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ABSTRACT

The cytoskeleton is a dynamic network of filaments comprising actin filaments, microtubules,
and intermediate filaments in the cytoplasm of cells. Vimentin is an intermediate filament
protein that plays a crucial role in adhesion, migration, and signalling. These functions of
vimentin have broader implications on inflammation, wound healing, cell physiology, and
immune response. Inside the cell, the vimentin network extends from the nucleus to the cell's
periphery. However, vimentin gets out to the extracellular environment under the
circumstances such as activation, stress, and senescence. However, the influence of such
vimentin on general cellular functions and its characteristics is not well established. This
thesis demonstrates that extracellular addition of vimentin enhances proliferation, adhesion
and migration prominently in cancer cells (MCF-7), overexpressing insulin-like growth factor
1 (IGF1-R). Interestingly, in SARS-CoV-2 infection, the extracellular vimentin pre-
incubation with the SARS-CoV-2 receptor binding domain protected the cancer (MCF-7)
cell's monolayer integrity. Further investigation on the characteristics of extracellular
vimentin found secretion of vimentin from the back of activated macrophages in the form of
small fragments, enhancing phagocytosis and migration of activated macrophages.
Collectively, this work demonstrates new insights into vimentin secretion and its implications
on cellular functionality.



ZUSAMMENFASSUNG

Das Zytoskelett ist ein dynamisches Netz von Filamenten, das aus Aktinfilamenten,
Mikrotubuli und Zwischenfilamenten im Zytoplasma von Zellen besteht. Vimentin ist ein
Zwischenfilamentprotein, das eine entscheidende Rolle bei Adhésion, Migration und
Signaliibertragung spielt. Diese Funktionen von Vimentin haben weitreichende Auswirkungen
auf Entzundungen, Wundheilung, Zellphysiologie und Immunreaktion. Innerhalb der Zelle
erstreckt sich das Vimentin-Netzwerk vom Zellkern bis zur Peripherie der Zelle. Unter
bestimmten Umsténden wie Aktivierung, Stress und Seneszenz gelangt Vimentin jedoch auch
in die extrazellulare Umgebung. Der Einfluss dieses Vimentins auf die allgemeinen
Zellfunktionen und seine Eigenschaften ist jedoch nicht gut untersucht. Diese Arbeit zeigt,
dass die extrazelluldare Zugabe von Vimentin die Proliferation, Adhésion und Migration in
Krebszellen (MCF-7), die den insulindhnlichen Wachstumsfaktor 1 (IGF1-R)
uberexprimieren, deutlich erhoht. Interessanterweise schiitzte das extrazellulare Vimentin bei
einer  SARS-CoV-2-Infektion  vor der Inkubation mit der SARS-CoV-2-
Rezeptorbindungsdoméne die Integritat der Krebszellen (MCF-7) in der Monolage. Weitere
Untersuchungen zu den Eigenschaften von extrazellularem Vimentin ergaben, dass Vimentin
von der Ruckseite aktivierter Makrophagen in Form kleiner Fragmente abgesondert wird, was
die Phagozytose und Migration aktivierter Makrophagen fordert. Insgesamt zeigen diese
Arbeiten neue Erkenntnisse Uber die Vimentin-Sekretion und ihre Auswirkungen auf die
zelluldre Funktionalitét.
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1 INTRODUCTION

1.1 Cytoskeleton

The cytoskeleton is a three-dimensional network of fibrillar structures within the cytoplasm of
cells. It comprises three main classes of filaments: actin filaments, intermediate filaments, and
microtubules [1].

The cytoskeleton is dynamic and undergoes rapid reorganisation by assembly and
disassembly of cytoskeletal filament proteins. Cytoskeletal fibres can reversibly attach and
interact with other cellular organelles. Thus, the cytoskeleton is attributed to a cytoplasmic
matrix that embeds and spatially organises cellular organelles. Collectively, the cytoskeleton
plays a significant role in providing mechanical support to the cell and maintaining its shape,
generating forces for shape change and movement, and controlling the cell's metabolic
activity [1, 2].

Actin

Vimentin
Microtubules

Figure 1: Cytoskeleton's three main components (actin filaments, microtubules, intermediate
filaments) in a eukaryotic cell.
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1.1.1 Actin Filaments

Actin filaments (F-actin) are thin and flexible microfilaments formed by linear polymerisation
of globular actin (G-actin) protein. Individual G-actin monomer binds to two other G-actin
monomers via head-to-tail interaction to form double-stranded helical actin filaments
typically 7 nm in diameter and 6-7 pum in length [3, 4]. Actin filaments can either form actin
bundles or actin networks depending on the circumstances regulated by actin-binding
proteins.

G-Actin

Figure 2: Actin filament assembly

Actin filaments have a wide range of functions related to the cellular shape and motile
processes|[5, 6]:

e |t provides a structural framework for the cells and forms a link between cell
components and their surroundings.

e It promotes cell migration by force generation.

e |t facilitates intracellular transport.

1.1.2 Microtubules

Microtubules are stiff, hollow cylindrical filaments made of alpha (o) and beta (B) tubulin
heterodimers [7]. These heterodimers of a/B-tubulin polymerise linearly to form
protofilaments that further associate laterally to form microtubules [7]. They have a diameter
of about 25 nm and can reach up to 25 um in length [8].

a-Tubulin B-Tubulin

Figure 3: Microtubule structure
Microtubules have four significant functions[9]:

e To maintain the overall polarity of the cell.

e To form mitotic spindle and ensure proper organisation of chromosomes during cell
division.

e To provide a structural framework to facilitate movement in cilia and flagella.
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e To transport cargo via a transport network.
1.1.3 Intermediate Filaments

Intermediate filaments are a group of cytoskeletal filaments having a diameter of 10 nm,
which lie intermediate between microfilaments and microtubules [10]. Intermediate filaments
play a significant role in structural organisation, cell adhesion, cell migration, and cell shape
[11]. Contrary to actin filaments and microtubules, the intermediate filaments are composed
of various proteins. They comprise 65 different genes. Therefore, depending on the amino

acid sequences, the intermediate filaments are classified into five groups [12].

e Type land II: Acidic and basic keratins
e Type IlI: Desmin, glial fibrillary acidic protein and vimentin,
e Type IV: Neurofilament proteins

e Type V: Nuclear lamins

Despite the heterogeneity, the intermediate filament proteins possess a similar structural
organisation. They have an a-helical rod domain along with N- terminal head and C- terminal
tail regions [10] (Figure 3). The first step in assembling intermediate filaments is associating
two monomers via central domains to form a dimer. Then a tetramer is formed by associating
this dimer with another dimer in an antiparallel way, which further assembles end to end into
protofilaments. Finally, eight protofilaments wound around each other to form an intermediate
filament which is highly flexible and stress-resistant [13].

N-Terminal Central Rod Domain C-Terminal
Head Domain W Tail Domain
Dimer M
Tertramer s g g g

Figure 4: Structural organisation and assembly of intermediate filaments.
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Even though intermediate filaments comprise several proteins, the focus is more on the
vimentin intermediate filament protein in the current thesis.

1.2 Vimentin

Vimentin is a type Il intermediate filament that plays a vital role in cell adhesion,
migration and signalling due to its ability to interact with various other proteins. These
functions of vimentin have broader consequences in wound healing, cell physiology,
inflammation, and immune response [14]. It acts as an epithelial-mesenchymal transition
(EMT) marker and gets overexpressed in various cancer cells. Vimentin filament network
extends from the perinucleus to the cell membrane [14]. However, besides its presence in the
cytoplasm, recent studies have demonstrated its presence in the extracellular spaces around
several cells. Activation, inflammation, senescence, and stress are attributed to the secretion
of vimentin into extracellular space [15, 16]. Such extracellular vimentin can either bind to
the cellular surface or be present in an unbound form in the extracellular matrix (Figure 5).

