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Phagocytosis is the process of engulfment and internalization of comparatively large particles by
the cell, that plays a central role in the functioning of our i mmune system. We study the process of
phagocytosis by considering a simpli ed coarse grained model of a three-dimensional vesicle, having
uniform adhesion interaction with a rigid particle, in the p resence of curved membrane proteins
and active cytoskeletal forces. Complete engulfment is acheved when the bending energy cost
of the vesicle is balanced by the gain in the adhesion energy. The presence of curved (convex)
proteins reduces the bending energy cost by self-organizirg with higher density at the highly curved
leading edge of the engul ng membrane, which forms the circular rim of the phagocytic cup that
wraps around the particle. This allows the engulfment to occ ur at much smaller adhesion strength.
When the curved proteins exert outwards protrusive forces, representing actin polymerization, at
the leading edge, we nd that engulfment is achieved more quickly and at lower protein density. We
consider spherical as well as non-spherical particles, and nd that non-spherical particles are more
di cult to engulf in comparison to the spherical particles o f the same surface area. For non-spherical
particles, the engulfment time crucially depends upon the i nitial orientation of the particles with
respect to the vesicle. Our model o ers a mechanism for the spontaneous self-organization of the
actin cytoskeleton at the phagocytic cup, in good agreement with recent high-resolution experimental
observations.

INTRODUCTION

Phagocytosis, also termed “cell eating‘[[ﬂ]S], is a cellular process byhich cells internalize extracellular particles
that are relatively large (0:5 20 m). Phagocytosis plays an important role for the immune system, eabling im-
mune cells to destroy foreign elements and clear dead cells and othdebris B]. This process is also important for
diagnostic and therapeutic approaches to cancer, for example,sing specialized engulfed particles[[?]. Despite its
biological importance, it is still not understood how the actin cytoskeleton is coordinated spatio-temporally during
the phagocytosis process.

Phagocytosis (and endocytosis) in general requires receptorsidhe cell membrane that bind to the surface of the
target particles E]. Binding-driven engulfment, which does not involve the forces of the cytoskeleton, was modelled
in ?E{ﬁh with purely di usive dynamics of the receptors [, ] as wél as with active drift [Sﬂ . Engulfment
of charged particles was previously modelled, and shown to dependnathe lateral segregation of mobile charged
membrane components (lipids and proteins), leading to a discontinuos wrapping transition [IE]. The e ect of
signalling molecules was also considered inl [9], where using drift and di usn the model successfully recovered the
two stages of the process: an initial slow engulfment followed by fasengulfment of the second half of the spherical
object, comparing to experiments of neutrophil phagocytosis opolystyrene beads |Ib]. Phagocytosis is, however, an
active process which is known to involve the forces of actin polymergtion that push the engul ng membrane forward
[@]. In subsequent models, detailed description of active forc @] and also the bending and elastic energies of the
membrane and cortex are consideretﬂi 2]. The cytoskeletal ogonents of phagocytosis were investigated during
engulfment of arti cially produced particles [E], E{@], or during bacterial engulfment by the immune cell E&S{Zﬁ]
In [12], it was found that the engulfment process either stalls befog half engulfment of a spherical object, or leads to
complete engulfment. In ,], the experiment was performed usg micro-pipettes to hold both the immune cell
and the target particle, allowing the measurement of the cortical nsion. Recent experiments provide high-resolution
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details of the organization of the actin cytoskeleton at the rim of the phagocytic cup Eb@] challenging the theoretical
modelling of this process.

In reality, however, the shape of the engulfed particles, such asdwteria or viruses, may be highly non-spherical,
which motivated several experiments with arti cial particles of various geometries|E4B$E5]. In[24] it was found
that the engulfment time for a non-spherical shapes can be ve tines larger than for a spherical particle |f3[3]. In
[@] it was observed that an oblate spheroid was engulfed more easitpmpared to spheres, while spheres were easier
to engulf compared to prolate spheroid, rod-shaped particles, oneedles |E|6]. Note that the surface area was not
kept constant for the particles with the di erent geometries. In t heoretical studies, several non-spherical shapes were
modelled, such as ellipsoids, rod-like particles, and capped cyIindeﬂ@], however, in these studies the e ect of
active forces have not been considered.

From these studies we know that the phagocytosis process involgehighly complex dynamics of cytoskeleton re-
arrangement, membrane shape deformations and proteins aggyations B]. There is at present no theoretical model
that explains the dynamics of the self-organization of the membrae and actin cytoskeleton, including the active
forces it exerts, during the engulfment process. Here, we addss this problem, using a coarse-grained model of a
three-dimensional vesicle, having attractive interaction with the target particle. Our model vesicle contains curvature-
sensitive proteins, that di use on its membrane, and which also recuit actin polymerization, thereby inducing active
protrusive forces |[_7Lb]Z|1]. This modelling approach can be further wtivated by the observations of curved membrane
proteins that are also related to actin recruitment at the leading edge of the cell membranel_[_éllﬂ4]. Using this model
we are able to expose the role of curved membrane proteins, couglevith adhesion and active cytoskeletal forces,
during the phagocytosis process.

RESULTS

We simulate the dynamics of a three-dimensional vesicle, which is desbed by a closed surface having\ vertices,
each of them connected to its neighbours with bonds, forming a dyamically triangulated, self-avoiding network, with
the topology of a spherelEOljl]. The details of the model are givan the Materials and Methods section (also see Sl
sec. S1). We rst study the case where the phagocytic particle isgherical, and then generalize it for non-spherical
particles as well.

Spherical particles - Passive curved proteins

As a rst validation of our model, we simulated the engulfment proces of a spherical particle by a protein-free
vesicle (see Sl secs. S2-S3, Figs.S2-S5; Supplementary Moviess31L In agreement with previous studies|[45] we nd
an optimal size for full engulfment of the particle in this system; vely small particles can not be engulfed due to the
high bending energy, while very large particles require larger vesicleis order to be fully engulfed. An optimal radius
of the spherical particle was found to beR 10 I, (where Iin is the minimal allowed length of an edge on the
triangulated surface). The protein-free case can be compareddta simpli ed analytical model (see Sl sec. S3), and
used to calibrate the relevant parameter regime.

Next, we consider vesicles with passiveH = 0, where F is the active protrusive force exerted by the proteins),
curved proteins. In Fig. [Ma, we show the phase diagram in the E,q plane (whereE,q is the adhesion energy per
adhered node, and the areal density of the proteins on the vesicle membrane). For sall Eoq, below 0:60kg T,
we only obtain partial engulfment, with the engulfment area increasng with  but not reaching full engulfment. For
intermediate E,4(0:80 1.0 kg T), there is an incomplete engulfment for small (Movie-S3), but the engulfment is
complete for larger (Movie-S4). This is the interesting regime, where engulfment is faciliated by the presence of
the curved proteins.

Note that we calculate the adhered fraction of the spherical paricle (Aag=Amax ), using for Apax the maximum
adhered area. This may be larger than the true surface area of tnparticle, since we have a nite width of the adhesive
interactions, and within this width the vesicle may uctuate (for mor e details see Sl, sec. S2).

Increasing reduces the bending energy cost of the engulfment by the spont&ous aggregation of the curved
proteins at the sharp leading edge of the engul ng membrane, and llows the vesicle to adhere more and engulf the
particle. This is the same mechanism that allows passive curved protes to drive vesicle spreading on at adhesive
substrates [41].

The engulfment process can be understood by considering the cquatition between adhesion and bending energy
cost of the vesicle as the engulfment proceeds. In Fid.] 1b we commathe adhesion energy gain E,4) and bending
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FIG. 1. Sphere engulfment by a vesicle with passive proteins. (a) Phase diagram in the Eqaq plane. The red dashed
line is separating the fully engulfed state (above the line) and the partially engulfed state. The snapshots are shown for
Eas = 0:60;0:80; 1:0; 1:20 (in units of kg T) and = 1:6 %;4:8 %;9:6 %;12:8 %; 16%; 19:2 %. (b) Comparison of adhesion
energy gain (dashed horizontal line) and bending energy cos (@W=@ Aq , points) per adhered node (both having units of kg T)
as function of the engulfment fraction, for a xed adhesion s trength E.q = 1:0 kg T and various values of . Blue symbols
denote =0:8 %, green circles for =2:4 % and red triangles for =4:0 %. (c) Mean cluster size (mean number of proteins
in a cluster) as function of the engulfed area fraction, for b oth partial and complete engulfment cases. The colors codesare
same as g. [b.

energy cost @W=@Aq), per additional adhered membrane node, as function of the adtred fraction of the spherical
particle. The bending energy cost increases with adhered fractigrand for small the engulfment process stops where
the bending energy cost becomes higher than the adhesion energgin, per node. In Fig. [db we show two cases of
partial engulfment, for =0:8 %; 2:4 % (blue and green points), where the bending energy cost becoméarger than
the adhesion energy gain, and the system reaches steady-sta#® Aad=Amax 0:2;0:35 respectively. At these low
densities the curved proteins fail to form large aggregates at théeading-edge of the engul ng membrane, as shown
by the mean cluster size (Fig.[1c), and therefore do not lower the énding energy cost su ciently (see insets of Fig.
[c for the adhered fractions that are smaller than 0.5).

