.

References
1 Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Bratton, D.L. and Henson, P.M. (1992) Exposure of phosphatidylserine on the surface of

apoptotic lymphocytes triggers specific recognition and removal by macrophages. J. Immunol. 148, 2207–2216
2 Seeberg, J.C., Loibl, M., Moser, F., Schwegler, M., Büttner-Herold, M., Daniel, C. et al. (2019) Non-professional phagocytosis: a general feature of

normal tissue cells. Sci. Rep. 9, 11875 https://doi.org/10.1038/s41598-019-48370-3
3 Westman, J., Grinstein, S. and Marques, P.E. (2020) Phagocytosis of necrotic debris at sites of injury and inflammation. Front. Immunol. 10, 3030

https://doi.org/10.3389/fimmu.2019.03030
4 Shlomovitz, I., Speir, M. and Gerlic, M. (2019) Flipping the dogma – phosphatidylserine in non-apoptotic cell death. Cell Commun. Signal. 17, 139

https://doi.org/10.1186/s12964-019-0437-0
5 Scott-Hewitt, N., Perrucci, F., Morini, R., Erreni, M., Mahoney, M., Witkowska, A. et al. (2020) Local externalization of phosphatidylserine mediates

developmental synaptic pruning by microglia. EMBO J. 39, e105380 https://doi.org/10.15252/embj.2020105380
6 Rival, C.M., Xu, W., Shankman, L.S., Morioka, S., Arandjelovic, S., Lee, C.S. et al. (2019) Phosphatidylserine on viable sperm and phagocytic machinery

in oocytes regulate mammalian fertilization. Nat Commun. 10, 4456 https://doi.org/10.1038/s41467-019-12406-z
7 Fischer, K., Voelkl, S., Berger, J., Andreesen, R., Pomorski, T. and Mackensen, A. (2006) Antigen recognition induces phosphatidylserine exposure on

the cell surface of human CD8+ T cells. Blood 108, 4094–4101 https://doi.org/10.1182/blood-2006-03-011742
8 Whitlock, J.M. and Chernomordik, L.V. (2021) Flagging fusion: phosphatidylserine signaling in cell–cell fusion. J. Biol. Chem. 296, 100411 https://doi.

org/10.1016/j.jbc.2021.100411
9 Fujimoto, T. and Parmryd, I. (2017) Interleaflet coupling, pinning, and leaflet asymmetry—major players in plasma membrane nanodomain formation.

Front. Cell Dev. Biol. 4, 155 https://doi.org/10.3389/fcell.2016.00155
10 Kay, J.G. and Fairn, G.D. (2019) Distribution, dynamics and functional roles of phosphatidylserine within the cell. Cell Commun. Signal. 17, 126

https://doi.org/10.1186/s12964-019-0438-z
11 Segawa, K. and Nagata, S. (2015) An apoptotic ‘Eat Me’ signal: phosphatidylserine exposure. Trends Cell Biol. 25, 639–650 https://doi.org/10.1016/j.

tcb.2015.08.003
12 Birge, R.B., Boeltz, S., Kumar, S., Carlson, J., Wanderley, J., Calianese, D. et al. (2016) Phosphatidylserine is a global immunosuppressive signal in

efferocytosis, infectious disease, and cancer. Cell Death Differ. 23, 962–978 https://doi.org/10.1038/cdd.2016.11
13 Lim, K., Kim, T., Trzeciak, A., Amitrano, A.M., Reilly, E.C., Prizant, H. et al. (2020) In situ neutrophil efferocytosis shapes T cell immunity to influenza

infection. Nat. Immunol. 21, 1046–1057 https://doi.org/10.1038/s41590-020-0746-x
14 Penberthy, K.K., Lysiak, J.J. and Ravichandran, K.S. (2018) Rethinking phagocytes: clues from the retina and testes. Trends Cell Biol. 28, 317–327

https://doi.org/10.1016/j.tcb.2018.01.004
15 Fuchs, Y. and Steller, H. (2011) Programmed cell death in animal development and disease. Cell 147, 742–758 https://doi.org/10.1016/j.cell.2011.10.

033
16 Boada-Romero, E., Martinez, J., Heckmann, B.L. and Green, D.R. (2020) The clearance of dead cells by efferocytosis. Nat. Rev. Mol. Cell Biol. 21,

398–414 https://doi.org/10.1038/s41580-020-0232-1
17 Mehrotra, P. and Ravichandran, K.S. (2022) Drugging the efferocytosis process: concepts and opportunities. Nat. Rev. Drug Discov. 21, 601–620

https://doi.org/10.1038/s41573-022-00470-y
18 Kojima, Y., Volkmer, J.-P., McKenna, K., Civelek, M., Lusis, A.J., Miller, C.L. et al. (2016) CD47-blocking antibodies restore phagocytosis and prevent

atherosclerosis. Nature 536, 86–90 https://doi.org/10.1038/nature18935
19 Segawa, K., Yanagihashi, Y., Yamada, K., Suzuki, C., Uchiyama, Y. and Nagata, S. (2018) Phospholipid flippases enable precursor B cells to flee

engulfment by macrophages. Proc. Natl Acad. Sci. U.S.A. 115, 12212–12217 https://doi.org/10.1073/pnas.1814323115
20 Jaumouillé, V. and Grinstein, S. (2016) Molecular mechanisms of phagosome formation. Microbiol. Spectr. 4, 1–18 https://doi.org/10.1128/

microbiolspec.MCHD-0013-2015
21 Park, D., Tosello-Trampont, A.-C., Elliott, M.R., Lu, M., Haney, L.B., Ma, Z. et al. (2007) BAI1 is an engulfment receptor for apoptotic cells upstream of

the ELMO/Dock180/Rac module. Nature 450, 430–434 https://doi.org/10.1038/nature06329
22 Hsiao, C.-C., van der Poel, M., van Ham, T.J. and Hamann, J. (2019) Macrophages do not express the phagocytic receptor BAI1/ADGRB1. Front.