Surlfaoe Vimentin N Secreted Vimentin
\ )
Promotes dengue virus infection \ / Attenuates inflammation ]
Critical for SARS-CoV entry 209 Kills bacteria ,//
Binds VWF strings on endothelium — Promotes axonal growth

Figure 5: Significance of surface vimentin and secreted vimentin. Taken from original
publication [17].

1.2.1 Secreted Vimentin

The unbound form of vimentin can be termed "secreted vimentin”, which has the potential to
interact with surface receptors on various cells and influence their functions. Different cell
types secrete vimentin, for example, astrocytes, endothelial cells, macrophages, monocytes,
neutrophils, and apoptotic lymphocytes [15, 18-21]. The secreted form of vimentin has a
multifaceted functional role in wound healing, immune function and biomarker for the
diagnosis of various diseases.
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Biomarkers for many diseases

In particular diseases, vimentin secreted from a vast population of cells gets transfused into
the circulating human blood. In such conditions, secreted vimentin serves as a biomarker and
can be used to analyse the presence or severity of such diseases.

In atherosclerosis, vimentin mediates cholesterol accumulation by activating the
Dectin-1 receptor [22]. Idiopathic pulmonary fibrosis (IPF) patients have detectible
levels of vimentin in their exhaled breath condensate. TGF-R1 triggers vimentin
secretion in CD4 (T cells) dose-dependently. Interestingly, the amount of anti-
vimentin antibodies observed in the plasma of IPF patients is inversely proportional to
the disease severity [23].

Serum from patients suffering from systemic lupus erythematosus expressed high
antibodies against vimentin [24]. The patients suffering from coronary artery disease
(CAD), serum levels of vimentin are increased and correlate with the CAD severity
[25]. Neutrophils release the citrullinated form of vimentin in rheumatoid arthritis
(RA) patients; antibodies produced against citrullinated vimentin are used for
diagnosing the severity of the disease in such patients [26]. In organ transplant
patients, antibodies against vimentin are used to assess the risk of rejection or organ
transplant failure [27-29].

Serum vimentin plays a crucial role in detecting cancers. Serum vimentin is more
highly detectable in colon cancer than normal sera [30]. Small hepatocellular
carcinoma tumors (HCC) can be cured if they are diagnosed early. Serum vimentin is
over-expressed in HCC patients. Combined with the conventional alpha-fetoprotein
marker, its an effective marker for detecting HCC tumours [31].

Wound healing

Understanding the functional role of extracellular vimentin in wound healing was
limited compared to its intracellular counterpart. However, recent studies have
provided insights into extracellular vimentin as a potential candidate for tissue repair.
It enters the extracellular milieu, binds to mesenchymal leader cells, and contributes to
wound closure. In leader cells, it promotes mesenchymal to myofibroblast
differentiation [32].
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After trauma, attaining functional recovery of the central nervous system is still a
challenging task in neuroscience. The recent development of a novel compound,
denosomin, facilitated spinal cord injury treatment in mice [33]. During treatment,
astrocytes secrete vimentin at the injury site. This secreted vimentin stimulates axonal
growth via activation of insulin-like growth factor 1 receptor (IGF1-R) and aids spinal
cord injured mice's functional recovery [34].

Extracellular vimentin binds to P-selectin in vascular endothelial cells to block
neutrophil adhesion to the vascular endothelium. Due to this, the interaction between
P-selectin glycoprotein ligand-1 and P-selectin gets inhibited, resulting in obstruction
of acute inflammatory response. It turns out to be beneficial in the case of acute lung
injury, as it attenuates unwanted inflammation and decreases the histologic signs of
the disease [35].

Immune function

In activated macrophages, the secretion of vimentin was induced by tumour necrosis
factor a (TNF-a, pro-inflammatory cytokine) and inhibited upon treatment with
interleukin-10 (IL-10, anti-inflammatory cytokine). Moreover, monensin inhibited the
vimentin secretion by blocking the Golgi apparatus. Here, secreted vimentin is
involved in immune function by generating oxidative metabolites and eliminating the
bacteria [15].

Neutrophils are crucial for developing adaptive immune responses. In RA disease
conditions, neutrophils secrete citrullinated vimentin while releasing neutrophil
extracellular traps for immobilising pathogens and promoting immune responses [19,
26].

In the case of Mycobacterium tuberculosis, vimentin bound to the natural killer cell
surface receptor NKp46 contributes to infected cell lyses [36].

LPS-activated dendritic cells reduce the differentiation of naive T cells into Thl cells
due to the decreased IL-6 and IL-12 secretion and increased IL-10 secretion triggered
by extracellular vimentin. This mechanism helps in bacterial elimination, thereby
preventing tissue damage and a low probability of autoimmunity [37].

15



1.2.2 Surface Vimentin

Surface vimentin is a form of extracellular vimentin which is bound to the cell surface and has
the potential to act as a receptor or co-receptor for proteins or pathogens on the cell surface.
Surface vimentin on platelets serves as a binding protein for Von Willebrand Factor (VWF),
resulting in the translocation of platelets to vascular injury sites [38]. Further, it also
contributes to anchoring VWEF strings to the endothelial surface by interacting with the A2
domain of VWF [39].

Target and marker for EMT cancer cells

Epithelial-mesenchymal transition (EMT) occurs in the tumour cells as cancer
progresses to metastases. During this transition, cells lose their polarity and adhesion
while gaining mesenchymal cells' migratory and invasive properties. Vimentin
translocates to the cell surface during EMT. This distinctive property allows for
identifying and isolating aggressive cancer cells and further targeting them [40].

Glioblastoma multiforme (GBM) cancer stem cells are tumour-initiating cells with
surface vimentin and tend to form spheroids. By targeting the GBM cells using cell
surface vimentin antibody, surface vimentin is internalised, resulting in apoptosis and
tumour inhibition [41].

Human circulating tumour cells (CTC) are identified using a CSV-specific antibody.
Surface vimentin is also recognised in neuroblastoma, osteosarcoma and
rhabdomyosarcoma cells [42]. In further studies, EMT-induced CD45  CTCs from
metastatic colorectal cancer patients and CDI133— CTCs from hepatocellular
carcinoma cells were isolated [43, 44]. Isolating the CSV positive CTCs have
numerous advantages in clinical decision making, providing novel diagnostics,
therapeutic target in sarcoma patients and analysing metastatic precursor
subpopulation.

Pathogen interaction and internalisation

Surface vimentin is involved in the binding and internalising various bacterial pathogens and
viruses.
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e Listeria monocytogenes (L. monocytogenes) belong to a group of bacterial pathogens
which causes meningitis by invading the brain. In vivo study relieved that L.
monocytogenes forms colonies by intruding into the brain by exploiting the surface
vimentin alongside internalin surface receptor InlF [45]. Another study on the
invasion of L. monocytogenes in human microvascular endothelial cells showed that
infection was modulated by matrix stiffness and mediated by surface vimentin
expression. Expression of surface vimentin and subsequent bacterial uptake increases
when extracellular matrix (ECM) stiffness increases and visa-versa when the ECM
stiffness is decreased [46].

e Dengue virus (DNV) infection in vascular endothelial cells is mediated by surface
vimentin by serving as a co-receptor on the surface. Rod domain of the vimentin
interacts with DENV EDIII and facilitates internalisation of DENV[47].

e Group A streptococci (GAS) is a deadly infection resulting from the skeletal-muscle
injury. After the skeletal-muscle damage, an excessive amount of surface vimentin is
expressed in the skeletal-muscle cells and acts as a binding receptor for streptococcus
pyogenes [48].