Complete engulfment is achieved for higher densities, where the adision energy gain is larger than the bending
energy cost. For =4:0 % the bending energy cost is always smaller than the adhesion engrgain, and the system
proceeds to complete engulfment (red points in Fig.[1lb). This is driva by the formation of a large protein cluster
along the leading-edge of the engul ng membrane (Fig[dlc and insetfor adhered fractions that are larger than 0.5).

Note that in addition to the adhesion energy gain, there is also the gan in protein-protein binding energy, which
further helps drive the membrane over the bending energy barrierbut this is a small contribution due to the small
size of the ring-like clusters of proteins (Fig.[1c). Following the comfetion of the engulfment, this ring-like cluster of
curved proteins disperses spontaneously. Since the topology dfi¢ membrane is xed, we do not allow for membrane
fusion, and there remains a tiny open membrane neck that connestthe engulfed sphere with the space outside the
vesicle.

For very large (Fig. [[h), however, the wrapping is again incomplete. The large numbr of curved proteins stabilize
the cluster at the membrane rim and prevent the hole from closing up(Movie-S5). For large Eoq( 1:2 kg T), the
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adhesion interaction between vesicle and particle is strong enougtotdrive complete engulfment even in the absence
of curved proteins. The red dotted line in Fig. da encloses the regiowithin which we nd complete engulfment. The
shape of this complete-engulfment transition line can be qualitativelyreproduced by a simpli ed analytical model (Sl
sec. S4; Figs. S7, S8).

Finally, we also calculated the engulfment time as function of (see Sl sec. S5, Fig. S9), where we nd that it is
decreasing with increasing . The engulfment time diverges for 2:25 %, below which there is no engulfment (for
Eag =1:0kg T).

Spherical particles - Active curved proteins

Next, we study the engulfment by a vesicle containing active curvedroteins (Fig. ). In order to expose most clearly
the role of activity during the engulfment process, we start with a low concentration of curved proteins ( = 1:6 %),
such that their passive e ect is weak (Fig. [da). In Fig. [2a, we show he engulfment phase diagram in theF Egq
plane. We nd that the active forces enable full engulfment even atlow adhesion strengths, where the passive curved
proteins (F = 0) are not su cient to drive full engulfment. For small Eg,q, the engulfment is incomplete even for large
F, while for intermediate E,q the engulfment becomes complete aB increases (Movie-S6,57,S8). For large values of
Eaq, the engulfment is achieved even for the passive system.

As for the passive case, we analyze the engulfment process by gdiog the adhesion energy gain and the bending
energy cost per adhered node, as function of,g=Amax - In Fig. Bb we compare both the case of complete and
incomplete engulfment, as the force is increased. As in the passivease, incomplete engulfment occurs when the
bending energy cost per node becomes larger thdfyg (blue boxes in Fig.[2b). For a higher force £ = 0:40kg T =lyjn ),
the active force enhances the aggregation of the proteins arodnthe rim and thereby lowers the bending energy cost,
resulting in complete engulfment (green circles in Fig[Rb).

Even higher forces £ =2 kg T=lyin ), produce large shape uctuations of the vesicle, and the bendingnergy cost
increases. However, a complete engulfment is achieved neverthste(red triangles in Fig. [2b, and top insets in Fig.
[Zc). In this case, the engulfment is enabled by the active forces #it directly push the membrane over the spherical
surface, and complete engulfment is achieved even when the bendienergy cost per node goes aboue,q. In order
to extract the contribution due to active forces in this case, we dene a region close to the particle (phagocytic cup
or rim) and assume that only the forces from these proteins are Hping the vesicle to engulf the particle. We then
calculate the magnitude of active forces in the tangential directionto the surface of the particle (Fig. [2d). We then
divide this total force Fia by the length of the leading rim of the membrane, to extract the e ective active work
done per adhered node (see Sl sec. S6, Fig. S10 for details). Wedatis active work to the adhesion energy gain per
adhered node (red dashed line in Fig[d2b), which is shown to be su ciehto o set the bending energy cost per node.

Note that in the active case the complete engulfment can proceedtanuch lower densities of proteins, compared to
the passive case, such that there are not necessarily enough dietm to complete a ring-like cluster at the leading edge.
An arc-like cluster of active proteins, that forms at an earlier stage of the engulfment process (red triangles in Fig.
[Pc), can be sucient to drive a lamellipodia-like protrusion that sprea ds over the spherical particle to complete the
engulfment (Fig. [Z(c,d)). This is further shown in Fig. BE, for larger protein densities (Movie-S9,510). The spherical
particle is transparent to ensure the visibility of the protein clusters along the rim of the phagocytic cup. Due to
the higher density the rim clusters form at lower adhered fraction compared to Fig. [2c), but they are still highly
fragmented and do not merge to form a complete circular ring until \ery late stages of the engulfment (Fig.[Re).

Many of the spatio-temporal features that we found for the cuwed active proteins in our simulations match very
well the recent high-resolution experimental images of the actin aganization along the leading edge of the engul ng
membrane protrusion during phagocytosis (Fig.[B, Movie-S11,S1281]. In both the experiments and the simulations
we nd that the actin ring is highly fragmented, in the form of dispersed "teeth" and "arcs" along the leading
edge. The actin aggregate becomes more cohesive in the nal stag of the engulfment, before it disperses after the
engulfment is complete (Also see Sl sec. S7, Movie-S13).

Spherical particles - Engulfment dynamics

The engulfment dynamics for the di erent systems are shown in Fig.[da. For the protein-free and passive proteins
systems, driven by adhesion alone, we nd in our simulations the typial "two-stage" behavior: an initial slow growth
up to adhered area fraction of 0:5, and then a very fast stage to complete engulfment. A similar behaor is also
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FIG. 2: Sphere engulfment by a vesicle with active proteins. (a) Phase diagram in the E,q¢ F plane for a low concentration of
curved proteins = 1:6 %. The dashed yellow line is the transition from the fully en gulfed (above the line) to partially-engulfed

states. The snapshots are shown forEaq = 0:60; 0:80; 1:0; 1:20 (in units of kg T) and F = 0:20; 0:40; 0:60; 0:80; 1:0 (in units of
ks T=Imin ). (b) Comparison of bending energy cost with the adhesion energy gain (both having units of kg T per adhered node)
for di erent values of F. The blue boxes, green circles and the red triangles are forF = 0:1, 0:4 and 2 (in units of kg T =lnin )
respectively. The red dashed line is showing the combined e ective energy gain per adhered node, including the adhesionand
the work done by the active forces (for F =2 kg T=Imin ). (¢) The mean cluster size as function of engulfed area fradion, for
the same cases shown in (b) (same color code). Lower snap-she correspond to F = 0:1;0:4, and top snap-shots to F = 2.

(d) Snap-shots of the vesicle F =2 kg T=lnin ) indicating the contribution of the active forces to the the engulfment. Arrows
show the tangential component of the individual forces (small arrows), and the direction of the total force (large arrow ), for
proteins that are close to the spherical surface. For (b-d), we useEas =1 ks T and =1:6 %. (e) Mean cluster size for large
E.s and . Green circles are for =6:4%, F = 1:0 kg T=lnn , and blue boxes are for =4:8 %, F = 2:0 kg T=lmin . We use
E.s =1:5kg T for both the cases.



observed for the active system in the regime of low protein densities This dynamics was observed experimentally,
and for the passive engulfment system was also motivated by theetical modelling [9,!14].

However, for the active system at high protein density, where therim clusters form at an early stage of the
engulfment process (Fig.[2e), we nd a much more uniform dynamicswith steady growth of the adhered fraction
(Fig. BR). This agrees qualitatively with the observations in [30,131], vhich indeed correspond to this regime (Figs.

2el3).

