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Summary

Previous studies have shown that Rcreceptor (FCR)-  ML-7 were more open. Video microscopy of macrophages
mediated phagocytosis and macropinocytosis  in expressing green-fluorescent-protein (GFP)—actin fusions
macrophages consist of two dissociable activities: a revealed that bound IgG-opsonized erythrocytes were
phosphoinositide 3-kinase (PI3K)-independent extension squeezed during phagosome formation and closure. In ML-
of phagocytic cups and a PI3K-dependent contractile 7, GFP—actin-rich protrusions extended outward but failed
mechanism that closes phagosomes and ruffles into to squeeze particles. Moreover, in contrast to the effects of
intracellular organelles. Here, we identify an additional PI3K inhibitors, ML-7 markedly reduced ruffle movement,
contractile activity that persists in the presence of the and perturbed circular ruffle formation. These PI3K-
PI3K inhibitor wortmannin. ML-7, an inhibitor of myosin- independent myosin-ll-based contractile activities that
light-chain kinase (MLCK), inhibited FcR-mediated squeeze phagocytic cups and curve ruffles therefore
phagocytosis, macropinocytosis and cell movements represent a third component activity of the actin
associated with ruffling. Scanning electron microscopy cytoskeleton during phagocytosis and macropinocytosis.
demonstrated a striking difference in morphology between

phagocytic cups in the different inhibitors: whereas Movies available online

phagocytic cups of control cells and wortmannin-treated

cells conformed closely to particles and appeared to have Key words: Myosin, Myosin light chain kinase, Actin,

constricted them, the phagocytic cups in cells treated with Phosphoinositide 3-kinase, Phagocytosis, Macropinocytosis

Introduction Recent studies have indicated that the zipper closure model is
Phagocytosis and macropinocytosis are essential componefiigufficient to explain phagocytosis. Phosphoinositide 3-kinase
of innate immunity. Most conspicuous in macrophages(P|3K) inhibitors such as wortmannin and LY294002 inhibit
dendritic cells and cellular slime molds, these activities consig¢he closure of phagosomes, but not phagocytic cup formation
of circular protrusion (phagocytic cup or ruffle extension) anddlong IgG-opsonized particles (Araki et al., 1996), indicating
closure to take up extracellular particles or fluid. Such cellthat closure of phagocytic cups into phagosomes requires
surface motilities are highly dependent on actin polymerizatiogdditional mechanisms that employ PI3K. Cox et al. (Cox et
and reorganization, and involve a variety of actin-bindingal., 1999) pointed out the importance of PI3K-dependent
proteins and myosins (Stendahl et al., 1980; Swanson and Ba¢égsicle transport for maximal phagocytic cup extension during
1995; Allen and Aderem, 1996a; Aderem and Underhill, 1999phagocytosis of large particles. Furthermore, several events in
Swanson et al., 1999; Araki et al., 2000; Diakonova et alphagocytosis seem to lie downstream of PI3K (Gold et al,
2002). Although the signaling pathway for F-actin 1999; Didichenko et al., 2000; Vieira et al., 2001; Cox et al.,
polymerization during phagocytosis and macropinocytosis haz002).
been extensively studied (for reviews see Allen and Aderem, The myosin family of actin-based mechanochemical motors
1996a; Kwiatkowska and Sobota, 1999; Lennartz, 1999s animportant component of the phagocytic apparatus. Myosins
Greenberg, 2001; May and Machesky, 2001), the mechanics bf I, V, IX and X have been localized to macrophage
phagosome and macropinosome formation remain less wglhagosomes at various stages of their formation (Stendahl et al.,
defined. 1980; Allen and Aderem, 1995; Swanson et al., 1999; Al-
In Foy receptor (FcR)-mediated phagocytosis, phagocytitiaddad et al., 2001; Cox et al., 2002; Diakonova et al., 2002;
cup extension along the surfaces of immunoglobulin G (IgG)©lazabal et al., 2002), suggesting that they play distinct roles
opsonized particles is mediated by the sequential interactiois phagocytosis. Morphological studies identified a PI3K-
between IgG Fc regions and FcR, in a process referred to dspendent contractile activity, capable of constricting
the zipper closure model (Greenberg and Silverstein, 1993)eformable erythrocytes caught between two macrophages
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(Swanson et al., 1999). Myosin IC localized to the distal margiiMaterials and Methods

of phagocytic cups, suggesting that it mediated a PI3KReagents and cells

dependent, purse-string-like contractile activity that closed thgulbecco’s modified essential medium (DME) and fetal bovine serum
cup aperture into an intracytoplasmic phagosome (Swanson @BS) were from Gibco BRL (Grand lIsland, NY). Wortmannin,
al., 1999). Consistent with this model, Cox et al. (Cox et albovine serum albumin (BSA) and fluorescein-dext#n150x103
2002) identified a role for myosin X in phagocytosis, which is(FDx150) were from Sigma Chemical (St Louis, MO). ML-7 was
notable because myosin X contains a pleckstrin-homologffom BIOMOL Research Labs (Plymouth Meeting, PA). LY294002
domain that recognizes phosphatidylinositol(3,4,5)triphosphaté/as from Calbiochem (La Jolla, CA). Human recombinant
Although myosin Il (known as conventional myosin) has beera""crc’phage colony stimulating factor (M-CSF) was from R&D

. . ystems (Minneapolis, MN). All other reagents were purchased from
localized around forming phagosomes (Stendahl et al., 198 ako Pure Chemical (Osaka, Japan) unless otherwise indicated.