The years, 2002 and 2003 have seen a niched panic in the name of severe acute respiratory
syndrome coronavirus (SARS-CoV), which increased morbidity and mortality. This viral
spreading is due to the angiotensin-converting enzyme 2 (ACE2), acting as a functional
cellular receptor in vitro and in vivo [49]. Although ACEZ2 has a significant role as per various
findings, further investigations using Vero EG6 cells relieved that surface vimentin was directly
binding to the spike protein of SARS-CoV. Therefore, surface vimentin is a co-receptor for
SARS-CoV and mediates its entry [50]. Furthermore, in 2020, SARS-CoV-2 led us into a
pandemic. Interestingly, extracellular vimentin acts as a co-receptor for the SARS-CoV-2
infection[51].

From the above literature, it is evident that extracellular vimentin is not just a mislocalised
protein in the extracellular spaces, let it be in a bound or unbound form. Extracellular
vimentin has functional roles in wound healing, immune function, diagnosis of various
diseases, detecting and targeting cancer cells and pathogen interactions. Further studies on
extracellular vimentin would broaden our understanding of this protein and could provide the
basis for developing preventive strategies and therapies for numerous disease conditions.
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1.2.3 Extracellular vimentin and IGF1-R interaction

As discussed above, extracellular vimentin binds to surface receptors Dectin-1, NKp46 and
insulin-like growth factor 1 (IGF1-R). Out of these, IGF1-R plays a vital role in tissue
development and gets activated by the hormone insulin-like growth factor 1(IGF1). IGFI-R
binds to IGF1 with high affinity [52]. This pathway plays a significant role in cell cycle
progression, translation of proteins, apoptosis, and pathogenesis of autoimmune diseases
[53]. Cancer cells overexpress the IGF1-R. They can become sensitive to apoptosis by down-
regulation of IGF1-R. And its suppression in adenocarcinoma A549 cells significantly affects
various cellular functions [54]. IGF1 induces migration in MCF-7 human breast epithelial
cancer cells, where IGF1-R is overexpressed [55].

s, N N Extracellular Vimentin
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Figure 6: Graphical representation of IGF1-R activation by extracellular vimentin. Taken
from original publication[17].

A recent study on spinal cord-injured mice demonstrated that extracellular vimentin activates
IGF1-R in the same signalling pathway as IGF1. Therefore, the hypothesis for the current
study is that extracellular vimentin could share functional similarities with IGF1 and play a
significant role in general cellular functions in IGF1-R expressing cells. Hence, it can
potentially alter and stimulate these cellular functions.
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2 AIM

The current thesis is divided into two parts. The first part demonstrates the role of
extracellular vimentin in the context of these cellular functions in cancer cells. Further, the
influence of extracellular vimentin in monolayer permeability caused by SARS-CoV-2 is
investigated. In the second part, the thesis focuses on the characteristics of extracellular
vimentin,

Part 1

e To study the influence of extracellular vimentin on general cellular functions in
cancerous and non-cancerous cells.

e To investigate the influence of extracellular vimentin on cell monolayer permeability
changes induced by SARS-CoV-2 Receptor Binding Domain.

Part 2

e To study the characteristics of extracellular vimentin

19



3 FINDINGS OF THE THESIS

The significant outcomes of this thesis are directly transferred from the following original
publications:

e Thalla, D.G.; Jung, P.; Bischoff, M.; Lautenschlager, F. Role of Extracellular
Vimentin in Cancer-Cell Functionality and Its Influence on Cell Monolayer
Permeability Changes Induced by SARS-CoV-2 Receptor Binding Domain. int. J. Mol.
Sci. 2021, 22, 7469. https://doi.org/10.3390/ijms22147469

My contribution: 1) Performed all the experiments except the Fluid FM measurements.

2) Writing the original draft.

e Thalla, D.G, Rajwar AC, Laurent AM, Becher JE, Kainka L and Lautenschlager F
(2022) Extracellular vimentin is expressed at the rear of activated macrophage-like
cells: Potential role in enhancement of migration and phagocytosis. Front. Cell Dev.
Biol. 10:891281. doi: 10.3389/fcell.2022.891281

My contribution: 1) Supervision and conceptualisation of the project

2) Writing the original draft.

I was further involved in other projects where | contributed by teaching techniques I used in
my original publications and supervising. Data from the those published works are not
included in this thesis's outcomes but are attached at the end of the thesis.
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3.1 Influence Of Extracellular Vimentin In Cancer And SARS-Cov-2

3.1.1 Extracellular Vimentin Promotes Proliferation in MCF-7 Cells through Activation of
IGF-1R

To investigate the proliferation of MCF-10a and MCF-7 cells under the influence of
extracellular vimentin, we carried out proliferation assays using 3-[4,5-dimethylthiazole-2-
yl]-2,5-diphenyltetrazolium bromide (MTT). The cells were treated with increasing
concentrations of recombinant human vimentin (0, 50, 100, 200 ng/mL) for 72 h. The
absorbance was then measured using a plate reader, to define the viable cells.

These data for the MCF-7 cells show that the absorbance, and therefore the cell metabolic
activity, with addition of recombinant vimentin was greater than for the control cells (Figure
7B). At 100 ng/mL recombinant vimentin, MCF-7 cells showed increased proliferation rates,
by >20%. For the MCF-10a cells, those treated with recombinant vimentin did not show
significant change compared to untreated cells at both 48 and 72 h time points (Figure 7B,D).
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Figure 7. Proliferation of MCF-10a (control) and MCF-7 (cancer) cells under treatment with
recombinant (Rh) vimentin. (A) Raw data for absorbance at 570 nm in the MTT assay for MCF-7 cells
after 24 and 72 h. (B) Cell proliferation following 72 h treatments of Rh vimentin. (C,D) Proliferation
upon blocking of IGF-1R with pretreatment with an anti-IGF-1R antibody along with Rh vimentin;
IGF-1; Rh cVimentin (recombinant citrullinated form of vimentin). * p < 0.05, compared to control
(unpaired t-tests). * p < 0.05, compared to corresponding counterparts without IGF-1R antibody
(unpaired t-tests). Experiments were performed at least two times in triplicates. Error bars indicate

SEM.

It has been suggested in the literature that vimentin binds directly to and activates IGF-1R
[34]. To determine whether or not cell proliferation was stimulated by a direct interaction
between vimentin and IGF-1R, a 15-min pre-incubation with an anti-IGF-1R antibody
(ARG51076; anti-IGF1 Receptor antibody; Arigobio) was used to block IGF-1R in the MCF-

10a and MCF-7 cells, with cell proliferation monitored over 48 h (Figure 7C,D). Indeed,
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blocking IGF-1R inhibited 200 ng/mL vimentin-stimulated cell proliferation in MCF-7 cells.
Here, we also treated cells with citrullinated vimentin, which is the form of vimentin that is
secreted in patients suffering from rheumatoid arthritis, to see whether the effects seen here
are different to those of recombinant vimentin. These data also indicated that addition of
extracellular citrullinated vimentin did not improve proliferation in MCF-7 cancer cells
through the activation of IGF-1R (Figure 7C). However, proliferation was significantly
reduced in MCF-10a cells upon Rh cVimentin treatment (Figure 7D).

