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Physical Constraints and Forces
Involved in Phagocytosis

Valentin Jaumouillé * and Clare M. Waterman

Cell and Developmental Biology Center, National Heart Lur@nd Blood Institute, National Institutes of Health, BethesdaviD,
United States

Phagocytosis is a specialized process that enables cellutaingestion and clearance
of microbes, dead cells and tissue debris that are too largeof other endocytic

routes. As such, it is an essential component of tissue homestasis and the innate

immune response, and also provides a link to the adaptive imome response. However,

ingestion of large particulate materials represents a momuental task for phagocytic

cells. It requires profound reorganization of the cell motmlogy around the target in

a controlled manner, which is limited by biophysical cons&ints. Experimental and
theoretical studies have identi ed critical aspects assomted with the interconnected

biophysical properties of the receptors, the membrane, andhe actin cytoskeleton that

can determine the success of large particle internalizatio In this review, we will discuss
the major physical constraints involved in the formation o& phagosome. Focusing

on two of the most-studied types of phagocytic receptors, the Fcg receptors and

the complement receptor 3 @Mb2 integrin), we will describe the complex molecular
mechanisms employed by phagocytes to overcome these physil constraints.

Keywords: phagocytosis, cell mechanics, actin dynamics, membr ane, Fc receptors, integrins, receptor diffusion

INTRODUCTION

Internalization of large particulate material by phagocidas a fundamental and well-conserved
cellular mechanism of eukaryotic organisms. It enabledipielessential functions from unicellular
organisms to arthropods to mammals: uptake of microbes as entisi by single cell organisms
like amoebae, removal of dead cells during tissue developorecell turnover, and clearance
of microbes as a rst line of defense against infectiGh Seminal work by Korn and Weisman
showed that amoeba ingested multiple small particles togetitain the same vacuole through
macropinocytosis, whereas larger particlés5mm were phagocytosed individually and appeared
tightly surrounded by a membrane derived from the plasma memb ). In addition, like
macropinocytosis, phagocytosis is characterized by itemedi on the actin cytoskeleton, as
inhibition of actin polymerization drastically reduces @rhalization of large particle$5).

While most cells can endocytose small molecules or moleadenplexes, the capacity to
phagocytose larger particles is not equally shared. In masynmdagocytosis of micron-sized
microbes is the prerogative of specialized innate immune c&lsiely neutrophils, macrophages,
monocytes and dendritic cells, also often referred as “psifmal phagocytes.” Physical
characteristics of the particulate material, such as itpshsize and mechanical properties vary for
each target and a ect the success of internalizati®j. However, the versatility and engulfment
capacity of professional phagocytes is remarkable. For iostaa professional phagocyte
can engulf particles substantially larger than themselvash sas 1gG-coated microspheres

Frontiers in Immunology | www.frontiersin.org 1

June 2020 | Volume 11 | Article 1097


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01097
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01097&domain=pdf&date_stamp=2020-06-12
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:valentin.jaumouille@nih.gov
https://doi.org/10.3389/fimmu.2020.01097
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01097/full
http://loop.frontiersin.org/people/907568/overview
http://loop.frontiersin.org/people/947303/overview

Jaumouillé and Waterman

The Biophysics of Phagocytosis

up to 20mm in diameter for bone-marrow derived macrophages:
that measure about I#m in suspension, or 1dm IgG-coated
microspheres for AMm human neutrophils {0, 11). How can
they achieve such a feat?

GENERAL PRINCIPLES OF
INTERNALIZATION BY PHAGOCYTOSIS

Internalization of Large Particles Through
Zipper and Trigger Mechanisms

Two fundamentally distinct mechanisms have been propose
for the internalization of large particulate material: theégger
mechanism where discreet signaling elicits formation dfnac

based plasma membrane protrusions that non-speci Ca"XgG-coated

surround nearby material, and the zipper mechanism wher
sequential engagement of cell surface receptors to ligamttseo
target particle leads to a complete wrapping of the particle by th
plasma membraneRigure 1). The trigger mechanism is typi ed
by intracellular pathogens likShigellaand Salmonellawhich

induce their uptake into phagocytes and non-phagocytic cglls b

injecting e ectors via a syringe-like type Ill secretion ®yst,
without relying on adhesion to a speci c receptatd). Those

e ectors hijack the host cell signaling and actin polymeriaat
machinery to trigger the formation of large ru es that leadt
the internalization of the bacteria in a mechanism that rebées
macropinocytosisi(3 14). This was demonstrated by Galan etal.,
who showed that internalization of a non-invasive strairioin

allowing binding but preventing internalization. Upon swiicly

to permissive conditions, phagocytosis was prevented if recept
were blocked or if the opsonins were removed on the unengaged
surface of the particlelQ). This suggested a requirement for
circumferential engagement of receptors, which was further
demonstrated using lymphocytes coated with 1gGs, either
uniformly or on only one arc of their circumference. Remarkagbl
the latter were not internalized unless another IgG that
bound their entire surface was adde?0(. These experiments
demonstrated that the initial engagement of phagocyticpems
was not sucient for particle internalization, but further
Hecruitment of receptors was required to sequentially eeghg
entire surface of the particle, like a zipper, to drive engutitme
These results were con rmed more recently with asymmeliyica
“Janus” particles, which were internalized wvath

fower e ciency than particles evenly coated with the same

amount of IgG @1). Contrary to a trigger mechanism, where
ﬁarticles can be captured by ru es without direct surface-to-
surface binding, the zipper model implies a very close intevacti
between the particle and the phagocyte surface. Experiments
using a frustrated phagocytosis model demonstrated that the
surface of contact with the macrophage was so tight it
excluded molecules as small as 50 kDa).( Together, these
studies demonstrated that phagocytosis occurs through a zippe
mechanism, which requires receptor recruitment to tightly
engage the entire surface of the target particle.

Given the evidence supporting the zipper model, we will focus
on the essential physical constraints associated with th&kepth

epithelial cells could be triggered by the addition of wild type g particulate material through a zipper mechanism, and the

Salmonellg15). In contrast, other pathogens likéersiniaand

molecular mechanisms employed by professional phagocytes to

Listeriaemploy a zipper mechanism to invade non-phagocytiGy e come these constraints. Detailed discussions of theular

cells, which requires binding of each invasive bacteriunthi
host cell receptordl integrins and E-cadherin, respectively
(12, 16, 17). This illustrates that micron-sized particles like
bacteria can be internalized by mechanistically distincieisses

mechanisms underpinning the trigger model can be found
in recent reviews 43 24). In addition, recognition of the
surface molecules of phagocytic targets involves a plethbra o
receptors, which elicit distinct signaling pathways, whiclvéha

de ned as "_iggef and zipper mechanisms. Becau_se the trigg%en reviewed elsewherg5(27). Here we will focus on the
mechanism s limited to a very small number of speci Cexamplesmechanisms described for two of the best-studied pathways in

this review will focus on the zipper mechanism which has bee

thammalian professional phagocytes: Fc-mediated phagocytosis,

demonstrated to mediate phagocytosis across multiple celll avhich involves binding of Immunoglobulin g (IgG) to Fc

receptor types and for a wide range of target particles.

Evidence Supporting the Zipper

Mechanism for Phagocytosis
A series of foundational studies from Samuel Silverstein

g receptors (FgR), and complement-mediated phagocytosis,
which involves binding of the complement molecule iC3b to
aMb2 oraXb2 integrins, also named complement receptors (CR)
3 and 4, respectively.