Swanson e_t aI._, 1999; Dlakqnova e? al., 2002), _|ts precise role g, ne_marrow-derived macrophages were obtained from femurs of
and regulation in phagocytosis remain to be elucidated. One aif HeJ mice as previously described (Araki et al., 1996). After 6
of this study is to elucidate the role of myosin Il in the procesgy 7 days of culture, macrophages were harvested from dishes and
of phagocytosis and to clarify the relationship of myosinplated onto coverslips or 24-well dishes, then incubated overnight in
function to PI3K signaling. DME-10F (DME with 10% heat-inactivated FBS). 30 minutes before
Macropinocytosis is a form of fluid-phase endocytosis thaexperiments, DME-10F was replaced with Ringer's buffer (RB)
provides an efficient route for non-selective uptake ofconsisting of 155 mM NaCl, 5 mM KCI, 1 mM Mg£l2 mM
extracellular solute macromolecules (Swanson and Watt§l@HPQ:, 10 mM glucose, 10 mM Hepes pH 7.2 and 0.5 mgt ml
1995). Recent attention has been directed toward t SA. These bone-marrow-derived macrophages were used for all but

. . : - transfection experiments.
mechanism of macropinocytosis, because that route is used f ﬁ:or transfection with an enhanced GFP (EGFP)-fused actin

MHC class | and class Il antigen presentation in dendritic cell xpression plasmid (pEGFP-actin, CLONTECH, Palo Alto, CA),
and macrophages (Norbury et al., 1995; Sallusto et al., 199g5crophage-like RAW?264.1 cells, obtained from Riken Cell Bank
Nobes and Marsh, 2000). Unlike micropinocytosis mediated byrsukuba, Japan), were plated onto 25 mm circular coverslips in 35
clathrin-coated vesicles and small uncoated vesicles (~100 nim dishes filled with DME-10F. The pEGFP-actin was transfected
diameter), macropinocytosis is associated with active celinto the cells using a DNA transfection reagent, TransFast (Promega,
surface ruffling. Macropinosomes (0.5p6n diameter) arise Madison, WI). Fluorescence was observed by video microscopy 48
from the deformation of ruffles, which are actin-rich cell- hours after transfection, as described below.
surface protrusions. Circular ruffles, formed by inward curving
of peripheral ruffles, are considered to be precursors dfhagocytosis and microscopy
macropinosomes, in that they often close into macropinosomesor phagocytosis, sheep erythrocytes were opsonized with rabbit anti-
There are many similarities in the signaling forsheep erythrocyte IgG (1:200 dilution, Organon Teknika-Cappel) and
macropinocytosis and FcR-mediated phagocytosis. Like FcResuspended in PBS at%érythrocytes mift. 10 pl of a suspension
mediated phagocytosis, macropinocytosis involves RacPf!gG-opsonized sheep erythrocytes (IgG-Es) was added to each 24-
Cdc42 and Arfé (Radhakrishna et al., 1996; Zhang et al., 199%®ll dish containing macrophages on 12 mm circular_coverslips.
Nobes and Marsh, 2000; West et al., 2000), and the closure 'Eifcr"phag.es were then incubated for various times at 37°C, to allow
cup-shaped circular ruffles into macropinosomes require% agocytosis. For quantitative assay of phagocytosis, after a 30-

. . ; inute incubation with 1gG-Es, cells on coverslips were dipped into
PI3K activity (Araki et al., 1996). However, some dlfTerencesdistilled water for 30 seconds to disrupt extracellularly exposed IgG-

in their signaling, regulation and mechanism are notablgs py 0w osmolarity, then fixed with 4% paraformaldehyde in a
(Swanson and Baer, 1995; Swanson and Watts, 199jsffer. For the binding assay, cells were incubated with IgG-Es for 30
Niewohner et al., 1997). For example, unlike phagocytosis, th@inutes at 4°C, briefly washed in cold PBS to remove unbound IgG-
cell-surface protrusions forming circular ruffles can formEs and fixed. The number of IgG-Es in 100 macrophages was counted
without the guidance of any particle surface. Therefore, ongnder a phase-contrast microscope and the number of bound or
might expect that shaping ruffles into macropinosomes wouldternalized 19G-Es per macrophage was expressed as the binding or
require spatial and temporal controls distinct from those foPhagocytic index, respectively. ) ) _
phagocytic cup formation. Although myosin Il has been For fluorescence microscopy of phagocytosis combined with

. - filamentous actin (F-actin) staining, cells were fixed for 30 minutes at
shown to generate force for cell movements, its role |r§00m temperature  with 4%  paraformaldehyde and  0.1%

macroplnocyto.S|s 1S not. clear. l.t IS of interest to .dEterm'_n%Iutaraldehyde in 100 mM phosphate buffer, pH 7.4, containing 6.8%
whether myosin Il contributes similarly to macropinocytosisgycrose (PB/sucrose). To distinguish extracellularly exposed IgG-Es
and phagocytosis. from intraphagosomal 1gG-Es, macrophages were incubated with
ML-7 is an inhibitor of MLCK (Saitoh et al., 1987), and FITC-labeled anti-rabbit IgG (1:50 dilution in PBS), which was not
inhibition of MLCK results in selective perturbation of myosin accessible to intraphagosomal IgG-Es, for 15 minutes at room
Il function (Somlyo and Somlyo, 1994; Ruchhoeft and Harrisfemperature. Then, F-actin was stained with rhodamine phalloidin
1997). Although higher concentrations of ML-7 might inhibit (Molecular Probe, 5 unit mt PBS containing 0.25% Triton X-100).
other protein kinases, the concentration of ML-7 we used does,t';ozg/mg‘;rg?g?’;?;ggz“zzygncg'g/ Or;rﬁémf'gr %%Venz,sl'q'pfewifﬁ fgéedn
- : [ b yde i su inutes, rinsed i
ot much afect ther protein Knases (Wansfeld et . 2000855 "andpameaplze i 005% Trion 5 100 1 7S o