3.1.2. Extracellular Vimentin Promotes Stronger Adherence to the Underlying Substrate for
MCEF-7 Cells

As mesenchymal cell migration is strongly dependent on cell adhesion, we wanted to quantify
the adhesion forces between these cells and their underlaying substrate. Therefore, we
investigated the force necessary to detach the MCF-10a and MCF-7 cells from the
fibronectin-coated glass substrate without and with the vimentin treatments, to quantify the
adhesion strengths of the cells to this substrate. This was achieved using fluidic force
microscopy (FluidFM). This is a particular single-cell force spectroscopy set-up with hollow
cantilevers, which, in addition to the measurement of conventional cell mechanical properties,
can be used to hold, immobilise, or move cells by negative pressure (Figure 8A,B) [56].
Unfortunately, the force spectroscopy measurements with the MCF-10a control cells led to
cell disruption or disengagement of the attachment between the cells and micropipette, which
thus overstrained the experimental set-up. Therefore, only the effects of vimentin on the
adhesion forces of the MCF-7 cells were considered here. The untreated MCF-7 cells had a
maximum detachment force of 14.7 + 2.1 nN, while with 200 ng/mL vimentin treatment, this
was significantly increased to 21.0 £ 1.5 nN (Figure 8C). This was also reflected in the
modest increase (not statistically significant) to the young's modulus of these cells upon
vimentin treatment (Figure 8D). We also concluded that the adhesion force of the MCF-10a
cells was particularly high and appeared to exceed the adhesion force of MCF-7 cells,
although it cannot be quantified using this method.
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Figure 8. Adhesion force measurements of the MCF-7 (cancer) cells under treatment with
recombinant (Rh) vimentin. (A) lllustration of the approach, with cell contact establishment and probe
retraction during the FluidFM-based single-cell force spectroscopy. (B) Representative images
showing an MCF-7 cell treated with 200 ng/mL recombinant vimentin which was detached by the
retraction movement of the FluidFM probe. (C,D) Adhesion force (C) and stiffness (D) measured
during the detachment of MCF-7 cells (n < 7 cells per condition) after 24 h without and with 200
ng/mL vimentin. * p < 0.05, compared to control (0) (unpaired t-tests). Error bars indicate SEM.

3.1.3 Extracellular Vimentin Induces Migration of MCF-10a and MCF-7 Cells

To further define the role of extracellular vimentin in the functions of these cells, its effects on
cell migration were investigated using migration assays. To exclude the possibility that
increased cell proliferation after vimentin treatment can obscure a migration result, the cells
were initially serum-starved for 24 h. For the migration assays, a circular gap was prepared
using soft polydimethylsiloxane (PDMS) pillars of 500 pm diameter on cell culture dishes
(Figure 9A). Once the seeded cells had reached confluency, the PDMS pillars were removed,
and cell migration was recorded over 24 h using video microscopy.
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Figure 9. Gap closure assays for the MCF-10a and MCF-7 cells under treatment with recombinant
(Rh) vimentin. (A) Schematic representation of the creation of the circular gaps using a PDMS
column. (B,C) Representative images of the gap closure of MCF-10a cells (B) and MCF-7 cells (C)
without and with treatments with vimentin and IGF-1 (scale bar 500 um, yellow line indicates the
edge of gap closure). (D) Migration rate is calculated by measuring gap closure (area covered by cell
monolayer) over the time in terms of um#h and then it is normalised to control. To exclude effects of
cell proliferation on cell migration, the cells were initially starved for 24 h in serum-free medium. * p
< 0.05, compared to relevant control (unpaired t-tests). Error bars indicate SEM.
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We analysed the sizes of the gaps directly after removing the PDMS pillar using the ImageJ
software, with calculation of the area (um?) of gap closure per hour (Figure 9). Migration rate
for MCF-10a cells treated with 100 ng/mL vimentin and 100 ng/mL IGF-1 were
approximately 1.8 and 1.5 times higher compared to the untreated cells (Figure 4D). In the
MCEF-7 cancer cells, the migration rate upon 100 ng/mL vimentin and 100 ng/mL IGF-1
treatments, these reached 2.5 and 3 times higher than control respectively (Figure 9D). Gap
closure was therefore faster after the treatment with extracellular vimentin in both the MCF-
10a and MCF-7 cells. This suggests that activation of these cells with extracellular vimentin
enhances cell migration, which results in faster closure of these wounds. Interestingly, the
effects of added recombinant vimentin were again stronger in the MCF-7 cancer cells
compared to the MCF-10a cells.

In addition to gap closure assay, we also carried out transwell migration assays. The MCF-10a
and MCF-7 cells were placed in the upper reservoirs of individual systems and cultured in the
presence or absence of Rh vimentin and IGF-1. The number of cells that moved through the
porous membranes was then quantified at 48 h post-seeding (Figure 10).
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Figure 10. Transwell migration assays for the MCF-10a (control) and MCF-7 (cancer) cells under
treatment with recombinant (Rh) vimentin. (A) Representative images used for the quantification of
the MCF-10a cells that had migrated through the transwell membranes. (B) Quantification of the
migrated cells without and with vimentin and IGF-1. Individual experiment was normalised to control
and then mean values of three experiments were calculated. * * p < 0.05, compared to group
indicating same symbol (unpaired t-tests). Error bars indicate SEM.

Both the MCF-10a and MCF-7 cells showed enhanced migration through the porous
membranes upon vimentin treatment, and for their adherence to the well plate, as compared to
the untreated control cells (Figure 10). Interestingly, the IGF-1-treated MCF-7 cells showed
higher migration rates when compared to the vimentin-treated cells, with the converse seen
for the IGF-1-treated MCF-10a cells (Figure 10B). This effect complements our findings for
gap closure (Figure 10D).
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3.1.4 Extracellular Vimentin Effects Alterations of Cell Monolayer Integrity Caused by the
Receptor Binding Domain of SARS-CoV-2 Spike Protein

Alterations to epithelial cell monolayer permeability are an indicator of disease conditions in
epithelial tissues, as well as a marker of oncogenesis [57-59]. Such alterations might have a
role in tumor invasiveness, and also in viral invasion into various organs. Indeed, it was
shown in a recent study that SARS-CoV-2 receptor binding domain an affect the endothelial
cell monolayer permeability [60]. Here, we measured the fluorescence intensity of 3 kDa
FITC-dextran that passed through MCF-10a and MCF-7 cell monolayers upon addition of 10
nM recombinant vimentin and 10 nM SARS-CoV-2 RBD, using a protocol that is illustrated
in Figure 11.
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Figure 11. Stepwise procedures for determination of MCF-10a and MCF-7 cell monolayer
permeabilities under SARS-Cov-2 RBD treatments using 3 kDa FITC-dextran. (A—C) Cell monolayers
were treated for 24 h with SARS-CoV-2 RBD, either alone (A) or after treatment with recombinant
(Rh) vimentin for 1 h (B), and with SARS-CoV-2 RBD that had been preincubated with Rh vimentin for
1h (C).

First, the effects of recombinant vimentin on the permeability of MCF-10a and MCF-7 cell
monolayers were determined. MCF-10a control cell monolayers treated with vimentin showed
a 45% increase in the monolayer permeability compared to untreated MCF-10a control
monolayers. Instead, monolayers of MCF-7 cells treated with recombinant vimentin showed
the inverse trend, as a 35% decrease in monolayer permeability compared to the MCF-7
control monolayers (Figure 12A).
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Figure 12. Monolayer permeabilities of MCF-10a and MCF-7 cells using 3 kDa of FITC-dextran
treatment for 1 h. (A) Cell monolayers treated with 10 nM of recombinant (Rh) vimentin for 24 h, with
data normalised to the controls. (B,C) Treatments of MCF-10a (B) and MCF-7 (C) cell monolayers
without (control) and with SARS-CoV-2 RBD for 24 h (RBD), including 10 nM of vimentin monolayer
pre-treatment for 1 h followed by SARS-CoV-2 RBD for 24 h; or 10 nM of vimentin and SARS-CoV-2
RBD pre-incubated together for 1 h, followed by SARS-CoV-2 RBD for 24 h. * p < 0.05, compared to
control (unpaired t-tests).

