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SUMMARY
To mount an adaptive immune response, dendritic cells must migrate to lymph nodes to present antigens to
T cells. Critical to 3Dmigration is the nucleus, which is the size-limiting barrier formigration through the extra-
cellular matrix. Here, we show that inflammatory activation of dendritic cells leads to the nucleus becoming
spherically deformed and enables dendritic cells to overcome the typical 2- to 3-mm diameter limit for 3D
migration through gaps in the extracellular matrix. We show that the nuclear shape change is partially at-
tained through reduced cell adhesion, whereas improved 3D migration is achieved through reprogramming
of the actin cytoskeleton. Specifically, our data point to a model whereby the phosphorylation of cofilin-1 at
serine 41 drives the assembly of a cofilin-actomyosin ring proximal to the nucleus and enhances migration
through 3D collagen gels. In summary, these data describe signaling events through which dendritic cells
deform their nucleus and enhance their migratory capacity.
INTRODUCTION

Dendritic cells form the interface between the innate and the

adaptive immune systems and operate throughout the body

in environments with very different stiffnesses. Before activa-

tion, dendritic cells reside in virtually all tissues, where they

adapt to the local biochemical and physical cues provided by

surrounding cells and the extracellular matrix (ECM).1–4 There-

fore, dendritic cells must be extremely plastic in their mechano-

sensing behavior, being able to function at stiffnesses ranging

from <1 kPa (e.g., brain) to >10 kPa (e.g., muscle). Moreover,

following the recognition and ingestion of a pathogen, dendritic

cells become activated and rapidly migrate to a local lymph

node to activate T cells. To facilitate this migration and adapt

to the physiological properties of lymph nodes, activated den-

dritic cells undergo both rapid and systematic reprogramming

of their adhesion machinery, breaking down podosomes and

becoming less adhesive.5 Furthermore, once at a lymph
This is an open access article und
node, dendritic cells stimulate fibroblasts to trigger lymph

node expansion.6,7 Lymph node expansion drives stiffening of

the lymph node and prevents crowding of lymphocytes within

the lymph node, a mechanical event that dendritic cells have

to adapt to as well.8

Cell-matrix adhesion is critical to most metazoan life.9 In

particular, modifications to cell-matrix adhesion efficiency via

cell spreading are known to be far reaching, regulating not

only cell shape, but also gene expression and cell differentia-

tion.10–14 Furthermore, forces from the ECM are known to be

transmitted by the actin cytoskeleton to the nucleus via LINC

(linker of nucleoskeleton and cytoskeleton) complexes.15–19

This can regulate nuclear morphology (with the nucleus getting

more spherical as adhesion reduces) and has even been re-

ported to regulate cell differentiation.13 Furthermore, multiple

studies have indicated that dendritic cell migration can occur

in the absence of integrin-based adhesion machinery,20,21

and numerous results have indicated that activated dendritic
Cell Reports 43, 113866, March 26, 2024 ª 2024 The Author(s). 1
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cells indeed switch to a less adhesive migratory phenotype.5,22

Therefore, it seems possible that reduced force transmission

from the ECM to the dendritic cell nucleus may occur following

inflammatory activation.

Critical to both 3D migration and mechanosensing is the nu-

cleus. During migration, the nucleus is used by cells to probe

gap sizes in the ECM, transmit signals of confinement to the actin

cytoskeleton, and generate intracellular pressure.23–26 Nesprin-

2G-based LINC complexes connect the actin cytoskeleton, via

Nesprin-2G and SUN proteins, to lamin filaments, enabling the

cell to pull the nucleus through gaps in the ECM and mechanor-

egulate the genome.27–30 Furthermore, the nucleus is known to

act as a size-limiting organelle, blocking migration of mononu-

clear cells (including dendritic cells) through ECM gaps with

diameters smaller than about 2–3 mm.31–33 While the role of the

nucleus in dendritic cell migration is well defined, how the den-

dritic cell nucleus senses force when tissue-resident is poorly

understood, as is the effect of inflammatory activation on the nu-

cleus in the context of 3D migration.

Here, using quantitative microscopy, we demonstrate that

dendritic cell activation leads to a change in nuclear morphology

and enhanced passage of the nucleus (and thus the whole cell)

through 2-mm-diameter pores. While activation-induced de-

adhesion can explain the change in dendritic cell nuclear

morphology, it cannot explain the increasedmigration efficiency,

as atomic force microscopy (AFM) measurements indicate that

the bulk nucleus does not become softer in response to inflam-

matory stimulation. Instead, we demonstrate, using phospho-

proteomics and quantitative microscopy, that cofilin-1 is phos-

phorylated at serine 41 in response to inflammatory activation,

and this seems to promote the assembly of a contractile cofi-

lin-actomyosin (CAM) ring proximal to the nucleus. This phos-

phorylation of cofilin-1 at serine 41 seems to enhance nuclear

squeezing and increases migration efficiency through the ECM.

RESULTS

As inflammatory activation has long been known to reduce den-

dritic cell adhesion in response to lipopolysaccharide (LPS),5,22 it

is logical that activation may concomitantly alter the shape of the

dendritic cell nucleus. Therefore, to examine how inflammation-
Figure 1. LPS stimulation spherically deforms the dendritic cell nucleu

(A) Confocal micrographs of moDCs. Scale bar, 20 mm.

(B) Quantification of z-projected cellular area (cell spreading) (data points repres

condition).

(C) Example flow cytometry histogram of the expression of the aM integrin subu

(D) Quantification of the geometric mean fluorescence intensity from (C) of the

averages from four donors.

(E) Quantification of z-projected nuclear area (data points represent individual ce

(F) Donor-specific changes (from E) in average z-projected nuclear area. Data poin

are in Table S5.

(G) Airyscan and 3D reconstruction of dendritic cell nuclei. Scale bar, 10 mm.

(H and I) (H) Quantification of z-projected nuclear size of (G) and (I) quantification

pooled from four donors, at least 14 measurements per condition).

(J) Quantification of the discrete sphericity of dendritic cell nuclei. Data points re

calculated using two-tailed unpaired (for comparison of individual cells) or paired (

pattern of the data). *p < 0.05; ***p < 0.001; n.s., not significant. For box-and-whis

and minimum values, middle band represents data median, and + represents da
induced de-adhesion influences the dendritic cell nucleus, we

differentiated monocyte-derived dendritic cells (moDCs) from

human peripheral bloodmonocytes, stimulated themwith bacte-

ria-derived LPS overnight (18–24 h), and quantified the z-pro-

jected area of complete moDCs (Figures 1A and 1B). This re-

vealed that, consistent with previous results, in the x-y plane of

the cell, moDCs become less spread5,22 (Figure 1B). Further-

more, flow cytometry analysis of moDCs revealed that the aM in-

tegrin (found in podosomes32) is downregulated following in-

flammatory activation (Figures 1C and 1D). The z-projected

area of moDC nuclei was also reduced following overnight LPS

(Figure 1E). This effect was consistently observed for all three

donors assessed (Figure 1F; Table S5). Through the use of 3D

Airyscan superresolution microscopy, wemeasured the approx-

imate volume of nuclei from inactivated and activated moDCs

(Figures 1G and 1H). This revealed that, although the nuclei get

smaller in the projected x-y plane upon activation (Figure 1H),

they maintain a constant volume (Figure 1I) and extend into the

z plane (herein referred to as ‘‘nuclear deformation’’). We also

performed a more advanced analysis of the nuclear morphology

from the high-resolution Airyscan microscopy z stacks; the

discrete sphericity of moDC nuclei decreased in response to

LPS stimulation (Figure 1J).

We also examined the effect of LPS stimulation on CD14+

monocyte-derived macrophages (Figures S1A and S1B). We

compared macrophages with moDCs, because, in contrast to

dendritic cells, the activation of macrophages by inflammatory

stimuli does not result in their migration to the lymph nodes.

However, we found that the z-projected area of the nuclei of

macrophages became larger. We also verified that the same nu-

clear deformation occurs in moDCs in response to Escherichia

coli exposure (Figures S1C and S1D).

We also confirmed that macrophages do not contaminate our

moDC cultures: primary monocytes are relatively uncontami-

nated by cells expressing macrophage markers (Figures S1E–

S1H). Furthermore, stimulation of moDCs with LPS did not

largely affect seeding density (Figure S1I), meaning that activa-

tion does not bias the results towardmore adherent contaminant

cells.

We hypothesized that activation-associated changes to the

nucleus facilitate more efficient migration through gaps in the
s

ent individual cells pooled from three donors, minimum 39 measurements per

nit.

aM integrin staining in moDCs cultured ± LPS. Data points represent donor

lls pooled from three donors, minimum 157 measurements per condition).

ts represent donor averages from three donors. Statistics for individual donors

of nuclear volume (of the same nuclei) (data points represent individual cells

present individual cells pooled from four donors. Statistical significance was

for comparison of donor averages) t tests (selected according to the distribution

ker plots, box represents 25th to 75th percentile, whiskers represent maximum

ta mean.
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ECM, as activated dendritic cells migrate to lymph nodes,

whereas macrophages do not. We first confirmed that activation

increases moDC migration efficiency in a 3D matrix. To do this,

we embedded inactive and LPS-stimulated moDCs into 3D

bovine dermal collagen (concentration of 1.7mgmL�1). Previous

work has demonstrated that a 3D matrix made of bovine dermal

collagen at this concentration has pore diameters of �2–6 mm

(i.e., approaching the size limit for 3D migration as determined

by the nucleus).31 Indeed, Wolf et al.31 utilized this approach to

test the impact of matrix dimensions on metalloproteinase-inde-

pendent 3D migration. However, as we cannot simultaneously

measure pore size and migration efficiency, we selected mean

square displacement (MSD) as our principal metric of interest,

as this determines confinement of a particle (i.e., a moDC) within

a closed environment (i.e., the collagen gel) (Figures 2A–2F;

Videos S1 and S2). This confirmed that inflammatory activation

reduces the confining effect of 3D collagen on moDCs, as the

MSD substantially increased in activated moDCs compared

with inactive moDCs (Figure 2F).