FIG. 3: Comparison of the actin organization at the rim of the phagocytic cup, observed in simulations (a) and experiments
(b,c). In both the experiments and the simulations we nd tha t the actin ring is highly fragmented, in the form of disperse d
"teeth" and "arcs" along the leading edge (yellow arrows in ( b,c)). The actin aggregate becomes more cohesive in the nalstages
of the engulfment, before it disperses after the engulfment is complete. (a) Snapshots from a simulation, using Eaq = 1:50kg T,

=6:4 % andF =1:0 kg T=lmin . (b,c) Time-lapse sequences of maximum intensity projection images illustrating engulfment
of Immunoglobulin-G-coated polystyrene beads (7 m diameter) by RAW264.7 macrophage-like cell line (b) and by m urine
bone-marrow derived macrophages (c), imaged by lattice-light sheet microscopy. In b and c, cells were transfected with
mEmerald-Lifeact to label F-actin. Scale bar 5 m , time is indicated in min:sec.

In Fig. Bk the engulfment dynamics are shown as function of normalied time, so the actual engulfment duration
is not presented. The dependence of the mean engulfment time orhé active force is found to be non-monotonic
(Fig. Bb). Below a critical force, in the regime of lowE,q and low , where the passive system does not fully engulf
(Fig. Bh), there is no complete engulfment (green shaded area). fove this regime, increasing force induces complete
engulfment with faster and more robust engulfment asF increases. The engulfment time distribution in this regime
is relatively narrow (Fig. Bt).

However, increasingF beyond some value, which is set by the relation of the adhesion eneygnd the active work,
leads to increasing both the mean value and the variability of the engliment time. This occurs due to active forces
stretching the membrane away from the adhered particle (top insés in Fig. Bk), which gives rise to long "waiting
times" during which the engulfment does not progress. Following this"waiting time", once the protein aggregate
forms at the membrane rim (Fig. 2c), the engulfment proceeds rajglly as seen in Fig. [4a (magenta circles). This
variability is manifested in the very broad distribution of engulfment t imes (Fig. [4d).

At even larger forces, the stretching of the membrane sidewaysybthe active forces prevents engulfment (blue
shaded area in Fig.[%b, and Sl sec S8, Fig. S12(a), Movie-S14). lgg membrane tension is indeed known to hinder
and prevent engulfment in cells [45]. In this regime of large-, if we further increase , we reach the regime where a
free vesicle will form a at pancake-like shape, where all the proteis are aggregated at the rim|[40]. In this regime
the vesicle can engulf the particle if this process is faster than theiinescale of the formation of the pancake-like shape
(Sl sec. S8, Fig. S12(b); Movie-S15). For very large forces, wend again a non-engulfed regime (similar to the blue
shaded area in Fig.[%b, Sl Fig. S12(c), Movie-S16).

Engulfment of non-spherical particles

Immune cells often engulf highly non-spherical objects, such as loteria . Furthermore, studies with di erent particle
shapes indicated a strong shape-dependence of the engulfmeine and success rate [10, 12, 24]. We therefore study
the engulfment of non-spherical particles by our vesicles that caiain passive or active curved proteins.

We rst consider spheroids. We keep the surface area constant,e. same as for the sphere of radius 10,y . We
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FIG. 4: Engulfment dynamics for spherical particles. (a) Di erent growth behaviour of adhered fraction with time for pr otein-
free, passive and active cases. We scale the area axis by mawium adhered area (Amax ) and time axis by the engulfment
time (teng ). Blue cross symbols are for protein free case withEaq = 1:30 kg T; green star symbols for passive proteins with
Eas = 1:0ksT and = 4:0 %; red boxes forEag = 1:0 kg T, =1:6 % and F = 0:40 kg T=lmin ; magenta circles for
Eas =10ksgT, =1:6% and F = 2:0 kg T=lmin ; black triangles for Eag = 1:50 ks T, =6:4 % and F = 1:0 kg T=lmin .
(b) Engulfment time as function of F, showing the non-monotonic behavior: below and above a critical force (green and blue
shaded areas respectively) there is partial engulfment. (c-d) Distributions of the engulfment time for F = 1;2 kg T=lnin ,
respectively.

use prolate shapesRyx = Ry < R;) and oblate shapes Ry = Ry > R ), such that the aspect ratio Ry=R, < 1 for
prolate, and Ry=R; > 1 for oblate.

In Fig. Bl we show the mean engulfment time for oblate and prolate speroids, for both the cases when the vesicle is
initially in contact from the top (the poles of the shape) or from the side (along the equator), as shown in the insets.
For both passive and active curved proteins, we nd that the engufment times increase as the shape deviates from a
sphere. This is in general agreement with previous experimental atervations ], and can be intuitively attributed
to the higher curvature of the non-spherical shapes, which incrase the bending energy cost of their engulfment.

For the particles with small aspect ratio (Rx =R; close to unity), the engulfment time for all the cases are comparale.
However, for the particles with large aspect ratios, there are sigincant di erences in the engulfment times, between
the passive and active systems. For passive curved proteins (blugrcles and red boxes), we nd that the engulfment
times increase sharply with the deviation from spherical shape. Fuhermore, we nd that initialising from the side
(red boxes) results in relatively shorter engulfment times, especity for the oblate shapes. For an oblate particle with
large aspect ratio (for Ry = Ry > 11 Iy ), the particle is engulfed from side, while it is not engulfed from the tq
(Fig. B). For prolate shapes with large aspect ratios, however, te engulfment times seem comparable for both initial
conditions.

By comparison, for active curved proteins the engulfment time is lover than for the passive case, even with a lower
protein density, and the active curved proteins enable complete egulfment over a larger range of aspect ratios. We
also note that for the active curved proteins it is the prolate shapethat exhibits a dependence of the engulfment time
on the initial conditions, where starting from the side (magenta boxes) leads to faster engulfment. For the oblate
shapes, however, the engulfment time is largely independent of thanitial conditions, opposite to the behavior of the
passive curved proteins.

For a non-spherical particle with high aspect ratio, due to the highly curved poles (in the prolate) or equator (oblate)
regions, the engulfment process is slower and the variability in engutfient times increases. The slower engulfment
allows the vesicle to reorient on the surface of the particle, driven ¥ both passive energy minimization and active
work. We show the details of this reorientation process in the S| secS9 (Movie-S17-S22).

When the vesicle is initially at the top of a prolate shape with high aspectratio, the vesicle reorients itself always
to the side and engulfs the particle. For passive curved proteins, His reorientation process is faster and thereby
the engulfment time when started from top or from side are compaable (blue circles and red boxes in Fig.[15 for
Rx=R; < 1). For active curved proteins, this reorientation process is slowmebecause of large shape uctuations of the
vesicle, and thus the engulfment time when started from the side ismaller than from the top (magenta boxes in Fig.
B for Ry=R; < 1).
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For the oblate shapes we nd a similar reorientation process when th vesicle starts the adhesion from the highly
curved sides. In this geometry, the passive vesicle can engulf froside without any reorientation, which is very fast,
or it reorients to the top of the oblate shape and ends up with no englfment. Therefore, when we calculate the
engulfment time we only average over those realizations where theapticle was engulfed without any reorientation
(red boxes forRy > 11). For the active case, the vesicle reorients in every realizationral engulfs from the top. This
reorientation process is very fast and the engulfment time is similar dr starting either from the side or from the top
(green circles and magenta boxes in Figi15 foRy =R, > 1).
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FIG. 5: Mean engulfment time for non-spherical particles. T he vertical dashed line is separating oblate (right) and pro late
(left) shapes. Here, for the passive case, we useE,qg =1:0ksg T, =4:8 %, and for the active case: Eag =1:0kg T, =1:6 %,
and F = 1:0 kg T=lmin . The surface area of all the shapes is constant, and equal to hat of a sphere of radius 10Imn . The
insets demonstrate the initial conditions of either starti ng from the top (poles) of the shapes (along their axis of rotational
symmetry), or from the side (equator).

We further explore more extreme non-spherical shapes, such adongated sphero-cylinders and dumb-bell shapes
in the SI (Sec. S10, Movie-S23-S26). The elongated particles resble the shapes of di erent bacteria or fungi such
asE. coli, Bacillus subtilis or budding yeast [10, 47| 48].

DISCUSSION

In this study we demonstrated that curved (convex) membrane poteins, both passive and active, can strongly
a ect the engulfment process of rigid particles by an adhesive vesle. The engulfment process that we calculate,
especially using active curved proteins, exhibits many features thiaare observed during phagocytosis of rigid particles
and pathogens by living cells. We therefore propose that our modgbrovides a mechanism for the self-organization of
the membrane and the actin cytoskeleton in the phagocytic cup.