We then checked whether recombinant vimentin has an influence on MCF-10a and MCF-7
cell monolayer permeability when the monolayers are also exposed to SARS-CoV-2 RBD.
Two different conditions for the recombinant vimentin treatment were used here. In the first
(Figure 12B,C), the cell monolayers were pretreated with 10 nM of recombinant vimentin for
1 h prior to addition of 10 nM of SARS-CoV-2 RBD. After 24 h, for both MCF-10a and
MCF-7 cells, their monolayer permeabilities were increased significantly compared to
treatment of the monolayers with 10 nM of SARS-CoV-2 RBD alone. For the second
condition, 10 nM of SARS-CoV-2 RBD and 10 nM of vimentin were preincubated together
for 1 h, and then added to the cell monolayers. Interestingly, with the SARS-CoV-2 RBD and
10 nM of vimentin pre-incubation, the monolayer permeability alteration was not affected for
the MCF-10a control cells, but it was inhibited for the MCF-7 cancer cells.

To summarise these data in general, we have shown that recombinant vimentin has effects on
cell proliferation, adhesion, and migration, and on epithelial cell monolayer permeability in
MCEF-10a control cells and MCF-7 cancer cells. Vimentin also affects the cell monolayer
permeability changes triggered by SARS-CoV-2 RBD.
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3.2 Vimentin secretion and its effect on macrophage functionality

3.2.1 Activated macrophages express cell-surface vimentin in a polarised manner

First, we asked whether vimentin is expressed isotopically on the surface of cells. For this, we
differentiated HL-60 cells into macrophages by treating them with 12-O-
tetradecanoylphorbol-13-acetate (TPA). After 24 h, these macrophages were activated with
TNF-a. Interestingly, TNF-a also induces HL-60 macrophage differentiation [61]. However,
we used TPA to differentiate our cells.

With permeabilisation of the cell membrane during immunofluorescence staining omitted, this
ensured that the images acquired using the fluorescently labelled V9 anti-vimentin antibody
only showed vimentin on the surface of the cells.

Upon treatment of the HL-60 cells with TPA for 24 h, they were seen to differentiate into
macrophages (Fig. 13A). TNF-a treatment of these macrophages triggered the appearance of
cell-surface vimentin in a polarised manner, as seen using the V9 anti-vimentin antibody; i.e.
the vimentin expressed was not equally distributed over the cell surface. The vimentin
expressed on the extracellular surface of these macrophages was instead polarised, as it was
predominantly seen over particular areas of the cell surface (Fig. 13B). The proportion of the
cells that expressed vimentin in this polarised manner was determined by cell counting. There
was a >2-fold increase in the polarisation of extracellular cell-surface vimentin in these TNF-
a—activated macrophages compared to the non-activated macrophages. During TNF-a
activation for up to 6 days, greater proportions macrophages with polarised surface vimentin
were seen after 1 day and 2 days (Fig. 13C). These data thus show that extracellular cell-
surface vimentin is expressed in a polarised manner on these TNF-o—activated macrophages.
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Figure 13. Polarised expression of extracellular vimentin on the surface of TNF-a-activated
macrophages. (A) Representative HL-60 cells before (left) and after (right) differentiation with TPA.
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(B) Representative non-permeabilised fixed samples of macrophages (Differentiated) stained with the
V9 anti-vimentin antibody, showing expression of vimentin on their surface after 1, 3 and 6 days of
TNF-a activation. Top row: Phase contrast images. Middle row: Fluorescent images for vimentin
(red). Bottom row: Overlay of phase contrast and fluorescent images. Scale bar, 10 um. (C)
Quantification of the proportion of macrophages expressing extracellular cell-surface vimentin in a
polarised manner over the 6 days of TNF-a activation. n denotes the total number of cells analysed,
error bars correspond to standard deviation.

3.2.2 Extracellular cell-surface vimentin is predominantly expressed at the back of activated
macrophages and secreted in the form small fragments

Although the vimentin was polarised on the surface of these TNF-a—activated macrophages,
as the 'front' and 'back’ of these cells were not easily differentiable in these 2D fixed samples,
its exact positioning was unknown (Fig. 14A). To solve this problem, patterned migration
lines on glass coverslips were used, whereby the front and back of the cells can be
distinguished by recording time-lapse movies. By following the macrophage migration on
patterned lines coated with fibronectin, a simplified cell shape can be defined that allows
visualisation of the position on the extracellular cell surface of the vimentin upon TNF-a
activation (Fig. 14B).
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Figure 14. Visualisation of surface vimentin on macrophages patterned on one-dimensional lines. (A)
Representative three-dimensional projections of a TNF-o—activated macrophage (red, surface
vimentin: green, cell membrane), demonstrated using IMARIS. Scale bar, 7 um. (B) Hllustration of the
vimentin secretion sites (red) for the differentiated and TNF-o—activated macrophages using patterned
lines. Yellow, nucleus; green, cell membrane. (C) Representative differentiated and TNF-a—activated
macrophage attached and elongated along the pattern on a glass coverslip, revealing the site of
vimentin secretion (yellow, nucleus; magenta, extracellular cell-surface vimentin). Scale bar, 10 zm.

Here, the nucleus was always at the front end of these macrophages during migration. The
position of the nucleus was then used as the reference to define the front of the fixed cells.
Using this method, the surface vimentin was seen to be polarised at the back of the activated
macrophages, allowing us to conclude that vimentin was secreted from the back of these
TNF-a—activated macrophages. In contrast, prior to TNF-o activation, the differentiated
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macrophages were seen to secrete vimentin at a site close to the nucleus (Fig. 14C). As, 1 day
and 3 day activation showed comparable vimentin polarisation (Fig.13 C), here we used 3 day
activation in 1D pattern experiment (Fig. 14C).

To further resolve the structure of the polarised vimentin on the cell surface, we used confocal
microscopy for imaging. For this, genetically transformed HL-60 cells with vimentin tagged
with green fluorescent protein (GFP-vimentin HL60 cells) were differentiated and activated.
Here, images of elongated macrophages were acquired in order to evaluate the structure as
well as the position of the surface vimentin. We observed small fragments of vimentin at the
secretion sites of both differentiated and TNF-a—activated macrophages (Fig. 15A). In order
to confirm the small fragments are on the outside of the cell, images of differentiated and
TNF-o—activated macrophages were acquired using scanning electron microscopy (SEM)
(Fig. 15B). Further, we confirmed the presence of vimentin on the dot like structure by
visualising the same cell in both confocal and SEM by using coverslip with grid (Fig. 15C).
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Figure 15. Visualisation of surface vimentin on macrophages differentiated from GFP-vimentin HL60.
(A) Maximum intensity projection and orthogonal views of differentiated and TNF-o-activated
macrophage (red, membrane; green, surface vimentin; blue, nucleus), acquired with confocal
microscopy. Scale bar, 10 um. (B) Scanning electron microscopy images of vimentin secretion sites
for the differentiated and TNF-o—activated macrophages. Bottom row: higher magnification of
vimentin secretion site marked with yellow rectangle. This study was performed on 2D (glass
coverslips) not on fibronectin coated 1D patterns. In order to have more residual cells after
differentiation and activation, we used 1 day activation of both confocal LSM900 (A) and SEM
imaging (B). (C) Confocal and SEM imaging using coverslips with grid. Top: Fluorescence images of
vimentin (red; V9 antibody) stained in non-permeablised activated macropahges. Scale bar 10um.
Bottom: SEM images of the same cell where the dot like structure can be seen at the same site of
vimentin staining. Bottom (Right): magnified image of area marked in yellow of left. Scale bar 2um.
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3.2.3 Extracellular vimentin enhances migration and phagocytosis of macrophages

Macrophages are known to have a vital role in the immune system through phagocytosis of
cellular debris and elimination of bacterial pathogens. We thus next investigated this
extracellular cell-surface vimentin on the functionality of macrophages, in terms of their
migration and phagocytosis.

The migration speeds of the macrophages were measured using a 2D migration assay (Fig.
16A). As the media from the TNF-o—activated macrophages that contained secreted vimentin
is expected to have some residual TNF-a, recombinant vimentin was used here. Addition of
recombinant vimentin to the differentiated macrophages significantly increased their
migration speed. Further, the migration speed of the TNF-a—activated macrophages was
significantly reduced when they were pre-incubated with the CSV antibody (Fig. 16B).