To test more directly the contribution of the nucleus to this

increasedMSD,weutilizedapreviouslydevelopedapproach.31,32

Specifically, moDCs were seeded onto polycarbonate filters

coated with fluorescently labeled gelatin with defined pore diam-

etersof 1, 2, 3, and8mm, in theabsenceandpresenceof LPS (Fig-

ure 2G). These pore diameters were selected as the nucleus typi-

cally limits migration through ECM gaps that are smaller than

3 mm.31,32 Consistent with previous work,32,33 in the absence of

LPS, moDCs were able to migrate through 3-mm pores but were

largely blocked from migrating through 2-mm pores and

completely blocked from migrating through 1-mm pores. Howev-

er, LPS-stimulated moDCs were able to migrate with far greater

efficiency through 2-mm pores, but were still blocked from

migrating through 1-mmpores (Figures 2H–2J). Although the rela-

tive increase in migration efficiency through 2-mm pores

(comparing with vs. without LPS) was consistent among donors,

the overall efficiency of localized transmigration through both 2-

and 3-mm pores was highly variable; the values ranged from 1%

to more than 40%, depending on the donor and the filter

(Table S1). Control experiments using filters with 8-mm-diameter

holes showed that, although LPS did not consistently affect the
Figure 2. LPS stimulation enhances nuclear squeezing through the EC

(A) Stills from representative time-lapse microscopy of an inactive dendritic cell

(B) Example migration traces of inactive dendritic cells.

(C) Stills from representative time-lapse microscopy of an LPS-activated dendrit

(D) Example migration traces of LPS-activated dendritic cells.

(E) Example mean square displacements of inactive (�LPS) and active (+LPS) de

(F) Quantification of rate of mean square displacement (MSD) for inactive and a

donors, 90 measurements per condition).

(G) Schematic demonstrating filter experiment setup. Dendritic cells are seeded

ameters.

(H) Confocalmicrographs of dendritic cells cultured on gelatin-coated polycarbon

dashed line indicates approximate position of the polycarbonate filter. Scale bar

(I) Quantification of the normalized transmigration ratio of dendritic cells through 3

filter normalized to local seeding density). Data for four donors. Data for 8-mm po

(J) A 3D reconstruction of a dendritic cell observed migrating through a 2-mm-di

gelatin used to coat the polycarbonate filter. Statistical significance was calcul

distribution pattern of the data). *p < 0.05; ***p < 0.001; n.s., not significant. For bo

maximum and minimum values, middle band represents data median, and + rep
migration efficiency (Figures S1J and S1K), the levels of variability

amongdonorswere similarly high comparedwith the smaller pore

sizes (Table S1). Thus, the difference in migration capacity likely

reflects donor variation.

We also verified that changes to the nucleus are not due to the

biochemical input of the ECM by seeding moDCs on coverslips

coated with different ECM components (collagen, fibronectin,

laminin, vitronectin, or fibrinogen) ±LPS (Figures S2A–S2J).

This indicated that the biochemical input of most of these ECM

components (except laminin) does not have an impact on

moDC nuclear morphology or LPS-induced deformation.

To verify that nuclear deformation is at least partially due

to reduced moDC adhesion and to confirm that this change

can occur at physiological stiffnesses, we examined the

morphology of moDC nuclei, with and without LPS, cultured

on fibronectin gels with set stiffness values. These stiffnesses

ranged from 10 through 5 to 1 kPa. These values were selected

to broadly reflect the stiffness of tissues ranging from muscle to

liver, respectively. The z-projected nuclear areas of the inactive

moDCs continued to get smaller (resembling activated nuclei in

moDCs cultured on glass) as the substrate became softer until

they reached the 1-kPa gel, at which point they became larger

(Figures 3A and 3B). Activation with LPS reduced the z-pro-

jected area of the nuclei, relative to inactive moDCs, on both

glass and 10-kPa matrix, but failed to show a difference on

5-kPa and softer matrices. These results imply that the defor-

mation of the nucleus in response to LPS is due to reduced

moDC adhesion and demonstrate that the difference between

inactive and active moDC nuclei may be observed in vivo

(Figures 3A and 3B).

As LPS-stimulation-induced nuclear deformation is depen-

dent on alterations to the cell’s adhesive properties, we hypoth-

esized that activation may alter mechanical forces across

actin-based LINC complexes. To examine actin-based LINC

complexes, we used the Nesprin-2 tension probe mN2G-TS.34

This probe has an internal mTFP-Venus donor/acceptor Förster

resonance energy transfer (FRET) pair, which is pulled apart as

mechanical tension across the protein increases (Figure 3C).34

The mN2G-TS probe revealed a reduction in mechanical tension

across Nesprin-2-based LINC complexes in response to LPS
M

migrating in collagen. Scale bar, 20 mm.

ic cell migrating in collagen. Scale bar, 20 mm.

ndritic cells migrating in collagen. Shaded region represents SEM.

ctive dendritic cells (data points represent individual cells pooled from three

on top of gelatin-coated polycarbonate filters with 1-, 2-, 3-, or 8-mm pore di-

ate filters with set pore diameters (fluorescent gelatin in blue, DAPI in red). Black

, 40 mm.

- and 2-mm pore diameters (defined as the number of cells passing through the

re size are in Figures S1J–S1K.

ameter pore. Free dye in the nucleus originates from the fluorescently labeled

ated using two-tailed unpaired (F) or paired (I) t tests (selected according to

x-and-whisker plots, box represents 25th to 75th percentile, whiskers represent

resents data mean.
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(Figures 3D and 3E). We verified the accuracy of the probe by

comparing the FRET ratio produced by the WT probe to the

headless Nesprin-2 tension probe, which is unable to connect

to the actin cytoskeleton, resulting in maximum FRET34

(Figures S3A and S3B).

Consistent with these FRET data, Airyscan microscopy re-

vealed the presence of a previously observed35,36 actin cap posi-

tioned close to the nucleus that breaks down in response to LPS

stimulation (Figures 3F and 3G). To characterize this actin cap

further, we examined the intermediate filament vimentin, as

this has been shown to support the nucleus in moDCs and is

supported by the F-actin cytoskeleton.37–40 Vimentin also

showed a reduced intensity above the nucleus in response to

LPS (Figures 3H and 3I). We also examined themicrotubule cyto-

skeleton (Figures S3C and S3D). We observed a slight, but non-

significant, reduction in the association of microtubules with the

nucleus in response to LPS.

To confirm the contribution of actin-dependent adhesion on

the shape of the nucleus, we culturedmoDCs onmicropatterned

substrates with defined adhesion areas. We observed a clear

distinction in z-projected nucleus size between cells cultured

with adhesion areas of R50 mm and those forced to adhere on

areas of %40 mm (Figures 3J and 3K). We further confirmed

these results by culturing moDCs in the presence of the actin

polymerization inhibitor latrunculin B or cytochalasin D for 1 h

(Figures S3E and S3F).

We also verified the effect of moDC activation on the expres-

sion and/or localization of lamin-A/C, which has been shown to

alter with tissue stiffness29,41 and has been shown to turn over

less rapidly in activated moDCs.42 Using confocal microscopy,

we were unable to observe a difference in lamin-A/C (both

isoforms are recognized by the antibody) wrinkling in response

to LPS stimulation (Figures S3G and S3H). Through western

blotting we observed that lamin-C is the predominant isoform

expressed in moDCs, which showed a slight, non-significant

reduction in expression in response to LPS stimulation

(Figures S3I‒S3J). Therefore, we also examined the intensity of

lamin-A/C staining at the nucleus using confocal microscopy

(using a set laser power and exposure) (Figure S3K). Through
Figure 3. LPS stimulation drives nuclear deformation through adhesio

(A) Confocal micrographs of moDCs cultured overnight on substrates of various

(B) Quantification of the z-projected nuclear areas, in the absence or presence of

represent individual cells pooled from four donors, minimum of 44 measurement

(C) Schematic of the Nesprin-2 FRET sensor.

(D) Example ratiometric FRET image of Nesprin-2 probe expressed in moDCs (3

(E) Quantification of FRET ratio at the dendritic cell nuclear membrane (data poin

condition).

(F) Airyscan images of F-actin (phalloidin, cyan in merge) around the dendritic ce

DAPI. Yellow arrow indicates the nuclear F-actin cap. Scale bar, 20 mm.

(G) Quantification of average F-actin intensity above dendritic cell nuclei (data

surements per condition).

(H) Airyscan images of immunolabeled vimentin (magenta in merge) around the d

(I) Quantification of average vimentin intensity above dendritic cell nuclei (data

surements per condition).

(J) Example images of dendritic cells cultured on micropatterned surfaces. Scale

(K) Quantification of the z-projected nuclear areas of dendritic cells cultured on a

four donors, minimum of 52 measurements per condition). Statistical significance

ANOVA/Tukey’s multiple comparisons test for experiments with three or more c

*p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. Error bars, SEM.
this we observed that lamin-A/C levels decrease in the nucleus

(whichmay be too subtle to observe viawestern blot) in response

to LPS-mediated activation. Either way, this alteration in lamin-

A/C may further contribute to activation-induced nuclear defor-

mation. Consistent with this, we observed that overexpression

of lamin-A/C in moDCs blocks the reduction in x-y nuclear size

that accompanies moDC activation (Figure S3L and S3M).

As moDC activation drives nuclear spherical deformation, we

examined the biophysical properties of moDC nuclei. We first

examined the fluidity of the moDC membrane using the molecu-

lar rotor BODIPY-C10 FRET-FLIM dye (Figures 4A–4C)43 to

analyze the lifetime of the dye at the nuclear rim, as previously

described.29 This suggested that the fluidity of the nucleus in-

creases in response to LPS stimulation and may promote the

flow of the nuclear envelope through the ECM. Indeed, analyzing

the lifetime of the BODIPY-C10 away from the nucleus did not

reveal the same change (Figure 4D), suggesting this increase in

fluidity is nucleus specific.

To examine bulk nuclear dynamics, we live-imaged the moDC

nucleus with Airyscan microscopy, using Hoechst, under ±LPS

conditions (Figures 4E and 4F; Videos S3 and S4). This revealed

that the bulk nucleus fluctuations, as measured by Hoechst

staining within the nucleus, increase in LPS-activated moDCs

compared with inactive moDCs. This dynamic behavior may

explain how the activated moDC is better able to pass the bulk

nuclear content through small gaps in the ECM. However, based

on these data it is unclear if the nucleus is passively becoming

more deformable (i.e., softer) via a reduction in actin-based

adhesion and/or if it is being actively remodeled by the actin

cytoskeleton.