Immunol. 10, 962 https://doi.org/10.3389/fimmu.2019.00962
23 Ichimura, T., Asseldonk, E.J.P., Humphreys, B.D., Gunaratnam, L., Duffield, J.S. and Bonventre, J.V. (2008) Kidney injury molecule–1 is a

phosphatidylserine receptor that confers a phagocytic phenotype on epithelial cells. J. Clin. Invest. 118, 1657–1668 https://doi.org/10.1172/JCI34487

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1288

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://doi.org/10.1038/s41598-019-48370-3
https://doi.org/10.1038/s41598-019-48370-3
https://doi.org/10.1038/s41598-019-48370-3
https://doi.org/10.1038/s41598-019-48370-3
https://doi.org/10.3389/fimmu.2019.03030
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.15252/embj.2020105380
https://doi.org/10.1038/s41467-019-12406-z
https://doi.org/10.1038/s41467-019-12406-z
https://doi.org/10.1038/s41467-019-12406-z
https://doi.org/10.1038/s41467-019-12406-z
https://doi.org/10.1182/blood-2006-03-011742
https://doi.org/10.1182/blood-2006-03-011742
https://doi.org/10.1182/blood-2006-03-011742
https://doi.org/10.1182/blood-2006-03-011742
https://doi.org/10.1016/j.jbc.2021.100411
https://doi.org/10.1016/j.jbc.2021.100411
https://doi.org/10.3389/fcell.2016.00155
https://doi.org/10.1186/s12964-019-0438-z
https://doi.org/10.1186/s12964-019-0438-z
https://doi.org/10.1186/s12964-019-0438-z
https://doi.org/10.1186/s12964-019-0438-z
https://doi.org/10.1016/j.tcb.2015.08.003
https://doi.org/10.1016/j.tcb.2015.08.003
https://doi.org/10.1038/cdd.2016.11
https://doi.org/10.1038/s41590-020-0746-x
https://doi.org/10.1038/s41590-020-0746-x
https://doi.org/10.1038/s41590-020-0746-x
https://doi.org/10.1038/s41590-020-0746-x
https://doi.org/10.1016/j.tcb.2018.01.004
https://doi.org/10.1016/j.cell.2011.10.033
https://doi.org/10.1016/j.cell.2011.10.033
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1038/nature18935
https://doi.org/10.1073/pnas.1814323115
https://doi.org/10.1128/microbiolspec.MCHD-0013-2015
https://doi.org/10.1128/microbiolspec.MCHD-0013-2015
https://doi.org/10.1128/microbiolspec.MCHD-0013-2015
https://doi.org/10.1128/microbiolspec.MCHD-0013-2015
https://doi.org/10.1038/nature06329
https://doi.org/10.3389/fimmu.2019.00962
https://doi.org/10.1172/JCI34487
https://creativecommons.org/licenses/by/4.0/


24 Kobayashi, N., Karisola, P., Peña-Cruz, V., Dorfman, D.M., Jinushi, M., Umetsu, S.E. et al. (2007) TIM-1 and TIM-4 glycoproteins bind
phosphatidylserine and mediate uptake of apoptotic cells. Immunity 27, 927–940 https://doi.org/10.1016/j.immuni.2007.11.011

25 Park, S.-Y., Jung, M.-Y., Kim, H.-J., Lee, S.-J., Kim, S.-Y., Lee, B.-H. et al. (2008) Rapid cell corpse clearance by stabilin-2, a membrane
phosphatidylserine receptor. Cell Death Differ. 15, 192–201 https://doi.org/10.1038/sj.cdd.4402242

26 He, M., Kubo, H., Morimoto, K., Fujino, N., Suzuki, T., Takahasi, T. et al. (2011) Receptor for advanced glycation end products binds to
phosphatidylserine and assists in the clearance of apoptotic cells. EMBO Rep. 12, 358–364 https://doi.org/10.1038/embor.2011.28

27 Patten, D.A. (2018) SCARF1: a multifaceted, yet largely understudied, scavenger receptor. Inflamm. Res. 67, 627–632 https://doi.org/10.1007/
s00011-018-1154-7

28 Greenberg, M.E., Sun, M., Zhang, R., Febbraio, M., Silverstein, R. and Hazen, S.L. (2006) Oxidized phosphatidylserine–CD36 interactions play an
essential role in macrophage-dependent phagocytosis of apoptotic cells. J. Exp. Med. 203, 2613–2625 https://doi.org/10.1084/jem.20060370

29 Murakami, Y., Tian, L., Voss, O.H., Margulies, D.H., Krzewski, K. and Coligan, J.E. (2014) CD300b regulates the phagocytosis of apoptotic cells via
phosphatidylserine recognition. Cell Death Differ. 21, 1746–1757 https://doi.org/10.1038/cdd.2014.86

30 Choi, S.-C., Simhadri, V.R., Tian, L., Gil-Krzewska, A., Krzewski, K., Borrego, F. et al. (2011) Cutting edge: mouse CD300f (CMRF-35–like molecule-1)
recognizes outer membrane-exposed phosphatidylserine and can promote phagocytosis. J. Immunol. 187, 3483–3487 https://doi.org/10.4049/
jimmunol.1101549

31 Ulland, T.K. and Colonna, M. (2018) TREM2 — a key player in microglial biology and Alzheimer disease. Nat. Rev. Neurol. 14, 667–675 https://doi.org/
10.1038/s41582-018-0072-1

32 Penberthy, K.K. and Ravichandran, K.S. (2016) Apoptotic cell recognition receptors and scavenger receptors. Immunol. Rev. 269, 44–59 https://doi.org/
10.1111/imr.12376

33 Canton, J., Neculai, D. and Grinstein, S. (2013) Scavenger receptors in homeostasis and immunity. Nat. Rev. Immunol. 13, 621–634 https://doi.org/10.
1038/nri3515