We nd that the curved proteins spontaneously aggregate arounl the highly curved rim of the phagocytic cup, and
enable the engulfment to proceed e ciently by reducing the bending energy costs. The active forces in our model,
which represent the protrusive forces due to the recruited actinpolymerization, further facilitate the engulfment, due
to several e ects that we have identi ed: the protrusive force at the membrane leading edge promotes the aggregation
of the curved proteins (reducing the bending energy cost), as vieas directly pushing the membrane over the engulfed
particle. In addition, large forces can stretch the membrane to wap around sharp corners, which enables engulfment
of non-spherical particles. Compared to the passive curved preins, the curved active proteins drive more e cient
engulfment at lower adhesion energy, lower curved protein densityand of highly non-spherical particles. These
results of our model highlight the central role that the recruitment of actin plays during phagocytosis, which is
usually abolished by inhibition of actin polymerization (see for example]).

Our model predicts that the actin aggregation at the rim of the phagocytic cup is typically fragmented and does
not form a complete circular ring. Nevertheless, it is still highly e ective in driving the engulfment. Furthermore, the
actin aggregate forms a more cohesive ring in the nal stages of # engulfment, before it spontaneously disperses as
the engulfment is complete. These features of our model are vered and observed in recent high-resolution imaging
of the actin during phagocytosis [31] (Fig.[3).
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The model we presented currently lacks the contractile forces tht arise at the phagocytic cup due to myosin-
Il activity [ﬂ. The contractile forces play an important role during t he engulfment of soft objects, such as cells

{@], but they are dispensable for the phagocytosis of more rigigarticles ,]. Contribution of myosin-II-
mediated contractility may be more or less pronounced depending othe particle size and sti ness and, in addition,
could in uence mechanosensitive signaling within phagocytes rathethan directly drive phagocytic cup extension and
closure. Our results should therefore be important even without his feature, which we plan to add to our model in
the future, especially when modelling the engulfment of exible partides.

To conclude, we demonstrate that curved membrane proteins camlay a key role during phagocytosis. Convex-
shaped proteins or a curved complex of proteins, that furthermeoe recruit actin polymerization, spontaneously aggre-
gate at the leading edge of the membrane, and drive robust engulfent. This is similar to the role of these proteins
that was recently found at the leading edge of the lamellipodia, in expdments@,@l] and theory l@l]. We also show
that concave-shaped proteins can further enhance the engulfemt process by reducing the bending energy cost of the
membrane that adheres to the particle's surface (Sl sec. S11, Fig518, Movie-S27). Our results should motivate future
experimental studies aimed at the identi cation and characterization of the di erent curved membrane components
that participate in phagocytosis E ,].

MATERIALS AND METHODS
Theoretical modelling

The membrane shape and protein positions are simulated using a MoatCarlo (MC) procedure @,@1]. The
vesicle energy, which is calculated per each MC move, has the followirgpntributions: (1) The bending energy, which
depends on the bending rigidity , local mean curvature H and the spontaneous curvatureCy (which we take to
be nonzero for the nodes occupied by the membrane proteins), YZ he attractive protein-protein interaction energy
between nearest-neighbors, of strengthv, (3) The magnitude of the force of the active forceF, pushing towards the
outward normal vector of the vertex that contains a protein, and nally, (4) The adhesion energy of magnitude E 4g
per node that is within close proximity to the external substrate @m@] For more details, please see Sl sec. S1.

Unless speci ed, we use a vesicle of total number of verticedy = 3127 (radius 20 I, ), where I, is the unit
of length in our model, and de nes the minimum bond length. The bendirg rigidity =20 kg T, the protein-protein
attraction strength w =1 kg T, and = N¢=N is the protein density, with N vertices occupied by curved (convex)
membrane proteins having spontaneous curvatureCo = 1:0 1.1 . Note that we do not conserve the vesicle volume,
although this could be maintained using an osmotic pressure temm!lo The membrane area is very well conserved.

Imaging of Macrophage Phagocytosis

Culturing of RAW264.7 macrophages (ATCC) and generation of murine bone-marrow derived macrophages is
described in Eb]. Macrophages were transfected with mEmerald-leéfact (Addgene, #54148) to label F-actin using
the Neon electroporation system, according to manufacturer's istructions, and allowed to recover for 24hr. Flash
Red polystyrene beads (Bangs Laboratories Inc., im diameter) were washed three times in sterile PBS and opsonized
overnight at 4 C in 3 mg=mL mouse IgG (Invitrogen). To remove excess antibody, beads were@ashed three times
with PBS and resuspended in sterile PBS. Beads were applied to macpbages, plated on 5mm round coverslips, in a
37 C-heated, water-coupled bath in imaging medium (FluoroBrite (Thermo Scientic), 0 5 % FBS, Pen/Strep) prior
to imaging acquisition. Imaging was performed using a lattice light-shet microscope operated and maintained by the
Advanced Imaging Center at the Howard Hughes Medical Institute Janelia Research Campus (Ashburn, VA). 488 560,
or 642nm diode lasers (MPB Communications) were operated between 40 andd6nW initial power, with 20 50 %
acousto-optic tunable Iter transmittance. The microscope was uipped with a Special Optics 065 NA=3:75 mm
water dipping lens, excitation objective, and a Nikon CFI Apo LWD 25 1.1 NA water dipping collection objective,
which used a 500mm focal length tube lens. Images were acquired with a Hamamatsu OecFlash 40 V2 sCMOS
cameras in custom-written LabView Software. Post-image deskeing and deconvolution was performed using HHMI
Janelia custom software and 10 iterations of the Richardson-Lucyalgorithm.
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SUPPLEMENTARY INFORMATIONS

Model and simulation details

We consider a three-dimensional vesicle, which is described by a classurface havingN vertices, each of them
connected to its neighbours with bonds, to form a dynamically triangulated, self-avoiding network, with the topology
of a sphere@b@l}. The vesicle is kept in contact with a particle, with wich the vesicle has an attractive interaction,
as shown in Fig.[S=1. The vesicle energy has four following contributiws: The bending energy is given by,

Z
Wy = > (C1+ Co  Co)?dA; (S-0)
A

where is the bending rigidity, C1, C, are the principal curvatures and Cy is the spontaneous curvature. The
nearest neighbour protein-protein direct interaction energy is gien by,

X
Wg= w H(ro rj); (S-0)

i<j
where, H is the Heaviside step function,rj = !j rj Ly ij is the distance between proteiné,r .' r; are the position
vectors fori;j  th proteins, andrg is the range of attraction, w is the strength of attraction. The range of attraction

is such that only the proteins that are in the neighbouring vertices @n attract each other. The active energy is given
by,

X
We = F  irg; (S-0)
i
where, F is the magnitude of the force representing protrusive force dued actin polymerization, i is the outward
normal vector of the vertex that contains a protein and r ; is the position vector of the protein. Finally, the adhesion
energy is given by,

X
Wa = Ead; (S-0)

io

where Eoq is the adhesion strength, and the sum runs over all the vertices that are adhered to the phagocytic
particle [@] By “adhered vertices', we mean all such verticesthose perpendicular distance from the surface
of the particle are less thanly,, . Thus, the total energy of the vesicle-particle system is given by,

W = Wp+ Wg + W + W (S-0)

We update the vesicle with mainly two moves, (1) vertex movement and (2) Bond ip. In a vertex movement,
a vertex is randomly chosen and attempt to move by a random lengthand direction, with the maximum possible
distance restricted by 015 Imin . In a bond ip move, a single bond is chosen, which is a common side of v
neighbouring triangles, and this bond is cut and reestablished betwen the other two unconnected vertices@djﬂq.
The maximum bond length is restricted to Inax = 1:7 Inin . The particle is assumed to be static and does not have
any independent dynamics. We update the system using Metropolis lgorithm, where any movement that increases
the energy of the system by an amount W occurs with rate exp(  W=kg T), otherwise it occurs with rate unity.
Note that our model only captures the wrapping and engulfment eents, while the other upcoming processes, such
as the membrane ssion, and the movement of the engulfed particlénside the vesicle are not captured in the present
model.

Results for protein-free vesicle

Here, we discuss the engulfment of spherical particles by a proteifree vesicle. In Fig.[S-Pa, we show the phase
diagram in the R Eq plane. The background color is showing the adhered fractioA ;g=Amax , Where A4q is the
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FIG. S-1: Schematic representation of our model. The vesicle is kept in contact with a particle, having attractive inter action
between them. We consider spherical as well as non-spherichparticles, such as spheroid, spherocylinder, dumb-bell &c.

adhered area andAnax is the maximum adhered area. The value oA« is in general larger than the surface area of
the particle, since we have a nite width of adhesive interaction (min ), within which the vesicle can uctuate. This
value may also be di erent for di erent parameter regime, but the di erence is almost negligible. In the calculation of
adhered area fraction (background color of Fig['S¥a) we implemerthe following method: For a complete engulfment,
we assumeAnax to be the maximum adhered area for a givenE,y with dierent values of , and divide all the
adhered area by that value ofAnax to get the adhered area fraction. For a partial engulfment, we cloose theA max
corresponding to a higherE,q closest to the original value ofE,q, for which we have a complete engulfment. We use
similar methods for calculating the adhered area fraction for the pasive and active cases as well.