To test if the moDC nucleus becomes more passively deform-

able in response to inflammatory activation, we performed AFM

on moDCs to biophysically characterize the deformability of the

bulk nucleus (i.e., the nuclear membrane and the chromatin).44

This methodology has previously been used to characterize

themoDCplasmamembrane45 as well as the nuclei of numerous

cell types, including epithelial cells and fibroblasts.29,35,46

Based on the increased migration efficiency of moDCs in

response to LPS stimulation, we predicted that the nucleus
n loss

stiffnesses. Scale bar, 20 mm.

LPS, in dendritic cells cultured on substrates of various stiffnesses (data points

s per condition).

h plus). Scale bar, 20 mm.

ts represent individual cells pooled from four donors, 156 measurements per

ll nucleus in the absence or presence of LPS (overnight stimulation). Orange,

points represent individual cells pooled from three donors, at least 10 mea-

endritic cell nucleus in the absence or presence of LPS. Scale bar, 20 mm.

points represent individual cells pooled from three donors, at least 10 mea-

bar, 20 mm

reas ofR50 mm or%40 mm (data points represent individual cells pooled from

calculated using a two-tailed unpaired t test for two-condition experiments or

onditions (with test selected according to the distribution pattern of the data).
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would soften upon LPS stimulation. Counter to our expectations,

however, our AFM measurements showed that stimulating

moDCs with LPS, on average, induced bulk nuclear stiffening

(Figures 4G–4I). Although this effect was small and inconsistently

observed among donors (Figure 4J; Table S5), these data sug-

gest that activation-induced de-adhesion does not soften the

moDC nucleus. Indeed, this is consistent with previous work

that has shown that migration of moDCs through small gaps in

the ECM depends on myosin activity to squeeze the nucleus.47

To further verify this hypothesis, we seeded moDCs ±LPS on

disc micropatterns with adhesive diameters ranging from 10 to

20 mm. This enabled us to efficiently analyze the F-actin intensity

at the plasmamembrane region around the nucleus and whether

the nucleus becomes more contractile in response to LPS.47

While the nuclei did not show a significant change between

without and with LPS on these micropatterns, we observed an

increase in F-actin density at the cell rear plasma membrane

(Figures 4K–4M). We therefore chose to do phosphoproteomics

to better understand this F-actin assembly.

To select relevant time points of interest for (phospho)proteo-

mic analysis, we first performed a time-course experiment,

examining the shape of moDC nuclei every hour for 6 h following

LPS stimulation (and following overnight stimulation). The time

course revealed that the nucleus can shrink in the projected

x-y plane within 1 h of LPS stimulation (i.e., the shortest time in-

terval addressed), suggesting that the nucleus changes

morphology in a (at least partially) transcription-independent

manner (Figure 4N). Surprisingly, the size/shape of the nucleus

continued to change over 6 h, partially restoring its projected

size 4 h post-stimulation, before full deformation at the 6-h

mark. Therefore, 1 and 4 h post-stimulation are ideal time

points for identifying key signaling events that drive nuclear
Figure 4. LPS stimulation increases the stiffness of the bulk nucleus

(A) Intensity and fluorescence lifetime imaging microscopy (FLIM) examples of d

(B) Quantification of BODIPY-C10 fluorescence lifetime at the nuclear envelope (

measurements per condition).

(C) Donor breakdown of BODIPY-C10 fluorescence lifetime averages at the nuc

Statistics for individual donors are in Table S5.

(D) Quantification of BODIPY-C10 fluorescence lifetime away from the nuclear env

of 26 measurements per condition).

(E) Airyscan microscopy movies of HOECHST-stained nucleus in dendritic cells.

(F) Quantification of absolute percentage changes in z-projected nuclear size over

of 67 measurements per condition).

(G) Scanning AFM image of dendritic cell nuclear pouch (a region in which the n

(H) Example AFM indentation trace on dendritic cell nucleus.

(I) Young’s modulus of dendritic cell nucleus quantification from AFM experiments

for +LPS is 621 Pa. Error bars indicate standard error of the mean (�LPS = 28 Pa,

minimum 20 cells per condition. Statistics for individual donors are in Table S5.

(J) Donor breakdown of average Young’s modulus of dendritic cell nucleus quan

(K) Example images of dendritic cells cultured on disc-shaped micropatterned s

(L) Quantification of the z-projected nuclear areas of dendritic cells cultured on ar

three donors, minimum of 10 measurements per condition).

(M) Quantification of the normalized perinuclear actin intensity (data points repre

per condition).

(N) Time-course data showing how the dendritic cell z-projected area changes o

from three donors, at least 145 measurements per condition). Statistical signifi

periments or ANOVA/Tukey’s multiple comparisons tests for experiments with thr

the data). A Kolmogorov-Smirnov test was used for AFM data to account for the

SEM. For box-and-whisker plots, box represents 25th to 75th percentile, whiskers r

and + represents data mean.
deformation; at both time points the nuclei are deformed relative

to unstimulated moDCs, yet have slightly different shapes. Thus,

by selecting these time points we could identify relatively stable

signaling events that drive changes in the moDC nucleus at both

1 h and 4 h relative to inactive moDCs.

To identify early signaling events responsible for the observed

changes in the actin cytoskeleton following LPS stimulation,

we performed time-resolved mass spectrometry (MS)-based

proteomics and phosphoproteomics on moDCs (Figure S4A;

Tables S2 and S3). We compared the proteomes and phospho-

proteomes of unstimulated moDCs with those stimulated for 1

and 4 hwith LPS. The experiment was performed in six biological

replicates (i.e., six different donors). Principal components anal-

ysis showed that samples clustered per condition, analyzing

both the proteome and the phosphoproteome, indicating the

reproducibility of the experiment (Figure S4B). On the phospho-

proteome level, component 1 explained the difference between

unstimulated and LPS-stimulated DCs, while on component 2,

the differences between the time points are observed. On the

full proteome level, the 1-h treatment condition resembled

the unstimulated cells, while the 4-h treatment condition was

the most different, consistent with phosphorylation being the

fastest cellular event in the TLR4 signaling cascade. Proteomics

revealed that 312 proteins, of 5,593 quantified, significantly

changed in expression level over the time course analyzed

(one-wayANOVA, false discovery rate [FDR] < 0.01) (Figure S4C).

These proteins were involved in interferon signaling, cell adhe-

sion, motility, and migration (Figure S4D).

Differential expression analysis of the phosphoproteomic data

revealed 2,068 significantly regulated phosphosites (one-way

ANOVA, FDR < 0.01). To systematically prioritize phosphosites

for biological validation, we filtered out sites that were unlikely
endritic cells stained with BODIPY-C10. Scale bar, 20 mm.

data points represent individual cells pooled from four donors, minimum of 35

lear envelope (from B). Data points represent donor averages for four donors.

elope (data points represent individual cells pooled from four donors, minimum

Scale bar, 10 mm.

time (data points represent individual cells pooled from three donors, minimum

ucleus is stored).

(at least five cells per donor). Average value for�LPS is 506 Pa, average value

+LPS = 24 Pa). Data points represent individual cells pooled from four donors,

tification from (H).

urfaces. Scale bar, 20 mm. Arrowhead shows perinuclear actin cable.

eas between 10 and 20 mm (data points represent individual cells pooled from

sent individual cells pooled from three donors, minimum of five measurements

ver time after LPS, starting at 1 h (data points represent individual cells pooled

cance was calculated using two-tailed unpaired t tests for two-condition ex-

ee or more conditions (with test selected according to the distribution pattern of

large number of measurements. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars,

epresent maximumandminimumvalues,middle band represents datamedian,
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to have high biological relevance by filtering based on their

‘‘functional score.’’48 This led to a list of 892 potential phospho-

site candidates, which were used to perform hierarchical clus-

tering to determine the directionality of the regulation upon

LPS stimulation (Figure 5A). This analysis identified seven

expression clusters. Gene ontology (GO) enrichment and

pathway analysis on each expression cluster revealed that the

major biological functions associated with LPS stimulation

were related to inflammation (e.g., Toll-like receptor signaling

pathway and activation of immune response) and cytoskeleton

(e.g., actin filament and focal adhesion), enhancing our confi-

dence in the dataset (Figure 5B). As we observed nuclear defor-

mation at both 1 and 4 h post-LPS stimulation, we specifically

focused on cluster F, which contained ‘‘stable responder’’ phos-

phosites upregulated by LPS at both the 1- and the 4-h time

points. One of themost significantly enriched terms in this cluster

was the GO term ‘‘cell junction.’’ To identify proteins potentially

responsible for the observed phenotype, we performed a

functional protein network of the cluster F phosphoproteins

belonging to this GO term by using STRING (Figure 5C;

Table S4).49 This analysis highlighted the most connected nodes

(highest degree and network centrality). We focused on cofilin-1

(encoded by the CFL1 gene, previously shown to regulate nu-

clear morphology both in interphase cells50 and at the end of

mitosis51), which was phosphorylated on serine 41 upon LPS

treatment (Figures 5D–5F; Table S4). Phosphorylation of

cofilin-1 at serine 41 has been previously observed in several

phosphoproteomic studies, including in mouse dendritic cells

and human cancer cells.52–62 However, the functional relevance

of this phosphorylation has not been previously studied.

We also verified the effect of LPS stimulation on lamin-A/C

expression using our MS datasets. At both 1 and 4 h post-

stimulation the total protein level of lamin-A/C (LMNA gene)

was not reduced (Figures S5A–S5C). However, we did

observe an increase in the phosphorylation of lamin-A/C

at serine 12 (Figure S5D). It is possible, therefore, that

the subtle reduction in lamin A/C levels observed following

overnight LPS stimulation (Figures S3J and S3K) occurs

over a longer time frame and may be influenced by serine

12 phosphorylation.

Intriguingly, our GO analysis also presented ‘‘release of cyto-

chrome c from the mitochondria’’ as a major upregulated term.

This is a major event in the apoptotic cascade and would sug-

gest that LPS stimulation drives programmed cell death.63 We

therefore checked this using flow cytometry (Figure S5E). This

revealed a small, but non-significant, increase in cell death in
Figure 5. Phosphoproteomic analysis of dendritic cell inflammatory ac

(A) Hierarchical clustering analysis using Pearson correlation distance of phospho

(Z score) before clustering. Only sites with one-way ANOVA FDR < 0.01 and fun

(B) Gene ontology (GO) and pathway (KEGG and Reactome) enrichment analysis o

level against the entire proteome quantified.