L AR . . treatment with a blocking buffer (0.5% BSA, 0.2% gelatin, 0.25%
MLCK inhibitor and inhibitors of PI3K on macropinocytosis Triton X-100 in PBS). Then, cells were incubated with rabbit

and phagocytosis. We describe a novel actomyosin-drivefy,ycional anti-myosin-Il antibody (1:100 dilution; Biomedical

motion that squeezes phagocytic cups and promotes circulafachnologies, Stoughton, MA) or goat polyclonal anti-phospho-
ruffle formation for macropinocytosis. This now distinguishesmyosin-light-chain (P-MLC) antibody (1:100 dilution; Santa Cruz
a third activity of the actin cytoskeleton in phagocytosis. Biotechnology) for 90 minutes at room temperature. After rinsing in
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PBS, cells were labeled with FITC-anti-rabbit IgG and/or Texas-ret
anti-goat 1gG (Vector, Burlingame, CA). . .

Coverslips were mounted on glass slides using a FluoroGual 154 [1 4°C, D min
(BioRad) and observed with an epifluorescence microscope (Niko Il 37°C, 30 min
TE 300) operated by MetaMorph Imaging System (Universa -
Imaging, West Chester, PA).

For scanning electron microscopy (SEM) of phagocytosis
macrophages on small coverslips were fixed with 2% glutaraldehyc
in PB/sucrose for 1 hour at room temperature. Coverslips were the
rinsed in a buffer, post-fixed with 1% osmium tetroxide, treated witt
1% tannic acid, conventionally processed for SEM and observed t
a Hitachi S-900 SEM as previously described (Araki et al., 1996).

Binding/phagcytic index

Spectrofluorometric assay of macropinocytosis R
Macropinocytosis was stimulated by the addition of humar
recombinant M-CSF (2000 unit ™) to the macrophage culture 0
(Racoosin and Swanson, 1992; Araki et al., 1996).

After 30-minute incubation with 1.0 mg m™IFDx150 to allow S
fluid-phase pinocytosis, dishes were drained and rinsed twice in 1 § §
PBS plus 1 mg mt BSA and then once in 1 | PBS, each at 4°C for S D
5 minutes. Cells were lysed in a lysis buffer consisting of 0.1% Triton
X-100 and 50 mM Tris pH 8.5. The amount of fluorescence in celFig. 1. Effects of various inhibitors for PI3K, MLCK and F-actin on
lysates was measured by a spectrofluorometer (Hitachi 650-40) ahénding and phagocytosis of IgG-Es. Macrophages were fed 1gG-Es
normalized by the total cell protein. in RB medium containing 0.1% dimethyl sulfoxide (Control) 50

LY294002 (LY294), 100 nM wortmannin (Wort), 10 ML-7,
20 uM ML-7 or 10uM cytochalasin D (CyD). After 30-minute

Video microscopy and digital image analysis incubation at 4°C (for binding; white bars) or 37°C (for
Macrophages were plated onto 25 mm circular coverslips in 35 miphagocytosis; black bars), the binding/phagocytic index (IgG-Es per
culture dishes. The culture medium was replaced with RB 1 houtell) was scored as described in Materials and Methods. Bars show
before experiments. The coverslip was assembled into a stainless stéel mean and standard deviation of triplicate determinatie:® (n
cell chamber (Atto Instruments, Rockville, MD) and placed in aa single experiment. Data are representative of at least three
temperature-controlled stage at 37°C on an inverted microscopadependent experiments.
(Nikon TE300). Living cells were observed using a 100 lens with
phase-contrast optics. Before and after addition of drugs, time-lapse

video images were collected using a cooled CCD camera (IFG-30Qyggesting that indirect inhibition of myosin I by the MLCK
Dage-MTI, Michigan City, IN) and MetaMorph Imaging System. jhninitor perturbed FcR-mediated phagocytosis. The extent of

These images were revealed as 8-bit digital images consisting e S

pixels with 256 shades of gray (0-255 gray value). Time-lapse vide gﬁ't'qnh%y the m_lyrg)sm '.nh'b'tor Wa.T,_kccl)mp%rabIe to that I(I)f
microscopic images taken at a 10-second interval using MetaMorph/ o Inhibitors.  Thus, ‘it seems likely that myosin I
were assembled to QuickTime movies. Videos accompany Fig. 4A BONtributes to some aspect of FcR-mediated phagocytosis,
Fig. 7A-D and are available in the online version atalthough some other types of myosins might also be involved

http://jcs.biologists.org/supplemental. in phagocytosis. Cytochalasin D, an inhibitor of F-actin

Ruffling activity was quantified using a subtraction-based imaggolymerization, completely inhibited phagocytosis, indicating
analysis developed with MetaMorph software (Araki et al., 1996). Ithe  strict dependence of phagocytosis on F-actin
phase-contrast images of living cells, ruffles were seen as phase-defgslymerization (Fig. 1). All inhibitors did not significantly
bands that grew in length and migrated centripetally along the uppggduce the number of IgG-Es bound on the cell surface at 4°C
surface of the cells. Using 20-second interval time-lapse series, o Big. 1). This implies that these inhibitors affect the process of
frame of an image was subtracted, pixel by pixel, from the frame takq ternalization of IgG-Es but not their binding ability