To investigate the phagocytic activity of macrophages under the influence of extracellular
vimentin, phagocytosis assays using fluorescently-labeled latex beads were carried out to
measure the phagocytic process in vitro. With phagocytosis analysed according to the
phagocytotic index defined by the intracellular fluorescence intensities following
phagocytosis of fluorescent beads (Fig. 16C), this was seen to be significantly increased in the
TNF-o-activated macrophages compared to the differentiated macrophages (Fig. 16D).
Further, this effect was mimicked by addition of 100 ng/mL recombinant vimentin to the
differentiated macrophages, while it was blocked by the V9 anti-vimentin antibody in the
TNF-a—activated macrophages (Fig. 16D). As for the migration effect, this enhanced
phagocytosis might be due to the high expression levels of vimentin in the TNF-a—activated
macrophages. Thus, from these data, we can conclude that extracellular addition of
recombinant vimentin enhances both the migration and phagocytosis of these macrophages.
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Figure 16. Stimulation of migration and phagocytosis of macrophages by addition of recombinant
(rh)Vimentin. (A) Migration tracks of TNF-a—activated macrophages visualised using TrackMate
ImageJ plugin.(B) Quantification of migration speeds of differentiated macrophages without and with
addition to the medium of 100 ng/mL rhVimentin and anti-cell-surface vimentin antibody, and of TNF-
o—activated macrophages without and with addition of the anti-cell-surface vimentin antibody (CSV).
(C) Visualisation of fluorescent beads (green) phagocytosed by a TNF-a—activated macrophage using
fluorescence microscopy. Cell outline (yellow) defined from phase contrast image. (D) Phagocytic
index determined by the fluorescence intensity within the differentiated macrophages without and with
addition of 100 ng/mL rhVimentin and anti-vimentin antibody (V9), and of TNF-o—activated
macrophages without and with addition of the anti-vimentin antibody (V9). *, p <0.05; **, p <0.01;
*** p <0.001. n.s. not significant (Student's t-tests). All experiments were repeated three times. The
data is presented as box plots with whiskers drawn within the 1.5 IQR value. N indicates the total
number of cells analysed. All experiments were done three times.
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4 DISCUSSION

This section is directly transferred from the following two original publications.

e Thalla, D.G.; Jung, P.; Bischoff, M.; Lautenschlager, F. Role of Extracellular
Vimentin in Cancer-Cell Functionality and Its Influence on Cell Monolayer
Permeability Changes Induced by SARS-CoV-2 Receptor Binding Domain. int. J. Mol.
Sci. 2021, 22, 7469. https://doi.org/10.3390/ijms22147469

e Thalla, D.G, Rajwar AC, Laurent AM, Becher JE, Kainka L and Lautenschléger F
(2022) Extracellular vimentin is expressed at the rear of activated macrophage-like
cells: Potential role in enhancement of migration and phagocytosis. Front. Cell Dev.
Biol. 10:891281. doi: 10.3389/fcell.2022.891281

4.1 Influence on cancer cell functionality

For about a decade, the existence of extracellular vimentin has been questioned by the
scientific community, and even by researchers working on vimentin. However, recent studies
have shown that vimentin can indeed be secreted into the extracellular space under several
physiological conditions, such as cell activation, inflammation, senescence, and stress
[3,4,33]. Vimentin is secreted by various cell types, such as macrophages, astrocytes,
neutrophils, monocytes, apoptotic lymphocytes, and endothelial cells [15, 18-21, 62]. Mor—
Vaknin et al. (2003) reported that activated macrophages secrete vimentin when treated with
okadaic acid. Recently, it was shown that oxidised low-density lipoprotein induced vimentin
secretion via CD36 in macrophages [63]. Recent studies have also provided evidence that
extracellular vimentin is involved in several diseases, in repair mechanisms for spinal cord
injury, and in the infection mechanisms of viruses [64]. We also described some of these roles
of extracellular vimentin in health and disease in a recent review[14]. The functions of
extracellular vimentin are still under debate, however, and these functions appear to depend
on the form of this extracellular vimentin.

Secreted vimentin could have a potential role in wound healing, although to date, the role of
vimentin in wound healing has mainly focussed on cytoplasmic vimentin. Nevertheless,
recent studies have explored the possibility of extracellular vimentin as a potential remedy for
tissue repair in many injuries [14]. Post-injury, vimentin released into the extracellular milieu
facilitates wound closure by binding to mesenchymal leader cells. This extracellular vimentin
promotes mesenchymal to myofibroblast differentiation of leader cells [32]. However, here
the interaction of extracellular vimentin with receptors on leader cells that lead to wound
healing remains an open question.
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Vimentin has also been shown to have a role in wound healing during functional recovery
after trauma in the central nervous system, which is a challenge that is still faced in the field
of neuroscience [65]. In this context, a newly described compound, denosomin, was shown to
provide added benefits in the treatment of mice for spinal cord injury [33]. During the course
of these treatments, it was noted that the astrocytes tended to secrete vimentin at the site of the
injury. This secreted vimentin promoted axonal growth by activation of IGF-1R, to thus
promote improved functional recovery of the spinal cord in mice [34]. However, this previous
study was focused mainly on the promotion of axonal growth via the vimentin interaction
with IGF-1R, so in the present study we specifically explored the role of the extracellular
vimentin and IGF-1R interaction across a range of cellular functions, as cell proliferation,
adhesion, and migration; these are all crucial for tumor progression.

In cancers, the collective migration of cells is a critical event for establishment of metastases,
and this indicates how cells contribute to cancer invasion [66]. Extracellular vimentin was
shown previously to be involved in cancer-cell invasion [67]. In another study, the interaction
between surface vimentin and GIcNAc-polymers led to an increase in migration and invasion
of MDCK and MCF-7 cells [68]. In the present study, we showed that addition of
recombinant vimentin promoted wound closure for both MCF-10a and MCF-7 cells,
presumably through increased migratory speed of the cells following activation of the IGF-1R
cell-surface receptor. We also showed that recombinant vimentin stimulated a greater increase
in cell migration rate in the MCF-7 cancer cells than for the MCF-10a cells. Here, we also
compared the effect of vimentin on cell migration with that of IGF-1 itself, as it is well known
that IGF-1 induces cell migration in breast epithelial cells [55]. Interestingly, in the MCF-10a
cells, the addition of vimentin resulted in greater migratory speed for these cells compared to
the addition of IGF-1. We also saw similar effects by using the transwell migration assay
here, which was greater with treatment with vimentin, and even higher than for the IGF-1
treatment for the MCF-10a cells.

In invasion by cancer cells, cell adhesion is one of the first steps during metastasis [69]. In
addition, cell migration and proliferation are regulated by cell adhesion to the extracellular
matrix [70]. Therefore, we additionally investigated cell adhesion upon vimentin treatment in
the present study, which showed that vimentin treatment increased the adhesion strength in
MCF-7 cancer cells. Interestingly, we also showed that the vimentin-treated MCF-7 cells
showed a higher trend towards Young's modulus during these FluidFM measurements. This
suggests that the stiffness of the MCF-7 cells was increased by vimentin.

Higher circulating IGF-1 levels are indicative of higher risk of breast cancer in premenopausal
women [71, 72], and it has been reported that IGF-1 stimulates proliferation of breast cancer
cells [73, 74]. Although serum vimentin expression has been reported for various cancers,
these previous studies did not emphasise the significant role of extracellular vimentin in cell
proliferation [30, 31]. Therefore, we also tested whether this extracellular (soluble) vimentin
had similar effects as IGF-1 on cell proliferation. Interestingly, treatment with vimentin
promoted increased proliferation rates in the MCF-7 cancer cells but not in MCF-10a cells.
This effect was diminished when IGF-1R was blocked (using an anti-IGF-1R antibody),
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which further supports our hypothesis that vimentin binding to IGF-1R is involved in general
cellular functions.