's

lab demonstrated that phagocytosis occurs through a zipper

mechanism {8-20). In a rst study, macrophages were exposedOVERVIEW: PHYSICAL ORCHESTRATION

to red blood cells (RBC) coated with F(abfyagments, which
do not bind FgRs and were not internalized. When IgG-
opsonized bacteria were added, those were internalizetk tia

OF PHAGOCYTOSIS

Uptake of large particles represents a physical challenge for

F(abp-coated RBCs remained on the surface, demonstrating thahe cell. However, while numerous physical constraints could
internalization of RBCs could not be induced by another uptakée proposed intuitively, mathematical modeling combinedhwit

event, ruling out the trigger model. In contrast, additiofem IgG
that bound the F(aby) fragments, providing a ligand for B&s,
led to the internalization of the RBCs, demonstrating thattjude
internalization required direct surface receptor engagemi
agreement with the zipper model®). Next, IgG or complement-

biophysical measurements and quantitative imaging has Helpe
decipher which physical constraints are likely to be the most
critical for phagocytosis. In the following part of this rewige
we will focus on ve physical constraints that appear to be
decisive for phagocytosis: (1) cell-surface receptors bgnttin

opsonized RBCs were added to macrophages in conditiongands on the target particle, (2) generation of a protrusive
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Trigger

.Baclerial
effectors
Shigella Salmonella Listeria Yersina
Macropinocytosis Phagocytosis

FIGURE 1 | Actin-based internalization mechanisms of large particate materials. The trigger mechanisn{Left) enables internalization in an adhesion-independent
manner. Macropinocytosis is a trigger mechanism typicallinduced by growth factors, such as MCSF or EGF. Bacterial p&iogens like Shigellaand Salmonellainduce
their internalization via a trigger mechanism using a type #écretion system to inject effectors inside the host cell, hich induce actin polymerization to induce local
ruf e formation which surround and engulf the bacteria. Numeous viruses also enter their host cell through macropinodgsis. The zipper mechanism(Right) requires
adhesion to host cell receptors along the entire surface ot particle. Converging evidence demonstrates that phagogosis occurs through a zipper mechanism.

force to overcome cortical tension to initiate phagocytiqgocu not prevent internalization in 60 min of small 1gG-opsonized
formation, (3) tangential coupling of the protrusion alongeth beads by FgR-transfected broblasts or bone-marrow derived
particle surface to advance the phagocytic cup, (4) membramaacrophages (BMDM) 30, 31). This suggests that receptor
surface area availability, and (5) membrane ssion to clitee a nity and di usion are critical for phagocytosis, and in ceriia
phagosome and internalize the target parti¢tg(re 2). circumstances are su cient to drive internalization.

RECEPTOR BINDING: ROLE OF Conformational Changes Can Regulate

Receptor Af nity
RECEPTOR AFFINITY, DIFFUSION, AND The capacity of a receptor to bind a ligand at equilibrium is
ACCESSIBILITY de ned as its a nity. The FgR and integrin-based phagocytic

o . . receptors have very di erent properties in terms of regulation
Receptor binding is the rst essential aspect of the zipper modeby receptor-ligand a nity. The di erent isoforms of FgRs have
However, it is determined. by several parametgrs:' the anitydi erent a nities for the various 1gG isotypes 2. However,
of the receptors for the ligands, the lateral diusion of the gy,04ra) studies showed that binding todRs is not associated
r_eceptors in the plasma membrane, and the _acceSS|b|I|ty of theih conformational changes, suggesting that their a ity
ligands. These parameters are not necessarily xed and can R§ngtant g3). In contrast,a=h integrin heterodimers can switch
dynamically regulated by complex molecular mechanisms.  poqyeen three major conformations, which have vastly di éren

. . a nities for their ligand [Figure 3, (34)]. In the absence of

Receptor Properties Are Essential stimulus, b2 integrins largely adopt a bent conformation that
Determinants of the Zipper Mechanism is associated with a low a nity for their ligand. Engagement
Binding to receptors is imperative for internalization by aof selectins, TLRs, cytokine receptors or immunoreceptors
zipper mechanism. The dependence of receptor binding omduces inside-out signaling, which involves activatiointioe
receptor a nity, di usion and ligand density has been formaéd GTPase Rapl. This leads to a kindlin- and talin-mediated
in mathematical modeling 48 29. In addition, one model unfolding of the heterodimer extracellular domains into an
suggests that in the absence of actin polymerization to drivextended-closed conformation. Binding of tted domain to
protrusion of the phagocytic cup, a passive zipper based oan immobilized ligand enables the actin cytoskeleton tortexe
receptor di usion and random membrane uctuations could be a pulling force on the integrirb2 chain through talin, which
su cient to mediate internalization of small particle8(). Inthat  separates tha and b chains, and rearranges the ligand binding
model, internalization is slow, with highly variable phagtc site and the adoption of the extended-open conformation
cups, and requires a low surface tension. Consistent with thi(35 36). For aLb2-ICAM-1 interactions, the extended-closed
model, inhibition of actin polymerization by cytochalasinddes conformation shows an increase of a nity of only 10-fold ave
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FIGURE 2 | Sequence of events involved in particle uptake by phagocytis. (1) Phagocytic receptors (dark blue) diffuse along thelane of the plasma membrane and
bind ligands (yellow) at the surface of the particulate tagg (purple). (2) Ligand binding and clustering of the recepts elicits signaling that activates actin
polymerization, which generate a protrusive force againghe plasma membrane. (3) Anchorage of the actin cytoskeletoto ligand-bound receptors on the particle
surface by coupling or tethering proteins, tangentially tthe direction of actin polymerization, enables membrane ptrusions to extend over the patrticle surface. (4)
For large particulate targets, mobilization of membrane servoirs from surface folds of the plasma membrane and intellular vesicles provides the required
membrane surface area to envelop the particle. (5) Once theapticle is fully enveloped and the protrusions reach a meety point, membrane ssion enables the
separation of the phagosome from the plasma membrane.

the bent conformation, and the force-mediated opening@bb2  limited (43). According to the fence and picket model, friction
increases the anity of the extended-open conformation for against the pickets would impede the diusion of molecules
its ligand by over 5,000-fold3(). However, the a nity of iC3b  within the membrane, including lipids and proteins assoaiate
for the variousaMb2 conformations has not been determinedwith the outer lea et of the plasma membrane. It should be
as precisely. Nevertheless, the application of a pulling foraeoted that while the cortical actin cytoskeleton is dynamic
on the iC3baMb2 bond has been shown to increase the bondand constantly reorganizes, this occurs slowly comparedh¢o t
lifetime, a phenomenon called catch-bon®8( 39). These di usion of mobile membrane proteins and lipidglg, 44). CD44
observations support the model of a force-based change of thean abundant transmembrane protein, that associates with a
aMb2 conformation, which drastically increases its a nity for laments through ezrin, and appears to play a major role as
iC3b, and thus likely has important implications for increagi a picket in macrophages by restricting the di usion ofgRs

phagocytic e ciency. (49). Interestingly, CD44 also binds hyaluronan, which forms a
] ] ) pericellular coat that curtails BR di usion. This implies that

Receptor Diffusion Is Dynamically CD44 is a major picket protein in macrophages that restricts

Regulated by the Actin Cytoskeleton FagR di usion, and is constrained by two fences, the intracelula

In addition to anity, the ability of receptors to nd and actin cytoskeleton and the extracellular hyaluronan networ
bind to their ligand is dependent on their lateral diusion The fence that restricts BR diusion is dynamically
within the plasma membraneg, 29). However, super resolution regulated. Prior to their engagement, grt diusion and
microscopy suggested thatdRs are not evenly distributed at clustering can be modulated by tyrosine kinase-mediated
the nanometer scale4(), implying that constraints on their reorganization of the actin cytoskeleton, in response to
distribution must exist. Indeed, single molecule trackstgdies environmental cues sensed through integrins, toll-like
showed that the di usion of FgRs along the plane of the plasma receptors (TLR) or cytokine receptorstl 46-49). Monte
membrane is not free, but is heterogeneous and restrictatidy Carlo simulations and experimental evidence suggest that a
membrane-associated actin cytoskeletéi decrease of receptor con nement and receptor clustering a ect
Numerous studies have now shown that the cortical actirfeceptor engagement, implying that environmental cues can
cytoskeleton locally constrains the diusion of both protsin prime phagocyte responsiveness via the organization of the
and lipids of the plasma membrane. Together these studies leadrtical actin cytoskeleton4(, 45-47). This e ect is rather
to the model of a diusion constrained by a “fence” formed complex however, as receptor engagement also depends on
by the network of actin laments in the cortex, which form the density of the ligand at the surface of the target, whiah c
“corrals” that are connected to “pickets” comprised of trans-vary greatly in physiological conditions, and the a nity ohe
membrane proteins linked, directly or not, to actin laments receptors for the ligand, which depends on the IgG isotype. On
(42). Ultra-fast single molecule tracking shows that di usion the other hand, di usion at the surface of bacteria is veryited
within actin corrals is free, but movement between corrals i (50, 51). During phagocytosis, as polymerization increases actin
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CD45R0O