20 seconds later. A gray value of 120 was then added to all pixels 0 S .
the subtracted image. Change of phase density in a 20-second interv: IT0 analyze the effects of these inhibitors on the mechanism

produced contrast in the subtracted image. The average of stand&fdPhagocytosis, we used fluorescence microscopy to examine

deviations of gray values in the cell region of 10 subtracted imagd$€ morphqlogies Of lgG-Es ar!d F-actin during phagocytosis.
was calculated as the ruffling activity index. After 30 minutes with 1gG-Es in the presence or absence of

inhibitors, macrophages were fixed and incubated with FITC-
conjugated anti-rabbit IgG (FITC-anti-lgG) to label

Resullts. o . extracellularly exposed 1gG-Es, then with rhodamine-
Myosin inhibition perturbs phagocytosis as well was phalloidin to label F-actin. In control macrophages, IgG-Es
PI3K inhibition were internalized into intracellular compartments and most F-

We quantified the effects of various inhibitors of PI3K, MLCK actin was dissociated from the particle-adherent membranes.
or F-actin on phagocytosis of IgG-Es by bone-marrow-derive&ITC-anti-IgG could not access the compartments containing
macrophages. As previously reported (Araki et al., 1996), thlgG-Es, indicating that these compartments were closed
PI3K inhibitors LY294002 and wortmannin markedly reducedphagosomes or phagolysosomes (Fig. 2A-C). In ML-7- or

the number of IgG-Es internalized into fully closedwortmannin-treated cells, however, IgG-Es remained

phagosomes. A MLCK inhibitor (10-20M ML-7) reduced the associated with F-actin-rich structures, presumed phagocytic
number of intracellular IgG-Es in a dose-dependent mannecups. Most of the IgG-Es associated with these cells were
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Fig. 2. Phase-contrast and fluorescence microscopy of & &= Q"“t&
IgG-Es and F-actin during phagocytosis in macrophage Sl
treated with 0.1% dimethyl sulfoxide (control), 100 nM &% '
wortmannin or 1uM ML-7. Macrophages were s
pretreated with one of the drugs for 15 minutes, fed IgG
Es and incubated for 30 minutes in the presence of the
drug. After fixation, extracellularly exposed IgG-Es and
F-actin were stained with FITC—anti-rabbit-IgG and
rhodamine phalloidin, respectively. In control cells
(A-C), IgG-Es were internalized in phagosomes and/or =
phagolysosomes, and were scarcely associated with F B»’:}’
actin. In wortmannin-treated cells (D-F), IgG-Es seemeg
to be surrounded by F-actin-rich protrusions but
remained partially exposed to extracellular fluid. ML-7-
treated macrophages (G-I) appeared similar to
wortmannin-treated cells. (A,D,G) Phase-contrast
images. (D,E,H) FITC images showing extracellular
IgG-Es. (C,F,l) Rhodamine images showing F-actin.
Bars, 10um.

labeled with FITC, indicating that these 19G-Es surrounded bygells fixed 7 minutes after adding IgG-Es showed phagocytic
F-actin-rich protrusions were partially exposed to extracellulacups at various stages of formation. These cups engulfing IgG-
fluid (Fig. 2D-I). Differences between PI3K-inhibitor- and Es frequently appeared cylindrical rather than spherical (Fig.
MLCK-inhibitor-treated cells were not evident under light3A). In PI3K-inhibitor-treated cells, many IgG-Es were
microscopy. These data indicated that both PI3K inhibitors andbserved in phagocytic cups on the dorsal cell surface, because
MLCK inhibitor perturbed phagocytic-cup closure but not F-cup closure was arrested (Araki et al., 1996). The phagocytic
actin assembly for forming phagocytic cups. Unlike in PI3K-cups formed in PI3K-inhibitor-treated cells were tightly fitted
inhibitor- or MLCK-inhibitor-treated cells, F-actin assembly to the surface of IgG-Es and their distal margins remained open
was not induced by the binding of IgG-Es in cytochalasin-D-even at 30 minutes after beginning phagocytosis (Fig. 3B). The
treated cells. Consequently, neither phagocytic-cup formatioconfigurations of the phagocytic cups in PI3K-inhibited cells
nor internalized IgG-Es were observed in these cells (natere similar to those observed in control cells fixed 7 minutes
shown). after addition of IgG-Es (Fig. 3A,B).
In ML-7-treated cells, phagocytic cups appeared to be
somewhat shallower than those in PI3K-inhibitor-treated cells.

Role for myosin in the phagocytic-cup squeezing Even though phagocytic cups formed around IgG-Es, the inner
Consistent with light-microscopic observations, SEM
revealed that, after 30 minutes, no IgG-Es were ev Control 7 min

on the dorsal surface of control macrophages, indic
that IgG-Es were all intracellular (not shown). Howe

Fig. 3. SEM of IgG-E phagocytosis in macrophages treated
with the drugs. (A) A phagocytic cup in a control macrophage
after 7-minute incubation with 1gG-Es. The phagocytic cup is
conformed closely to the surface of IgG-Es. The cylindrical ¢
appeared to have constricted the 1gG-Es. After 30 minutes,
IgG-Es were no longer seen on the cell surface, because all
been internalized by the cells (not shown). (B) In wortmannin-fa
treated macrophages, many phagocytic cups were observed
the dorsal surface of macrophages. The configuration of
phagocytic cups was similar to that in control cells at 7 minutg
after phagocytosis. (C) ML-7 treatment also did not inhibit
phagocytic-cup formation. Most strikingly, phagocytic cups
were not closely apposed to the surfaces of IgG-Es. ;
(D) Cytochalasin D inhibited phagocytic-cup formation. IgG-E§
bound to the plane dorsal surface of the cells. Electron
micrographs were pseudocolored using Adobe Photoshop.
Bars, 5um.
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Fig. 4. Time-lapse sequences of living RAW264.1 macrophages transfected with pEGFP-actin, showing actin dynamics during phagocytosis o
IgG-Es. (A) In a control cell, IgG-Es induced F-actin assembly where they were bound, resulting in phagocytic-cup formasion. It

noteworthy that the IgG-Es was deformed during phagocytic-cup formation, suggesting that the F-actin ring constrictectytie phpgmd
squeezed the IgG-Es. Subsequently, the F-actin ring seemed to close at the top of the cup. F-actin disappeared immetiatelgyaite

cups closed into intracellular phagosomes. (B) In a ML-7-treated cell, F-actin assembly and phagocytic-cup extensiohuicthengwdcess

was slower and the cup was shallower than in control. Even though phagocytic cups were formed, they did not constrichertittese.