(C) Functional STRING protein network of the phosphoproteins belonging to clus

(D) Boxplot of the normalized MS signal, after log2 transformation, for the protein

were calculated by two-tailed paired Student’s t test.

(E) MS/MS spectra for the cofilin-1 phosphopeptide containing the phosphorylat

(F) Extracted MS2 ion chromatogram for the cofilin-1 phosphopeptide shown in

minutes). Data information: for box-and-whisker plots, box represents 25th to 7

values, and middle band represents data median.
response to LPS stimulation following overnight LPS stimulation

as previously observed.64

To determine whether cofilin-1pS41 drives nuclear deforma-

tion, we overexpressed GFP-tagged wild-type (WT) cofilin-1,

along with phosphomimetic (S41E) and phospho-dead (S41A)

cofilin-1 mutants, in moDCs. For the microscopy, we selected

cells with comparable expression levels of the cofilin-1 variants

based on the intensities of the GFP fluorescence. Analysis of

the z-projected sizes of the nuclei revealed that both the phos-

phomimetic (S41E) and the phospho-dead (S41A) cofilin-1 mu-

tants can induce a subtle deformation of the moDC nuclei

(Figures 6A and 6B). We also verified that cofilin-1 S41E and

S41A were not altering the shape of the nucleus by reducing

moDC spreading. Indeed, although the nuclei were reduced in

z-projected size, the z-projected size of the entire cell was not

reduced (Figure S6A). Therefore, is seems likely that cofilin-

1pS41 contributes to nuclear deformation but not to the de-

spreading process.

It is surprising that both the phosphomimetic and the phos-

pho-dead mutants could induce subtle deformation of the

moDC nucleus in the x-y plane given the differing biochemical

properties of glutamic acid and alanine. The reasons for this

are unclear; however, phosphorylation can reprogram protein

function65 by altering protein shape and/or rewiring a protein’s

interactome.66 Therefore we performed molecular simulations

with enhanced sampling techniques, which indicated that the

structure of cofilin-1 is very stable; phosphorylation of serine

41 (and dephosphorylation of serine 3) leaves the structure rela-

tively unchanged (Figures S6B, S6C, and S6D). Therefore, our

data suggest that phosphorylation of cofilin-1 at serine 41 may

instead alter cofilin-1’s interactome through loss of the OH group

on the serine (as opposed to altering cofilin-1’s molecular

structure). We speculate that this will ultimately rewire the inter-

actome of cofilin. However, confirming this will require further

experimentation.

To further understand the contribution of cofilinpS41 to the

deformation of the cell nucleus, we analyzed moDCs overex-

pressing WT or S41E cofilin-1, using Airyscan microscopy. First,

we verified that the nuclei were deforming and not shrinking

(Figures 6C and 6D), as we observed for activated moDCs

(Figures 1B and 1C). This revealed that, although S41E

cofilin-1 can significantly reduce the z-projected size, it does

not significantly change the nuclear volume; the nuclei extend

into the z plane, similar to our observations with LPS activation.

Furthermore, qualitative observation of cofilin-1 S41E (as well as

qualitative observation of S41A expressing moDCs) suggests
tivation

site intensities. Values were normalized, imputed, batch-corrected, and scaled

ctional score >0.45 were used for clustering. n = 6 donors.

n each cluster shown in (A). Enrichment was performed on the phosphoprotein

ter F and to the GO ‘‘cell junction’’.

cofilin-1 (left) and the phosphorylated serine 41 of cofilin-1 (right). The p values

ed serine 41.

(E). Each line represents a fragment ion. iRT, independent retention time (in

5th percentile, whiskers (when displayed) represent maximum and minimum
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that it (and therefore cofilin-1pS41) accumulates around the nu-

cleus (Figure 6A). Therefore, we examined the nature of these

structures using Airyscan microscopy. The majority of observed

cells overexpressing cofilin-1 S41E form a cofilin-1 halo, in

contrast to WT cofilin (Figures 6C and 6E). The majority of

these halos co-localized with F-actin (Figures 6F–6H). We also

noticed that F-actin filaments are lost from the nuclei in

moDCs expressing both WT and S41E cofilin. These are likely

lost as an overexpression artifact. We also determined the min-

imum and maximum distances between the halos and the nuclei

(Figures S6E and S6F). This revealed that part of the halos are

always juxtaposed to the nucleus, while other parts can be up

to 5 mm away. Therefore it seems possible that any force trans-

mission from the halos to the nuclei may be both direct and via

cytoplasmic squeezing.

We also examined the impact of cofilin-1 S3 phosphorylation

on z-projected nuclear size. Based on previous findings,67 cofi-

lin-1pS3 is dephosphorylated upon LPS stimulation, which has

been reported to regulate nuclear morphology.51 Dephosphory-

lation at this residue enables its actin-severing activity.68 How-

ever, at both 1 and 4 h, this was a non-significant change in

our phosphoproteomic data (Figure S4E). Furthermore, overex-

pression of a cofilin-1 S3A mutant (phospho-dead) was not suf-

ficient to induce the nuclear membrane deformation in moDCs

(Figures S7A and S7B).69

Using the mN2G-TS FRET probe, we confirmed that there is

no difference in force across actin-based LINC complexes in

cells expressing WT or S41E cofilin (Figures S7C and S7D).

Therefore, S41E cofilin is able to remodel the nuclei through a
Figure 6. Nuclear deformation is driven by cofilin-1 S41 phosphorylati

(A) Confocal micrographs of dendritic cells expressing WT, S41E, or S41A cofilin-

cofilin-1 halos. Scale bar, 20 mm.

(B) Quantification of the z-projected nuclear area of dendritic cells expressing cofi

data are for at least 108 measurements per condition; statistics for individual do

(C) Airyscan images of dendritic cells expressing WT or S41E cofilin-1 variants. Y

(D) z-projected area along with volume of the same nuclei of cells expressing eith

from three donors).

(E) Quantification of the cells with a cofilin-1 halo around the nucleus (expressing

condition and three donors).

(F) Example of cofilin-1-F-actin co-localization in a dendritic cell expressing cofil

(G) Line profile of normalized cofilin-1 (purple) and F-actin (blue) intensity as indi

(H) Pearson’s correlation coefficient of cofilin-1-F-actin at the halos and in the cy

pooled from three donors, minimum of 18 measurements per condition; three re

(I) Airyscan images of cofilin-1 and F-actin in dendritic cells cultured overnight

indicates perinuclear cofilin-1 halo. Scale bar, 20 mm.

(J) Quantification of the percentage of cells with a cofilin-1 halo around the nucle

(minimum of 10 cells per condition and three donors).

(K) Example of cofilin-1-F-actin co-localization in dendritic cells cultured overnig

(L) Line profile of normalized cofilin-1 (purple) and F-actin (blue) intensity as indica

3.9 mm.

(M) Pearson’s correlation coefficient of cofilin-1-F-actin at the halos and in the

bundling (data points represent individual cells pooled from three donors, minim

(N) Airyscan images of dendritic cells with S41E cofilin-1 stained for F-actin and

(O) Example of S41E cofilin-1-F-actin-myosin co-localization in a dendritic cell e

(P) Line profile of normalized cofilin-1 (purple), F-actin (blue), andmyosin 9 HC (yel

overlap.

(Q) Pearson’s correlation coefficient of cofilin-1-myosin 9 HC at the halos and in

cells pooled from three donors, minimum of 31 measurements per condition). St

condition experiments or ANOVA/Tukey’s multiple comparisons test for experim

pattern of the data). A two-tailed paired t test was used for (H), (M), and (Q). *p <
mechanism that does not involve actin-based LINC complex re-

modeling. It seems possible that the observed cofilin halos are

not passively sequestering actin away from the nucleus, but

may instead be driving an active remodeling process. Indeed,

Airyscan microscopy of endogenous cofilin-1 confirmed that a

similar halo forms in the majority of LPS-stimulated cells

(Figures 6I and 6J). We were able to observe co-localization be-

tween cofilin-1 and F-actin in approximately 50%of imaged acti-

vated cells (Figures 6K–6M). We therefore hypothesized that

these halos may be contractile, and therefore, we stained for

myosin 9 heavy chain in cells expressing mCherry-cofilin S41E.

This revealed a strong co-localization between cofilin S41E

and myosin motors (Figures 6N–6Q). We have therefore termed

these halos CAM rings.

To test the impact of cofilin S41 phosphorylation on nuclear

dynamics and migration, we first analyzed the impact of overex-

pressing WT or S41E cofilin on nuclear shape fluctuations

(Figures 7A‒7D; Videos S5 and S6). Consistent with LPS-stimu-

lated moDC nuclei, we observed more nuclear fluctuations with

our phosphomimetic mutant.

To test the impact of cofilin phosphorylation at serine 41 on 3D

migration, we overexpressed mCitrine-WT and mCherry-S41E

cofilin in activated moDCs, mixed the populations, and seeded

them into bovine dermal-based collagen gels (concentration of

1.7 mg ml�1 as used above; Figures 7E–7I; Videos S7 and S8).

This revealed that overexpression of cofilin-S41E increased the

MSD in active moDCs (Figures 7J and 7K). While the increase

in MSD was consistent for all donors assessed with a minimum

increase of about 25% observed, the results were again variable
on

1 fused to GFP. Yellow arrowheads indicate qualitatively observed perinuclear

lin-1 variants (data points represent individual cells pooled from three donors;

nors are in Table S5).

ellow arrowhead indicates perinuclear cofilin-1 halo. Scale bar, 20 mm.

er WT cofilin-1 or S41E cofilin-1 (data points represent individual cells pooled

WT or S41E cofilin-1 observed in Airyscan images; minimum of nine cells per

in-1 S41E. Orange line, 3.9 mm.

cated in (F). Highlighted region indicates area of substantial overlap.

tosol of cells expressing cofilin-1 S41E (data points represent individual cells

gions per compartment per cell were analyzed).

in the presence or absence of LPS (overnight stimulation). Yellow arrowhead

us (cultured in the presence or absence of LPS), observed in Airyscan images

ht with LPS.

ted in (K). Highlighted region indicates area of substantial overlap. Orange line,

cytosol of cells cultured overnight with LPS that displayed F-actin-cofilin-1

um of 15 measurements per condition).

myosin 9 heavy chain (HC). Scale bar, 20 mm.

xpressing cofilin-1 S41E. Orange line, 3.9 mm.

low) intensity as indicated in (O). Highlighted region indicates area of substantial

the cytosol of cells expressing cofilin-1 S41E (data points represent individual

atistical significance was calculated using two-tailed unpaired t tests for two-

ents with three or more conditions (with test selected according to distribution

0.05; **p < 0.01; ***p < 0.001. Error bars, SEM.
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between donors (Figure 7L). We also stained for cofilin in moDCs

migrating through collagen produced at 1.7 mg mL�1. Although

the density prevented consistent staining for a comparison be-

tween inactive and active moDCs, we did observe cofilin around

the nucleus in active moDCs migrating in 3D (Figure S7E).

