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Additional discussion on parameter values and
simulations

1 - Choosing model parameters

According to previous experimental studies of phagocytes,
a cell’s bulk bending rigidity x, may vary in a range from
0.03—2 pNum depending on the type of cell and measurement
method used (see [1] and references therein). Similarly, the
bulk surface tension o may range from 2 — 4 x 1072 mNm™*
in resting neutrophils but can vary in other cell types [1-
3]. However, during phagocytosis of large particles with ra-
dius 5um by aspirated spherical neutrophils, an abrupt in-
crease in surface tension was observed (to 0.8 mNm™' [3])
during the uptake. Note also that, k, and ¢ may vary on
the scale of the cell [4-6]. Changes in local phospholipid
and protein composition of the cups membrane may influence
kb [7]. Furthermore, during engulfment membrane delivery
from internal buffers [8-11] and unfolding of surface mem-
brane folds [12] may strongly reduce o at the cup. Therefore
in our simulations we use values of x; and o slightly lower
than previously cited values, i.e. Ky = 1.3 x 1072 pNum
and 0 = 6.2 x 107® mNm™"! in order to produce realistic cup
shapes.

The FcyR-IgG binding free energy AFrr was measured to
16kpT [13], 18 —20kpT [14, 15], and 23kpT for IgE to Fce RI
binding [16] at physiological temperature. The density drr of
IgG-FcyR bonds was estimated to range from 270 —435 pm ™2
for macrophages [17]. The total binding energy density € is
consequently of the order of AFrdrr = 30 pNum™'. Note
that due to simple diffusion or in response to signaling, addi-
tional receptors may be recruited to the phagocytic cup, which
may lead to a higher binding energy density. Additionally, re-
ceptors may cluster, leading to a non-uniform ligand-receptor
binding-energy density in cells. Taken together, we chose
a ligand-receptor binding energy density ¢ = 58.5 pNum™*
slightly higher than measured in resting cells.

The cell-volume constraint was chosen kp = 2.56 X
107° pNum™>. This reflects strong regulation of cell volume
on the one hand [18, 19], but, on the other hand, allows vol-
ume fluctuations of about 20%, in line with observed distri-
butions of cell volumes [20, 21].

Finally, the algorithm convergence is maximized if approx-
imately half of the trial moves are accepted. To satisfy this
requirement without constraining the biophysical parameters,
we have modulated the trial moves acceptance rate by choos-
ing an intermediate cutoff wyax for the width of the mem-
brane fluctuations (see below). The above listed parameter
values for kp, 0, € and kp constitute the standard set of pa-
rameters values.

2 - Details of Monte Carlo algorithm

Within the Surface Evolver, we implemented finite-
temperature simulations using a Monte Carlo Metropolis al-
gorithm [22, 23] to describe the membrane dynamics. Our
Monte Carlo algorithm includes four steps:

(1) Calculation of the total energy of the initial membrane
configuration E;. (2) Random selection of a vertex io for a
membrane fluctuation (trial move) and a vector u for the di-
rection of the trial move. The lateral width w of the trial

FIG. 1: Ratchet model in action. Panels (A) and (B) show
phagocytic uptake at two different times with t4 < tp for
the same simulation. (A) The fluctuation (1) occurs close to
the particle, whereas the fluctuation (2) does not bring the
cell membrane in contact with the particle. Panel (B) shows
that the membrane at position (1) has progressed around the
particle, whereas the membrane at position (2) has almost
completely retracted to its initial flat state, demonstrating
the importance of membrane immobilization by effective actin
polymerization during uptake.

move is randomly chosen between 0 and an upper limit wWmax,
possibly determined by the spacing between actin cortex-
membrane linkage proteins [24]. The trial move consists in
moving the vertex ip and all the vertices within a distance
d < w from ip by the vector 0.5 (1 + cos(d/w))u. This par-
ticular function was chosen because of its regular properties
at d = w (vanishing of the function and its first derivative).
(3) Calculation of the total energy F> after the trial move. (4)
Decision to whether accept or reject the trial move is based
on the Metropolis criterion. If F» < F1, the move is accepted
because the new membrane configuration has a lower energy
than the initial one. If E5 > FEi, the move is accepted with a
probability exp [—(E2 — E1)/(kgT)], where T is the simula-
tion temperature in Kelvin. If the trial move is rejected, a new
trial move is selected from the same initial configuration; if it
is accepted a new trial move is selected from the new mem-
brane configuration. Between each trial move, the cell mem-
brane vertices are examined. For the active zipper, the ver-
tices within a cutoff distance from the particle (chosen 0.5Ry)
are immobilized, i.e. these vertices do not move anymore. As
a consequence, the corresponding patch of membrane is sta-
bilized, and the ligand-receptor bonds are irreversible.