interval between frames is 10 seconds. Bargim0The supplemental video materials are available in the online version [Video 1
(http://lwww.jcs.biologists.org/supplemental)].

side face of phagocytic cups was not closely adherent to thEGFP-actin. Video microscopy of control cells showed
surface of the IgG-Es, so phagocytic cups looked like flowers ithat binding of 1gG-Es induced GFP-actin accumulation
bloom (Fig. 3C). This unique configuration of phagocytic cupunderneath the plasma membrane near the particle. F-actin-
indicated that cup side wall could extend without guidance fronenriched protrusions then extended along the surfaces of
sequential 1gG-FcR binding, and that myosin might bdgG-Es. In a side view of the phagocytic cup, a dense band of
unnecessary for phagocytic cup formation but necessary for titeactin moved from the bottom toward the top of the
close apposition of the cup side wall against opsonized particlgshagocytic cup during extension. In a movie [Video 1A
We scored the morphology of phagocytic cups in ML-7- andhttp://www.jcs.biologists.org/supplemental)], it was notable
wortmannin-treated cells (100 of each). In wortmannin-treatethat the 1gG-Es in the phagocytic cup deformed along the axis
cells, 82% of phagocytic cups apparently showed tight appositiasf the phagocytic-cup extension, making it look like a
to IgG-Es and others were loosely open or undefined. By contragigformable particle passing through a tight ring of F-actin.
in ML-7-treated cells, 45% of phagocytic cups were loosely opeiyhen the phagocytic cup was fully extended to enclose the
48% were short or irregular and only 7% were closely fittegbarticle, the F-actin band closed the top aperture of phagocytic
against the 1gG-Es. When F-actin polymerization was inhibitedup to form an intracellular phagosome. Most F-actin then
by cytochalasin-D treatment, IgG-Es bound to the dorsal cefippeared to be immediately dissociated from the phagosomal
surface but no phagocytic cup formation was evident (Fig. 3Dnembrane. The process of phagocytosis generally took 3-5
These SEM data also indicated that phagocytic cup side wattinutes from F-actin assembly to F-actin dissociation [Fig.
extension requires F-actin polymerization but not myosin Il.  4A, Video 1A (http://www.jcs.biologists.org/supplemental)].

To explore further the actomyosin-driven constriction of Phagocytic-cup extension also occurred in ML-7-treated cells
phagocytic cups, we observed actin dynamics duringput seemed to be somewhat slower than that in control cells. The
phagocytosis in living RAW264.1 cells transfected withphagocytic cups did not constrict or squeeze IgG-Es. Rather, they
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FDx150 ng/mg protein

0
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Fig. 6. Fluorometric quantitation of macropinocytosis. Macrophages
were pretreated with 0.1% dimethyl sulfoxide (Control) &0

LY294002 (LY294), 100 nM wortmannin (Wort), 10 ML-7 or 10

UM cytochalasin D (CyD) for 15 minutes, and incubated with 1.0 mg
ml-1 FDx150 in RB medium for 30 minutes to allow
macropinocytosis. The fluorescence of cell lysates was assayed by
spectrofluorometry. The values represent the mean plus or minus the
standard deviation of triplicate determinations. Similar results were
obtained in two additional experiments.

Fig. 5.Immunolocalization of myosin Il and phosphorylated myosin

light chain (P-MLC) in ruffles and phagocytic cups of macrophages.first measured the effects of inhibitors for PI3K, MLCK and F-

Immunofluorescence of myosin Il (A) and P-MLC (B) in ~actin on pinocytosis of FDx150, a fluid-phase probe that is
macrophages stimulated with M-CSF showed that MLC of myosin lipreferentially taken up by macropinocytosis (Araki et al., 1996;
are predominantly phosphorylated in cell-surface ruffles. (C.D) In  Araki and Swanson, 1998). Macropinocytosis was stimulated
control macrophages phagocytosing IgG-Es (7 minutes after feedin%y the addition of M-CSF to the medium (Racoosin and
with 1gG-Es), P-MLC localized in some phagocytic cups (arrows) Swanson, 1989). Cells were then incubated with 1 mg ml

but not in phagosomes (open arrows). (E,F) ML-7 treatment greatly ] . 9
reduced the amount of P-MLC in phagocytic cups. Phase-contrast FDx150 for 30 minutes in the absence or presence of inhibitors.