Furthermore, we observed a decrease in the nuclear width-to-

length ratio when comparing cells that presented a halo (Fig-

ure S7F) with those without, indicating that cofilin halos drive nu-

clear squeezing.

These results suggest that phosphorylation of cofilin at serine

41 mimics the increase in morphological dynamism associated

with moDC activation, reducing the relative confinement exerted

on moDCs by the ECM. As these collagen gels have holes ap-

proaching the physical limit of migration, we conclude that cofi-

linpS41-driven nuclear remodeling facilitates efficient moDC

migration through the ECM, likely through CAM-ring-mediated

contractility.

DISCUSSION

Dendritic cells are found in virtually all tissues, yet they need to

migrate to lymph nodes to initiate a novel adaptive immune

response.1 Therefore, dendritic cellsmust have extremely plastic

biochemical andmechanosensitive signalingmachinery that can

adapt to residency within each tissue, yet override mechanical

signals once activated. Indeed, activated dendritic cells are

less adhesive,5,22 and integrin-free dendritic cell migration is

both viable and efficient.20,21 However, a perceived disadvan-

tage of adhesion-free migration is that the nucleus blocks migra-

tion through small pores (<3 mm) that could otherwise be

expanded through ECM remodeling.31 Our study suggests that

dendritic cell activation can (partially) compensate for this, as

the nucleus becomes more spherically deformed and is better

able to pass through 2-mm gaps in the ECM. These changes to

the shape of the nucleus seem to also be partially passive, via

a reduction in adhesion, and partially active, with cofilinpS41 pro-

moting the assembly of perinuclear CAM rings. Indeed, the as-

sembly of a contractile ring around the nucleus in response to

LPS stimulation makes sense of the fact that the dendritic nu-

cleus seems to be able to better pass through gaps in the
Figure 7. S41 phosphorylation of cofilin increases migration in confine

(A) Airyscan movie and time trace of nucleus in dendritic cell overexpressing WT

(B) Airyscan movie and time trace of nucleus in dendritic cell overexpressing cofi

(C) Example traces of nuclear size fluctuations for dendritic cells overexpressing

(D) Quantification of absolute percentage changes in nuclear size over time (da

measurements per condition).

(E) Schematic demonstrating migration experiment setup.

(F) Stills from representative time-lapse microscopy of activated dendritic cell ov

(G) Example migration traces of activated dendritic cell overexpressing WT cofili

(H) Stills from representative time-lapse microscopy of activated dendritic cell ov

(I) Example migration traces of activated dendritic cell overexpressing S41E cofi

(J) Example mean square displacement (MSD) of activated dendritic cells overex

(K) Quantification of rate of MSD change for activated dendritic cells overexpress

donors, 75 measurements per condition; statistics for individual donors are in Ta

(L) Donor breakdown of the rate of MSD change per donor, expressed as a percen

Data information: statistical significance was calculated using two-tailed unpa

**p < 0.01. Error bars, SEM. For box-and-whisker plots, box represents 25th to 75

represents data median, and + represents data mean.
ECM without becoming consistently softer (indeed, it may be

stiffening in response to LPS stimulation).

Dendritic cell activation is extremely well understood at the

genetic level, with numerous signaling receptors and transcrip-

tion factors identified.70 However, the complex (de)phosphoryla-

tion events underpinning this activation are poorly understood.

Although a few high-quality phosphoproteomic studies des-

cribing these (de)phosphorylation events in dendritic cells have

been produced,61,71,72 only one study has been published for

human dendritic cells.72 Our phosphoproteomic data both

contribute to this understanding and provide (to date) the most

comprehensive phosphoproteomic description of human

myeloid cell activation, having identified 2,068 statically signifi-

cant (de)phosphorylation events, including an adhesion-associ-

ated signaling cluster, focused around cofilin-1pS41.

How does cofilin-1pS41 drive migration through the ECM? Our

data suggest that this might be ultimately achieved through force

transmission to the nucleus, via perinuclear CAM rings. Indeed,

previous work has shown that dendritic cells find paths through

the ECM by pushing their nucleus into multiple pores in their im-

mediate vicinity.23 This allows the dendritic cell to select the

largest pore to migrate through. Although our data do not

demonstrate that myosin is actively contracting at these rings,

this model is consistent with findings that dendritic cell activation

is accompanied by increased myosin-based squeezing of the

nucleus through ECM gaps.47 It is also worth noting that the in-

crease in MSD across multiple donors in 3D ECM was far larger

as a percentage than the change in nuclear size in 2D (�25%

MSD increase compared with an �9% reduction in z-projected

nuclear size). However, this is consistent with cofilin s41 phos-

phorylation playing a critical role in 3D migration that is not

conserved to 2D; in 2D there are no pores for the nucleus to be

squeezed through (although our 2D experiments have enabled

us to make predictions regarding 3D migration). Indeed, many

studies have shown that 2D- and 3D-migration modes are very

different. For instance, the disruption of microtubules (via noco-

dazole treatment) in dendritic cells in 2D has relatively little effect

on migration efficiency, but leads to cellular fragmentation in

3D.23 This is due to the dendritic cell’s inability to correctly posi-

tion and reposition its nucleus, which is critical for dendritic cell
d environments

cofilin. Scale bar, 10 mm.

lin S41E. Scale bar, 10 mm.

WT cofilin (blue) or cofilin S41E (yellow).

ta points represent individual cells pooled from three donors, minimum of 67

erexpressing WT cofilin. Scale bar, 20 mm.

n.

erexpressing S41E cofilin. Scale bar, 20 mm.

lin.

pressing WT or S41E cofilin. Shaded region represents SEM.

ing WT or S41E cofilin (data points represent individual cells pooled from three

ble S5).

tage change from cofilin WT to cofilin S41E. Data points show donor averages.

ired t tests (with test selected according to distribution pattern of the data).
th percentile, whiskers represent maximum and minimum values, middle band
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pathfinding in 3D.23 It is also unclear how long CAM rings would

persist during long-range 3D migration. Actin-based retraction

fibers are thought to be dynamically assembled in response to

cues from the ECM, followed by disassembly.73 Presumably,

CAM rings follow the same pattern. In conclusion, our data sug-

gest that dendritic cell activation triggers nuclear deformation via

a reduction in cell-matrix adhesion and drives enhanced transmi-

gration of the nucleus through small (%2-mm) gaps in the ECM.

Limitations of the study
Dendritic cell migration is a highly studied process, yet under-

standing human dendritic cell migration has many challenges.

For instance, interpreting experimental variability is difficult, as

primary moDCs are a heterogeneous cell population, and cells

from different donors present varying responses to LPS stimula-

tion.74 Furthermore, many of our experiments utilized overnight

LPS stimulation (in the range of 18–24 h of LPS stimulation).

While this is standard practice for studies of dendritic cells,

most large datasets derived from dendritic cells utilize very small

time windows following LPS stimulation, because human

myeloid cells are non-proliferative, limiting the amount of mate-

rial available per experiment.

It is also unclear why cofilin S41E produces a phenotype

similar to that of cofilin S41A, in terms of a subtle nuclear shape

changer. While the addition of a negatively charged phosphate

group has long been known to enable new protein-protein inter-

actions,75 the breaking of hydrogen bonds through the addition

of a phosphate group (removing the hydrogen from an OH

group), although theoretically possible, has not been definitively

proven.

Finally, the use of primary cells also hampers the utilization of

many established techniques that can be usedwith cell lines. For

instance, we cannot suppress the expression of endogenous co-

filin prior to overexpressing our recombinant variants. This has

hampered our ability to differentiate the effects of cofilin phos-

phorylation at serine 41 at the nucleus compared with other sub-

cellular actin structures. Thus, a more extensive analysis of the

effect of cofilin phosphorylation on dendritic cell migration will

require alternative systems, such as mouse models.
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28. Davidson, P.M., Battistella, A., Déjardin, T., Betz, T., Plastino, J., Borghi,

N., Cadot, B., and Sykes, C. (2020). Nesprin-2 accumulates at the front of

the nucleus during confined cell migration. EMBO Rep. 21, e49910.

https://doi.org/10.15252/EMBR.201949910.

29. Nava, M.M., Miroshnikova, Y.A., Biggs, L.C., Whitefield, D.B., Metge, F.,

Boucas, J., Vihinen, H., Jokitalo, E., Li, X., Garcı́a Arcos, J.M., et al.

(2020). Heterochromatin-Driven Nuclear Softening Protects the Genome

against Mechanical Stress-Induced Damage. Cell 181, 800–817.e22.

https://doi.org/10.1016/J.CELL.2020.03.052.
Cell Reports 43, 113866, March 26, 2024 17

https://doi.org/10.3389/FIMMU.2018.03176
https://doi.org/10.1038/s41556-021-00670-5
https://doi.org/10.1016/J.CELREP.2020.108609
https://doi.org/10.1038/ncomms13127
https://doi.org/10.1038/ncomms13127
https://doi.org/10.1083/JCB.200801022
https://doi.org/10.1038/nature13814
https://doi.org/10.1038/nature13814
https://doi.org/10.1016/j.celrep.2019.10.103
https://doi.org/10.1016/j.celrep.2019.10.103
https://doi.org/10.1038/S41590-022-01257-4
https://doi.org/10.1038/S41590-022-01257-4
https://doi.org/10.1083/JCB.201109041
https://doi.org/10.1083/JCB.201109041
https://doi.org/10.1016/S1534-5807(04)00075-9
https://doi.org/10.1016/S1534-5807(04)00075-9
https://doi.org/10.1038/NCB2074
https://doi.org/10.1038/NCB2074
https://doi.org/10.1016/J.BIOCEL.2013.07.001
https://doi.org/10.1016/J.BIOCEL.2013.07.001
https://doi.org/10.7554/ELIFE.58541
https://doi.org/10.1016/j.stem.2020.10.018
https://doi.org/10.1016/j.stem.2020.10.018
https://doi.org/10.1073/PNAS.94.3.849
https://doi.org/10.1073/PNAS.0908686106
https://doi.org/10.1007/S12195-013-0270-2
https://doi.org/10.1371/JOURNAL.PONE.0107895
https://doi.org/10.1371/JOURNAL.PONE.0107895
https://doi.org/10.1016/J.BIOMATERIALS.2015.07.017
https://doi.org/10.1016/J.BIOMATERIALS.2015.07.017
https://doi.org/10.1038/nature06887
https://doi.org/10.1038/nature06887
https://doi.org/10.1038/s41586-020-2283-z
https://doi.org/10.1038/s41586-020-2283-z
https://doi.org/10.4049/JIMMUNOL.177.3.1567
https://doi.org/10.4049/JIMMUNOL.177.3.1567
https://doi.org/10.1038/S41586-019-1087-5
https://doi.org/10.1038/S41586-019-1087-5
https://doi.org/10.1126/SCIENCE.ABA2894
https://doi.org/10.1126/SCIENCE.ABA2894
https://doi.org/10.1126/SCIENCE.ABA2644
https://doi.org/10.1126/science.1256965
https://doi.org/10.1038/s41467-019-11923-1
https://doi.org/10.1038/s41467-019-11923-1
https://doi.org/10.15252/EMBR.201949910
https://doi.org/10.1016/J.CELL.2020.03.052