34 Hanayama, R., Tanaka, M., Miwa, K., Shinohara, A., Iwamatsu, A. and Nagata, S. (2002) Identification of a factor that links apoptotic cells to
phagocytes. Nature 417, 182–187 https://doi.org/10.1038/417182a

35 Nagata, K., Ohashi, K., Nakano, T., Arita, H., Zong, C., Hanafusa, H. et al. (1996) Identification of the product of growth arrest-specific gene 6 as a
common ligand for Axl, Sky, and Mer receptor tyrosine kinases. J. Biol. Chem. 271, 30022–30027 https://doi.org/10.1074/jbc.271.47.30022

36 Scott, R.S., McMahon, E.J., Pop, S.M., Reap, E.A., Caricchio, R., Cohen, P.L. et al. (2001) Phagocytosis and clearance of apoptotic cells is mediated by
MER. Nature 411, 207–211 https://doi.org/10.1038/35075603

37 Burstyn-Cohen, T. and Maimon, A. (2019) TAM receptors, phosphatidylserine, inflammation, and cancer. Cell Commun. Signal. 17, 156 https://doi.org/
10.1186/s12964-019-0461-0

38 Lew, E.D., Oh, J., Burrola, P.G., Lax, I., Zagórska, A., Través, P.G. et al. (2014) Differential TAM receptor–ligand–phospholipid interactions delimit
differential TAM bioactivities. eLife 3, 1–23 https://doi.org/10.7554/eLife.03385

39 Anderson, H.A., Maylock, C.A., Williams, J.A., Paweletz, C.P., Shu, H. and Shacter, E. (2003) Serum-derived protein S binds to phosphatidylserine and
stimulates the phagocytosis of apoptotic cells. Nat. Immunol. 4, 87–91 https://doi.org/10.1038/ni871

40 Iram, T., Ramirez-Ortiz, Z., Byrne, M.H., Coleman, U.A., Kingery, N.D., Means, T.K. et al. (2016) Megf10 is a receptor for C1Q that mediates clearance
of apoptotic cells by astrocytes. J. Neurosci. 36, 5185–5192 https://doi.org/10.1523/JNEUROSCI.3850-15.2016

41 Païdassi, H., Tacnet-Delorme, P., Garlatti, V., Darnault, C., Ghebrehiwet, B., Gaboriaud, C. et al. (2008) C1q binds phosphatidylserine and likely acts as
a multiligand-bridging molecule in apoptotic cell recognition. J. Immunol. 180, 2329–2338 https://doi.org/10.4049/jimmunol.180.4.2329

42 Davidson, A.J. and Wood, W. (2020) Phagocyte responses to cell death in flies. Cold Spring Harb. Perspect. Biol. 12, a036350 https://doi.org/10.1101/
cshperspect.a036350

43 Williamson, A.P. and Vale, R.D. (2018) Spatial control of Draper receptor signaling initiates apoptotic cell engulfment. J. Cell Biol. 217, 3977–3992
https://doi.org/10.1083/jcb.201711175

44 Ogden, C.A., de Cathelineau, A., Hoffmann, P.R., Bratton, D., Ghebrehiwet, B., Fadok, V.A. et al. (2001) C1q and mannose binding lectin engagement
of cell surface calreticulin and Cd91 initiates macropinocytosis and uptake of apoptotic cells. J. Exp. Med. 194, 781–796 https://doi.org/10.1084/jem.
194.6.781

45 Wijeyesakere, S.J., Bedi, S.K., Huynh, D. and Raghavan, M. (2016) The C-terminal acidic region of calreticulin mediates phosphatidylserine binding and
apoptotic cell phagocytosis. J. Immunol. 196, 3896–3909 https://doi.org/10.4049/jimmunol.1502122

46 Chao, M.P., Jaiswal, S., Weissman-Tsukamoto, R., Alizadeh, A.A., Gentles, A.J., Volkmer, J. et al. (2010) Calreticulin is the dominant pro-phagocytic
signal on multiple human cancers and is counterbalanced by CD47. Sci. Transl. Med. 2, 63ra94 https://doi.org/10.1126/scitranslmed.3001375

47 Thorp, E., Vaisar, T., Subramanian, M., Mautner, L., Blobel, C. and Tabas, I. (2011) Shedding of the Mer tyrosine kinase receptor Is mediated by
ADAM17 protein through a pathway involving reactive oxygen species, protein kinase Cδ, and p38 mitogen-activated protein kinase (MAPK). J. Biol.
Chem. 286, 33335–33344 https://doi.org/10.1074/jbc.M111.263020

48 Feuerbach, D., Schindler, P., Barske, C., Joller, S., Beng-Louka, E., Worringer, K.A. et al. (2017) ADAM17 is the main sheddase for the generation of
human triggering receptor expressed in myeloid cells (hTREM2) ectodomain and cleaves TREM2 after Histidine 157. Neurosci. Lett. 660, 109–114
https://doi.org/10.1016/j.neulet.2017.09.034

49 Schweigert, O., Dewitz, C., Möller-Hackbarth, K., Trad, A., Garbers, C., Rose-John, S. et al. (2014) Soluble T cell immunoglobulin and mucin domain
(TIM)-1 and -4 generated by A disintegrin and metalloprotease (ADAM)-10 and -17 bind to phosphatidylserine. Biochim. Biophys. Acta Mol. Cell Res.
1843, 275–287 https://doi.org/10.1016/j.bbamcr.2013.11.014

50 Driscoll, W.S., Vaisar, T., Tang, J., Wilson, C.L. and Raines, E.W. (2013) Macrophage ADAM17 deficiency augments CD36-dependent apoptotic cell
uptake and the linked anti-inflammatory phenotype. Circ. Res. 113, 52–61 https://doi.org/10.1161/CIRCRESAHA.112.300683