We note that smaller particles are di cult to engulf, as the bending energy cost becomes higher than the adhesion
energy gain (Movie-S2). So, in order to engulf a small particleE,q should be increased to large values. On the other
hand, larger particle is engulfed at smallerE g (Movie-S1). Since the size of the vesicle is nite, a much larger partile
will not be engulfed by the vesicle, rather the vesicle will spread oveit. So, there is an optimal size of the patrticle,
that requires the smaller E4q to engulf. We consider this optimal radius to be R = 10 |»n and use this value in the
main paper.

For a given values ofE,q we choose two particles with di erent sizesR, such that for one value, the engulfment is
partial, while for the other value, the engulfment is complete. We then compare the adhesion energy gain and bending
energy cost for both the cases in Figl_S12(b). Similar to the previos cases (passive and active vesicle), here also, we
can explain the engulfment process by the competition between adésion and bending energy costs.

We also measure the engulfment time for a giverR(= 10 |ni, ) and for various E;q. The engulfment time shows
a divergence as we reach the criticaE,q (below which engulfment is incomplete) (Fig. [S-2c). We also measurehe
curvature of the vesicle at the leading edge (rim) with the adhered faction A,g=Amax as the engulfment proceeds.
We note that the curvature at the leading edge increases linearly wit Ayg=Anax (Fig. B=2d). We use this linear
behaviour of rim curvature in our analytical calculations.

Analytical model for protein-free vesicle

Here, we present our simplied analytical (parametrical) model for protein free case. We consider a three-
dimensional vesicle formed by a closed two-dimensional membranedilering to a spherical particle. We assume
the system to be symmetric, such that we can only show a two-dimesional projection of the system on a plane (Fig.
[53). The vesicle area iA = 4 R 3, and the particle radius is R, such that R < R . As the vesicle engulfs the particle,
the adhered fraction increases. The adhered area can be writteas, Azg = 2 XR , where x is the thickness of the
spherical cap of the particle that is adhered, as shown in Fig[_S13. fie leading edge of the membrane (rim) is highly
curved, and the shape is assumed to be similar to a half-torus with om principal curvature 1=r and the other 1=h.
We assumer h and heﬁlce the other principal curvature is neglected. The area othis region can be written as
Arim =2 2%rh, whereh= 2Rx xZ.
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FIG. S-2: Engulfment of spherical particles by a protein-fr ee vesicle. (a) Phase-diagram in theR Eaq plane. The background
color is showing the adhered fraction. (b) Comparison of adhesion energy gain and bending energy cost (both in units of
kg T) for partial and complete engulfment. Blue boxes are for R = 8 Inn and green circles are forR = 10 Iynin . We use
Eas =1:30kg T here. (c) Engulfment time with E.q showing divergence near the critical Eag ( 1:20 kg T) below which there
is no engulfment. Here, we useR = 10 Imin . The unit of ime is 5 10° M C steps. (d) Mean curvature at the rim (the leading
edge of the vesicle) with adhered fraction A,s=Amax for a complete engulfment. The parameters are same as in Fig. [S-2b,
green circles.

Particle

FIG. S-3: Schematic diagram of our analytical model. A spherical particle with radius R is being engulfed by a cell membrane
of size Ro. We show the projection of the system on a plane.

The bending energy of the adhered section of the membrane is,

Wor = —Aag (2=R)? (S-3)

and, the bending energy of the rim section is,

Whpo = EArim (1=r)2 (S-3)

where, the mean curvature at the rim has the form, E2r = 1=Ry + x=R (from simulation data in Fig. 8-2H, where
is a tting parameter), where a constant andA,g=A x=2R, such that at x = 0, mean curvature becomes £Ry,
which is the mean curvature of the unadhered spherical vesicle.
We assume that the rest part of the unadhered vesicle have the s@ mean curvature as beforej:e:; 1=Ry, thus,
the bending energy of this section will be,

W3 = E(A Arim Aad)(2:R0)2 (S-3)
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The total bending is thus given as,

Wh = Wp1 + Wy + Wiz (S-3)

We can now compare the adhesion energy gain and bending energystoas the engulfment proceeds, and can
calculate the transition line.

Graphical solution for the transition line in the R Eaq plane

For a given value of E,q, we plot the adhesion energy gain E,q) and the bending energy cost@W=@Aq with
adhered area fraction, for few values oR (Fig. B-4). For very small R, the adhesion strength is not enough to
overcome the bending energy cost and the particle will not be engud (Fig. [S-4a). For a critical value of R, the
adhesion strength will just be su cient to overcome the bending enrergy cost, and the particle will be engulfed, as
shown in Fig. [S-4b. If we further increaseR, the adhesion energy gain will be always higher than the bending engy
cost, and the particle will easily be engulfed (Fig.[S}c).

FIG. S-4. Comparison of adhesion energy gain (red line) and bending energy cost (green line) for few values ofR (= 8 ; 10; 12 lmin )
and given E,q = 0:62 kg T=I3;, . Other parameters are, Ro =20 Imin , =0:065, =20 kg T.

We calculate the transition line by nding the line corresponding to E,q which is just touching the peak of bending
energy cost@W=@Aq4. We show this transition line in Fig. -5, and also compare with the simuldion line and the
classical result from Ref. ELE]. For the analytical model, we de neE,q as the adhesion energy per unit area, while in
our simulation, we de ne it as the adhesion energy per vertex. While omparing the simulation and analytical results,
we properly scaleE,q such that they become consistent with each other.

Extension of the analytical model for passive curved (conve X) proteins case

We here extend our analytical model for the passive curved proti@ case, with spontaneous curvaturecy = 1:0 Imi}] .

Let ¢ be the average protein density on the membrane, ; be the density at the rim and s be the density on the
rest of the unadhered part of the vesicle. We assume there are nmaroteins on the membrane that is adhered to the
spherical substrate. Thus,

Ao=Aim r+(A Aim Aad) s (S-5)

The bending energy of the adhered section is given by,

W1 = EAad (ZZR)2 (S-5)

The bending energy of the rim is,

W, = EArim (1=r o r)2 (S-5)
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FIG. S-5: Transition line for engulfment in the R E.q plane and comparison with simulations. In our analytical ca Iculations,
we de ne E,q as the adhesion energy per unit area, while in simulation, we de ne it as the adhesion energy per adhered node.
So, while comparing, we scaleE.q properly, so that the de nition remains consistent with eac h other. The green circles are
simulation result. The analytical prediction for the criti cal value of R with E,q (blue circles), which is close to the classical

prediction of Eog  1=R? [45], shown by black solid line. For simulation data, the par ameters are same as in Fig.[S=Pa, and
for analytical results, parameters are same as Fig.[S-3.

where, the mean curvature at the rim, 1=2r = 1=Ry+ x=R and = o+ x=R is the density at the rim (validated
from simulation, Fig. B-6), where =0:093 and = 0:085 (determined from Fig.[S-6). Assuming that the rest part
of the unadhered vesicle have the same curvature of=Ry, the bending energy of this part of the vesicle is given by,

W3 = E(A Aim  Aa)(2=Ro o s)? (S-5)

Thus, the total bending energy cost is given by,
Wp = Wi + Wz + Wig (S-5)

Mean curvature and protein density at the rim (from simulati on)

For the passive case with small protein density, we determine the nman curvature of the vesicle at the rim and plot
it with adhered fraction of the particle, Aag=Amax in Fig. B-8a. Similar to the protein-free case, here we note that the
rim curvature seems to increase linearly, with a little higher slop than the protein-free case. We also determine the

protein density at the rim, and plot it with adhered fraction of the pa rticle, Aag=Amax (Fig. B=6b). The rim density
also seems to vary linearly with the adhered fraction.