FcyRIIA I9G

Bent-closed Extended-closed Extended-open Actin

FIGURE 3 | Schematic of the structures of the integrireMb2, the Fcg Receptor IIA and the phosphatase CD45. The integriaMb2 (left) exists in at least three distinct
conformations: a bent-closed conformation associated wi a low af nity for its ligands, an extended-closed conformaibn associated with an intermediate af nity, and
an extended-open conformation associated with a high af ni for its ligands. The current model suggests that integrinare maintained in an autoinhibited bent
conformation by the interaction of the cytosolic domains othe a and the b chains. The switch from a bent to an extended conformation rguires binding of Talin to the
cytosolic domain of theb chain. The pulling force generated by the actin cytoskeletothrough Talin induces the open conformation, when the intgrin is attached to
an immobile ligand. The ligand iC3b binds through its TED doain to the al domain ofaM. Some evidence suggest that the C345C domain could associe with the

bl domain ofb2, in addition to the TEDal association. Contrary to integrins, the structure of FgRIIA shows no conformational change upon binding to an
immunoglobulin G. Average heights estimated from the memilane surface for these receptors in each conformation and fathe RO isoform of CD45 are shown. For
the extended conformations ofaMb2, the indicated height corresponds to the height of theb-propeller. Talin was not schematized to scale, but its estiated length at
a focal adhesion is indicated.

density around the cup, the di usion of un-engagedgRs and of debate. However, it is now apparent that the increase of gyni
even lipids become more restricted within the cdf,(52). Thus,  upon integrin conformational change is so large that, in thee
dynamic regulation of receptor di usion could favor directial  of surface-associated ligands such as iC3b, the forceateedi
actin polymerization by allowing formation of new signaling switch to an extended-open conformation is predominant over
clusters at the edge of the phagocytic cup where thgREc di usion and clustering foraMb2 engagement.
remain mobile, rather than within the cup where un-engaged Lo
receptors are restricted. ACCGSS tO the ReceptOFS lelts Target

In contrast to FgRs, di usion properties oBMb2 integrins  Binding
are not rmly established. However, by analogy with studiedn addition to di usion driving a searching behavior, in ordéor
done onalb2, they are expected to depend on the integrinreceptors to reach their ligands on the target surface thegtrine
conformation. Super resolution microscopy suggests #d?2 accessible. However, at the surface of phagocytes, the digcoca
forms nanoclusters in the absence of stimulation, implyindforms a thick layer composed of large highly glycosylated
complex di usional properties%3). Also, whereas the majority membrane proteins, which can interfere with receptor binding
aMb2 or aLb2 appear to be immobile in resting cells, inside-For instance, because the ectodomain of CD45R0O, the main
out activation leads to a marked increase of the mobilecD45 isoform expressed by macrophages and neutrophils,
fraction (54, 55). This is somewhat surprising since, as forextends about 22 nm above the membrane, it could sterically
other integrins, b2 inside-out activation requires binding of block binding of 19G to FgRs, which form a 11.5nm complex
its cytosolic domain to talin §6-58). However, the lower [Figure 3 (60, 61)]. This size dierence led to the idea that
mobility observed at rest could be due to binding of béa® engagement of immunoreceptors would bring the two surfaces
integrins to ICAM-1 on the phagocyte's own membrarig)( In  so close it would locally prevent CD45 di usion into this site
addition, consistent with cytoskeleton association trgbualin,  because ofits larger size, excluding CD45 by “kinetic satjey
extended-operalLb2 integrins are relatively immobilésf). The (62, 63). Consistent with this, CD45 appears to be excluded
respective contributions of the regulation of integrin atyiby  from FgR engagement sites, depending on the length of CD45
conformational change or avidity by clustering has been #tena ectodomain and the size of the antigen associated with tke Ig
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(64, 65. The segregation of CD45 has important implicationswork is produced to promote cell surface deformatiodO)
because its cytosolic domain is a phosphatase that regulagBs F Consistent with this notion, multiple models suggest that a
signaling. The observation that short antigens induce &igh protrusive force is required to deform the cell around the &trg
tyrosine phosphorylation of FfRs and particle internalization particle to initiate formation of the phagocytic cupll 29,
than longer antigens, independent of receptor density, corsr  72). Compelling evidence indicate that this protrusive force is
the notion that steric constraints can regulate receptonalipg  generated by the actin cytoskeleton. However, to datecttral
(64). These ndings also suggest that the mechanism of CD4lformation regarding the actin organization within the jgu
exclusion induced by liquid-liquid phase separation of slgitg remains limited. Thus, we will look at how the general prinewpl
clusters, as shown for the T cell receptor in a reconstituteéhvolved in actin-based protrusions, largely learned frondgs
system, might not be su cient to segregate CD45 andyRs  of cell migration, apply to phagocytosis.

in macrophages@g). In addition, the close apposition of the

two surfaces could facilitate engagement of nearby receptopctin-Based Protrusion Is a General
by kinetic segregation, facilitating the formation of ders, Feature of Phagocytosis

as proposed for the T cell receptors?. Thus, CD45 and ctin polymerization facilitates phagocytosi$—0). Particle
FogRs engagement are mutually exclusive by steric constrain@l.nding to FgRs or many other receptors is ass;ociated with
Therefore, while the presence of large surface protein likd©D the formation of thin actin- lled membrane protrusions, usugll
can sterically preclude BR binding to IgG, CD45 local exclusion y

can promote FgR signaling. In addition, a recent report showed c;z)llelcri] (?sr?tlﬁ ggtp c;d;’l vl?&%?egxt:ene?ei{rc:)unngwi::r:gstzaggéfuy:;este
in neutrophils thataMb2 in its bent conformation can bind : ; y y Py sug

o . S that aMb2-mediated phagocytosis occurred by sinking of the
FagRsin cis impeding IgG access to §Rs (7). This inhibition L ; .
can be lifted byaMb2 inside-out activation through cytokines particle 'T“° Fhe cell boqula 74).’ however, t.hm protrusions
or perhaps the engagement of gRs that remain available surrounding iC3b-opsonized particles have since been observ

facilitating further FgR binding 64 67). Thus, the occlusion 2Y S1ECtron Microscopy, 75, 76). Moreover, three-dimensional

. live cell microscopy revealed the formation of actin-based
of F@Rs appears to be a general mechanism that can be tuned ; . .

. L membrane protrusions in all the observed phagocytic events of
dynamically to regulate R binding.