Article
ll

OPEN ACCESS
30. Newman, D., Young, L.E., Waring, T., Brown, L., Wolanska, K.I., Mac-

Donald, E., Charles-Orszag, A., Goult, B.T., Caswell, P.T., Sakuma, T.,

et al. (2023). 3D matrix adhesion feedback controls nuclear force

coupling to drive invasive cell migration Actomyosin force engagement

displaces Git-bPix-Myo18A, establishing a feedback loop 3D matrix

adhesion feedback controls nuclear force coupling to drive invasive

cell migration. Cell Rep. 42, 113554. https://doi.org/10.1016/j.celrep.

2023.113554.

31. Wolf, K., te Lindert, M., Krause, M., Alexander, S., te Riet, J., Willis, A.L.,

Hoffman, R.M., Figdor, C.G., Weiss, S.J., and Friedl, P. (2013). Physical

limits of cell migration: Control by ECM space and nuclear deformation

and tuning by proteolysis and traction force. J. Cell Biol. 201, 1069–

1084. https://doi.org/10.1083/JCB.201210152.

32. Baranov, M., Ter Beest, M., Reinieren-Beeren, I., Cambi, A., Figdor, C.G.,

and van den Bogaart, G. (2014). Podosomes of dendritic cells facilitate

antigen sampling. J. Cell Sci. 127, 1052–1064. https://doi.org/10.1242/

JCS.141226.

33. Thiam, H.-R., Vargas, P., Carpi, N., Crespo, C.L., Raab, M., Terriac, E.,

King, M.C., Jacobelli, J., Alberts, A.S., Stradal, T., et al. (2016). Perinu-

clear Arp2/3-driven actin polymerization enables nuclear deformation

to facilitate cell migration through complex environments. Nat. Commun.

7, 10997. https://doi.org/10.1038/ncomms10997.

34. Arsenovic, P.T., and Conway, D.E. (2018). Using Nesprin Tension Sen-

sors to Measure Force on the LINC Complex. Methods Mol. Biol. 1840,

59–71. https://doi.org/10.1007/978-1-4939-8691-0_6.

35. Woroniuk, A., Porter, A., White, G., Newman, D.T., Diamantopoulou, Z.,

Waring, T., Rooney, C., Strathdee, D., Marston, D.J., Hahn, K.M., et al.

(2018). STEF/TIAM2-mediated Rac1 activity at the nuclear envelope reg-

ulates the perinuclear actin cap. Nat. Commun. 9, 2124. https://doi.org/

10.1038/s41467-018-04404-4.

36. Gaertner, F., Reis-Rodrigues, P., de Vries, I., Hons, M., Aguilera, J., Riedl,

M., Leithner, A., Tasciyan, S., Kopf, A., Merrin, J., et al. (2022). WASp trig-

gers mechanosensitive actin patches to facilitate immune cell migration

in dense tissues. Dev. Cell 57, 47–62.e9. https://doi.org/10.1016/J.DEV-

CEL.2021.11.024.

37. Sutoh Yoneyama,M., Hatakeyama, S., Habuchi, T., Inoue, T., Nakamura,

T., Funyu, T., Wiche, G., Ohyama, C., and Tsuboi, S. (2014). Vimentin in-

termediate filament and plectin provide a scaffold for invadopodia, facil-

itating cancer cell invasion and extravasation for metastasis. Eur. J. Cell

Biol. 93, 157–169. https://doi.org/10.1016/J.EJCB.2014.03.002.

38. Shaebani, M.R., Stankevicins, L., Vesperini, D., Urbanska, M., Flormann,

D.A.D., Terriac, E., Gad, A.K.B., Cheng, F., Eriksson, J.E., and Lau-

tenschlV Ager, F. (2022). Effects of vimentin on the migration, search ef-

ficiency, and mechanical resilience of dendritic cells. Biophys. J. 121,

3950–3961. https://doi.org/10.1016/j.bpj.2022.08.033.
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Formaldehyde Electron Microscopy Services 15700

Hoechst Thermofisher 62249

Fetal bovine serum Thermofisher 10309433

Antibiotic-antimitotic Gibco 15240062

M-CSF RnDSystems 216-MC

Collagen I, rat tail Thermofisher A1048301

Fibronectin from bovine plasma Sigma Aldrich F1141-1MG

Laminin Merck L2020

Vitronectin Peprotech AF-140-09

Fibrinogen, human type i Sigma Aldrich F3879

Cytochalasin D Merck C2618

Latrunculin B Abcam Ab144291

BODIPY C10 Gift from Ulf Diederichsen43 NA

Collagen PureCol Type I Bovine Collagen Solution Advanced Biomatrix #5005

a-modified minimal essential medium Sigma Aldrich M4526

DQ Gelatin Thermofisher D12054

Tris(2-carboxyethyl)phosphine hydrochloride Merck C4706

Human Serum Merck H4522

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

2-Chloroacetamide Merck C0267

OptiKlear Abcam ab275928

Critical commercial assays

Polycarbonate membrane filter (1-micron pores) Sterlitech PCT1025100

Polycarbonate membrane filter (2-micron pores) Sterlitech PCT2013100

Polycarbonate membrane filter (3-micron pores) Sterlitech PCT3013100

Micropatterned slides 4D Cell UM001

Custom-made fibronectin stiffness gels 4D Cell N/A

NeonTM Transfection System 100 mL Kit Scientific Thermofisher MPK10096

Deposited data

Mass spectrometry data This paper PRIDE: PXD031056

Primary microscopy data This paper Zenodo: 10571847; https://doi.org/10.5281/

zenodo.10571847

Recombinant DNA

Mini nesprin2 tension sensor Arsenovic and Conway34 RRID: Addgene_68127

Mini nesprin2 tension sensor headless Arsenovic and Conway34 RRID: Addgene_68128

pEGFP-N1 human cofilin-1 Garvalov et al.69 RRID: Addgene_50859

pEGFP-N1 human cofilin-1 S3E Garvalov et al.69 RRID: Addgene_50861

pEGFP-N1 human cofilin-1 S3A Garvalov et al.69 RRID: Addgene_50860

pEGFP-N1 human cofilin-1 synthetic (WT) This study RRID: Addgene_186747

pEGFP-N1 human cofilin-1 synthetic (S41E) This study RRID: Addgene_186748

pEGFP-N1 human cofilin-1 synthetic (S41A) This study RRID: Addgene_186749

pmCherry-N1 human cofilin-1 synthetic (WT) This study RRID: Addgene_186750

pmCherry-N1 human cofilin-1 synthetic (S41E) This study RRID: Addgene_186751

pEGFP-C1 human Lamin A/C This study RRID: Addgene_206027

Software and algorithms

ImageJ/Fiji software ImageJ https://imagej.net/software/fiji/

Spectronaut V.15 Biognosys N/A

Perseus Software v1.6.15.0 Maxquant https://maxquant.net/perseus/

Prostar online tool Prostar-proteomics http://www.prostar-proteomics.org

Cytoscape Cytoscape https://cytoscape.org/

GROMACS 2019.3 Gromacs https://www.gromacs.org/

JPK Data Processing Bruker N/A

SymPhoTime 64 PicoQuant N/A

FLIMfit software 5.1.1. FLIMfit https://flimfit.org/

Chemotaxis and Migration Software Ibidi https://ibidi.com/chemotaxis-analysis/

171-chemotaxis-and-migration-tool.html

Zeiss ZEN software 2.3 Zeiss N/A

IMOD Kremer et al.76 https://bio3d.colorado.edu/imod/download.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Geert van

den Bogaart (g.van.den.bogaart@rug.nl).

Materials availability
All plasmids have been deposited to Addgene.
22 Cell Reports 43, 113866, March 26, 2024

mailto:g.van.den.bogaart@rug.nl
https://doi.org/10.5281/zenodo.10571847
https://doi.org/10.5281/zenodo.10571847
https://imagej.net/software/fiji/
https://maxquant.net/perseus/
http://www.prostar-proteomics.org
https://cytoscape.org/
https://www.gromacs.org/
https://flimfit.org/
https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html
https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html
https://bio3d.colorado.edu/imod/download.html


Article
ll

OPEN ACCESS
Data and code availability
d All raw MS data were generated by the authors and deposited to the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE partner repository77 with the dataset identifier PXD031056. Primary microscopy data

generated in this study have been deposited in the Zenodo database under accession code https://doi.org/10.5281/

zenodo.10571847.

d Our macro for measuring ratiometric FRET is available to readers upon request.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Monocyte-derived dendritic cells were obtained by differentiating monocytes with interleukin (IL)-4 (300 mg/ml) and granulocyte-

macrophage colony-stimulating factor (GM-CSF; 450 mg/ml) for 6 days in RPMI supplemented with 10% serum, antibiotics

(100 mg ml�1 penicillin, 100 mg ml�1 streptomycin and 0.25 mg ml�1 amphotericin B, Gibco), and 2 mM glutamine. Monocytes

were isolated from the blood of healthy donors (informed consent and consent to publish obtained, approved by the ethical commit-

tee of Dutch blood bank Sanquin) as previously described.78 LPS (O111:B4, Sigma Aldrich 32160405) stimulation was carried out

overnight unless otherwise stated.