51 Liu, Q., Zhang, J., Tran, H., Verbeek, M.M., Reiss, K., Estus, S. et al. (2009) LRP1 shedding in human brain: roles of ADAM10 and ADAM17. Mol.
Neurodegener. 4, 17 https://doi.org/10.1186/1750-1326-4-17

52 Ballantine, L., Midgley, A., Harris, D., Richards, E., Burgess, S. and Beresford, M.W. (2015) Increased soluble phagocytic receptors sMer, sTyro3 and
sAxl and reduced phagocytosis in Juvenile-onset Systemic Lupus Erythematosus. Pediatr. Rheumatol. 13, 10 https://doi.org/10.1186/
s12969-015-0007-y

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1289

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://doi.org/10.1016/j.immuni.2007.11.011
https://doi.org/10.1038/sj.cdd.4402242
https://doi.org/10.1038/embor.2011.28
https://doi.org/10.1007/s00011-018-1154-7
https://doi.org/10.1007/s00011-018-1154-7
https://doi.org/10.1007/s00011-018-1154-7
https://doi.org/10.1007/s00011-018-1154-7
https://doi.org/10.1007/s00011-018-1154-7
https://doi.org/10.1084/jem.20060370
https://doi.org/10.1038/cdd.2014.86
https://doi.org/10.4049/jimmunol.1101549
https://doi.org/10.4049/jimmunol.1101549
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1111/imr.12376
https://doi.org/10.1111/imr.12376
https://doi.org/10.1038/nri3515
https://doi.org/10.1038/nri3515
https://doi.org/10.1038/417182a
https://doi.org/10.1074/jbc.271.47.30022
https://doi.org/10.1038/35075603
https://doi.org/10.1186/s12964-019-0461-0
https://doi.org/10.1186/s12964-019-0461-0
https://doi.org/10.1186/s12964-019-0461-0
https://doi.org/10.1186/s12964-019-0461-0
https://doi.org/10.1186/s12964-019-0461-0
https://doi.org/10.7554/eLife.03385
https://doi.org/10.1038/ni871
https://doi.org/10.1523/JNEUROSCI.3850-15.2016
https://doi.org/10.1523/JNEUROSCI.3850-15.2016
https://doi.org/10.4049/jimmunol.180.4.2329
https://doi.org/10.1101/cshperspect.a036350
https://doi.org/10.1101/cshperspect.a036350
https://doi.org/10.1083/jcb.201711175
https://doi.org/10.1084/jem.194.6.781
https://doi.org/10.1084/jem.194.6.781
https://doi.org/10.4049/jimmunol.1502122
https://doi.org/10.1126/scitranslmed.3001375
https://doi.org/10.1074/jbc.M111.263020
https://doi.org/10.1016/j.neulet.2017.09.034
https://doi.org/10.1016/j.bbamcr.2013.11.014
https://doi.org/10.1161/CIRCRESAHA.112.300683
https://doi.org/10.1186/1750-1326-4-17
https://doi.org/10.1186/1750-1326-4-17
https://doi.org/10.1186/1750-1326-4-17
https://doi.org/10.1186/1750-1326-4-17
https://doi.org/10.1186/s12969-015-0007-y
https://doi.org/10.1186/s12969-015-0007-y
https://doi.org/10.1186/s12969-015-0007-y
https://doi.org/10.1186/s12969-015-0007-y
https://doi.org/10.1186/s12969-015-0007-y
https://creativecommons.org/licenses/by/4.0/


53 Deczkowska, A., Weiner, A. and Amit, I. (2020) The physiology, pathology, and potential therapeutic applications of the TREM2 signaling pathway. Cell
181, 1207–1217 https://doi.org/10.1016/j.cell.2020.05.003

54 Zhong, L., Chen, X.-F., Wang, T., Wang, Z., Liao, C., Wang, Z. et al. (2017) Soluble TREM2 induces inflammatory responses and enhances microglial
survival. J. Exp. Med. 214, 597–607 https://doi.org/10.1084/jem.20160844

55 Devitt, A., Moffatt, O.D., Raykundalia, C., Capra, J.D., Simmons, D.L. and Gregory, C.D. (1998) Human CD14 mediates recognition and phagocytosis of
apoptotic cells. Nature 392, 505–509 https://doi.org/10.1038/33169

56 Kim, O.-H., Kang, G.-H., Hur, J., Lee, J., Jung, Y., Hong, I.-S. et al. (2022) Externalized phosphatidylinositides on apoptotic cells are eat-me signals
recognized by CD14. Cell Death Differ. 29, 1423–1432 https://doi.org/10.1038/s41418-022-00931-2

57 Moffatt, O.D., Devitt, A., Bell, E.D., Simmons, D.L. and Gregory, C.D. (1999) Macrophage recognition of ICAM-3 on apoptotic leukocytes. J. Immunol.
162, 6800–6810

58 van Meer, G., Voelker, D.R. and Feigenson, G.W. (2008) Membrane lipids: where they are and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124
https://doi.org/10.1038/nrm2330

59 Kelley, S.M. and Ravichandran, K.S. (2021) Putting the brakes on phagocytosis: ‘don’t-eat-me’ signaling in physiology and disease. EMBO Rep. 22,
e52564 https://doi.org/10.15252/embr.202152564

60 Barkal, A.A., Brewer, R.E., Markovic, M., Kowarsky, M., Barkal, S.A., Zaro, B.W. et al. (2019) CD24 signalling through macrophage Siglec-10 is a target
for cancer immunotherapy. Nature 572, 392–396 https://doi.org/10.1038/s41586-019-1456-0

61 Simhadri, V.R., Andersen, J.F., Calvo, E., Choi, S.-C., Coligan, J.E. and Borrego, F. (2012) Human CD300a binds to phosphatidylethanolamine and
phosphatidylserine, and modulates the phagocytosis of dead cells. Blood 119, 2799–2809 https://doi.org/10.1182/blood-2011-08-372425

62 Mahajan, A., Herrmann, M. and Muñoz, L.E. (2016) Clearance deficiency and cell death pathways: a model for the pathogenesis of SLE. Front.
Immunol. 7, 35 https://doi.org/10.3389/fimmu.2016.00035

63 Blander, J.M. (2017) The many ways tissue phagocytes respond to dying cells. Immunol Rev. 277, 158–173 https://doi.org/10.1111/imr.12537
64 Mao, Y. and Finnemann, S.C. (2015) Regulation of phagocytosis by Rho GTPases. Small GTPases 6, 89–99 https://doi.org/10.4161/21541248.2014.

