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Cell migration orchestrates key events
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INn development, homeostasis, and disease

ve Imaging @ 2P microscope:

LN
0)
1]
0
-
O
-
©
©
0p)
S
O
>

Mouse embryonic

: : Developing saliva
vasculature, proliferation PING

(c) Frederic Geissmann lab

Introduction




Cell migration orchestrates key events
INn development, homeostasis, and disease

ve Imaging @ 2P microscope:

LN
0)
1]
0
>
| -
O
-
©
©
0p)
S
O
>

Mouse embryonic Salivary gland Extracellular matrix & YolkSack macrophaaes
vasculature, proliferation explant dead cells (Rhobo6 (CX3CRI1-GFP

(c) Frederic Geissmann lab

’ ‘ | hn School of Medici
with Al May //)\\{\(/Jl?)uﬁtsscixﬁfi of Medicine at

Introduction




Cell migration orchestrates key events
INn development, homeostasis, and disease

ve imaging @ 2P microscope:

% ‘

‘ Stroma/ Collagen fibers

E)
#

Epithelial

LN
0)
1]
0
-
O
-
©
©
0p)
S
O
>

S ®y ) 500 pym

& YolkSack macrophaages
(CX3CR1-GFP)

Mouse embryonic
vasculature,

(c) Frederic Geissmann lab

Introduction

: - Icahn School of Medicine at
W|th A‘ | May //AMount Sinai




Cell migration orchestrates key events
INn development, homeostasis, and disease

ve imaging @ 2P microscope:

| Stroma/ Collagen fibers 3

F)
#

Epithelial
W« .eellste

LN
0)
1]
0
-
O
-
©
©
0p)
S
O
>

Mouse embryonic & YolkSack macrophaaes
vasculature, (CX3CR1-GFP)

(c) Frederic Geissmann lab
\/\/|th A“ M ay //)\ﬁiﬁﬁtsgi}:?;il of Medicine at

Introduction



QOutline:

. Overview of directed cell migration

What do cells need to be able to move to their target?

1. /Invasion as a special type of directed migration

How do cells overcome physical barriers on their way?



Discovery of cell motility

1882 - Elie Metchnikoff observed motile cells in starfish larva,
oUt rose torn under larval skin and observed cnemaotaxis and phagocytosis.

Nopel prize in 1908 together with Paul Enrlich
N recogn mOme@éch%hk%%f%wg&bf%@ﬂW%%M@UV@ Pathology of Inflammation (1892)



Discovery of cell motility

15 after stimulation

1882 - Elie Metchnikoff observed motile cells in starfish larva,
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Discovery of cell motility

15 after stimulation 30 min later

1882 - Elie Metchnikoff observed motile cells in starfish larva,
oUt rose torn under larval skin and observed cnemaotaxis and phagocytosis.

Nopel prize in 1908 together with Paul Enrlich
N recogn mOme@éch%hk%%f%wg&bf%%%%@r@%w@t/ve Pathology of Inflammation (1892)



QOpserving cell motility in 2
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QOpserving cell motility in 2D...

Neutropnil in a blood drop
chases and eats a

-
.
David Rogers, Vanderbilt University Cinermicroscopy ~ 1930s
N the 1950s

B. Stramer, G. Dunn Cells on film — the past and future of cinemicroscopy, J Cell Sci (2015)



QOpserving cell motility in 2D...

Neutropnil in a blood drop
chases and eats s

How does a cell move
towards it's target?
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QOpserving cell motility in 2D...

Neutropnil in a blood drop
chases and eats s

How does a cell move
towards it's target?

What does a cell heed
to move?
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David Rogers, Vanderpilt University
N the 1950s




Principles of directed cell migration

1. Signal - environmental cue

2. Sensing the signal

3. Transmitting the signal insige the cell to define front-nack

4. Mechanical response: force generation & transmission

SenGupta S. et al,, Nature Reviews Molecular Cell Biology (2021)



1. Signal from the environment




1. Signal from the environment

Chemotaxis




1. Signal from the environment

Chemotaxis

Chemical
gradient
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SenGupta S. et al.,, Nature Reviews MolCellBio (2021) (c)Babraham Institute Youtube channel Sullivan D. et al., 2019



1. Signal from the environment

Chemotaxis

Chemical
gradient
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1. Signal from the environment

Durotaxis

Stiffness
gradient




1. Signal from the environment
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SenGupta S. et al,, Nature Reviews MolCellBjo (2021) C. Kang, et al., eLife (2024)