In contrast to FgRs, whether binding toaMb2 enables iC3b-opsonized particles/{). Thus, formation of actin-based

glycocalyx exclusion on phagocytes remains to be exploreﬁ.mtrus'()ns that extend along the target appears to be a de ning

Analysis ofalLb2 height in T cells by iPALM showed that 'c2wue Of Phagocytosis, independent of the receptor.
the b-propeller domain stands 23nm above the membrane . .
when b2 integrins are activated, to which the length of tae Phagosome Formation Is Driven by an
domain and the ligand should be added6( 69). This height Actin-Based Protrusive Force
of aLb2 measured on cells is in agreement with the height&ormation of protrusions around large particles implies
of aMb2 and aXb2 seen in structures obtained by electronsubstantial morphological rearrangements. Modeling prexdict
microscopy. Although the actin cytoskeleton pulling on ligan that as the phagocytic cup grows around larger particles,
boundalb2 generates a tilt of thie chain that reduces its height deforming the cell costs more and more energ3o,(789).
by 4 nm, it still remains close to the height of CD458(69). Internalization can be reached with a model that combines a
This is in stark contrast with the much larger tilt observeat f repulsive force that pushes the leading edge forward, such as
bronectin-bound aVb3 integrins on the surface of broblasts, by actin polymerization, and an attractive force that anchor
which brings the integrin headpiece within a few nanometershe cytoskeleton tangentially to the membrane engaged by
from the plasma membrane/(). Consistent with this, binding the particle, which guides the protrusion around the particle
of integrins to the extracellular matrix (ECM) appears to egelu [Figure 4 (11, 72)]. In contrast, a cytoskeletal expansion (gel
the glycocalyx in breast cancer celfd)( Similarly, activation of swelling) model required unlikely parameters and failed to
integrins by FgR signaling promotes the segregation of CD45eplicate the cup morphology observed experimentally.(
and facilitates further engagement ofgRs 64, 65). Together, The cortical actin cytoskeleton not only restricts receptor
these observations suggest that the heigta\db3 and possibly di usion but the tension within the network, termed cortical
other integrins can be reduced enough to exclude CD45, vRile tension, acts as a barrier to cell deformation. Measuremdikeo
integrins might remain too tall, suggesting that size-degestt  cortical tension during FgR-mediated phagocytosis show that it
kinetic segregation may not operate in the casédfntegrin-  rises when the surface area increases (froi33 to 500 pN/imim
mediated processes on leucocytes. for a neutrophil engul ng a large particle) and counterbalasc
the protrusion of the phagocytic cup in a manner that e ectively
pulls the target particle inward, without requiring direct fing
GENERATION OF PROTRUSIONS BY THE of the particle by molecular motord ., 72). Moreover, modeling
ACTIN CYTOSKELETON predicts that the growth rate of the cup size is determined by
the balance between the actin-generated protrusive force and
While internalization is possible through receptor bindingledly  the restoring force provided by the cortical tension, cregta
driven by passive di usion and random membrane uctuations, bottleneck at the widest point of the particl2d). Consequently,
this remains slow and highly ine cient for large particlespiess phagocytosis can stall before the protrusion reaches the wides
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FIGURE 4 | Proposed model of the cellular forces involved during interlization by phagocytosis. Phagosome formation is drivehy a protrusive force (red arrows),
generated by the polymerization of actin laments, directechlong the particle by an attractive force (purple arrows),ral coupling proteins that anchor the actin
cytoskeleton to the cell-particle interface. The protrusie force works against the surface tension, composed of the artical tension (pink arrows) and the membrane
tension (blue arrows). The rate of deformation of the cell etermined by the ratio of the surface tension and the cytoplsm viscosity, while the surface tension
effectively propels the particle inward. The in-line tensi of the plasma membrane is compensated by the attening of suface folds of the membrane and the
exocytosis of intracellular vesicles.

point of a spherical particle, but always succeeds once it pasgg®mparison of the Actin Organization in

the widest point, implying that there is no requirement for aMigrating Cells and at the Phagocytic Cup
purse-string mechanism to complete particle envelopment. Ifrhe proad thin protrusions that advance over the surface ef th
addition, the disassembly of the actin cytoskeleton obes@rv particle during phagocytosis share many common features with
at the base of the phagocytic cup after a few minutes ghe proad thin protrusions that advance over the extracellula
cup formation could locally reduce the cortical tension andmatrix (ECM) at the leading edge of a migrating cell, which is
therefore facilitate internalization7@). Finally, the energy cost known as the lamellipodium. The lamellipodium is composed
for bending the membrane (10 *® J) is negligible compared of a branched actin network nucleated by the Arp2/3 complex
to the work exerted against the cortical tension10 ** J), and stabilized by adhesions to the ECM substrate—g4).
consistent with the observations that cell surface tens®n The lamellipodium is followed by a less dynamic and thicker
predominantly due to the actin-based cortical tensiaf® (80,  region called the lamella, where actin cross-linking prusei
81). These observations imply that the deformation of the celjnd non-muscle myosin Il motors organize the actin network
around the target is driven by actin-generated protrusiveds, into contractile bundles §5-87). Similar to lamellipodia, the
while a speci ¢ mechanism to bend the lipid bilayer such asarp2/3 complex is implicated in both BR andaMb2-mediated
BAR-domain containing proteins is not required. Taken tdust phagocytosis 1, 77, 89. Live cell SIM-TIRF microscopy
these observations and models suggest that the major role gf |amentous actin (F-actin) during the formation of a
actin polymerization is to overcome cortical tension in orde  fystrated phagocytic cup upon engagementadb2 suggests
form a protrusion around the particle, rather than pulling the he formation of a branched actin network, with Arp2/3 loczi
particle inward. atthe leading edge, similar to a lamellipodiufi¥). The branched
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actin network of the lamellipodium generates high protrusivecombined activities of Arp2/3, capping proteins and elongation
forces, ranging from 2 to 10 kPa in migrating cells, which Vdou factors that may mediate treadmilling at the phagocytic cup.

be well-suited to overcome the increasing surface tensisimg

phagosome formation and advancemeritdf Moreover, the \Mechanism of Actin Depolymerization at

structure of a branched network self-adapts to the Ipad @r_}elr the Phagocytic Cup

by membrane tension, which increases the F-actin density an, o eron-size particles are too large to pass through
resistance under higher load%) 91). These observation suggest

. - . >~ 'the mesh of a branched actin network in the cortical
that the actin-based protrusions formed during phagocytesées .
. N g ytoskeleton, F-actin disassembly and clearance at theobtse
similar to a lamellipodium, except that the cup shape is impose

- phagocytic cup appears to be essential for particle interriaiza
by the geometry of the engaged partidigre 5). (79. Remarkably, actin disassembly occurs even upon forced

activation of Rac at the phagosome, but coincides with and
Regulating Factors of Actin Dynamics at requires PI(4,5)P hydrolysis by phospholipase C, downstream

the Lamellipodium and the Phagocytic Cup of PI3K (79. This suggests that actin clearance does not

- . . : . .._simply require inhibition of Rho GTPase signaling, but aetiv
?
H.OW IS Arp2_/3 actwated_ du_nng_phagocytosm. n lz.ime”'pOd'aregulation of actin network disassembly. The proteins ADgti(a
directed actin polymerization involves the recruitment and

activation of Arp2/3 at the leading edge, which requires Itsdepolymgrlzatlon factor), colin and gelsolin can sever actin
. . . . . - ) laments into shorter polymers and accelerate disassembly of
interaction with the VCA (verprolin, connecting, acidic) d@in . .
. . he slow growing ends of the laments. Yet, as severing also

of a nucleation promoting factor (NPF). In macrophages an . -

. . X . creates a new fast growing end, it increases the rate of fme
neutrophils, the Wiskott-Aldrich syndrome protein (WASP) . S

turnover but does not necessarily lead to a reduction in #rac

Irie?i?at:zunizml)i fégifnggda NF\;\TAZ? ;itil\?a\li[?(l)\rqedre"?fi!r:ecs concentration {07). Aip1l/Wdrl binds to co lin and causes net
phagocy ' q epolymerization {09. In addition, the Arp2/3 complex can

binding to the GTP-bound Rho-family GTPase Cdc42 ancﬂe inhibited directly by several proteins, including coramiand
to phosphatidylinositol 4,5-bisphosphate [P1(4,5)R95, 96), . y by alp » Including .
; . . . . arpin (109 110, and coronins can synergize with co lin to

which are both localized at the tip of protrusions duringgRs . .