989785
65 Conradt, B., Wu, Y.-C. and Xue, D. (2016) Programmed cell death during Caenorhabditis elegans development. Genetics 203, 1533–1562 https://doi.

org/10.1534/genetics.115.186247
66 Albert, M.L., Kim, J.-I. and Birge, R.B. (2000) Αvβ5 integrin recruits the CrkII–Dock180–Rac1 complex for phagocytosis of apoptotic cells. Nat. Cell

Biol. 2, 899–905 https://doi.org/10.1038/35046549
67 Kim, S., Park, S.-Y., Kim, S.-Y., Bae, D.-J., Pyo, J.-H., Hong, M. et al. (2012) Cross talk between engulfment receptors stabilin-2 and integrin αvβ5

orchestrates engulfment of phosphatidylserine-exposed erythrocytes. Mol. Cell. Biol. 32, 2698–2708 https://doi.org/10.1128/MCB.06743-11
68 Kinchen, J.M., Cabello, J., Klingele, D., Wong, K., Feichtinger, R., Schnabel, H. et al. (2005) Two pathways converge at CED-10 to mediate actin

rearrangement and corpse removal in C. elegans. Nature 434, 93–99 https://doi.org/10.1038/nature03263
69 Park, S.-Y., Kang, K.-B., Thapa, N., Kim, S.-Y., Lee, S.-J. and Kim, I.-S. (2008) Requirement of adaptor protein GULP during stabilin-2-mediated cell

corpse engulfment. J. Biol. Chem. 283, 10593–10600 https://doi.org/10.1074/jbc.M709105200
70 Hamon, Y., Trompier, D., Ma, Z., Venegas, V., Pophillat, M., Mignotte, V. et al. (2006) Cooperation between engulfment receptors: the case of ABCA1

and MEGF10. PLoS ONE 1, e120 https://doi.org/10.1371/journal.pone.0000120
71 Su, H.P., Nakada-Tsukui, K., Tosello-Trampont, A.-C., Li, Y., Bu, G., Henson, P.M. et al. (2002) Interaction of CED-6/GULP, an adapter protein involved

in engulfment of apoptotic cells with CED-1 and CD91/low density lipoprotein receptor-related protein (LRP). J. Biol. Chem. 277, 11772–11779
https://doi.org/10.1074/jbc.M109336200

72 Bae, D.-J., Seo, J., Kim, S.-Y., Park, S.Y., do Yoo, J., Pyo, J.-H. et al. (2019) ArhGAP12 plays dual roles in Stabilin-2 mediated efferocytosis: regulates
Rac1 basal activity and spatiotemporally turns off the Rac1 to orchestrate phagosome maturation. Biochim. Biophys. Acta Mol. Cell Res. 1866,
1595–1607 https://doi.org/10.1016/j.bbamcr.2019.07.003

73 Lee, S.-J., So, I.-S., Park, S.-Y. and Kim, I.-S. (2008) Thymosin β4 is involved in stabilin-2-mediated apoptotic cell engulfment. FEBS Lett. 582,
2161–2166 https://doi.org/10.1016/j.febslet.2008.03.058

74 Harburger, D.S. and Calderwood, D.A. (2009) Integrin signalling at a glance. J. Cell Sci. 122, 1472–1472 https://doi.org/10.1242/jcs.052910
75 Peotter, J.L., Phillips, J., Tong, T., Dimeo, K., Gonzalez, J.M. and Peters, D.M. (2016) Involvement of Tiam1, RhoG and ELMO2/ILK in Rac1-mediated

phagocytosis in human trabecular meshwork cells. Exp. Cell Res. 347, 301–311 https://doi.org/10.1016/j.yexcr.2016.08.009
76 Mahajan, N.P. and Earp, H.S. (2003) An SH2 domain-dependent, phosphotyrosine-independent interaction between Vav1 and the Mer receptor tyrosine

kinase. J. Biol. Chem. 278, 42596–42603 https://doi.org/10.1074/jbc.M305817200
77 Scheib, J.L., Sullivan, C.S. and Carter, B.D. (2012) Jedi-1 and MEGF10 signal engulfment of apoptotic neurons through the tyrosine kinase Syk.

J. Neurosci. 32, 13022–13031 https://doi.org/10.1523/JNEUROSCI.6350-11.2012
78 Konishi, H. and Kiyama, H. (2018) Microglial TREM2/DAP12 signaling: a double-edged sword in neural diseases. Front. Cell. Neurosci. 12, 206

https://doi.org/10.3389/fncel.2018.00206
79 Vorselen, D., Kamber, R.A., Lorenzo, R., Labitigan, D., van Loon, A.P., Peterman, E. et al. (2022) Cell surface receptors TREM2, CD14 and integrin