Graphical solution for the engulfment transition line in th e Ea.q plane

Similar to the protein-free case, here also, we calculate the trandiin line in the Eaq plane by using graphical
method. We compare the adhesion energy gain and bending energgpst with adhered area fraction, for few values of
protein density and a givenR =10 Inyj; and givenEaq = 0:39kg T=I§1in in Fig. B=7. For a small , the vesicle will
remain unadhered (Fig. [S-Ta). As we increase, the adhesion energy gain will just become su cient to overcome
the bending energy cost, which is the transition value (Fig.[S=IFb). f we further increase , the vesicle will be easily
engulfed (Fig. [S=Tc), but for very high the vesicle will not be fully engulfed rather will stop before full enguliment
(Fig. B=7d). The analytic phase transition line is shown in Fig. [S-8, corpared to the simulation results (Fig. 1(a),
main paper). The analytic model captures correctly the qualitative features of the engulfment transition line.
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FIG. S-6: Mean curvature and protein density at the highly cu rved rim for passive case. (a) The mean curvature at the rim
with adhered fraction of the particle Aag=Amax . (b) The protein density at the rim with  A.4=Amax . The parameter used here
are, R=10 Inin , Eag =1:04ksg T, and =3:2 %.

FIG. S-7: Comparison of adhesion energy gain (red line) and bending energy cost (green line) for few values of
(=5 %:;7 %;9 %; 135 %) and given Eag = 0:39 kg T=13,, . Other parameters are, R = 10 Inin , Ro = 20 Imin , = 0:093,
=0:085, =20kgT.

Variation of engulfment time with for passive case

We measure the engulfment time for a giverE,q and various values of in Fig. 5=9. We note that the engulfment
time diverges as we reach the critical ( 2:25 %).

Calculation of contributions due to active forces

In this section, we estimate the contribution of active forces in theengulfment process by calculating the work done
by the active forces. Let us assume a force of magnitudg is acting on the membrane in the tangential direction of
the surface of the particle (perpendicular direction of the radial \ector of the particle) due to which the membrane
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FIG. S-9: Engulfment time with  for passive case. The engulfment time diverges for critical 2:25 %, below which there is

no engulfment. Here, we useR =10:0lnn and Eag =1:0kg T.

extends to an in nitesimally small width dx (see Fig.[S-IDa). The circumferential length of the small extendz strip
dl =2 h. Thus, the work done by the active force in this process isdWgr = Fdx, and the increase in the adhered
areadA,y = dx dl =2 hdx . Thus, the active energy gain, or the active energy per unit adheed area is given by,

@W=@Aq = F=dl = F=2h (S-9)

In our simulation, we choose a region close to the spherical particletlfe region in between two spheres of radius
R and R + R¢, where we assumeR. = 3 Iin ), and assume that all the proteins inside this region is contributing in
the engulfment process. We then calculate the component of foecof all the proteins directed in the perpendicular
direction of the radial vector of the particle, as shown by arrows inFig. S=I0b. The large arrow is showing the

direction of net contribution. The rim length dl can be estimated from the adhered fraction of area, and therebyhe
contribution due to active forces can easily be estimated.
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FIG. S-10: Calculation of contribution due to active forces in the engulfment process. (a) A schematic diagram for the
calculation of active work done in the engulfment process. (b) A typical snapshot of vesicle engul ng a spherical partic le
forming an arc-like protrusion. The arrows are showing the d irection of force which is perpendicular to the radial direc tion of
the particle. The parameters used here areE,g =1:0ksg T, =1:6 % andF =2:0 kg T =lnin .

Engulfment by RAW 264.7 macrophages

Here, we show another dataset of the polystyrene particle enguifient by a RAW 264.7 macrophage using particle
functionalized with immunoglobulin G (Fig. §-17).

FIG. S-11: Engulfment of Immunoglobulin G-coated polystyr ene particle by RAW 264.7 macrophage. Frames from a lattice
light sheet movie (maximum intensity projections) of a cell transfected with mEmerald-Lifeact are shown. Time is indic ated
in min:sec, scale bar 5 m

Con gurations for large force (F)

For a givenE5q and , if we increaseF to very large value, at some large value of, the vesicle will deadhere from
the particle, and will end up with no engulfment. In Fig. B-12a, we shav such an example forE,q = 1:0 kg T and
F =3:0 kg T=lyin, for very small protein density (= 1:6 %). We note that vesicle gets deadhered from the surface of
the particle with time, and nally ends up with no engulfment (Movie-S1 4).

In the regime of largeF, if we further increase , a free vesicle (without adhesive spherical particle) can transfan
into a pancake-like shapel_[_AIO]. In this regime, if we allow the vesicle to gulf the particle, it can engulf the particle
if the force is not too large (Fig. [S-12b). Since the engulfment proess here is faster than the pancake transition
process, the vesicle nally engulfs the particle before it transforminto a pancake-like shape (Movie-S15). However,
if we further increaseF to even large value, we will again reach to a regime, where we do not i@ any engulfment
(Fig. B=12c, Movie-S16).

Reorientation of vesicle with respect to non-spherical par ticles of high aspect ratio

In Fig. B=13a we show the reorientation process, rst for a vesiclawith passive curved proteins, that is initially
in contact with a prolate particle from the top. Since, the top of a prolate shape with high aspect ratio is highly
curved, the vesicle rotates and moves to the side of the particle,rad nally engulfs it (Movie-S17). We quantify this
rotation by the angular motion ( ) of the center of mass of the vesicle with respect to the particle @e[S-1Ba, second
inset). The angle becomes close to= 2 when the vesicle rotates completely from top to side, and then it egulfs the
particle. The reorientation process in this case is fast, thereby, lie total engulfment times for either top or side initial
conditions are very similar (blue circles and red boxes in Fig. 5, main paer, for Ry=R; < 1).



19

t:260\) u t=460

t=10 t=40

Time

FIG. S-12: Engulfment of spherical particles by the vesicle with large force. (a) Con guration For very large force but s mall
protein density. The engulfment becomes di cult and the par ticle ends up with no engulfment in this case. Here, we use
Eas =10ksgT, =1:6% andF = 3:0 kg T=lmin . (b) Con gurations for a complete engulfment with very larg e and F.
Here, we useE,q =1:0kg T, =9:6 % and F = 3:50 kg T=lnin . (c) Con gurations for no engulfment with very large and
even larger F. Here, we useE,q =1:0ksg T, =9:6 % andF =4:0 kg T=lmin .

The reorientation of the vesicle from its initial position may not always be bene cial for engulfment. For an oblate
particle with high aspect ratio, we note that the passive vesicle can egulf the particle from side quite easily (Fig.
[S=13b; Movie-S18). However, we frequently observed that an iniél uctuation caused the vesicle to slide over to the
at top regions, where it maximizes its adhesion energy at low bendingcost. However, in this position the vesicle has
to overcome a large bending energy barrier along the entire sharpgeator of the oblate shape. ForRy = Ry > 111y,
this barrier leads to no engulfment from the top orientation, and therefore reorienting to the top from the side will
end up with no engulfment (Fig. [S-13c; Movie-819)|E2]. In this casewe calculate the engulfment time by averaging
only those realizations that end up with complete engulfment, while wediscard the non-engulfed cases that shifted to
the top position.

In Fig. B-13d we compare the bending energy cost and adhesion egg gain (E.q, dashed line) per adhered node,
for the vesicles with passive proteins of Fig['S-13(a-c). Similar to te engulfment of spheres (Fig. 1(b), main paper),
we note that for the partial engulfment the bending energy cost ircreases above the adhesion strength, while for the
complete engulfment the bending energy cost per node remains lowthan E,q.

For vesicles with active proteins we nd similar reorientation of the vesicle with respect to its initial position on
the particle. In Fig. we show such a case for a prolate particleith high aspect ratio. Similar to the passive
case (Fig.[S-IBa), the vesicle rotates to the side, to avoid the hidy curved pole, and then engulfs the particle from
the side (Movie-S20). Since the active case is more dynamic, the vVele sometime takes more time to reach the
side orientation, and thereby the engulfment time is larger than whe it is started from side. We also show similar
observation for an oblate particle with high aspect ratio, where an &tive vesicle rotates from the side of an oblate
particle to the top position (similar to the passive case Fig.[S-1Bc) ad then engulfs it (Fig. 5-13f, Movie-S21). For
an oblate shape, the engulfment is easier from the side (as shownrfthe passive case Fig[CS-13b), but since the active
vesicle is very dynamic, it does not engulf from side, but rather it resients to the top in every realization and nally
engulfs. This reorientation is however very fast, as the vesicle gamlarge adhesion energy in this process, thereby the
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engulfment time starting from either top or side are comparable (geen circles and magenta boxes in Fig. 5, main
paper, for Ry=R; > 1).