Conclusively, as the migration rate of the MCF-10a cancer cells was higher in the presence of
vimentin than the migration rate of MCF-7 cells in transwell assays under the same
conditions, we hypothesised that transwell migration assays in the presence of vimentin can
be used for sorting cancer cells. From this study, we concluded that cancer cells tend to be
more sensitive to extracellular vimentin, and hence that extracellular vimentin has an effect on
general cellular functions. Taking these parameters into consideration during clinical decision
making can have a major role in the treatment of patients with cancers in general, and also
under specific disease conditions.

Extracellular vimentin has a vital role in various viral and bacterial infections [64]. A recent
study that used a pseudo virus showed that surface vimentin is involved in SARS-CoV-2
infection, through its binding by the viral spike protein. Using an antibody against
extracellular vimentin, they showed that vimentin can be used as a potential target to inhibit
viral particle entry into cells [75]. In the present study, in the cell permeability assays,
vimentin decreased the barrier permeability in MCF-7 cancer cells and increased it in MCF-
10a cells. These MCF-7 cancer cells overexpress IGF-1R, which might lead to more binding
of vimentin to the cell membrane, and a block (i.e., decreased permeability) of the
paracellular junctions. The permeability increases in the cell monolayers of both MCF-10a
and MCF-7 cells induced by SARS-CoV-2 RBD and was further enhanced when the cells
were pretreated with vimentin. This effect might be because extracellular vimentin can act as
a co-receptor for the SARS-CoV and SARS-CoV-2 spike proteins [50]. This role for vimentin
as a co-receptor will lead to more attachment of the SARS-CoV2 RBD to the cells treated
with vimentin, and will also affect the cell monolayer permeability. This might result in
enhanced viral particle invasion into tissues and internalisation into cells (Figure 17A).

Recombinant vimentin
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Figurel?. Hlustration of the influence of extracellular vimentin in SARS-CoV-2 viral particle
entry into cells. (A) Vimentin on the cell surface can act as a co-receptor, to promote further

viral membrane association and virus entry into the cells. (B) For the viral particles pre-
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treated with recombinant vimentin, this instead restricts viral association with the cell
membrane, and thus virus entry into the cells.

In a previous study, pre-incubation of viral particles with recombinant vimentin restricted
human Papillomavirus 16 (HPV) viral entry into Hela, HaCaT, and NIKS cells [76]. In the
present study, we used the same method, and preincubated SARS-CoV-2 RBD and
recombinant vimentin prior to the treatment of the cell monolayers with this mixture. In the
MCF-7 cancer cells, the permeability was decreased by SARS-CoV-2 RBD. However, this
effect was not seen for the MCF-10a cells. This could be due to lack of ACE2 receptor, that
RBD does not have any additional effect on MCF-10a cells [77].

Further studies are required to understand the full mechanisms involved in the phenomena
described here. However, we have shown that extracellular vimentin influences a range of
cellular functions and might become an important player in the treatment of diseases or the
prevention of particular infections. Additionally, extracellular vimentin can exist in different
isoforms such as oxidised vimentin, citrullinated vimentin, and carbamylated vimentin which
undergo post-translational modifications under certain circumstances (senescence, rheumatoid
arthritis) [4,53,54]. Imitation of recombinant vimentin as extracellular vimentin could pose
some limitations in the practical setting. Therefore, future studies should investigate the effect
of native isoforms of extracellular vimentin on cells.

4.2 Characteristics of extracellular vimentin

The detection of vimentin in the extracellular space then promoted the question as to how it is
secreted from inside these TNF-o—activated macrophages. Previously this extracellular
vimentin was thought to have been released from necrotic cells, although it has also been
suggested that it might be secreted. Previous studies have shown exosomes as a source of
vimentin, and demonstrated that these can transport and release vimentin into the extracellular
space [78-80]. Exosomes are packaged with membranes in the Golgi apparatus, and in
activated macrophages, block of transport through the Golgi apparatus inhibits the release of
extracellular vimentin [15]. This has thus strengthened the idea that vimentin is secreted with
the help of exosomes. However, it has remained unclear what the characteristics of this
secreted vimentin are.

In the present study, we show that vimentin is released from the back of these TNF-a—
activated macrophages, and that this polarised release is enhanced by the macrophage
activation. Moreover, using confocal, TIRF and SEM, we have confirmed that the structure of
the secreted vimentin is not filamentous, as is its intracellular counterpart, but is in form of
fragments, as indicated in recent studies [51, 81]. Nevertheless, further confirmation of data
from GFP-vimentin HL60 is needed as it may not behave identical to endogenous vimentin.
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It is believed that post-translational modifications are a prerequisite for vimentin secretion
from macrophages and endothelial cells [41, 62, 82], which would appear necessary to break
down the long vimentin filaments to smaller fragments [83]. In the case activated
macrophages, the extracellular vimentin was shown to be phosphorylated [15]. A recent study
showed that vimentin is recruited to the cell membrane via an alteration in the filamentous
form to an oligomeric form that consists of 4-12 monomers [84]. This multimeric form of
vimentin showed a higher binding affinity to lipid bilayers compared to that of filamentous
vimentin. However, the mechanism by which the intracellular vimentin is secreted into the
extracellular space is not well characterised. Here, by combining data from the literature and
the findings from the present study, we can predict a secretion mechanism as we illustrated in
Figure 18. As seen from the present study, extracellular cell-surface vimentin is polarised at
the back of TNF-a—activated macrophages, and the images from TIRF shows that small
fragments of vimentin either from exosomes or filaments are released close to a large
agglomerate of vimentin on the cell surface. Therefore, we propose that at the membrane
surface of these TNF-o—activated macrophages, vimentin filaments disassemble into small
fragments, to form agglomerates, which can then be released into cell medium or into blood
serum (Fig. 18B).
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Figure 18. Proposed model of vimentin secretion. (A) A macrophage with intracellular
vimentin in the filamentous form. (B) Dissociation of filamentous vimentin at the cell
membrane in the activated macrophage might lead to agglomeration at the surface of the
macrophage. Then, the vimentin can be released into the extracellular space in the form of
small fragments.

Vimentin expression in the extracellular space of cells has been attributed to circumstances
such as cell activation, senescence, injury and stress [15, 16, 32]. In most of these scenarios,
the secretion of vimentin is related to immune activity [64]. For example, the vimentin
secreted by activated macrophages has been suggested to be involved in immune functions via
generation of oxidative metabolites and elimination of bacteria [15]. Another example is
shown in patients with rheumatic arthritis, where neutrophils secrete citrullinated vimentin
during the release of neutrophil extracellular traps that are produced to immobilise pathogens
and promote immune responses [19, 26]. Further, in the mycobacterium tuberculosis,
vimentin binds to the natural Killer cell surface receptor NKp46 and contributes to lysis of
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infected cells [36]. Finally, extracellular vimentin blocks pro-inflammatory secretion by
activated dendritic cells, which promotes inhibition of adaptive immune responses. This
mechanism prevents tissue damage and promotes bacteria elimination [37].

On the basis of this evidence that extracellular vimentin partially regulates inflammatory
processes, we investigated the role of extracellular vimentin on macrophage function. Using
migration assays, we show that elevated levels of extracellular cell-surface vimentin enhance
the migration speed of macrophages. Here, it was not relevant if the extracellular vimentin
was added as recombinant vimentin or if it was from secretion of activated macrophages. This
increase in macrophage migration by addition of recombinant vimentin complements our
recent study where we showed similar effects in MCF-7 cells [17].