CD14+ macrophages were obtained as previously described. In brief CD14+ monocytes were isolated using MACs kits (Miltenyi)

from the blood of healthy donors. The CD14+ monocytes were differentiated for 7 days on low-adherence plates (Corning) in RPMI

supplemented with 10% serum, antibiotics (100 mg ml�1 penicillin, 100 mg ml�1 streptomycin and 0.25 mg ml�1 amphotericin B,

Gibco), and M-CSF (100ng/ml) for 7 days.

METHOD DETAILS

Reagents antibodies
The following primary antibodies were used in this study: cofilin-1 (Thermofisher GT567, 1:200): 1:200, lamin-A/C (Abcam ab108595,

1:200 for immunofluorescence, 1/1000 for western blot), vimentin (Abcam ab92547, 1:200), tubulin (Novus Biologicals YOL1/34),

GAPDH (Cell Signaling 2118, 1:500), Myosin 9 HC (Thermofisher 5D9D2, 1:200).

The following secondary antibodies and reagents were for immunofluorescence: donkey anti-rabbit 647 (Thermo Fisher A31573),

goat anti-rat 488 (Thermo Fisher A11006), donkey anti-mouse 647 (Thermo Fisher A31571), phalloidin Alexa-Fluor-488 (Thermo

Fisher A12379), phalloidin Alexa-Fluor- 647 (Thermo Fisher A22287), DAPI (Sigma Aldrich 32670).

Total cell lysis and western blotting
Total cell lysates were obtained using a boiling SDS lysis buffer (5% sodium dodecyl sulfate (SDS), 5 mM tris (2-carboxy- ethyl)phos-

phine (TCEP), 10 mM chloroacetamide (CAA), 100 mM Tris, pH 8.5). Lysates were then incubated for 10 minutes at 95oC. Lysates

were resolved on polyacrylamide gels and transferred tomethanol-activated PVDF. Blots were scanned with an Odyssey XF imaging

system (LI-COR Biosciences).

Confocal microscopy
Cells were seeded onto glass coverslips for at least 12 hours before fixation. Cells were fixed in 4% PFA for 15 minutes at room

temperature, or ice-cold methanol for 10 minutes at -20oC (for lamin-A/C immunolabeling). Cells fixed in PFA were permeabilized

for 5 minutes in a 0.1% (v/v) Triton-X100 solution. Cells were blocked in a 20 mM glycine 3% BSA PBS-based solution for 1 hour

before antibody staining.

Transient transfection of dendritic cells was achieved using the Neon-transfection system (Thermo Scientific). In brief, 1.2 million

cells were washed with PBS and suspended in 115 mL of buffer R with 5 mg of DNA. Cells were pulsed twice for 40ms at 1000 V. Cells

were then transferred to phenol red-free RPMI with 20% serum for at least 4 hours before imaging. Live cell imaging was performed in

OptiKlear solution (Abcam ab275928).

Images were collected with a Zeiss LSM 800microscope equipped with a Plan-Apochromat (63x/1.4) oil DICM27 (FWD=0,19mm)

objective (Zeiss). Images were acquired using the ZEN software (version 2.3). DAPI was excited by a 405 laser, and Alexa Fluor 488

phalloidin was excited by a 488 laser. For Z-series, a slice interval of 0.31 mm was used. Airyscan microscopy was performed with a

Zeiss LSM 800 airyscan microscope. A Z-interval of 0.17 mm was used. Images were acquired using the ZEN software (version 2.3).

Images were subject to airyscan processing following acquisition. 3D reconstruction was achieved using the IMOD software pack-

age.76 Nuclear sphericity was analysed using the 3D Image J Suite.79

ECM coating of glass coverslips
Sterile glass coverslips were coated in a PBS solution containing each respective ECM protein (collagen (0.3 mg ml-1), fibronectin

(33 mg ml-1), laminin (0.1-0.2 mg ml-1), vitronectin (0.1 mg ml-1), fibrinogen (0.1 mg ml-1)) overnight. The coverslips were then washed

with PBS before the seeding of dendritic cells in RPMI supplemented with serum and antibiotics.
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Inhibitors
Cytochalasin D (Merck C2618) was used at concentrations ranging from 100nM to 10 mM, Latrunculin B (AbcamAb144291) was used

at 100nM. All inhibitors were added for 1 hour.

Bodipy-C10
The BODIPY C10 dye (kind gift from Dr. Ulf Diederichsen, Georg-August-Universität Göttingen, Germany) was used at 4 mM to stain

cells for 30 minutes before imaging. Cells were then washed twice with phenol-red free RPMI before imaging. Cells were imaged

using a PicoQuant MicroTime 200 microscope equipped with an Olympus (100x/1,4) oil immersion objective. Images were acquired

using the SymPhoTime 64 software. Data analysis of FLIM images was performed using the open-source FLIMfit software (version

5.1.1.). For analyzing the nuclear membrane, parts of the respective membrane were selected to avoid adjacent organelles.

Atomic force microscopy
AFM measurements were performed using a commercial JPK NanoWizard mounted on an inverted optical microscope (Olympus).

The AFM was equipped with a JPK Biocell heated stage and the measuring temperature was kept at a constant 37�C. Silicon nitride

cantilevers with a triangular pyramidal probe and a nominal spring constant of 0.1 N/m were used (MLCT-BIO E, Bruker). The cells

were seeded on clean glass coverslips. Cell nuclei were identified through light microscopy and then imaged in Quantitative Imaging

mode before indenting. Indentations were performed by drawing a 6x6 points grid in a 3x3 mmarea on the highest point of the nucleus

and then indenting each point once, after which moving on to a different cell. Indentations were performed to a set-point of 1 nN at a

velocity of 1 mm/s. In between cells, a glass curve was taken to check for tip contamination.

Both image and force curves were processed using JPK Data Processing software. Curves were fit using the inbuilt Hertz / Sned-

don model for triangular pyramid-shaped probes to obtain the Young’s modulus. In Figure 4I each data point corresponds to a single

indentation of the used 6x6 grid. Batch processing was used with manually chosen fitting ranges. Typical deformation of the cells at

the place of the nucleuswas�1.5 mm. This indicates that the indentation wasmuch deeper than the actin cortex layer which is several

hundreds of nanometer thick80,81 and that a considerable part of the nucleus was deformed.

FLOW CYTOMETRY

Monocyte-derived dendritic cells andmonocytes isolated with the CD14MACS kit fromMiltenyi biotec (130-050-201) were collected

in a V-bottom plate at 105 cells/well (Thermo scientific # 10462012) and pelleted (300 xg, 3 min, 4�C). Next, cells were blocked in 2%

human serum and PBS for 30min at 4�C and stainedwith fluorescently labeled antibodies raised against DC-SIGN (Beckman Coulter

#A07407), CD80 (BioLegend #305214), CD86 (BD #555658) and HLA-DR (BD #559866) After staining, the cells were washed in PBS

two times, and recorded on a CytoFlex S flow cytometer (Beckman Coulter), and analysed with FlowJo.

Plasmids
The following plasmids were used in this study: mN2G-TS (gift from Daniel Conway; Addgene 68127),34 pcDNA nesprin HL (gift from

Daniel Conway; Addgene 68128) , pEGFP-N1 human cofilin-1 WT (gift from James Bamburg; Addgene 50859), pEGFP-N1 human

cofilin-1 S3E (gift from James Bamburg; Addgene 50861), pEGFP-N1 human cofilin-1 S3A (gift from James Bamburg; Addgene

50860) cofilin-1.69 pEGFP-N1 human cofilin-1 1 S41A and pEGFP-N1 cofilin-1 S41E, and pEGFP-C1 Lamin A/C (LMNA) were gener-

ated as synthetic genes (Genscript) and have been deposited at Addgene.

Ratiometric FRET analysis
Ratiometric FRET images were analysed using an in-house ImageJmacro. The macro divides the YFP-FRET signal by the sum of the

YFP-FRET and CFP signal. Our macro is available to readers upon request.

3D cell culture
Custom-made fibronectin stiffness gels were purchased from 4DCell. Cells were cultured overnight in corning plastic in the presence

or absence of LPS, at 37oC, 5%CO2. Cells were then detached via incubation in PBS at 4oC and re-seeded onto stiffness gels, before

being allowed to adhere for at least 3 hours before fixation with PFA. Cells were then stained with phalloidin and DAPI, and imaged

using confocal microscopy.

Collagenmatrix was generated using a PureCol Type I Bovine Collagen Solution (Advanced Biomatrix; #5005), a-modifiedminimal

essential medium (Sigma Aldrich; M4526) and sodium bicarbonate. Collagen mixture was allowed to pre-polymerise for 5 minutes at

37 �C prior to adding a 45 ml cell suspension containing 60,000 moDCs expressing either WT or mutant cofilin in phenol red-free

RPMI. The total mixture was transferred to a 96-well black plate (Greiner Bio-One; 655090) and incubated for 45 minutes at 37�C.
Afterwards, phenol red–free RPMI 1640 culture medium supplemented with 1 % ultraglutamine and 10 % FBS was added on top

of the matrices.
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Micropatterned substrate
Micropatterned slides were purchased from 4D Cell (UM001 – squares and discs). Cells were allowed to adhere on the slides prior to

being 4% PFA for 15 minutes. Samples were then stained with DAPI and phalloidin, mounted and imaged.

Gelatin impregnated filters
Polycarbonate membrane filters (Sterlitech, Kent, WA: PCT1025100 – 1-micron pores, PCT2013100 – 2-micron pores,

PCT3013100 – 3-micron pores) were washedwith 70%ethanol before being pressed between a glass coverslip and a parafilm sheet,

with a droplet of fluorescent gelatin (DQ Gelatin – Thermo D12054) for 10 minutes. The membranes were then washed with PBS

before cells were seeded on top of themembrane filter. Following overnight incubation, sampleswere fixed in 4%PFA for 15minutes.

Samples were then stained with DAPI and phalloidin, mounted and imaged.

Invasion was calculated by normalizing the total number of cells on the underside of filters to the seeding density on the topside of

the filters. This was then normalized for the +LPS condition to the –LPS condition.

Cell lysis and digestion for proteomics analysis
Cells were lysed in boiling 5% SDS buffer (in 100 mM Tris-HCl pH 8.5, 5 TCEP, 10 mM CAA). Lysates were heated for 10 minutes.