. . . . sever ADP F-actinl(1]). Several studies have reported a role for
mediated phagocytosifT, 98). Cdc42 is required for FR- S . :

. . ] . . co lin in FcgR andaMb2-mediated phagocytosid {2-114). As
mediated phagocytosis and its recruitment is favored by thgo lin is inhibited by PI(4,5)B (119, it is likely to be inactive
adaptor Nck 02, 99-101). The GTPases Racl and Rac2 are y ’ ' y

. : ) . at the tip of the protrusions, but become activated and induce
also activated during ERR-mediated phagocytosis, though MOre i denolvmerization as Soon as PI(45}@hydrolyzed at the
at the base of the cup, and can activate Arp2/3 through th oy ’ yaroly

NPF WAVE2 08 102). Rac dominant negative and RacZ%ase of the cup. On the other hand, gelsolin, which is activated

C _ . .
silencing suggested that Rac family proteins are required foby C&, enhances R but notaMb2-mediated phagocytosis

FgR but not for aMb2-mediated phagocytosisi@q 107). In neutrophils, angl 1S o!lspensable |n.macrophagb@5( 119.
. The role of coronin-1 in phagocytosis has been a matter of
Howeverracl racdouble-knockout macrophages are defective S . :
. . : debate {17#120. However, arpin is recruited to the forming
in both FR andaMb2-mediated phagocytosig®) and RhoG, . }
SY ) hagosome, reduces F-actin density and enhances uptake by
a Rac-related GTPase, has been implicated in both pathwa&s . o o
. gRs, consistent with its activity as an Arp2/3 regulatb? 7).
(100. Thus, Arp2/3 could be activated at the edge of thel_ . R
. . . : hus, actin depolymerization at the base of the cup could be
phagocytic cup by various Rho family GTPases depending on the ; . T
promoted by co lin, activated upon PI(4,5)Phydrolysis, in
engaged receptors. conjunction with Arp2/3 inhibition by arpin
Actin assembly and motion exhibit a stereotypical ! P yarpn.
organization in protrusive cellular structures. Fluoresicgpeckle . .
microscopy shows that the lamellipodium is characterized bj?O€S I\/_Iyosm Il Play a Role in Phagosome
assembly at the leading edge followed by disassembly a févdrmation?
microns back in a process known as treadmilling6)( In  While non-muscle myosin 1l has been localized at the
addition to Arp2/3, which localizes in the rst micrometer of phagosome, its contribution to internalization remains lear
the leading edge and has a shorter lifetime than actin, acti(l2?). Myosin IlIA, the predominant isoform expressed in
dynamics are strongly a ected by capping proteins, which blockeukocytes, assembles into 320 nm long bipolar laments with
incorporation of new monomers at the lament barbed endan average of 14 myosin heads at each end of the lament to
within 0.5mm of the edge 103. In contrast, Ena/VASP form a contractile unit (23 124). These bipolar laments pull
proteins prevent capping of actin laments and can aectactin laments into antiparallel bundles, such as dorsal arcs
polymerization by recruiting G-actin-pro lin complexes and by migrating cells, or concentric arcs at the immunologicalayse
reducing branching104). In macrophages, knockout of the gene (125 126. The polarity of actin at the leading edge and the
coding for the capping protein CapG reduceggRcandaMb2-  directionality of myosin motors result in myosin pulling actin
mediated phagocytosisl(9. Furthermore, VASP is strongly in the opposite direction of the leading edge protrusion to drive
recruited at the FgR phagocytic cup, independently of the classiactin retrograde ow 86,127, 128).
Rho GTPases, and inhibition of Ena/VASP proteins impairs Despite this putative negative e ect on protrusion formation,
uptake (L0§. Thus, actin polymerization is regulated by the several studies have suggested a role of myosin Il in particle
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FIGURE 5 | Models of the actin cytoskeleton organization at the front ba migrating cell and at the phagocytic cup. The formation o& branched network of actin
laments (red) is mediated by the Arp2/3 complex (green ellips), which is activated at the plasma membrane by an NPF rectteid by an active Rho GTPase (pink
double-circle). Actin dynamics are regulated by capping mteins (orange ellipse), elongation factors, debranchingevering, and monomer binding proteins (not
represented for clarity). Formation of linear actin struates, such as the stress bers and transverse arcs at the lamé involve the bundling proteinsa-Actinin (light
blue rod) and Fascin (dark blue rod), actin nucleation by forins (red circle) and Myosin Il mini- laments (black dumbb@liThese actin structures are stabilized on the
substratum by adhesions (purple). At the phagocytic cup, adesions are mediated by Fg receptors, b2 integrins or other phagocytic receptors.

uptake during FgR and aMb2-mediated phagocytosislf3- COUPLING THE PROTRUDING CUP TO

131), whereas in other studies, inhibition of myosin Il motor THE PARTICLE SURFACE

activity had no eect on particle internalization3(, 77).

Furthermore, while myosin ll-driven actin arcs are clearlyThe actin cytoskeleton is capable of generating appropriate
apparent by SIM-TIRF microscopy at the immunologicalforces to deform the phagocytic cell around the particulate
synapse, no such actin structures are visiblaMb2-mediated target. However, quantitative imaging combined with maaig|
phagocytic cupsq7, 129. In addition, traction stresses aMb2  suggests that the actin-based pushing forces must be directe
phagocytic cups are similar to those measured upon myositangential to the particle surface to guide the protrusion amu

Il inhibition in migrating cells (77, 132. Likewise, myosin IlI- the particle instead of pushing itl(, 72). This implies that
dependent contractility is only observed at thegRcphagocytic  actin polymerization should not emanate from the phagocytic
cup after the cell surface increases by over 22899 (Thus, it  receptors, but the growing network should be anchored to
seems unlikely that myosin Il plays a role in the advancemerthe target surface tangential to the direction of the actin
of the phagocytic cup, but it could participate in other aspectpolymerization by molecular linkages to the phagocytic recept

of phagocytosis. Indeed, the conicting e ects of myosin Il in or plasma membrane molecules localized at the particle iaterf
phagocytosis might be explained by experiments that combineThis concept has been previously established for mesenchymal
tracking the displacement of IgG-opsonized beads with realeell migration, where experiments show that coupling of dieelc
time measurements of cortical tension, which suggested thactin polymerization oriented tangential to the ECM surface
particles were not directly pulled by molecular motors, buatth to engaged integrins near the cell leading edge determines
the increase of cortical tension e ectively propelled particlegell displacement along the ECM3§ 139. Furthermore, this
inward (11). As myosin Il activity increases cortical tensid@t), model is consistent with the case of enteropathogé&sicherichia

it would impede protrusion around the particle, but facilitate coli (EPEC), which employs a type Ill secretion system to
particle inward movement{9). The e ect of myosin Il inhibition  inject its own receptor, Tir 140. Tir activates host cell actin
might thus be variable for di erent phagocytes since they bithi polymerization perpendicular to the bacterium-cell intedac
distinct cortical tensions 1(34. Interestingly, myosin Il also which does not result in phagocytosis, but instead leads to the
promotes actin disassembly at the rear of migrating cél&j(  formation of a broad protrusion called a pedestal that elevates
and in the cytokinetic furrow of dividing cells186 137). the bacterium and makes it surf along the host cell surfade)(
Therefore, a contribution of myosin Il in actin clearancethé  This illustrates that the directionality of actin polymertican
base of the cup is worth considering. relative to the target is critical to achieve internalipatiHere we
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will discuss the molecular mechanism that could mediaténact induces the maturation of small nascent adhesions intoearg
cytoskeleton coupling to the particle surface during phagosigt  and stronger vinculin-, zyxin-, and tyrosine phosphorylaticoh
FAs, in a RhoA and mDial dependent manner, while ROCK and
. myosin |l motor activity are dispensablé {5 156. However,
The Molecular Clutch Model in Cell myosin Il can also stimulate FA maturation by promoting actin
Migration lament bundling (159. Thus, vinculin can be recruited to
Because protrusion of the phagocytic cup is analogous to theinforce the talin molecular clutch in myosin Il dependent and
lamellipodium and utilizes a similar machinery, we can exten independent manners.
the analogy with cell migration to learn about the mechanism

of coupling the protruding phagocytic cup to the particle A Molecular Clutch Is Involved in

surface. In mesenchymal cell m|gra_1t|on, c_oupllng of theract_l aMb2-Mediated Phagocyt05|s
cytoskeleton to the ECM substrate is mediated by an integrin . 4 .
. N . . Although the notion of a talin-mediated molecular clutch
and talin-based “molecular clutch.” At the leading edgelwt . . L . .
- L . . . . driving cell migration is well-accepted, what is the evidence
lamellipodium, directional incorporation of actin monomeirgo

the actin network generates a pushing force against the p|a3rrt]%at coupling of the actin cytoskeleton to ligand-bound