images C and E correspond to fluorescence images D and F, Quantitative fluorometric analysis indicated that ML-7
respectively. Bars, 1am. significantly reduced intracellular accumulation of FDx150,

although their inhibitory extent was somewhat less than that
of PI3K inhibitors. Cytochalasin D perturbed fluid-phase
repeatedly elongated and shortened their side walls withopinocytosis of FDx150 most severely (Fig. 6). Even though the
closing into phagosomes. IgG-Es remained in unclosedccumulation of FDx150 might be slightly influenced by F-
phagocytic cups even at 30 minutes or more after IgG-&ctin-independent  micropinocytosis, the comparative
binding [Fig. 4B, Video 1B (http://www.jcs.biologists.org/ quantitation indicated that myosin Il inhibition attenuated
supplemental)]. The effect of ML-7 on phagocytosis wasmacropinocytosis. Similarly, fluorescence microscopy revealed
reversible, because phagocytosis proceeded normally aftérat macropinosomes labeled with fixable FDx10 for 5 minutes
washout of the drug (not shown). The cups formed in PI3Kwere largely diminished by all of these inhibitors (not shown).
inhibitor-treated cells did not close into phagosomes but they We next used time-lapse video microscopy to identify
could deform IgG-Es during cup formation (not shown). myosin-dependent activities associated with ruffling and
Next, we examined the localization of myosin Il andmacropinocytosis in living cells. Consistent with earlier
phosphorylated myosin light chain (P-MLC) in macrophagesobservations (Araki et al., 1996), wortmannin-treated
In macrophages stimulated with M-CSF, myosin Il abundantlynacrophages displayed dorsal surface ruffling and circular
localized in active ruffles on the cell dorsal surface (Fig. 5A)ruffle formation much like control cells. However, circular
Using an antibody specific to P-MLC, it was shown thatruffles receded without closing into macropinosomes
myosin Il light chain was phosphorylated in active ruffles (Fig[Fig. 7A,B, Video 2A,B (http://www.jcs.biologists.org/
5B). In control macrophages during phagocytosis, P-MLC wasupplemental)]. Unlike the PI3K inhibitors, however, MLCK
detected in some early stages of phagocytic cups (Fig. 5C,Drhibitor reduced most ruffle movement. In the ML-7-treated
In ML-7-treated cells, P-MLC was scarcely seen in phagocyticells, the ruffles infrequently raised from the cell edge and
cups, suggesting that ML-7 inhibited phosphorylation of MLCshowed a slow centripetal movement on the dorsal surface.
(Fig. 5E,F). Circular ruffle formation was not seen in MLCK-inhibited
cells, indicating that such simple ruffling was insufficient
o _ ) ) for macropinocytosis [Fig. 7C, Video 2C (http:/
Role of myosin in macropinocytosis and ruffling www.jcs.biologists.org/supplemental)]. Ruffling activity was
To analyze the myosin contribution to macropinocytosis, weuantified by digital image analysis of time-lapse phase-



Myosin in phagocytosis and macropinocytosis 253

Fig. 7. Time-lapse sequences of
ruffling and macropinocytosis.
Macrophages were stimulated with
2000 U mt1 M-CSF and treated with
0.1% dimethyl sulfoxide (control;

A), 100 nM wortmannin (B), 1M
ML-7 (C) or 10uM cytochalasin D
(D). Numbers indicate time sequence
with 10-second intervals. Ruffles
were seen as phase-dense bands in
the periphery of the cells. (A) In
control cells, phase-bright
macropinosomes were formed by
closing circular ruffles (arrows).

(B) Wortmannin did not inhibit
circular ruffle formation but did

inhibit the closure of circular ruffles
into macropinosomes (arrows).

(C) In ML-7, ruffle movement was
markedly reduced. No circular ruffle
formation was observed. Only simple
centripetal movement of ruffles was
seen. (D) Cytochalasin D stopped the
ruffle movement completely. Bar, 10
pum. The supplemental video
materials are available in the online
version [Video 2
(http://lwww.jcs.biologists.org/
supplemental)].

identified previously (Swanson et
al., 1999).

In FcR-mediated phagocytosis,
phagocytic-cup extension along
the surface of IgG-opsonized
particles has been explained by
the ‘zipper model’, which implies
sequential binding between cell
surface FcR and Fc region of 1IgG
on the particle surface (Greenberg
and Silverstein, 1993). The
interaction between IgG and FcR
triggers the phosphorylation of
specific tyrosine residues in
the receptor within motifs
termed ITAMs (immunoreceptor
tyrosine-based activation motif)
by the Src-family tyrosine kinases
contrast images, which indicated that wortmannin oKGhazizadeh et al., 1994; Greenberg et al., 1994; Cox et al.,
LY294002 reduced ruffling movements much less than ML-71996; Cox et al., 1997; Crowley et al., 1997; Isakov, 1997).
treatment did (Fig. 8, Table 1). These observations indicatethese early signals from ligated receptors lead to further
that myosin Il acts earlier than PI3K in the coordination ofsignaling pathways involving lipid kinases, phospholipases
ruffling for macropinocytosis. and GTPases. (reviewed by Aderem and Underhill, 1999;

Kwiatkowska and Sobota, 1999; Lennartz, 1999).

) ) Downstream, Rho-family members of monomeric GTPases
Discussion such as Rac, Rho and Cdc42 induce F-actin polymerization and
This study demonstrates two distinct roles for myosin Il in theeorganization (Cox et al., 1997; Massol et al.,, 1998;
mechanical processes of phagocytosis and macropinocytogisstellano et al., 2000; Chimini and Chavrier, 2000), changes
by macrophages: phagocytic cup squeezing and coordinatadhich are also regulated by phosphoinositides such as
ruffling for circular ruffle formation. Because these contractilePI(4,5)P and PI(3,4,5)P(Hackam et al., 1997; Botelho et al.,
activities are evident in the presence of PI3K inhibitors, the000; Marshall et al., 2001). Many actin-binding proteins (e.g.
are distinct from the PI3K-dependent contractile activitiesactin-nucleating factors and F-actin bundling and severing
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Table 1. Digital quantitation of ruffling activity using nonopsonic, lectin-sugap{glucan and mannan) recognition

subtracted images

mechanism even if FcR-mediated phagocytosis were

Ruffling indiceszs.d.