αMβ2 drive sinking engulfment in phosphatidylserine-mediated phagocytosis. BioRxiv https://doi.org/10.1101/2022.07.30.502145
80 Morrissey, M.A., Williamson, A.P., Steinbach, A.M., Roberts, E.W., Kern, N., Headley, M.B. et al. (2018) Chimeric antigen receptors that trigger

phagocytosis. eLife 7, e36688 https://doi.org/10.7554/eLife.36688
81 Takahashi, K., Rochford, C.D.P. and Neumann, H. (2005) Clearance of apoptotic neurons without inflammation by microglial triggering receptor

expressed on myeloid cells-2. J. Exp. Med. 201, 647–657 https://doi.org/10.1084/jem.20041611
82 Cannon, J.P., O’Driscoll, M. and Litman, G.W. (2012) Specific lipid recognition is a general feature of CD300 and TREM molecules. Immunogenetics 64,

39–47 https://doi.org/10.1007/s00251-011-0562-4
83 Seitz, H.M., Camenisch, T.D., Lemke, G., Earp, H.S. and Matsushima, G.K. (2007) Macrophages and dendritic cells use different Axl/Mertk/Tyro3

receptors in clearance of apoptotic cells. J. Immunol. 178, 5635–5642 https://doi.org/10.4049/jimmunol.178.9.5635
84 Mazaheri, F., Breus, O., Durdu, S., Haas, P., Wittbrodt, J., Gilmour, D. et al. (2014) Distinct roles for BAI1 and TIM-4 in the engulfment of dying

neurons by microglia. Nat. Commun. 5, 4046 https://doi.org/10.1038/ncomms5046

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1290

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://doi.org/10.1016/j.cell.2020.05.003
https://doi.org/10.1084/jem.20160844
https://doi.org/10.1038/33169
https://doi.org/10.1038/s41418-022-00931-2
https://doi.org/10.1038/s41418-022-00931-2
https://doi.org/10.1038/s41418-022-00931-2
https://doi.org/10.1038/s41418-022-00931-2
https://doi.org/10.1038/nrm2330
https://doi.org/10.15252/embr.202152564
https://doi.org/10.1038/s41586-019-1456-0
https://doi.org/10.1038/s41586-019-1456-0
https://doi.org/10.1038/s41586-019-1456-0
https://doi.org/10.1038/s41586-019-1456-0
https://doi.org/10.1182/blood-2011-08-372425
https://doi.org/10.1182/blood-2011-08-372425
https://doi.org/10.1182/blood-2011-08-372425
https://doi.org/10.1182/blood-2011-08-372425
https://doi.org/10.3389/fimmu.2016.00035
https://doi.org/10.1111/imr.12537
https://doi.org/10.4161/21541248.2014.989785
https://doi.org/10.4161/21541248.2014.989785
https://doi.org/10.1534/genetics.115.186247
https://doi.org/10.1534/genetics.115.186247
https://doi.org/10.1038/35046549
https://doi.org/10.1128/MCB.06743-11
https://doi.org/10.1128/MCB.06743-11
https://doi.org/10.1038/nature03263
https://doi.org/10.1074/jbc.M709105200
https://doi.org/10.1371/journal.pone.0000120
https://doi.org/10.1074/jbc.M109336200
https://doi.org/10.1016/j.bbamcr.2019.07.003
https://doi.org/10.1016/j.febslet.2008.03.058
https://doi.org/10.1242/jcs.052910
https://doi.org/10.1016/j.yexcr.2016.08.009
https://doi.org/10.1074/jbc.M305817200
https://doi.org/10.1523/JNEUROSCI.6350-11.2012
https://doi.org/10.1523/JNEUROSCI.6350-11.2012
https://doi.org/10.3389/fncel.2018.00206
https://doi.org/10.1101/2022.07.30.502145
https://doi.org/10.7554/eLife.36688
https://doi.org/10.1084/jem.20041611
https://doi.org/10.1007/s00251-011-0562-4
https://doi.org/10.1007/s00251-011-0562-4
https://doi.org/10.1007/s00251-011-0562-4
https://doi.org/10.1007/s00251-011-0562-4
https://doi.org/10.4049/jimmunol.178.9.5635
https://doi.org/10.1038/ncomms5046
https://creativecommons.org/licenses/by/4.0/


85 Henson, P.M. and Hume, D.A. (2006) Apoptotic cell removal in development and tissue homeostasis. Trends Immunol. 27, 244–250 https://doi.org/10.
1016/j.it.2006.03.005

86 Park, D., Hochreiter-Hufford, A. and Ravichandran, K.S. (2009) The phosphatidylserine receptor TIM-4 does not mediate direct signaling. Curr. Biol. 19,
346–351 https://doi.org/10.1016/j.cub.2009.01.042

87 Toda, S., Hanayama, R. and Nagata, S. (2012) Two-step engulfment of apoptotic cells. Mol. Cell. Biol. 32, 118–125 https://doi.org/10.1128/MCB.
05993-11

88 Hoffmann, P.R., de Cathelineau, A.M., Ogden, C.A., Leverrier, Y., Bratton, D.L., Daleke, D.L. et al. (2001) Phosphatidylserine (PS) induces PS receptor–
mediated macropinocytosis and promotes clearance of apoptotic cells. J. Cell Biol. 155, 649–660 https://doi.org/10.1083/jcb.200108080

89 Mylvaganam, S., Freeman, S.A. and Grinstein, S. (2021) The cytoskeleton in phagocytosis and macropinocytosis. Curr. Biol. 31, R619–R632 https://doi.
org/10.1016/j.cub.2021.01.036

90 Flannagan, R.S., Canton, J., Furuya, W., Glogauer, M. and Grinstein, S. (2014) The phosphatidylserine receptor TIM4 utilizes integrins as coreceptors to
effect phagocytosis. Mol. Biol. Cell 25, 1511–1522 https://doi.org/10.1091/mbc.e13-04-0212

91 Lee, J., Park, B., Moon, B., Park, J., Moon, H., Kim, K. et al. (2019) A scaffold for signaling of Tim-4-mediated efferocytosis is formed by fibronectin.
Cell Death Differ. 26, 1646–1655 https://doi.org/10.1038/s41418-018-0238-9