. . receptors by a molecular clutch promotes phagosome formation?
membrane. The plasma membrane provides a resistive for

. . . Similar to integrin-mediated migration, talin is requirefbr
that is large enough that unconstrained actin assembly oann : .
- : . .aMb2-mediated phagocytosis5§, 57). Moreover, whereas
deform it, and instead the force of actin assembly results i . . . . . )
the rod domain of talin, which binds actin laments, is

pushing the entire actin network back from the membrane mdispensable for target particle binding, it is required for
e cient internalization (57, 77). Vinculin and paxillin are

a process termed retrograde actin oW 3§ 1429. To instead
é':ltlso recruited to the phagosome, and vinculin recruitment

utilize the pushing force of actin polymerization to drive fard
is promoted by the Syk, FAK/Pyk2, and Src family tyrosine
kinases 14, 77). SinceaMb2-mediated phagocytosis involves

ow or forward protrusion, depending on whether the actin is RhoA and mbial, they might also contribute to adhesion
P » dep 9 maturation (L0Q 101, 157. Furthermore, traction force

anchored to the substrate or not. Consistent with this notithe ) ) . )
- L microscopy shows thataMb2 integrins are mechanically
forward movement of the leading edge is inversely proportiona . L .
. i - .~ .7 “coupled to the actin cytoskeleton within the phagocytic
to the F-actin retrograde ow rate in lamellipodia of migrag

cells (13§ 143. Based on these observations, Mitchison ancfuIO thrptljgh tﬁlin and vinﬁculin, Eenzrgting a pulling f?rcr?
Kirschner proposed that a “molecular clutch” connects theangenﬂa. to the target surace't at. rl\{es protrusion of the
. . phagocytic cup (7). Thus, a talin/vinculin-based molecular
retrograde moving actin cytoskeleton to ECM-bound trans- ) . .
membrane receptors in order to propel the cell forwakFijure 6, clutch promotes phagosqme formatlon by co_upllng actin-
(144)]. This molecular clutch is composed of focal adhesiorpen?rawd forces taMb2 integrins engaged to iC3b on the
(FA) proteins, which transmit actin-generated forces tceigitin particle surface.
cytoplasmic tails, creating traction stresses onto the tdVEC . . .
bound integrin in the same direction as the retrograde owMechanical Coupling of the Actin
(132 139. While several proteins can bind both integrin tails Cytoskeleton Enables Mechanosensing
and actin laments directly, talin is required for cell spdgag  The talin/vinculin-based molecular cutch is known to be
and lamellipodium stabilization1(45. Thus, talin is a molecular sensitive to the mechanical loading that occurs in response
clutch protein that couple integrins to the actin cytoskelein  to the sti ness of the integrin-engaged substrate, enabtimeg
the lamellipodium of migrating cells. regulation of cellular functions, such as cell adhesion, ntigna
Vinculin is an important talin binding partner that is thought and transcriptional regulation 168. During phagocytosis, a
to regulate the strength of the molecular clutch. Althoughmajor consequence of the mechanical couplingldb? integrins
talin is su cient to link ligand-bound integrins to the acti  to actin-generated forces is an increased protrusion spedukof t
cytoskeleton, it is a weak and labile boridt(), and vinculin is  phagocytic cup edge in a manner dependent on the sti ness
thought to reinforce the talin-actin linkage. Indeed, tiekage of ~ of the target particle. Consequently, acaMb2 coupling is
ligand-bound integrins to actin retrograde ow generatession associated with more e cient uptake of sti 1C3b-opsonized
across talin that stretches the molecule, revealing bipdittes targets, whereas soft targets are poorly internalizedréstengly,
for the recruitment of vinculin in a force-dependent manner the elastic modulus of Gram-negative and Gram-positive biacte
(147#149. As vinculin binds to talin and actin laments, it is in the range of 20-200 MPal%3-162, which is much
reduces slippage of the molecular clutch, slowing down the Fiigher than mammalian cells, which range from 0.2 to 20 kPa
actin retrograde ow and increasing traction onto the ECM (163. Moreover, cells become sti er during apoptosis, which
(150 151). Vinculin recruitment can also occur in a force- promotes their internalization independent of the “don't eat
independent manner when vinculin has an open conformationme” signal mediated by CD471§4-166. This implies that
which can be promoted by its phosphorylation, or when thethe talin/vinculin molecular clutch could contribute to taeg
adaptor protein paxillin is tyrosine phosphorylated by Focaldiscrimination for integrin-mediated phagocytosis basedteir
Adhesion Kinase (FAK) 1(52-154). Mechanical loading also mechanical properties.

anchor the actin network to the substrate to prevent it from
sliding back. Thus, actin assembly could either drive rgtacle
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Membrane protrusion

/ N
Retrograde actin flow
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Talin

FIGURE 6 | The molecular clutch model inaMb2-mediated phagocytosis. The Arp2/3 complex (light green) ucleates actin (red) polymerization at the leading edge o
the phagocytic cup. The addition of new monomers to the lamerts at the membrane generates forces that push against the pma membrane, leading to an
equilibrium between membrane protrusion and the retrograel ow of actin laments. Coupling of iC3b (yellow) -boundaMb2 integrins (purple and pink) to actin
laments by Talin (dark green), transmits mechanical tensiothat switches the integrins into an extended-open conforration and provides traction on the particle.
Stretching of Talin reveal Vinculin (blue) binding sites éthe phosphorylation of Paxillin (orange) by tyrosine kisas (purples). This leads to the recruitment of Vinculin
which reinforces the molecular clutch to prevent its slippge, reducing the retrograde ow of actin and increasing tradon and forward protrusion. In addition,
contractility mediated by Myosin Il (black) could increaseehsion across Talin and increase the actin retrograde ow andraction onto the particle, while reducing the
protrusion of the phagocytic cup edge.

Interestingly, internalization of 1gG-opsonized particles High resolution microscopy showed that upon binding to
also sti ness sensitive, implying mechano-sensitivity rageti 1gG, podosomes are formed several micrometers back from
by FgRs 6, 169. Mechanosensing requires that a force isthe edge of the phagocytic cuplql, 172. Formation of
applied to the target, however no protein is known to couplepodosomes instead of FA is typically promoted by Src family
FagRs to the actin cytoskeleton. How does mechanosensirignases, which are activated by gRs, combined with low
occur during FgR-mediated phagocytosis? One possibility iscontractility (L73-175. The role of integrins in FgR-mediated
that FgRs are not directly connected to the actin cytoskeletonphagocytosis had been initially discounted since silencihg o
but the friction generated by cytoskeleton-membrane cotgta talin impaired internalization of iC3b-opsonized, but not gl
such as WASP-Arp2/3 interactions, while the actin networkopsonized RBCs5(). However, the combination db1 and b2
ow relative to the membrane could e ectively pull on integrin blocking antibodies, or the over-expression oirtélead
IgG-bound FgRs (L67). Such a *“loose clutch” has beendomain, which uncouples integrins from the actin cytoskeiet
proposed for the sweeping of T cell receptors along witlreduces FgR-mediated uptake6(). Importantly, contrary to
actin ow at the immunological synapse, and is consistenther integrin adhesions, podosomes exert a pushing force
with the centripetal motion of FgR clusters when IgGs normal to the surface, which could cause the indentations
are associated with a uid surfacel@§ 169. Alternatively, observed during phagocytosis of soft IgG-opsonized particles
integrins could be responsible for mechanosensing duringl7§ 177). Therefore, by generating a normal pushing force,
FogR-mediated phagocytosis. Engagement of s activates podosomes might not contribute directly to the leading edge
integrins, and FA proteins such as talin, vinculin, paxillin, protrusion, but could enable sti ness sensing of IgG-opsonized
and a-Actinin are recruited to the FgR phagosome74, 170. particle sti ness.
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Receptor-Independent Anchorage of the by scanning electron microscopy revealed that the surface of
Actin Cytoskeleton macrophages becomes smoother after phagocytosis, suggesting