inhibited (Le Cabec et al., 2000). It was also reported that
Dictyosteliummyosin-ll-null mutant did not appear to have

Treatments =10)
Control (M-CSF only) 45.83+3.30
50 uM LY294002 35.83+3.91
100 nM wortmannin 34.22+4.08
10puM ML-7 22.33+2.08
10 uM cytochalasin D 10.12+1.83
Formaldehyde fixation 4.15+0.22

any defects in phagocytosis of livingscherichia coli
(Maselli et al., 2002). This discrepancy might be due to
differences in the cell types and/or the phagocytic targets.
Some types of phagocytosis of nonopsonized particles or
living bacteria might not require myosin Il activity. Most
recently, Olazabal et al. (Olazabal et al., 2002) showed

Each standard deviation of gray values in the cellular region of subtractedthat ML-7 also inhibited complement-receptor-mediated
images (examples are shown in the subtracted images of Fig. 8) was scoredphagocytosis as well as actin recruitment to the site of
from ten sequential subtracted images. The ruffling indices represent the phagocytosis. They further indicated that myosin Il was

average mean * s.ch<10). The value of formaldehyde-fixed cell implies
background noise. Similar results were obtained from two additional,

independent experiments.

required for FcR-mediated phagocytosis but not actin
recruitment (Olazabal et al., 2002). Their findings on FcR-

mediated phagocytosis were totally consistent with our data
presented here. Therefore, myosin Il and its phosphorylation

proteins) and myosins are involved in particle engulfment teeem to be required for FcR-mediated phagocytosis and
form nascent phagosomes (Greenberg et al., 1990; Allen asdmplement-receptor-mediated phagocytosis. However, the
Aderem, 1996b; Swanson et al., 1999; Titus, 1999; Araki etle of myosin Il might differ between the two types of
al., 2000; May et al., 2000). This complexity indicates that th@hagocytosis, because they use different cytoskeletal
zipper closure mechanism must be integrated by supplementadmponents and signaling pathways during the engulfment of
mechanisms. PI3K inhibition perturbs phagocytic-cup closur@articles (Allen and Aderem, 1996b). Importantly, our
but not F-actin assembly or phagocytic-cup formation

(Araki et al., 1996; Cox et al., 1999; Diakonova et
2002). Dynamin 2 recruitment to phagocytic cup
controlled by PI3K (Gold et al., 1999), although
function of dynamin in phagosome closure has not
determined. Furthermore, focal exocytosis of VAM
positive recycling vesicles to the site of particle up
might be required for phagocytic-cup exten:
sufficient to enclose large particles (Banjo et al., 2(
Such full phagocytic-cup extension also depend
PI3K signaling (Cox et al., 1999).

To complete phagosome formation, some fo
would be required for sequential binding
extension of phagocytic cups along particle surfe
In neutrophils, regulation of phagocytosis by ML
indicates that myosin Il is involved in FcR-medic
phagocytosis of IgG-Es (Mansfield et al., 20!
Myosin Il and MLCK contribute to many ct
motilities such as lamellipodial movement
cytokinesis, and our quantitative measurem
indicated that myosin Il was required for F
mediated phagocytosis. Furthermore,
immunofluorescence localized P-MLC in phagoc
cups, and showed that phosphorylation of ML(
phagocytic cups was inhibited by ML-7. Th
immunolocalizations strongly supported the no
that myosin Il plays an important role in the forma
of phagosomes during FcR-mediated phagocytos
macrophages. On the other hand, de Lanerolle
(de Lanerolle et al., 1993) reported that my:
phosphorylation did not significantly increase in J
macrophages during phagocytosis of opsonized
and electroinjection of anti-MLCK did not inhibit
phagocytosis. However, they measured the
amount of phosphorylated myosin but not the
amount involved in FcR-mediated phagocytosis
Lanerolle et al.,, 1993). Moreover, unlike 1gG-
opsonized yeast would be phagocytosed b