For the passive zipper, none of the vertices are immobi-
lized and all the trial moves may be reversed at a later time.
Note that our choices of simulation parameters imply that the
number of accepted and rejected fluctuations are of the same
order of magnitude, which improves the convergence of the
Metropolis algorithm.

Our equilibrium Monte Carlo approach is justified a pos-
teriori to study the dynamics of uptake, since only a very
small proportion (less than 1%) of the accepted trial moves is
irreversibly immobilized. Hence, the algorithm samples mem-
brane configurations extensively in line with equilibrium ther-
modynamics.
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FIG. 2: Relaxation of phagocytic cup to the ground state. (A) Phagocytic cup shape at half-engulfment obtained for the
active zipper with the set of Standard Parameters (left); cup relaxed at zero absolute temperature (right). (B) Phagocytic cup
shape at half-engulfment obtained for the passive zipper with standard set of parameters (left); cup relaxed at zero absolute

temperature (right), leading to unzipping.

=4

FIG. 3: Influence of the maximal width of membrane fluctua-
tions on cup shape. Shown are (top) narrow fluctuations with
maximal width wmax = 1.5R, (middle) medium wide fluctu-
ations with wmax = 3R, and (bottom) wide fluctuations with
Wmax = 4R. Parameter R is the particle radius.

Additional simulations
3 - Ratchet model in action

Our ratchet-like biophysical model is based on effective
actin polymerization to render ligand-receptor bonds irre-
versible. As ligand-receptor binding and hence signaling can
only occur in the immediate neighborhood of the particle,
random membrane fluctuations far from the particle may re-
tract with increasing simulation time. Figure S1 gives an
example of a reinforced membrane fluctuation near the parti-
cle and a vanishing membrane fluctuation further away from
the particle, illustrating how this concept is implemented in
the simulations.

4 - Role of engulfment kinetics in cup shape

Our simulations show that cup shape depends on the ki-
netics of phagocytic uptake. To demonstrate this we re-
laxed a phagocytic cup obtained with a finite-temperature
Monte Carlo simulation towards the ground state, i.e. the

FIG. 4: Reproductibility of cup shapes for simulations under
the same conditions. Side views of three simulations with the
set of Standard Parameters (for approximately 50% engulf-
ment).

shape at zero absolute temperature in the absence of ther-
mal fluctuations (see Figure S2). During relaxation, the
membrane evolves towards the minimal energy configura-
tion (right) starting from the initial configuration (left). In
the case of the active zipper (panel A), the resulting cup
not only smoothes, but also changes shape (here it becomes
broader). For other parameter choices, simulated cups are ei-
ther broader or thinner than predicted by their ground state
due to finite temperature stochastic engulfment, emphasizing
the importance of the randomness of membrane fluctuations
in shaping the cup.

In the case of the passive zipper (panel B), finite tempera-
ture stochastic processes are even more crucial for engulfment.
Indeed, Figure S2B (left) is obtained with a simulation of
the passive zipper at finite temperature. After some time, the
simulation is stopped and restarted at zero absolute tempera-
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FIG. 5: Active versus passive engulfment of a large particle. (A) Cross section of phagocytic cup obtained for the active zipper.
(B) Time course of total energy (black) and percentage of engulfment (blue). (C) Cross section of phagocytic cup obtained
for the passive zipper (same overall simulation time). (D) Time course of total energy (black) and engulfment (blue) for the
passive zipper. The particle radius is R = 3um. Three simulations were carried out in (B,D).
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FIG. 6: Stalling at partial engulfment. (A) Time course of the percentage of engulfment as a function of increasing surface
tension in simulations. Shown are completed (or nearly completed) uptake (black lines) and partial (stalled or very slowly
progressing) uptake (blue lines). Surface tension values (¢ x 10”* mNm™') used are 0.8 (black solid), 1.1 (black dashed), 1.4
(thick blue dash-double dotted), 1.6 (thick blue dotted), 1.9 (thick blue dashed-dotted), 2.1 (thick blue dashed), 2.3 (thick blue
solid), 2.8 (thin blue dotted), 3.1 (thin blue dash-dotted), 3.4 (thin blue dashed), and 3.7 (thin blue solid). (B) Distribution
of engulfed particle surface area measured in our experiments for COS-7 cells transfected with wild-type receptors (WT-FcyR)
after 10min. Black and blue bars correspond to the two peaks of the bimodal distribution.