The postulated need for anchorage of the cytoskeleton toedriihat membrane folds have been attened out to provide more
FagR-mediated phagocytosis could also be supported by proteifgeémbrane surface to the phagosom#s4). In support of
that link actin to the membrane instead of to the receptorsthe second model, Hirsch and Cohn showed that neutrophils
themselves1(1, 72). In particular, myosin | is a class of small degranulate during phagocytosis and suggested that granule
monomeric motors that bind actin laments through their hea Might fuse with the phagosome, which was later observedittjrec
domain and membranes through the TH1 domain of their tail Y vVideo microscopyl(85 18§. Macrophage phagocytic capacity
(179. Myosin Ig localizes within the protrusions formed alongis reduced upon articial expansion of the surface area of
IgG-opsonized particles, whereas myosin le and If precede psosomes or the depolymerization of microtubules, whick ar
actin at the edge of the protrusiond 79 180). The membrane fequired for intracellular organelle movement, suggestinat
binding tail of myosin Ig is involved in facilitating intemtization, ~Mobilization of intracellular compartments contributes toeth
consistent with a role in anchoring the cytoskeleton to themembrane reservoirl(). Di erent intracellular compartments
membrane {80. Myosin le and If however appear to stimulate @8Ppear to contribute to the formation of the phagosome,
F-actin turnover within the FgR-mediated phagocytic cup including recycling endosomes and late endosomes, whisé fu
(179. Finally, the actin cytoskeleton could also be anchoredith the plasma membrane at the forming phagosome in a
to the plasma membrane through ezrin-radixin-moesin (ERM)-SNARE protein-dependent mannei§#189. On the other
family proteins, which can bind to plasma membrane-assodiatehand, whereas the association of ER proteins with the phagosome
molecules including PI(4,5%° EBP50, ICAM, or CD44, as suggested that the ER could contribute as a membrane ragervo
suggested by the localization of ezrin to the forming phaguso Multiple experiments suggest that the ER membrane does not
(181). Thus, in addition to a molecular clutch, membrane-actinfuse with the plasma membrane but is recruited through the

tethering proteins could participate in cytoskeleton anclyera interaction of STIM-1 with ORAI, leading to peri-phagosomal
during phagocytosis. C&C signaling (83 190. Thus, membrane appears to be

provided by endocytic vesicles and granules, but not by the ER

during phagosome formation.
PROVIDING ENOUGH MEMBRANE TO
ENVELOP THE TARGET The Role of Membrane Tension

The regulation of membrane reservoir mobilization during
In addition to the mechanical constraints involved in defing  phagocytosis remains poorly understood but is likely to ineolv
the cell, biophysical properties of the membrane are alsacatiti membrane tension. In cells, membrane tension is de ned as the
for phagocytosis. The zipper mechanism implies that the targehembrane capacity to resist deformation and results from the
particle becomes entirely enveloped by a membrane. Howevepmbination of membrane in-plane tension, membrane bending
as the plasma membrane is essentially inextensildlg (models  sti ness and membrane attachment to the actin corté?@7).
suggest that the membrane surface area available represeRigeriments using the frustrated phagocytosis model sugjugst
an absolute limit on the internalization of large particlé&3(  the mobilization of each membrane reservoir occurs seqaiti
Consistent with this, experiments comparing uptake of beadg19)). First the attening of membrane folds can provide 20
of various sizes or the extent of spreading during frustratedo 40 % of surface area, then exocytosis at the phagocytic cup
phagocytosis showed that macrophages reach their limit aéd X occurs once the membrane tension reaches its maximia)(
surface area, well before allgRs are occupiedl(). Indeed,  Similarly, during internalization of large particles, thembrane
enveloping large particles or multiple smaller particles reegli  tension measured outside of the phagocytic cup rises frago
substantial membrane surface, yet neutrophils and macroghagio 45 pN. More generally, an increase of plasma membrane
can engulf particles larger than their initial diameteir0(11).  tension by a hypotonic shock in macrophages and other cells
The forming phagosome, at least initially, is derived fromresults in exocytosis102-194). This suggest that the increase
invaginations in the plasma membrang, (183. However, the of membrane tension observed during phagocytosis could be
plasma membrane is poorly elastic and does not expand mokfe signal that induces exocytosis of membrane reservoirs.
than 2-4% before rupturingl@2). This implies that phagocytes |mportantly, because the membrane is an inelastic uid, it is
need to mobilize extra membrane to their surfaces in order t@enerally assumed that stresses (in-plane tension) equéibra

engulf large or numerous targets. very rapidly across the entire plasma membrahg3. So, how
_ does focal exocytosis occur at the forming phagosome? Siace th
The Different Sources of Membrane membrane tension is a ected by the membrane attachment to

Two types of “membrane reservoirs” appear to act as sourcéise actin cytoskeleton, the dramatic actin reorganizatarihe

for phagosome formation: folds in the plasma membrane oforming phagosome may in fact locally increase the membrane
intracellular vesicles, which upon mobilization and fusieith  tension, as has been observed at the leading edge of fasttimggr
the plasma membrane increase its surface area. In support oélls ((95. The increased membrane tension, along with the
the rst model, macrophages, and neutrophils present a vergforementioned clearance of F-actin from the base of the cup,
rough surface as they constantly formru es, lopodia, and @h may govern the mobilization and local fusion of intracellular
membrane protrusions or invaginations. Early observationgnembrane reservoirs during phagocytosis. While the siggalin
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pathway(s) orchestrating these events are incompletelyith actin dynamics 205. Thus, dynamin-2 might interact
understood, it is known to involve the phosphoinositide 3with actin laments at the edges of the phagocytic cup and
kinase (PI3K), which is required for internalization of pate  induce membrane ssion when the edges converge into a
larger than 3mm (8, 192 196. Thus, membrane tension can closure site.

govern the mobilization of intracellular membrane resdrso In addition to dynamin-2, myosin Ic is a molecular motor
during phagocytosis, through a signaling pathway that igecruited to the phagosome at the late stage aff~mediated
incompletely understood. phagocytosisl(29). Interestingly, when one IgG-opsonized RBC

is phagocytosed simultaneously by two macrophages, myosin
Ic localizes to the meeting point of the opposing phagocytic
MEMBRANE FISSION DURING cups, suggesting a role in phagosome clostZ)( There is
PHAGOSOME CLOSURE no clear evidence so far that myosin | family proteins could
mediate constriction. However, as a membrane-actin tether

Phagosome closure is the nal essential step of particlg, qgin | can increase membrane tension, which could faggitat
internalization but arguably the least understood. Phagos dynamin-mediated membrane ssior20§. Unlike myosin Ic,

formation occurs when the edges of the advancing phagocytixr‘]yosin Il has not been localized to the meeting poifed.

cup reach a point of contact and merge, leading to the ssiorgeca,se myosin 11 plays an important role in the formation of
of the membrane that releases the phagosome from the plasiig, ¢onstriction ring during cytokinesis, it has been proposed

membrane. This process is one OT the most di, cult a,SpeCt.S(hat myosin 1l could assist phagosome closure by a purse-
of phagocytosis to study because it is challenging to identif

A string mechanism. However, it should be noted that myosin
fully wrapped but unclosed phagosomés87). Membrane ssion

. S . > Il is required to maintain cortical tension during cytokinies
requires bringing sites of a continuous membrane @nm apart through actin bundling, whereas its motor activity is dispabie

to "Ild:‘JCIIe me(;gblng of the Ortﬁr !ea etlto form a|1|n hem|§5|on for cell division in culture andin vivo (207). Furthermore,
neck, followed by merging of the inner lea et to allow sepamat  ,, 354y, length of myosin Il contractile units makes a role

(199. Interestingly, the observation that when two macrophageﬁ1 membrane ssion, which occurs at a much smaller scale,

try to engulf the same target they do not fuse together iEéhly unlikely (L23. Thus, myosin | proteins are the myosins

the clontalct site, hsuggestzl that pfhagosome. clclnsu(;e |nyk§)Iv t are the most likely to contribute to membrane ssion
a molecular mechanism distinct from previously describe uring phagocytosis.