After sonication, protein concentration was estimated by BCA assay (Pierce). Protein digestion using the PAC method82 was auto-

mated on a KingFisherTM Flex robot (Thermo Fisher Scientific) in 96-well format, as previously described.83,84 The 96-well comb is

stored in plate #1, the sample in plate #2 in a final concentration of 70% acetonitrile and with magnetic amine beads (ReSyn Biosci-

ences) in a protein/bead ratio of 1:2. Washing solutions are in plates #3–5 (95% Acetonitrile) and plates #6–7 (70% Ethanol). Plate #8

contains 300 ml digestion solution of 50mMammonium bicarbonate (ABC), LysC in an enzyme/protein ratio of 1:500 (w/w) and trypsin

in an enzyme:protein ratio of 1:250. The protein aggregation was carried out in two steps of 1 min mixing at medium mixing speed,

followed by a 10min pause each. The sequential washeswere performed in 2.5min and slow speed, without releasing the beads from

the magnet. The digestion was set to 12 h at 37 �C with slow speed. After overnight digestion, enzymatic activity was quenched by

acidifying the lysates using trifluoroacetic acid (TFA) at a final concentration of 1% and ensuring the pH of the samples being around

2. Digested peptides for single-shot proteome analysis were loaded directly on C18 evotips (Evosep) for MS analysis. Digested pep-

tides for phosphoproteomics were purified and concentrated on reversed-phase C18 Sep-Pak cartridges (Waters). After elution with

40% acetonitrile (ACN) followed by 60%ACN, a SpeedVac concentrator (ThermoFisher Scientific), operating at 60�C, was utilized to

concentrate the samples. Peptide concentration was estimated by measuring absorbance at A280 on a NanoDrop spectrophotom-

eter (ThermoFisher Scientific).

Enrichment of phosphorylated peptides
Ti-IMAC phosphopeptide enrichment was carried out on a KingFisherTM Flex robot (Thermo Fisher Scientific) in 96-well format, as

previously described.84 200 mg of peptide were used for enrichments, with 20 ml of magnetic Ti-IMACHP beads (ReSyn Biosciences).

The 96-well comb is stored in plate #1, Ti-IMAC HP beads in 100% ACN in plate #2 and loading buffer (1 M glycolic acid, 80% ACN,

5% TFA) in plate #3. The sample is mixed with loading buffer and added in plate #4. Plates 5–7 are filled with 500 ml of washing

solutions (loading buffer, 80% ACN, 5% TFA, and 10% ACN, 0.2% TFA, respectively). Plate #8 contains 200 ml of 1% NH4OH for

elution. The beads are washed in loading buffer for 5 minutes at medium mixing speed, followed by binding of the phosphopeptides

for 20minutes andmedium speed. The sequential washes are performed in 2minutes and fast speed. Phosphopeptides are eluted in

10 minutes at medium mixing speed. After acidification, phosphopeptides were loaded directly on C18 evotips (Evosep) for MS

analysis.

Liquid chromatography-tandem mass spectrometry
Label-free proteome and phosphoproteome samples were analyzed on the Evosep One system85 coupled to an Orbitrap Exploris

480.84 Samples were separated on an in-house packed 15 cm analytical column (150 mm inner diameter), packed with 1.9 mm

C18 beads, and column temperature was maintained at 60 �C using an integrated column oven (PRSO-V1, Sonation GmbH). Pre-

programmed gradients were used: 30 samples per day for proteome, 60 samples per day for phosphoproteome. The mass spec-

trometer was operated in positive ion mode, using data-independent acquisition (DIA), as previously described,86 with spray voltage

at 2 kV, heated capillary temperature at 275 �C and funnel RF frequency at 40. Full MS resolution was set to 120,000 at m/z 200 and

full MS AGC target was 300%, with an injection time of 45 ms, and scan range was set to 350–1400 m/z. AGC target value for frag-

ment scan was set at 1000%. 49 windows of 13.7 Da were used with an overlap of one Da. TheMS/MS acquisition was set to 15,000

resolution, and injection time to 22ms. Normalized collision energy was set at 27%. Peptide match was set to off, and isotope exclu-

sion was on.

Mass spectrometry raw data processing
Data were analyzed on Spectronaut V.15 in directDIA mode (spectral library-free) with the standard settings. For phosphoproteome

analysis, the PTM localization filter was set at 0.75. Deamidation of asparagine and glutamine (NQ) was added as variable
Cell Reports 43, 113866, March 26, 2024 25



Article
ll

OPEN ACCESS
modification for both proteome and phosphoproteome data, and phosphorylation of serine, threonine and tyrosine (STY) only for the

phosphoproteome data. The Human Uniprot fasta file (downloaded in 2019, 21,074 entries) was supplemented with a contaminant

fasta files containing 246 entries.

Bioinformatic analysis
Data analysis was done the Perseus Software87 v1.6.15.0 and the Prostar online tool (http://www.prostar-proteomics.org/).88 Plots in

Figures 5 and S4 were performed using the ggplot2 package v3.3.5, using the R software package v4.1.1 (with RStudio v1.2.5042).

Proteome data
Protein group MS intensities were Log2-transformed and filtered by removing potential contaminants, rows without gene name and

with less than 4 valid values in at least one condition (Ctrl, 1h or 4h). Data normalization was performed by variance stabilization

normalization (VSN) as implemented in Prostar. Missing values were imputing by using the R plugin imputeLCMD (https://cran.

rstudio.com/web/packages/imputeLCMD/index.html) as implemented in Perseus (QRILC = 1). Inter-patient batch effect was

removed by using the R plugin Combat89 as implemented in Perseus. Principal component analysis (PCA) was performed in Perseus

on normalized, imputed and batch-corrected data. Differential expression analysis was performed in Perseus by using one-way

ANOVA. p values were corrected by using the Benjamini–Hochberg (BH) procedure. Proteins were considered significantly regulated

if p adjustedwas < 0.01. Gene ontology (GO) and pathway (KEGGandReactome) enrichment analyseswere performed in Perseus by

Fisher exact test against the whole dataset as background. p values were corrected by using the BH procedure. Hierarchical clus-

tering of protein group intensities was performed in Perseus after row scaling (Z-score) by using Pearson correlation.

Phosphoproteome data
Phosphosite MS intensities were Log2-transformed and filtered by removing potential contaminants and phosphorylation sites with

less than 4 valid values in at least one condition (Ctrl, 1h or 4h). The ‘‘expand the site table’’ function, implemented in Perseus, was

used. MS intensities were normalized in Spectronaut. Missing value imputation (QRILC1.3), batch effect removal, one-way ANOVA,

GO/pathway enrichment analysis and hierarchical clustering were performed as described above for the proteome. Phosphosites

were filtered based on their functional score with a cutoff of 0.45.48 Functional protein network analysis was performed in

STRING49 through the STRING App90 implemented for the Cytoscape software.91 Network analysis (calculation of degree and close-

ness centrality) was performed in Cytoscape.

Molecular modeling: General simulation details
All simulations were performed with GROMACS 2019.392 at a 0.18 M NaCl salt concentration. Systems were kept at a constant

temperature using a velocity rescaling thermostat93 (tT = 1 ps). Pressure coupling was performed with the Berendsen barostat94

(tT = 2 ps, 4.5$10�5 compressibility and 1 bar reference pressure).

Molecular modeling: All-atom replica exchange MD
All-atom molecular dynamics simulations were performed with the February 2021 version of the CHARMM36 force field95,96 with a

2 fs time step. The cofilin-1 NMR structure was downloaded from the PDB (entry 1tvj) and phosphorylated at Ser3 and Ser41 with the

CharmmGUI.97 Protein structures were solvated in tip3p water and the systemswere neutralized with additional Na+ or Cl- ions. After

the steepest descent minimization, the systemswere equilibrated for 10 ns at 48 different temperatures, ranging from 310 to 427.5 K,

with steps of 2.5 K. With these 48 equilibrated systems, replica-exchange runs were performed for 50 ns, with an exchange attempt

every 500 steps. Van derWaals andCoulomb interactions were calculated using the shifted Verlet98 and particlemesh Ewald (PME)99

methods, respectively, both with a 1.2 nm cut-off distance. The LINCS algorithm100 was used to constraint bonds with hydrogen

atoms. For analysis, the trajectories were de-multiplexed using GROMACS’ demux.pl script to obtain trajectories with continuous

coordinates.

Time-lapse microscopy
Day 6 moDCs were transfected with GFP-WT cofilin or mCherry-labelled mutant cofilin using a Neon electroporator (Thermofisher

Scientific). moDCs were pulsed twice at 1000 V for 40 ms and using 10 mg of the corresponding plasmid. After transfection cells

were immediately incubated at 37�C for 4 h in phenol red-free RPMI 1640 containing 10%FBS and 1%ultra-glutamine prior to being

sorted using a FACS Melody WT or mutant cofilin expressing cells were then embedded into a collagen matrix with a final concen-

tration of 1.7 mg ml-1.

Time lapsed video microscopy was performed using the Zeiss Axio Observer 7 with Zeiss Axiocam 702 camera, Sutter Lambda

DG5 light source, fast filter wheels, Zen image acquisition and analysis software and Ibidi stage incubator. Sequential images were

taken every 5 min using an LD Plan-Neofluar 20x /0.4 Korr M27 GFP-WT cofilin expressing cells were excited with a 488 laser and

mCherry-labeled mutant cofilin cells with a 592 laser.

Individual cell tracking was performed to determine the median cell velocity, the cell mean square displacement (MSD) and the

Euclidean distance reached by a cell after 120 minutes of tracking. Cell tracking was performed 4 hours after embedding cells in

the collagen to allow adaptation to the environment and using the manual tracking plugin of Fiji (ImageJ) with adjusted
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microscope-specific time and calibration parameters. Cells were chosen randomly and dead cells were excluded from the cell

tracking. The MSD over time intervals was determined as described in the protocol of Van Rijn et al.101 In short, the MSD was calcu-

lated per time interval for each cell. The average per time interval was calculated for all cells corrected for the tracking length of the

cells. The Euclidean distance was calculated using the Chemotaxis and Migration software (Ibidi).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons were made with GraphPad Prism 8 software, and data expressed as described in the figure legends (2-sides

unpaired t-test, Mann-Whitney U Test, ANOVA/Tukey multiple comparison test, Kolmogorov-Smirnov test). Statistical significance

was determined as p % 0.05
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