Image 0" Image 20” Subtracted

A

Fig. 8.Digital image analysis of ruffling activities in control (A), wortmannin-
treated (B), ML-7-treated (C) and cytochalasin-D-treated cells (D). Subtracted
images (right) were obtained by subtracting the images (center) from the
frames taken 20 seconds earlier (left), then adding 120 to the gray value of
each pixel. In subtracted images, the standard deviations (SD) of gray values
of the cell area are shown. Bar, 1.
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morphological data now suggest a role for myosin llobserved in control cells, and circular ruffles did not form.
in phagocytic-cup squeezing during FcR-mediatedThese findings suggest that myosin Il is required for circular
phagocytosis. ruffle formation, which can be regarded as the initial process
Our SEM of control cells revealed that the side wall ofof macropinocytosis. However, myosin-based motility in
phagocytic cups appeared tightly apposed to the IgG-Es amdacropinocytosis is likely to be highly complex, involving
deformed IgG-Es in the phagocytic cups. This deformation aoflifferent isoforms and classes of myosins that perform distinct
erythrocytes might be explained by a myosin-based contractifeinctions. Other classes of myosins appear to participate in
activity that squeezes particles during phagocytic cupater stages of macropinocytosis than circular ruffle formation.
formation. In ML-7-treated cells fed with IgG-Es, phagocyticFor instanceDictyosteliummyosin-I-knockout strains show
cups were formed but remained unclosed, as in the PI3Kcreased circular ruffles, probably because of defects in later
inhibitor-treated cells. It was notable that, unlike PI3K-stages of macropinocytosis (Novak et al., 1995; Jung et al.,
inhibited or normal phagocytic cups, their side walls were no1996). Perhaps myosin | contributes to macropinosome closure
closely apposed to the surface of particles. This unique macropinocytosis, similar to the phagocytic-cup closure in
configuration of bloomed flower-like phagocytic cups inphagocytosis.
MLCK-inhibited cells indicated, first, that phagocytic cup Because PI3K inhibitors attenuated both phagocytosis and
formation occurred without myosin activated by MLCK, and,macropinocytosis at later stages than the MLCK inhibitor did,
second, that the sequential binding of FcR to IgG Fc was nete infer that the relevant myosin-Il activity is independent of
required for phagocytic-cup extension. This free side walPI3K. Other signaling pathways than the PI3K cascade might
extension of phagocytic cups might occur by directional actimodulate myosin-II function. Racl and Cdc42 are implicated
polymerization pushing against plasma membrane (Therioin the actin cytoskeleton remodeling during phagocytosis and
2000). Video microscopy of living cells transfected with macropinocytosis (Ridley et al., 1992; Cox et al., 1997; Massol
pEGFP-actin indicated that an actin ring squeezed thet al., 1998; Dumontier et al., 2000; Nobes and Marsh, 2000),
phagocytic cup, resulting in deformation of the IgG-Es. ML-7and p21-activated kinase 1 (PAK1), which is a direct target for
perturbed such squeezing activity without affecting actirRacl and Cdc42, is located in phagocytic cups and circular
polymerization at the site of IgG-E binding. This suggests thauffles (Dharmawardhane et al.,, 1999). Moreover, a
myosin Il contributes to the squeezing, although other classesnstitutively active PAK1 mutant induced the formation of
of myosins might also participate. In addition, upon myosirctircular ruffles (Dharmawardhane et al., 1997). Interestingly,
inhibition, phagocytic-cup extension was slowed andPAK1 affects the phosphorylation state of MLC and eventually
shortened, resulting in failure of phagocytic-cup closure. Thesegulates cell movements by myosin 1l (Sells et al., 1999).
findings indicate that myosin-Il activity and sequential ligand-These observations, together with the fact that actin-myosin-
FcR binding co-operate to facilitate maximal phagocytic-cugl interactions are regulated by the phosphorylation of MLC
extension for the engulfment of large particles. Suci{Somlyo and Somlyo, 1994), indicate that myosin |
cooperative contractile activity might reinforce binding participates in Racl and Cdc42-induced cellular movements
between the particle surface and the plasma membranfer FcR-mediated phagocytosis and macropinocytosis. It is
particularly when the opsonization is weak. Moreover, becaudikely that C&* is also required for FcR-mediated
such squeezing would push extra-particle fluid out ophagocytosis, because MLCK activity depends on
phagosomes, this mechanism might decrease phagoson@#*/calmodulin (Saitoh et al., 1987). Although it is known
volume and consequently increase lumenal concentrations tifat FCR ligation is accompanied by rises in cytosolic free¢ Ca
superoxide and protons needed for bacterial killing. concentration, the requirement for Zain FcR-mediated
The phagocytic cups formed in myosin-inhibited cellsphagocytosis is still controversial (Edberg et al., 1995; Hackam
resemble spacious phagosomes induced by bacteria sucheasal., 1997; Greenberg, 2001). Further studies will be
Salmonella typhimuriun{Alpuche-Aranda et al., 1994). In needed to clarify the role of €ain phagocytosis and
contrast to opsonized pathogens, which enter macrophagesnracropinocytosis.
tightly fitted phagosomes and are killed rapidly, these The PI3K-independent activity described here is distinct
pathogens enter and survive inside phagosomes containifigm the PI3K-dependent contractile activities described
extracellular fluid. S. typhimuriummight create spacious previously (Araki et al., 1996; Swanson et al., 1999). Myosins
phagosomes by inhibiting the myosin-driven squeezing of theor X might close circular ruffles and phagocytic cups in a
phagocytic cups. Alternativelys. typhimuriummight enter PI3K-dependent manner. It is conceivable that the binding
cells simply by inducing macropinocytosis locally. Other typeof myosin | to plasma membrane is regulated by
of phagocytosis, besides FcR-mediated phagocytosis, shq@hosphoinositides such as PI(34dhd PI(3,4,5)P (Adams
distinct characteristics in morphology, machineries anénd Pollard, 1989; Zhou et al., 1998). Moreover, myosin X
signaling (Rittig et al., 1999; Greenberg, 2001), and it woulctontains a pleckstrin-homology domain that recognizes
be of interest to elucidate the contributions of myosins to thedel(3,4,5)R (Berg et al., 2000). Cox et al. (Cox et al., 2002)
processes. have shown that myosin X localizes phagosomes in a
In contrast to FcR-mediated phagocytosis, macropinocytosisortmannin-sensitive manner. These results are consistent with
efficiently engulfs extracellular fluid. Myosin Il localized in myosins IC or X serving as the PI3K-dependent contractile
active ruffles might be required to coordinate ruffling to formproteins that close phagosomes. In conclusion, we now
macropinosomes. Our video microscopic analysis indicatedistinguish three component activities of the actin cytoskeleton
that M-CSF-stimulated ruffling was much reduced by ML-7,during phagocytosis and macropinocytosis. (1) Stimulated
but was not much affected by PI3K inhibitors. Upon inhibitionactin polymerization for phagocytic cup extension. (2) PI3K-
of MLCK, ruffle movements became much slower than thoséndependent, myosin-ll-dependent contractile activities that
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squeeze phagocytic cups and curve ruffles. (3) PI3K-dependeti Lanerolle, P, Gorgas, G., Li, X. and Schluns, K1993). Myosin light
contractile activities that constrict the distal margins of cup- chain phosphorylation does not increase during yeast phagocytosis by

; ; acrophagesl. Biol. Chem268 16883-16886.
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