5 ¢
<« 041
S
E’ | %om L * +
o) 3
I s
3 z
> 0.2r 3
o g
=] g
© Sorl &
| Active Passive
FcyR: WT Y282F/Y298F WT
Treat.: DMEM CytoD

FIG. 7: Statistical analysis of phagocytic cup shapes. Cup
variability (for 60 to 100% engulfed particles) was determined
for COS-7 cells transfected with wild-type FcyR (WT-FcyR)
or signaling-dead mutant (Y282F/Y298F-FcyR), as well as
WT-FcyR cells treated with 0.2uM cytochalasin D (WT-
FcyR+CytoD). The data points represent the variability av-
eraged over all the phagocytic cups measured for given condi-
tion and range of uptake. Error bars represent the statistical
standard error of the cup variability. (Insets) Theoretical cup
variability calculated from corresponding model simulations.
Student’s t-test (*): p-value is less than 0.0001.

ture for relaxation of the partially engulfed state towards the
ground state. After partial relaxation, the cup presented in
Figure S2B (right) is obtained. The membrane smoothes
similar to the active zipper, but also retracts, resulting in
unzipping. This indicates that the release of ligand-receptor
binding energy is not sufficient for uptake by the passive zip-
per. Additional thermal membrane fluctuations are also re-
quired. Further relaxation eventually leads to a total retrac-
tion of the cell membrane for the passive zipper.

5 - Influence of membrane fluctuation width on cup
shape

The maximal width of the fluctuations wmax is chosen to
optimize the convergence of the Monte-Carlo Metropolis al-
gorithm (see Methods in the main text). This algorithm accu-
rately samples the probability distribution of the membrane
configuration, and consequently of cup shapes at different
stages of uptake. The convergence of the algorithm is op-
timal if about half of the randomly selected membrane fluc-
tuations (trial moves) are accepted. This condition is fulfilled
for intermediate values of wmax. Figure S3 shows how the
choice of wy,ax influences the cup shape. If wyayx is small, only
laterally small membrane fluctuations are generated by the al-
gorithm. These fluctuations do not change the surface area
and cell volume significantly, and consequently are frequently
accepted by the algorithm. Hence, the cup grows fast and
thin (top panel). In contrast, if wmax is large, laterally wide
fluctuations may be selected, and are less frequently accepted
since they can lead to drastic changes is cell volume and/or

o WT-FcyR
o Y282F/Y298F-FcyR
o WT-FcyR+CytoD

Average cup height (0.4um)

0 ' ‘ 20 ‘ 40 ‘ 60 ‘ 80 ‘ 100
Surface engulfed (%)

FIG. 8: Average cup height < h > versus percentage of en-
gulfed particle surface area S. Each circle corresponds to an
imaged cup (black for WT-FcyR, green for Y282F/Y298F-
FcyR, and red for WT-FcyR+CytoD). For a perfectly regu-
lar cup, both quantities are related by S(%) = 100 < h >
(um) /(7 x 0.4). Due to shape variability and finite number of
angular segments used, values obtained lie slightly above the
diagonal straight line.

area. The fluctuation-acceptance rate is decreased, the cup
grows more slowly and becomes broad (bottom panel).

6 - Reproductibility of cup shapes

Phagocytic cup shape is variable, in particular without
the support of the actin cytoskeleton for the passive zipper.
However, even for the active zipper, engulfment is inherently
stochastic due to random membrane fluctuations. As depicted
in Figure S4, simulations with the same set of parameters
lead to slightly different cups after the same simulation time.
This illustrates particle-to-particle variation.

7 - Active versus passive engulfment of large
particles

In the main text we demonstrate that the passive zipper
is able to take up small particles of radius 1.5um, although
slower and in a more variable fashion than the active zipper.
Here, we compare the ability of the two zippers to take up a
larger particle of radius 3um. Figure S5 shows that the pas-
sive zipper only engulfs a few percent of the particle surface
area (panels C and D), whereas the active zipper completes
uptake (panels A and B). This demonstrates that, for the
uptake of large particles, ligand-receptor binding in conjunc-
tion with thermal fluctuations is not sufficient, and that the
functionality of the actin network is fully required.