92 Brameshuber, M., Klotzsch, E., Ponjavic, A. and Sezgin, E. (2022) Understanding immune signaling using advanced imaging techniques. Biochem. Soc.
Trans. 50, 853–866 https://doi.org/10.1042/BST20210479

93 Vorselen, D., Wang, Y., de Jesus, M.M., Shah, P.K., Footer, M.J., Huse, M. et al. (2020) Microparticle traction force microscopy reveals subcellular force
exertion patterns in immune cell–target interactions. Nat. Commun. 11, 20 https://doi.org/10.1038/s41467-019-13804-z

94 Vorselen, D., Barger, S.R., Wang, Y., Cai, W., Theriot, J.A., Gauthier, N.C. et al. (2021) Phagocytic ‘teeth’ and myosin-II ‘jaw’ power target constriction
during phagocytosis. eLife 10, 68627 https://doi.org/10.7554/eLife.68627

95 Vorselen, D., Labitigan, R.L.D. and Theriot, J.A. (2020) A mechanical perspective on phagocytic cup formation. Curr. Opin. Cell Biol. 66, 112–122
https://doi.org/10.1016/j.ceb.2020.05.011

96 Krendel, M. and Gauthier, N.C. (2022) Building the phagocytic cup on an actin scaffold. Curr. Opin. Cell Biol. 77, 102112 https://doi.org/10.1016/j.ceb.
2022.102112

97 Barger, S.R., Vorselen, D., Gauthier, N.C., Theriot, J.A. and Krendel, M. (2022) F-actin organization and target constriction during primary macrophage
phagocytosis is balanced by competing activity of myosin-I and myosin-II. Mol. Biol. Cell https://doi.org/10.1091/mbc.E22-06-0210

98 Swanson, J.A., Johnson, M.T., Beningo, K., Post, P., Mooseker, M. and Araki, N. (1999) A contractile activity that closes phagosomes in macrophages.
J. Cell Sci. 112, 307–316 https://doi.org/10.1242/jcs.112.3.307

99 Marie-Anaïs, F., Mazzolini, J., Bourdoncle, P. and Niedergang, F. (2016) ‘Phagosome closure assay’ to visualize phagosome formation in three
dimensions using total internal reflection fluorescent microscopy (TIRFM). J. Vis. Exp. 2016, 1–8 https://doi.org/10.3791/54470

100 Swanson, J.A. (2014) Phosphoinositides and engulfment. Cell Microbiol. 16, 1473–1483 https://doi.org/10.1111/cmi.12334
101 Underhill, D.M. and Goodridge, H.S. (2012) Information processing during phagocytosis. Nat. Rev. Immunol. 12, 492–502 https://doi.org/10.1038/

nri3244
102 Jaumouillé, V., Cartagena-Rivera, A.X. and Waterman, C.M. (2019) Coupling of β2 integrins to actin by a mechanosensitive molecular clutch drives

complement receptor-mediated phagocytosis. Nat. Cell Biol. 21, 1357–1369 https://doi.org/10.1038/s41556-019-0414-2
103 Walbaum, S., Ambrosy, B., Schütz, P., Bachg, A.C., Horsthemke, M., Leusen, J.H.W. et al. (2021) Complement receptor 3 mediates both sinking

phagocytosis and phagocytic cup formation via distinct mechanisms. J. Biol. Chem. 296, 100256 https://doi.org/10.1016/j.jbc.2021.100256
104 Weavers, H., Evans, I.R., Martin, P. and Wood, W. (2016) Corpse engulfment generates a molecular memory that primes the macrophage inflammatory

response. Cell 165, 1658–1671 https://doi.org/10.1016/j.cell.2016.04.049
105 Davidson, A.J. and Wood, W. (2020) Macrophages use distinct actin regulators to switch engulfment strategies and ensure phagocytic plasticity in vivo.

Cell Rep. 31, 107692 https://doi.org/10.1016/j.celrep.2020.107692
106 Hoijman, E., Häkkinen, H.-M., Tolosa-Ramon, Q., Jiménez-Delgado, S., Wyatt, C., Miret-Cuesta, M. et al. (2021) Cooperative epithelial phagocytosis

enables error correction in the early embryo. Nature 590, 618–623 https://doi.org/10.1038/s41586-021-03200-3
107 Zhao, S., Zhang, L., Xiang, S., Hu, Y., Wu, Z. and Shen, J. (2022) Gnawing between cells and cells in the immune system: friend or foe? A review of

trogocytosis. Front. Immunol. 13, 791006 https://doi.org/10.3389/fimmu.2022.791006
108 Zheng, H., Jia, L., Liu, C.-C., Rong, Z., Zhong, L., Yang, L. et al. (2017) TREM2 promotes microglial survival by activating Wnt/β-catenin pathway.

J. Neurosci. 37, 1772–1784 https://doi.org/10.1523/JNEUROSCI.2459-16.2017
109 Joffe, A.M., Bakalar, M.H. and Fletcher, D.A. (2020) Macrophage phagocytosis assay with reconstituted target particles. Nat. Protoc. 15, 2230–2246

https://doi.org/10.1038/s41596-020-0330-8
110 Träber, N., Uhlmann, K., Girardo, S., Kesavan, G., Wagner, K., Friedrichs, J. et al. (2019) Polyacrylamide bead sensors for in vivo quantification of

cell-scale stress in zebrafish development. Sci. Rep. 9, 17031 https://doi.org/10.1038/s41598-019-53425-6
111 Sosale, N.G., Rouhiparkouhi, T., Bradshaw, A.M., Dimova, R., Lipowsky, R. and Discher, D.E. (2015) Cell rigidity and shape override CD47’s

‘self’-signaling in phagocytosis by hyperactivating myosin-II. Blood 125, 542–552 https://doi.org/10.1182/blood-2014-06-585299
112 Beningo, K.A. and Wang, Y. (2002) Fc-receptor-mediated phagocytosis is regulated by mechanical properties of the target. J. Cell Sci. 115, 849–856

https://doi.org/10.1242/jcs.115.4.849
113 Zhu, C., Chen, W., Lou, J., Rittase, W. and Li, K. (2019) Mechanosensing through immunoreceptors. Nat. Immunol. 20, 1269–1278 https://doi.org/10.