We are therefore presented with a puzzle: what allows the active mteins to robustly engulf the oblate particle
from the top orientation, whereas the passive vesicle faced a beimy energy barrier that stalled the engulfment. This
puzzle is further emphasized when we compare the bending energpst and adhesion energy gaink.q) per adhered
node, for both the prolate and oblate cases in FigCS-13g. We notehat for the oblate shape the bending energy cost
can increase above the adhesion strength, as for the passive ®m (Fig. B-13d), but nevertheless the engulfment
process does not stop. In this case, the active forces provide aethanism to engulf the particle which we describe
below.

For an oblate shape with high aspect ratios, we nd that the active forces do not induce the formation of an arc-like
aggregate of proteins at the rim of the phgocytic cup, as happensluring the engulfment of the spherical particle
(Figs. 2(c-e), main paper). The active forces rather stretch tle vesicle sideway, perpendicular to the particle surface,
and this allows the stretched membrane afterwards to bend overhie highly curved equator region of the oblate shape,
leading to complete engulfment (Fig. [S-IBf). On the other hand, tle passive vesicle is not stretched and remains
spherical-like and fails to engulf the particle even for a much larger potein density (Movie-S22). This stretching of
the vesicle by the active forces is quanti ed by measuring the volumeof the vesicle, which becomes much lower than
that of the passive vesicle as the adhered fraction increases (Fi§-13h). We also show the cross-section view of both
the passive and active vesicles foAg=Amax  0:45 in the inset of Fig. [S-13h, where the engulfment by the passive
vesicle is stalled. Since the vesicle gets stretched for the active agghere is a signi cant bending energy contribution
which arises far away from the surface of the particle, while for thepassive vesicle the bending is dominated by the
highly curved rim along the vesicle-particle leading edge (Fig.[S-14). Tis indicates that the bending energy cost
shown in Fig. [S=13g also has a signi cant contribution due to a membrae that is far away from the particles, and is
therefore not directly a ected by the progression of the membrane-particle adhesion. The sideways stretching by the
active forces is demonstrated by the force components plotted ifrig. [S=13i. At the time where the vesicle is poised
at the highly curved equator of the oblate shape, the vesicle is geittg stretched by forces that are directed radially
outward (F;), while the engulfment is proceeding along they direction. We note that the radial component F, is
much larger that the Fy component. We therefore identify here another mechanism by whit active forces enable the
engulfment to overcome bending energy barriers, which is qualitatiely di erent from the mechanism described in Fig.
2, main paper. In Fig. [S-1%, we show some con gurations close to thengulfment time to show how the stretching of
the vesicle nally leads to full engulfment of the oblate particle.

Engulfment of oblate particles: Active vesicle shows high nean curvature far away from the particle

In Fig. B=13h, we compare the active and passive cases for the aunfinent of an oblate particle with high aspect
ratio, when the adhered area fractionA aq=Amax 0:45. Since the active vesicle gets stretched by the active forces,
and thereby the bending energy cost will have dominant contributian far away from the surface of the particle. In
order to quantify this, we measure the mean curvature of the vele section, which is having a perpendicular distance
from the surface of the particle in betweenr andr 1 and plot it as a function of r for both the active and passive
cases in Fig.[S-TI¥. As expected, the active vesicle have mean cuiwee larger than passive far away from the surface
of the particle and it drops slowly with r. On the other hand, the passive vesicle has larger contribution onljor small
r and it drops faster with r.

Con gurations for the engulfment of oblate shape by active \esicle close to the engulfment time

Here, we show the con gurations for the engulfment of an oblate Bape by an active vesicle, discussed in Fig.
[S-13(h-i). Here, we zoom into the time close to the engulfment to okerve how the full engulfment proceeds.

Engulfment of bacteria-like particles

Bacterial pathogens are often engulfed by phagocytic cells, as Wes by cells which they invade I[EB]. We therefore
investigate the engulfment of a sphero-cylindrical shape, resenting the shapes of di erent bacterias such asE. coli
or Bacillus subtilis [IE,]. This shape is an extreme case of a prolate spheroid, with arspect ratio of 1 : 5. We use
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FIG. S-13: Reorientation of the vesicle with respect to its i nitial position on the surface of spheroid particles of high aspect
ratio. The reorientation of the vesicle is quanti ed in (a-c ) by the angular motion of the center of mass with respect to pa rticle's
surface (denoted in the inset of (a)). (a) A vesicle with passive proteins initiated from the top of a prolate spheroid, ro tates
over time, and nally completes the engulfment from the side . Here, we useRx = Ry = 8:4 lnin , R, = 14:16 Imin . (b-c) A
passive vesicle is initiated from the side of an oblate shapeand fully engulfs from side in (b), while it rotates to the top of the
oblate shape and stalls around half-engulfment in (c). Here, we useRx = Ry =11:4 Imin , Rz = 7:96 Imin . (d) Comparison

of bending energy cost @W=@Aq and adhesion gain (Eaq, dashed line) per adhered node (both having units of kg T), for
(a-c). (e) A vesicle with active curved proteins is initiate d at the top of a prolate shape, rotates and engulfs from side. Here,
we useRx = Ry = 7:6 Imin , Rz = 16:29 Imin . (f) Active vesicle initiated at the side of an oblate shape nally engulfs from
the top. Here, we use Rx = Ry = 12:0 lmin , Rz = 6:77 Imin . (g) Comparison of bending energy cost and adhesion gain
(Ead, dashed line) per adhered node, for (e-f). (h) Variation of t he vesicle volume (in units of 10* I3, ) for both active and

passive proteins, initiated from the side of an oblate shape. The inset is showing the cross section of typical snapshotsfor
both case for Aag =Amax 0:45. (i) Component of the active force along di erent directi on for the active vesicle of (h), with

A ad =Amax 0:45. For (h-i), we use Rx = Ry =12:0 Imin , Rz =6:77 Imin . For the passive case we use =4:8 % and for the
active case, =1:6 %, F =1:0 kg T=lmin . We usedEaq =1:0 kg T for all the plots.

here a larger vesicle sizeN = 6127), since the large aspect ratio of the particle requires a largemembrane area for
engulfment.

When the initial contact between the vesicle and the particle is from the side, the engulfment proceeds smoothly
(Fig. B=18, upper panel, Movie-S23). However, when initiated fronthe top, the initial engulfment stage is faster but
later on the engulfment slows down and almost stalls (Fig.[S=16, lowepanel, before the dashed vertical line). This
type of stalling is also observed in experimentsiﬂO]. In our simulationshe stalling arises due to membrane tension,
caused by active proteins that are located away from the engulfearticle, and pull the membrane in the opposite the
direction. We demonstrate this by turning o the active forces for all proteins that are located above the horizontal
dashed line shown fort = 230, i.e. all the proteins that are on the opposite side of the phagoytic cup are made
passive. The dashed vertical line in Fig.[[S-16 lower panel shows thénte at which we turn o these active proteins,
and we note that as a result the engulfment process proceeds qulg afterwards to completion (Movie-S27).

We can compare these simulation results to observed bacterial plycytosis. In ELJF]. it was found that the velocity
of engulfment was faster when the initial contact was from the poleof the bacteria. We nd a similar behavior, as
long as there is no restriction from membrane tension. Such tensionan stall the engulfment in our simulations (Fig.
lower panel), and indeed highly lamentous bacteria are found @ avoid engulfment by immune cells], which
we can attribute to the restriction of nite membrane area and the resulting membrane tension. The critical role of
membrane tension during phagocytosis was previously shown exparentally [@].

We also explore the engulfment of dumb-bell like shapes, resemblindn¢ shape of fungi such as budding yeasiﬁhS].
A similar e ect of membrane tension is also observed in our simulations dring the engulfment such dumb-bell shaped
particle (Fig. B-I7, Movie-S25,526). We found that while passive cwed proteins can give rise to a smooth engulfment
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FIG. S-16: Engulfment of a sphero-cylindrical shape. The con gurations are shown as function of the simulation time for a
vesicle with active curved proteins, when initiated from th e side (top panel), or from the top (bottom panel). The dashed
vertical line in the lower panel shows the time at which we switch o the active forces of proteins that located above the
horizontal dashed line shown for t = 230. The vesicle parameter values are N = 6127, Eqq = 1:5kg T, F = 1:5 kg T=lmin ,

=1:6 %, while for the sphero-cylindrical shape: total length | =60 |nn and radius r =6 Imin , such that the aspect ratio is
1:5.

that does not stall (Fig. B=17a), the active vesicle can easily stall fier engulfment of one lobe of the particle (i.e. when

the leading edge is at the narrow neck) (Fig.[S-17b). Releasing the embrane tension induced by the active proteins

at the back of the vesicle, can release the vesicle and allow full engaient. Similar hourglass shapes were previously
shown theoretically to be susceptible to stalled engulfment[10], as vileas in experiments observing phagocytosis of
dividing yeast cells ,] or highly deformable particlesﬁ]. We alsohew the mean cluster size and the adhered
fraction for both the passive and the active case in Fig[[S-17(c-d)