cell fusion mechanismsl@?. When physical constraints are

minimal, several mechanisms can elicit membrane ssion

without energy consumptionin vitro. However, given the Does Actin-Mediated Pushing Force

membrane tension measured during phagocytosis and thParticipate in Membrane Fission?

physical barrier created by the extracellular domains ofa&@ Actin-based protrusive forces could also facilitate membrane
proteins, which can impede contact between lipid bilayersssion during phagosome closure. In yeast, a major role of
phagosome closure is likely to involve an active mechanism tarp2/3-mediated actin polymerization is to support clathrin-
drive membrane ssion199. Current evidence suggests the rolemediated endocytosis?(09. The current model suggests that
of two possibly synergistic mechanisms: membrane contnct actin polymerization pushes against the plasma membrane in the
by mechanochemical proteins and membrane pushing by thgrea of membrane bending, where WASP is localized. Myosin |

actin cytoskeleton. and the dynamin protein Vps1 form a ring around the clathrin-
coated pit, which can tether the F-actin network to the forigin

Mechanochemical Proteins Involved in endosome 09 210. This tethering could enable F-actin

Membrane Constriction retrograde ow to overcome the membrane tension and turgor

Dynamin is the rst and best characterized protein known topressure to pull the forming endosome away from the surface,
induce membrane ssion and is involved in various endocigos consistent with evidence that myosin | primarily contributies
and organelle division pathway£2dQ 207). While it is not a endosome inward movemen2{1). Furthermore, pushing force
molecular motor in the classical sense, dynamin assemtiles i generated by actin polymerization could also facilitate meanler

a ring-shaped polymer that has contractile properties throughssion during phagocytosis by bringing the lipid bilayers @os
its enzymatically driven hydrolysis of GTP. Constrictiori o at the closure site. Interestingly, a burst of actin polymation
the ring from a 20nm inner diameter to 3.7 nm is achievedis often visible at the point of closure and appears to push
by a GTP-dependent conformational change by twistingthe phagosome away from the surface duradgb2-mediated
while the ssion event is promoted by membrane tensionphagocytosisq7). Furthermore, a normal stress of about 150 Pa
(202 203. Dynamin-2 is ubiquitously expressed and is recruiteds observed on fully wrapped, IgG-opsonized soft particles,
to FR and aMb2-mediated phagosomes concomitantlyindicating that a pushing force, presumably generated bynacti
with F-actin 204 209. More importantly, dynamin-2 has polymerization, propels the particle inward{7. Taken together
been visualized at the phagosome closure site in a TIRFhese observations support the idea that actin polymerization
based assay, and inhibition of dynamin activity reducesethered to the membrane by dynamin-2, myosin I, and/or a
internalization. Interestingly, dynamin inhibition inbits talin-based molecular clutch, can promote membrane ssion
protrusion formation, suggesting that dynamin cross-talksduring phagosome closure.
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CONCLUDING REMARKS The diversity of phagocytic targets is managed by the
expression by phagocytes of a plethora of di erent phagocytic
Since phagocytosis is a cellular process broadly employggceptors, which are able to recognize various opsonins,
across eukaryotes, it seems likely that phagocytes emplg4thogen-associated molecular patterns and “eat me signals”
fundamentally shared molecular mechanisms to overcome the7 219. While the engagement of these receptors likely involves
physical constraints imposed by the internalization of largesimilar concepts to those described here fogRcand aMb2,
particulate material by cells. The comparison of phagocytosisych as receptor lateral di usion, formation of signaling ¢ers
with other general cellular processes, such as cell migratioand activation of actin polymerization, specic properties of
shape change, cell division, or endocytosis, is very helpful these receptors could vary greatly, and in most cases, remain
understand the molecular mechanisms that are at play. Howeveaargely under-characterized. For instance, the lateralsitn
it also highlights the fact that we still only have pieces @& th of the scavenger receptor CD36 appears to be restricted by the
puzzle, which are largely consistent with the general fraatew cortical actin cytoskeleton, but displays anisotropic trajees
yet it will take major eort to complete the details of the very distinct from those observed for gR or b2 integrins
molecular mechanisms involved and to understand how they41, 55 219. Also, CD45 can inhibit signaling by the C-
are coordinated to enable uptake. It should be noted that@Vhlltype lectin receptor Dectin_l, and appears to be excluded from
we have learned a lot from studies on the canonical receptotse Dectin-1-mediated phagocytic cupd0). This is consistent
FogR andaMb2 with model particles like microspheres and redyith the presumed small size of Dectin-1 and the kinetic
blood cells, we can speculate that the general concepts expose@regation model established for immunoreceptors. Howeve
here will apply broadly to phagocytosis in physiologicalit is clear that the dimensions of phagocytic receptors vary
conditions, with a number of nuances and additiOﬂa'dramatica”y, suggesting that some phagocytic events leaby i
physical constraints. to occur independent of a size-based segregation mechanism
For instance, microbes not only vary in size but can exhibito regulate signaling221). Thus, it is likely that the physical
an array of diverse shapes, which present distinct physicgbnstraints and concepts presented here are broadly shared
constraints. It has long been observed that elongated bacte gcross the di erent phagocytic pathways, yet the details of thei
like Legionella pneumophiland Borrelia burgdorferihyphal  jmplications could vary and should be examined speci cally fo
fungi like Candida albicansand parasites likeLeishmania egch individual case.
and Trypanosoma cruziare engulfed by so-called “coiling  Finally, while this review is focused on the mechanics of
phagocytosis,” in which phagocyte membrane protrusions wrapternalization mechanisms, killing, processing and dispgsin
around the complex morphology of these microb2s%-214.In of internalized material can represent tremendous constsain
many cases the molecular mechanisms have only been partiafiid limit phagocytosis capacity. In particular, cell turnowerd
explored. Yet, commonalities with the concepts described ifissue homeostasis probably represent the largest burden on
this review are evident from the role of receptor binding andphagocytes, as it has been estimated that in humans, 200-300
the formation of actin-based protrusions, which involve AfB2 pillion cells are replaced every dag2(). Given the scale of
and formin activation and signaling similar to those debed  this task, it is not surprising that phagocytosis of dead cells,
for lamellipodia and lopodia formation 219. However, uptake ajso called e erocytosis, must be shared between many cells,
of elongated or spiral shaped microbes or synthetic particlefcluding professional and non-professional phagocytesh suc
is generally less e ective than that of spherical particles] anas Sertoli cells and retinal pigmented epithelial cells. Moneove
several biophysical models have suggested increased nealhann addition to the membrane surface area initially availabte
constraints linked to the uptake of complex shap&s9 28).  the phagocyte, the phagocytic capacity over time can be limited
For instance, prolate spheres or rod particles, a very commopy the rate of degradation of the internalized material, othi
shape for microbes, can bind to phagocytes e ciently, butinvolves activation of appropriate enzymatic and metabolic
their internalization is markedly reduced compared to thatpathways?23. Itis therefore conceivable that phagocytes gather
of spherical particles 219. Remarkably, elongated particlesinformation regarding the physical properties of the ingested
are internalized more e ciently when their initial contact material, including their size and sti ness, in order to regte
with the phagocyte occurs at the pOle rather than the Sidﬂ]eir processing programszs). How Sensing of physica| and
(7). This phenomenon can be recapitulated in a two-stagenolecular cues is integrated to regulate the broad range of

model that combine passive di usion-based receptor bindingphagocyte functions remains largely unknown and will be an
followed by a stage that actively promotes further receptogxciting problem for the coming years.

engagement A8). Thus, even for complex shapes, the same

scheme of receptor binding, actin-based protrusion and cogpli AUTHOR CONTRIBUTIONS

between the actin and particle-engaged receptors seems to

apply. However, the mechanical burden associated with th&Jand CW wrote the manuscript. VJ prepared the gures.
formation of more geometrically complex phagocytic cups

can become unsurmountable for the phagocyte. ConsequentizNDING

elongated microbes can at least partially escape Kkilling by

phagocytosis thanks to their morphology, as observed foyJ and CW are supported by the NHLBI Division of
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