1. Signal from the environment

N VIVO

Integration of multiciliated cells into epithelium in Xenopus

Durotaxis

outer epithelial cell intercalated

MCC

MCC

Stiffness
gradient

SenGupta S. et al,, Nature Reviews Mol/CellBio (2021) Ventura G. at al,, J.Sedzinski (2022)



1. Signal from the environment

Durotaxis
dn
Soft SNV l4) stiff
Stiffness
gradient

SenGupta S. et al.,, Nature Reviews MolCellBio (2021)

N VIVO

Integration of multiciliated cells into epithelium in Xenopus

outer epithelial Q

pre-intercalation
MCC

multiciliated cells
epithelium junctions

Ventura G. at al,, J.Sedzinski (2022)



1. Signal from the environment

Durotaxis
A
Soft SNV l4) stiff
Stiffness
gradient

SenGupta S. et al.,, Nature Reviews MolCellBio (2021)
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L Signalfrom the environment 2. Signal sensing




2. Signal sensing
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SenGupta S. et al,, Nature Reviews MolCellBio (2021)



3. Transmitting the signal inside the cell to define front-back

Integrincl
usters

SenGupta S. et al,, Nature Reviews MolCellBio (2021)



3. Transmitting the signal inside the cell to define front-back

Neutrophil expressing
Rac GTPase in front: aCtin polymerisation
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SenGupta S. et al.,, Nature Reviews MolCellBio (2021) (c) Henry De Belly



3. Transmitting the signal inside the cell to define front-back

Rhot in the backi G g vation

Rac GTPase in front: aCtin polymerisation
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SenGupta S. et al.,, Nature Reviews MolCellBio (2021) (c) Henry De Belly



3. Transmitting the signal inside the cell to define front-back

RhoA irNthe bach: MyOSIN activation
eutrophil expressing

Rac GTPase in front: aCtin polymerisation

Integrincl
usters

.HW is Rhctivat. the ack? _

SenGupta S. et al.,, Nature Reviews MolCellBio (2021) (c) Henry De Belly



Q: How Is RhoA activated in the back?

Opto-Rac (Opto-PI3K)
Rac biosensor (Pak-PBD)

O, QA BEDO

De Belly H. et al, Weiner O., 2025



Q: How Is RNoA activated in the back?

Opto-Rac (Opto-PI3K) Opto-Rac (Opto-PI3K)
Rac biosensor (Pak-PBD) Rho biosensor (AnillinRBD)

®)!
S
& ‘\ ’
130 se 0 sec 3 -~ -
.
-4 S k
N /"'_ ’

I
1
1
1
1
I
I
I
1
I
I
I
1
1
1
1
1
I
% I
e = IS e e e =
I
I
I
1
1
1
1
1
I
I
I
I
I
I
1
1
1
1
1
I
1
I
I

De Belly H. et al, Weiner O., 2025



Q: How Is RNoA activated in the back?

Opto-Rac (Opto-PI3K)
Rho biosensor (AnillinRBD)
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Q: How Is RNoA activated in the back?

Opto-Rac (Opto-PI3K)
Rho biosensor (AnillinRBD)

Cell Membrane (CellMask)
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A: Cell membrane tension propagates to the back and activates Rho there
where it is not inhibited by Rac

De Belly H. et al, Weiner O., 2025



3. Transmitting the signal inside the cell to define front-back

Rhoh i e bk Yl Agvatior

Rac GTPase in front: aCtin polymerisation

SenGupta S. et al.,, Nature Reviews MolCellBio (2021) (c) Henry De Belly



4. Force generation

Neutrophil expressing G Neutrophil expressing
Rac GTPase in front: aCtin polymerisation

Lab frame of reference

T.Tsal, et al, J.Theriot, Dev Cell 2019 (c) Henry De Belly



4. Force generation

Neutrophil expressing actin e Neutrophil expressing
Rac GTPase in front: aCtin polymerisation

Lab frame of reference

actin network

T.Tsal, et al, J.Theriot, Dev Cell 2019 (c) Henry De Belly



4. Force generation

Neutrophil expressing G Neutrophil expressing
Rac GTPase in front: aCtin polymerisation
RhoA in the back: myosin activation

Lab frame of reference
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T.Tsal, et al, J.Theriot, Dev Cell 2019 (c) Henry De Belly



4. Force generation

Neutrophil expressing G Neutrophil expressing

: Rac GTPase in front: aCtin polymerisation
and myosin RhoA in the back: myoOsin activation