Results for multicomponent membrane with proteins of di er ent intrinsic curvature

Here, we show our results for multicomponent membrane with protens of di erent intrinsic curvature. We consider
convex (Co =1:01.,% ) as well as concavedy = 1:01 . ) proteins. We note that addition of concave proteins makes
the engulfment easier in the parameter regime where only convex pteins fails to engulf the particle. In Fig. [S-18,
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FIG. S-17: Engulfment of dumb-bell shaped particle. (a) Con gurations with time for passive case. (b) Con gurations wi th
time for active case. The vertical dashed line is showing the time, when we remove the force from the proteins at the back.
The horizontal dashed line on the con guration correspondi ng to t = 180 shows the coordinate above which we switch o the
active forces of all the proteins. (c) Adhered area fraction with time. (d) Mean cluster size with time. Blue boxes are for active
case and green circles are for passive case. The parameter lizes areN = 6127, Eqq =1:5ks T, =1:6 %. The radius of the
spherical beads are 10lmin each, and the overlapped regionly, = 2 Imin , such that total length L = 4R I, =38 Imin . For
active case, we useF =1:5 kg T=lnin .

we show the engulfment by passive proteins with smalEaq (= 0:80 kg T) and convex protein density , = 3:2 %
such that there is no engulfment, and compare with the case wher@ addition, we have concave proteins of density

n =3:2 %. The convex (concave) proteins have attractive interaction aly with the convex (concave) one. We note
that the concave proteins aggregate close to the particle, and drces the bending energy there. This allows the vesicle
to adhere more and engulf the particle (Movie-S24).

Wy ! Ayg

|
0 . . . . 0.5
Aad/ Amax

FIG. S-18: Results for multicomponent membrane with protei ns of di erent intrinsic curvature. Here, we show the bendin g

energy cost with adhered area fraction, and compare it with t he adhesion strength E 4. Blue boxes are for convex proteins, and

green circles are for multiple proteins. Left insets are for convex proteins and right insets are for multiple curvature proteins.

For multiple curvature case, red regions are denoting convex proteins, and blue regions are denoted concave proteins. Here, we

use R =10:0 Imin , Eag =0:80ke T, and , = 3:2 % for convex protein case. For multiple proteins case, we have in addition
n=3:2 %.
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SUPPLEMENTARY MOVIES

All the supplementary movies are available online in the link: https://ap p.box.com/s/ske4vjlp6ci3vu7mz5izfp2iebxrmgm4

Movie-S1 Complete engulfment of a spherical particle of larger radius by a prtein-free vesicle. Here, we use

Movie-S2 Partial engulfment of a spherical particle of smaller radius by a prokin-free vesicle. We use here

Movie-S3 Partial engulfment of a spherical particle by a passive vesicle with srall protein density. We use
R=10Inin, =24% andE,q =10kgT.

Movie-S4 Complete engulfment of a spherical particle by a passive vesicle with edium protein density. Here,
we useR =10 Inin, =4:0% andE,q =1:0kgT.

Movie-S5 Partial engulfment of a spherical particle by a passive vesicle with vy high protein density. Here,
we sueR =10 Inin, =19:2% andEa =1:0kgT.

Movie-S6 Partial engulfment of a spherical particle by an active vesicle with snall force. The parameters are:

Movie-S7 Complete engulfment of a spherical particle by an active vesicle with radium force. Here, we use

Movie-S8 Complete engulfment of a spherical particle by an active vesicle with lege force. We use here
R=10 lmin, =1:6%,Eaq=21:0kgT andF =2:0kg T=lnn .

Movie-S9 Engulfment of spherical particle by an active vesicle with large and small F. Here, we show
fragmented protein clusters on the phagocytic cup at the early shge of engulfment. We use her® = 10 Iy ,
Eaa=15kgT, =6:4%andF =1:0 kg T=lyn .

Movie-S10 Engulfment of spherical particle by an active vesicle with large and large F. Here, we use

Movie-S11 Phagocytosis of Immunoglobulin-G-coated polystyrene bead (blue by RAW264.7 macrophage
transfected with mEmerald-Lifeact (orange). Maximum intensity projection of lattice light-sheet imaging. Scale
bar, 5 m . Time stamp: min:sec.

Movie-S12 Phagocytosis of Immunoglobulin-G-coated polystyrene bead (mayon) by murine bone-marrow
derived macrophage transfected with mEmerald-Lifeact (gray). Maximum intensity projection of lattice light-
sheet imaging. Scale bar, 5m . Time stamp: min:sec.

Movie-S13 Phagocytosis of Immunoglobulin-G-coated polystyrene bead (mayon) by RAW264.7 macrophage
transfected with mEmerald-Lifeact (gray). Maximum intensity pro jection of lattice light-sheet imaging. Scale
bar, 5 m . Time stamp: min:sec.

Movie-S14 No engulfment of a spherical particle by an active vesicle with very lage force. The movie shows a
case, where particle is not engulfed by the active vesicle. Here, wes@R =10 Iynin , =1:6 %,Eaq =1:0kg T
and F = 3:0 kg T=lnin -

Movie-S15 Complete engulfment of a spherical particle by an active vesicle with gry large force and large
protein density. Here, we useR =10 lpin, =9:6 %,Eaq =1:0kg T and F = 3:50 kg T=lyp -

Movie-S16 No engulfment of a spherical particle by an active vesicle with even lager force and large protein
density. We use hereR =10 lpjn, =9:6 %,Eaq =1:0kg T and F =4:0 kg T=ly -

Movie-S17 Complete engulfment of a prolate spheroid of high aspect ratio by a @ssive vesicle. The vesicle is
initially started from the top and then rotates to the side and engulfs the particle. Here, we useRy = Ry =
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Movie-S18 Complete engulfment of an oblate spheroid of high aspect ratio by a @ssive vesicle. The vesicle is
initially started from the side, it engulfs the particle without reorient ing itself to the other side. Here, we use
Ry = Ry =11:41min ,R; =7:961min, =4:8% andEag =1:0kgT.

Movie-S19 Partial engulfment of an oblate spheroid of high aspect ratio by a pasive vesicle. The vesicle is
initially started from the side, and it rotates to the top and ends up with no engulfment. The parameters are
same as the previous movie.

Movie-S20 Complete engulfment of a prolate spheroid of high aspect ratio by aractive vesicle. The vesicle
is initially started from the top, and then reorients itself to the side and engulfs the particle. Here, we use

Movie-S21 Complete engulfment of an oblate spheroid of high aspect ratio by amctive vesicle. The vesicle is
initially started from the side, and rotates to the top and engulfs the particle. Here, we useRy = Ry = 12:0lmin ,
R, =6:77lnin, =16%,E;q=10kgT and F =1:0 kg T=lyin -

Movie-S22 Comparison of active and passive engulfment of an oblate shaped gle with high aspect ratio,
initiated from side. For passive case the engulfment is partial while fo active case, the engulfment is complete.
Here, we useRy = Ry = 12:0 Inin , Rz = 6:77 Imin , Eag = 1:0 kg T. For active case we use = 1:6 % and
F =1:0 kg T=lyin . For passive case, we use =4:8 %

Movie-S23 Engulfment of a sphero-cylinder by an active vesicle, when initiated fom the top (from the spherical
cap). Here, we use total number of vertices on the vesicld\ = 6127 radius of spherical capr = 6 I, , total
length | =60 lmin, =1:6%,Esq =1:50ksg T and F =1:50kg T =lnin -

Movie-S24 Engulfment of a sphero-cylinder by an active vesicle, when initiated fom the side (from the cylin-
drical part). The parameters are same as the previous case.

Movie-S25 Engulfment of a dumb-bell shaped particle by a passive vesicle. Herave useN = 6127 radius
of spherical beadsR = 10 I , thickness of the overlapped region of the two bead$, = 2 Inin , = 1:6 %,
Ead =1:50kg T.

Movie-S26 Engulfment of a dumb-bell shaped particle by an active vesicle. The ravie shows the engulfment
of a dumb-bell shaped particle by an active vesicle withF = 1:50 kg T=lnin . Other parameters are same as the
previous case.

Movie-S27 Engulfment of a spherical particle by a passive vesicle with multiple cuvature proteins. The
movie shows a complete engulfment of spherical particle of radiu® = 10:0 |, by a passive vesicle, with
Ead =1:0kg T, convex protein density , = 3:2 % and concave protein density , = 3:2 %.
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