8 - Stalling at partial engulfment

A model previously published by one of the authors uses the
force generated by actin on the cell membrane as a parameter,
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FIG. 9: Alternative image analysis of phagocytic cups. (A) Side view of a typical 3-dimensional fluorescence image, recon-
structed from confocal microscopy data. Shown are the Fcy-GFP receptors (green) and IgG ligand coating the particle (blue).
The analysis plane (white square) intersects the particle at the equator. (B) Top view of the analysis plane. The green light
distribution is determined using the total green light intensity in the different angular segments. (C) An example of such a
distribution for one particular particle, used for extracting the average intensity o and the mean-square deviation §/. (D) Illus-
trative scatter plot and classification of particles with respect to their engulfment statistics Iy (horizontal axis) and normalized
root mean-square deviation 6Ix = 31/+/Iy (vertical axis). Regular cups correspond to a smaller root mean-square deviation of

the fluorescence distribution than variable cups.
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FIG. 10: Alternative statistical analysis of phagocytic
cup shapes. Cup alternative variability (arbitrary units)
for 30 to 70% engulfed particles, for conditions WT-
FcyR, Y282F /Y298F-FcyR, and WT-FcyR+CytoD. The data
points represent the variability averaged over all the phago-
cytic cups measured for given condition and range of uptake.
Error bars represent the statistical standard error of the cup
variability. Student’s t-test: p-values is 0.003 (*). (Insets)
Whisker plot representation of the cup-shape alternative vari-
ability.

and predicts that slightly different force strengths lead to very

different behaviors of the phagocytic cup [25]. Specifically, a
bimodal distribution of phagocytic cups was found, i.e. cups
either fully take up the particle or stall before 50% engulf-
ment. This was interpreted as a mechanical bottleneck at half-
engulfment (see main text). Our simulations also exhibit this
effect. Figure S6A shows how slight (much less than an or-
der of magnitude) variations in biophysical parameters (here
surface tension) may have drastic effects on the completion
of uptake. This high sensitivity to small parameter changes,
for specific parameter ranges, explains the particle-to-particle
variation observed in our experiments (Figure S6B).

Additional analysis of fluorescence images
9 - Statistics of phagocytic cup shapes

In Figure 5 of the main text, we demonstrate that the cup
variability in experiments is increased when signaling to the
actin cytoskeleton is interrupted or when cells are treated with
cytochalasin D. More precisely, this result holds at the begin-
ning of uptake between 20 and 40% of engulfed particle area.
Between 40 and 60% of the uptake, there is no significant dif-
ference between the three experimental conditions. For com-
pleteness, we report here the cup variability between 60 and
100% of uptake. Figure S7 shows that almost completed
cups are more regular (the variability is reduced by a factor
of 2 compared to the range 40 to 60%), and we observe no
statistically significant difference between the three different
conditions. Note that the variability obtained in simulations
(see Figure S7 inset) is also reduced by a factor of 2, and
that the relative difference in variability between the active
and passive zipper is also reduced, as expected since fully



completed cups are necessarily regular.

10 - Average cup height versus percentage of
engulfed particle surface area

Our image analysis method makes use of two different mea-
sures of uptake. The height h reached by the cell membrane
(measured by confocal slice index), and the percentage of par-
ticle surface S covered by cell membrane. The height is used
to calculate the cup variability, and the surface engulfed is
used to classify the cups (20 to 40%, 40 to 60%, and 60
to 100%). Figure S8 shows that these two quantities are
indeed highly correlated. For a perfectly regular cup, the
height < h >, averaged over angular segments, is given by
< h>= 75/100 x 0.4um, because each particle is imaged in
7 confocal planes. As shown, this relation does not exactly
hold for variable cups, and the average height is slightly higher
than predicted by the engulfed surface area. This minor de-
viation is due to the finite number of angular segments used.

11 - Alternative image analysis of phagocytic cup
shapes

To rule out any bias in the analysis, we additionally use
an alternative method to characterize cup variability. The

method is based on the observation that a perfectly regular
cup (at half-engulfment) reaches the equator plane all around
the particle circumference, corresponding to an engulfed sur-
face area S = 50%, and an average height <h>= 1.5um. For
such a cup the distribution of FcyR-GFP fluorescence signal
(indicating the presence of the cell membrane) should be uni-
form around the projection of the particle onto the equator
plane (circle of radius R). In contrast, a variable half-engulfed
cup has an irregular distribution of fluorescence intensity as
the particle is only partially covered by cell membrane in its
equator plane. To exploit this observation, we calculate the
distribution of FcyR-GFP fluorescence along the particle’s
perimeter in angular segments. The standard deviation of
this distribution quantifies the alternative measure of the cup
variability, illustrated in Figure S9.

Figure S10 shows the result from the statistical analy-
sis of phagocytic cup shapes as obtained with the alternative
method. Although this analysis method is more restrictive
and inaccurate, it confirms our result from the main text.
Using 30 to 70% engulfed particles we obtain that cells trans-
fected with wild-type FcyR produce significantly less variable
cups than cytochalasin D treated cells (Student’s t-test: p-
value= 0.003).
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