1038/s41590-019-0491-1
114 Sun, Z., Guo, S.S. and Fässler, R. (2016) Integrin-mediated mechanotransduction. J. Cell Biol. 215, 445–456 https://doi.org/10.1083/jcb.201609037
115 Ndozangue-Touriguine, O., Hamelin, J. and Bréard, J. (2008) Cytoskeleton and apoptosis. Biochem. Pharmacol. 76, 11–18 https://doi.org/10.1016/j.

bcp.2008.03.016
116 van der Meeren, L., Verduijn, J., Krysko, D.V. and Skirtach, A.G. (2020) AFM analysis enables differentiation between apoptosis, necroptosis, and

ferroptosis in murine cancer cells. iScience 23, 101816 https://doi.org/10.1016/j.isci.2020.101816
117 Clarke, M., Engel, U., Giorgione, J., Müller-Taubenberger, A., Prassler, J., Veltman, D. et al. (2010) Curvature recognition and force generation in

phagocytosis. BMC Biol. 8, 154 https://doi.org/10.1186/1741-7007-8-154

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1291

Biochemical Society Transactions (2022) 50 1281–1291
https://doi.org/10.1042/BST20211254

https://doi.org/10.1016/j.it.2006.03.005
https://doi.org/10.1016/j.it.2006.03.005
https://doi.org/10.1016/j.cub.2009.01.042
https://doi.org/10.1128/MCB.05993-11
https://doi.org/10.1128/MCB.05993-11
https://doi.org/10.1128/MCB.05993-11
https://doi.org/10.1083/jcb.200108080
https://doi.org/10.1016/j.cub.2021.01.036
https://doi.org/10.1016/j.cub.2021.01.036
https://doi.org/10.1091/mbc.e13-04-0212
https://doi.org/10.1091/mbc.e13-04-0212
https://doi.org/10.1091/mbc.e13-04-0212
https://doi.org/10.1038/s41418-018-0238-9
https://doi.org/10.1038/s41418-018-0238-9
https://doi.org/10.1038/s41418-018-0238-9
https://doi.org/10.1038/s41418-018-0238-9
https://doi.org/10.1042/BST20210479
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.7554/eLife.68627
https://doi.org/10.1016/j.ceb.2020.05.011
https://doi.org/10.1016/j.ceb.2022.102112
https://doi.org/10.1016/j.ceb.2022.102112
https://doi.org/10.1091/mbc.E22-06-0210
https://doi.org/10.1091/mbc.E22-06-0210
https://doi.org/10.1091/mbc.E22-06-0210
https://doi.org/10.1242/jcs.112.3.307
https://doi.org/10.3791/54470
https://doi.org/10.1111/cmi.12334
https://doi.org/10.1038/nri3244
https://doi.org/10.1038/nri3244
https://doi.org/10.1038/s41556-019-0414-2
https://doi.org/10.1038/s41556-019-0414-2
https://doi.org/10.1038/s41556-019-0414-2
https://doi.org/10.1038/s41556-019-0414-2
https://doi.org/10.1016/j.jbc.2021.100256
https://doi.org/10.1016/j.cell.2016.04.049
https://doi.org/10.1016/j.celrep.2020.107692
https://doi.org/10.1038/s41586-021-03200-3
https://doi.org/10.1038/s41586-021-03200-3
https://doi.org/10.1038/s41586-021-03200-3
https://doi.org/10.1038/s41586-021-03200-3
https://doi.org/10.3389/fimmu.2022.791006
https://doi.org/10.1523/JNEUROSCI.2459-16.2017
https://doi.org/10.1523/JNEUROSCI.2459-16.2017
https://doi.org/10.1038/s41596-020-0330-8
https://doi.org/10.1038/s41596-020-0330-8
https://doi.org/10.1038/s41596-020-0330-8
https://doi.org/10.1038/s41596-020-0330-8
https://doi.org/10.1038/s41598-019-53425-6
https://doi.org/10.1038/s41598-019-53425-6
https://doi.org/10.1038/s41598-019-53425-6
https://doi.org/10.1038/s41598-019-53425-6
https://doi.org/10.1182/blood-2014-06-585299
https://doi.org/10.1182/blood-2014-06-585299
https://doi.org/10.1182/blood-2014-06-585299
https://doi.org/10.1182/blood-2014-06-585299
https://doi.org/10.1242/jcs.115.4.849
https://doi.org/10.1038/s41590-019-0491-1
https://doi.org/10.1038/s41590-019-0491-1
https://doi.org/10.1038/s41590-019-0491-1
https://doi.org/10.1038/s41590-019-0491-1
https://doi.org/10.1038/s41590-019-0491-1
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1016/j.bcp.2008.03.016
https://doi.org/10.1016/j.bcp.2008.03.016
https://doi.org/10.1016/j.isci.2020.101816
https://doi.org/10.1186/1741-7007-8-154
https://doi.org/10.1186/1741-7007-8-154
https://doi.org/10.1186/1741-7007-8-154
https://doi.org/10.1186/1741-7007-8-154
https://creativecommons.org/licenses/by/4.0/

	Dynamics of phagocytosis mediated by phosphatidylserine
	Abstract
	Introduction
	Recognition of phosphatidylserine
	Signalling pathways eliciting downstream cytoskeletal rearrangements
	Receptor cooperation: tether and tickle?
	Beyond Rac1 activation: dynamics of phosphatidylserine-mediated target internalization
	New physically accurate model targets for studying efferocytosis
	Physical challenges in PS-mediated phagocytosis
	Competing Interests
	Funding
	References