Lab frame of reference

T.Tsal, et al, J.Theriot, Dev Cell 2019 (c) Henry De Belly



1. Signal from the environment 2. Sighal sensing
3. Transmitting the signal inside the cell to define front-back
4. Force generation

Driving
forces

Actomyosin —— o
contraction = S5

Actin
polymerisation

J @ N




1. Signal from the environment 2. Sighal sensing
3. Transmitting the signal inside the cell to define front-back
4. Force ceneration & transmission

Actomyosin

contraction Actin

> polymerisation




4. Force transmission

Lab frame of reference

Actomyosin ,
contraction Actin
. polymerisation

ACResions

SenGupta S. et al.,, Nature Reviews MolCellBio (2021) T.Tsal et al. J Theriot, Dev Cell 2019



4. Force transmission

Lab frame of reference

Actomyosin

contraction Actin
. polymerisation
Adresions

Mesenchymal migration

SenGupta S. et al.,, Nature Reviews MolCellBio (2021) T.Tsal et al. J Theriot, Dev Cell 2019



4. Force transmission

Lab frame of reference

Actomyosin

contraction Actin
. polymerisation
AdResions

Mesenchymal migration

Are cdhesions required for force
transmission??

SenGupta S. et al.,, Nature Reviews MolCellBio (2021) T.Tsal et al. J Theriot, Dev Cell 2019



Q: Are adhesions required for force transmission?

Immune cell moving
without adhesion
(EDTA, Inactivates integrins)

Actomyosin

contraction <) Actin

polymerisation

Actin Lifeact-GFP

A. Reversal, et al., M. Sixt, Nature 2020 T. Lammerman, . et al., M. Sixt, Nature 2008 SenGupta S. et al., Nature Reviews MolCellBio (2021)



Q: Are adhesions required for force transmission?

Immune cell moving
without adhesion

EDTA, inactivates integrins)

Actomyosin

contraction <) Actin

polymerisation

Actin Lifeact-GFP

A. Reversal, et al., M. Sixt, Nature 2020 T.Lammerman, . et al,, M. Sixt, Nature 2008 SenGupta S. et al., Nature Reviews MolCellBio (2021)



Q: Are adhesions required for force transmission?

Immune cell moving
without adhesion

EDTA, inactivates integrins)

Actomyosin

contraction <) Actin

polymerisation

Ameboid migration

Actin Lifeact-GFP

A. Reversal, et al., M. Sixt, Nature 2020 T.Lammerman, . et al,, M. Sixt, Nature 2008 SenGupta S. et al., Nature Reviews MolCellBio (2021)



Q: Are adhesions required for force transmission?

Immune cell moving
without adhesion
(EDTA, Inactivates integrins)

~

T ——— et

Actomyosin
contraction

polymerisation

Ameboid migration

A: No, cells can migrate using friction 3
against substrate as force
transmission mechanism

Actin Lifeact-GFP

A. Reversal, et al., M. Sixt, Nature 2020 T. Lammerman, . et al., M. Sixt, Nature 2008 SenGupta S. et al., Nature Reviews MolCel/Bio (2021)



Cuess. Amepoid or mesenchymal™

Ameboid migration

1

Push/Friction

Actomyosin
contraction

polymerisation

— _  A0nhsesions

l

Mesenchymal migration Directed migration of a dendritic cell

towards CCLI9 (left) In a 3D collagen gel




Cuess. Amepoid or mesenchymal™

Ameboid migration

Push/Friction

Actomyosin

contraction Actin

polymerisation

Directed migration of a dendritic cel

Mesenchymal migration |
towards CCLI9 (left) In a 3D collagen gel

T. Lammerman, . et al., M. Sixt, Nature 2008



Cuess. Amepoid or mesenchymal™

Ameboid migration

1

Push/Friction EXM

Actomyosin

contraction Actin
= polymerisation

Mesenchymal migration actin, collagen




Cuess. Amepoid or mesenchymal™

Ameboid migration

1

Push/Friction EXM

Actomyosin

contraction Actin
= polymerisation

Mesenchymal migration actin, collagen




Speed of vertebrate cell migration

Ameboid VS Mesenchymal




Speed of vertebrate cell migration

INn @ non adherent channel
Max speed~ 5 um/min *

Adhesion

Control

TalinKO

No adhesion

T cells

Actin

* neutrophils are super fast 10-30 um/min,
but they are much smaller

A. Reversal, et al., M. Sixt, Nature 2020 SenGupta S. et al., Nature Reviews MolCellBio (2021)



Speed of vertebrate cell migration

In a hon adherent channel On a substrate (fibronectin)
~1um/min

Max speed~ 5 um/min

Control

L . -

~ TalinkO

No adhesion

T cells

Cancer cells “World Cell Race” Maiuri P. et al. (2012)

A. Reversal, et al., M. Sixt, Nature 2020 SenGupta S. et al., Nature Reviews MolCellBio (2021)



Principles of directed cell migration

1. Cue
2. Sensing

3. Polarisation
4. Motion execution

~riction

Actomyosin

contraction Actin

polymerisation

SenGupta S. et al,, Nature Reviews MolCellBio (2021)



Cell motility iIn vivo in 30
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QOutline:

1. /Invasion as a special type of directed migration

How do cells overcome physical barriers on their way?



Cell invasion into tissues through ohysical barriers s
essential

Development Homeostasis / Immunity Disease
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yolk sac
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Mouse embryonic Neutrophils, T-cells in mouse salivary T-cells in the
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et al. 2019

Introduction



How do Invading cells overcome tissue parriers
VWhat Is known

1) Matrix barriers
(basement membrane, ECM )

2) Cellular barriers

Invading cells
x (f.e. immune or
cancer cells)
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Introduction

Rowe C. & Weiss S, Trends in Cell Biology, 2008



How do Invading cells overcome tissue parriers
VWhat Is known

Breaking down

1) Matrix barriers
) oasement membrane, ECM

(basement membrane, ECM )

2) Cellular barriers

Invading cells

: \ (f.e. immune or

. Densified
cancer cells) e

Introduction

Rowe C. & Weiss S, Trends in Cell Biology, 2008 Chang J.,, ChaudhuriO., J Cell Biol. 2019



How do Invading cells overcome matrix parrier?

N C.elegans

Breaking down

casement membprane, ECM | P6.p 2/4-
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Introduction

Kelly L. et al., Sherwood D. 2017/ Naegell K et al., Sherwood D. 2017/



How Ao INnvading cells overcome cellular parriers 7

Breaking down
oasement membrane, ECM

1) Matrix barriers
(basement membrane, ECM )

2) Cellular barriers

Invading cells

: \ (f.e. immune or

. Densified
cancer cells) e

Introduction

Rowe G. & Weiss S, Trends in Cell Biology, 2008 Chang J.,, ChaudhuriO., J. Cell Biol. 2019



Macrophage migration in Drosophila embryo
as /N vivo model of tissue Invasion

at Daria Siekhaus lab

Introduction



Macrophage migration in Drosophnila embryo
as /N vivo model of tissue invasion

macrophages-nuclei
memumprane
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Macrophage migration in Drosophnila embryo
as /N vivo model of tissue invasion

Chemoattractant source (VEGF)

macrophages-nuclel
membrane

Ectoderm

DE-Cad

Introduction Sieknhaus D. et al. Nat. Cell Bio., 2010
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Tissue cell at the entry point rounds up or divides

ectoderm
mesoderm

Drosophila
embryo

macrophages-nuclel
memmbprane

Inter Mitotic Division Inter
SIEEL rounding phase

Cell shapes O - O _ . CD_’OO“@

IN a cell cycle:

l. Control by divisions Aknmanova et al., 2022



Macrophage entry occurs only when

Drosophila
embryo

macrophages-nuclel-cytoplasm
memprane

l. Control by divisions Akhmanova e



Tissue rounding/division
enables macrophage entry.

How?

Hypothesis Z: aanesion disassemmply In mitosis
enaples invasion

l. Control by divisions



Focal adhesions seal tissue interface

j
talin | Meso
integrin 3 &
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L

basal PM

after Klapholzetal, Current Bio. 2015
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DECad:GFP
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l. Control by divisions Akhmanova et al, 2022



Macrophages enter when
the focal adhesion peak fades away
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Conclusion from Drosophila:

Cell division In tissue enables macrophage infiltration

Akhmanova et al. 2022



Conclusion from Drosophila:

Cell division In tissue enables macrophage infiltration

Does it rall in
any of these™

[ Cue
Z. Sensing

4 Polarisation

4. Motion execution

Akhmanova et al. 2022



Invasion is controlled by surrounding tissue cells

'mmune cells tunction

surrounding
DOSSible cell division (\

rowth Macrophage .

factors localization Ways to modulate immune infiltration
implications:

CONCLUSIONS



Thank you for your attention!
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