Earlier studies have demonstrated that increases in phagocytic activity by macrophages
involves extracellular vimentin. However, in these previous studies, the vimentin was
expressed on the surface of apoptotic neutrophils and T cells and acted as a signalling agent to
attract macrophages and further facilitate the elimination process [20, 21, 85, 86]. On the
surface of phagocytes, vimentin interacts with O-Glc-NAc-modified proteins expressed on
apoptotic cells, which generates an 'eat me' signal for elimination by macrophages [86]. To
date, surface vimentin has been believed to be a mediator that helps to attract macrophages
towards the cells that need to be phagocytosed. However, one study that investigated
extracellular vimentin directly expressed on activated macrophages demonstrated enhanced
bacteria elimination [15]. In the present study, we further explored the effects of extracellular
vimentin expressed on the surface of macrophages in terms of macrophage function. We show
that recombinant vimentin treatment of HL-60 differentiated macrophages has a similar effect
as TNF-o—activated macrophages in terms of enhanced phagocytic activity. Interestingly, in a
recent study it was shown that extracellular addition of vimentin lead to TNF- a secretion in
macrophages [63]. Consequently, this could be a possible mechanism behind the enhanced
migration and phagocytic activity in macrophages.

Taken together, we demonstrate that vimentin is expressed in a polarised form on the surface
of activated macrophages, and that it is released in a fragmented form. We also show that
extracellular vimentin influences the functionality of macrophages by enhancing their
migration and phagocytosis.

Altogether, these data suggests that extracellular vimentin is used to regulate macrophages in
the immune system through effective elimination of bacterial pathogens.
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5 CONCLUSION AND FUTURE WORK

The fact that investigation of extracellular vimentin is incredibly unconventional and raises
lots of interest in the IF community. Ever since Mor-Vaknin and colleagues demonstrated the
secretion of vimentin from activated macrophages, the curiosity among the scientific
community has increased in understanding and discovering the role of extracellular vimentin
on par with its intracellular counterpart. Vimentin secretion to extracellular space is mainly
attributed to activation, injury, stress, senescence and certain pathological conditions.
Furthermore, vimentin secretion is associated with immune activity in most scenarios.
Interestingly, the functional aspects of the extracellular vimentin range from being a cancer
marker to its involvement in the recent SARS-CoV-2 infection.

The first of this thesis focused on extracellular vimentin's role in cellular functions. This work
demonstrated the effect of recombinant, extracellular vimentin on the proliferation, migration
and adhesion of a non-tumorigenic cell line and a cancer cell line. Moreover, the findings
show that the cancerous cells react stronger to extracellular vimentin than the non-
tumorigenic cells in terms of genral cellular functions, namely proliferation, adhesion and
migration. Therefore, it gives an outlook on understanding fundamental cancer cell behaviour
in areas of inflammation.

The current pandemic situation allowed expanding the eventual role of extracellular vimentin
in monolayer permeability caused by SARS-CoV-2 RBD in cancer cells with the potential to
develop strategies for decreasing infections in future.

The second part of this thesis focused on the characteristics of extracellular vimentin. The
findings from this part of the study demonstrated the secretion of vimentin from the back of
activated macrophages in the form of small fragments, enhancing phagocytosis and migration
of activated macrophages.

Even though it is evident that extracellular vimentin is not just a mislocalised protein but has
various functional roles, the secretion mechanism is not yet well established. The future focus
will be on finding vimentin's secretion mechanism. The recent reports show that inside the
cell, vimentin templates microtubules and gets transported to the cell periphery via
microtubules. Therefore by studying the role of microtubules in vimentin secretion, a
potential secretion pathway of vimentin can be demonstrated, which would open up a wide
range of possibilities in treating various diseases and viral infections.
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expressed at the rear of activated
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Macrophages have a vital role in the immune system through elimination of cell
debris and microorganisms by phagocytosis. The activation of macrophages by
tumour necrosis factor-a induces expression of extracellular cell-surface
vimentin and promotes release of this vimentin into the extracellular
environment, Vimentin is a cytoskeletal protein that is primarily located in the
cytoplasm of cells. However, under circumstances like injury, stress, senescence
and activation, vimentin can be expressed on the extracellular cell surface, or it
can be released into the extracellular space. The characteristics of this
extracellular vimentin, and its implications for the functional role of
macrophages and the mechanism of secretion remain unclear. Here, we
demonstrate that vimentin is released mainly from the back of macrophage-
like cells. This polarisation is strongly enhanced upon macrophage activation.
One-dimensional patterned lines showed that extracellular cell-surface vimentin
is localised primarily at the back of activated macrophage-like cells. Through
two-dimensional migration and phagocytosis assays, we show that this
extracellular vimentin enhances migration and phagocytosis of macrophage-
like cells. We further show that this extracellular vimentin forms agglomerates on
the cell surface, in contrast to its intracellular filamentous form, and that it is
released into the extracellular space in the form of small fragments. Taken
together, we provide new insights into the release of extracellular cell-surface
vimentin and its implications for macrophage functionality.

KEYWORDS

extracellular vimentin, macrophages, activation, migration, polarisation, phagocytosis,
vimentin secretion
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Introduction

Macrophages are immune cells that have multiple roles in
physiological processes, which range from removal of cellular
waste and tissue regeneration and remodelling, to protection
against pathogen invasion (Krzys:
20195 Zhang et al,, 2021). Due to their heterogeneous functions,
macrophages have a crucial role in the immune system (Viola
et al,, 2019).

An earlier study revealed that activation of macrophages by
tumour necrosis factor (TNF)-a leads to extracellular cell-surface
expression and release of vimentin into the surrounding medium
(Mor-Vaknin et al,, 2003). Similarly, in atherosclerosis, monocyte
chemoattractant protein-1 (CCL2) and oxidised low-density
lipoproteins stimulate secretion of vimentin from macrophages
(Kim etal,, 2020). Vimentin is a type III intermediate filament that
is primarily located inside cells of mesenchymal origin. However,
vimentin can also be expressed on the outside of cells under
conditions such as inflammation, stress and senescence (Mor-
Vaknin et al, 2003; Frescas et al, 2017; Patteson et al,, 2020).
Previous studies have shown that astrocytes, neutrophils,

czyk et al., 2018; Herzog et al.,

monocytes, apoptotic lymphocytes and endothelial cells can
also secrete vimentin (Boilard et al,, 2003; Mor-Vaknin et al.,
2003; Moisan and Girard, 2006; Greco et al., 2010; Kaplan, 2013;
Patteson et al,, 2020). Within the cell, vimentin is involved in
cellular functions such as adhesion, migration and signalling
(Ivaska et al, 2007), while recent studies have indicated its
functions as a dynamic extracellular protein in cancers (Satelli
and Li,, 2011; Satelli et al., 2014; Satelli et al., 2015), viral infections
(Yang et al,, 2016; Ghosh et al,, 2018; Bryant et al., 2006; Schifer
et al, 2017; Suprewicz et al, 2022) and general cellular functions
(Thalla etal,, 2021). Despite the many functional roles now defined
for extracellular vimentin, the characteristics and the
circumstances of its secretion remain unclear.

Vimentin that is secreted by activated macrophages is also
involved in bacterial elimination (Mor-Vaknin et al., 2003) and
the immune response (Ramos et al, 2020). Therefore, we
questioned the role of secreted vimentin in macrophage
activity, and particularly in phagocytosis. It is already known
that activation of macrophages enhances phagocytic activity and
improves pathogen clearance (Leopold Wager and Wormley,
2014; Jaggi et al, 2020). It is also known that activation of
macrophages by TNF-a results in enhanced phagocytosis of
the fungal pathogen Cryptococcus neoformans (Collins and
Bancroft, 1992), with the same is seen for glial macrophages
in response to TNF-a in glial-neuronal cell co-cultures
(Neniskyte et al, 2014). However, the role of extracellular
vimentin for macrophage activity and functionality is not known.

In this study, we investigated the location and form of this
extracellular vimentin. We further examined the influence of
extracellular vimentin on macrophage functionality. Using
fluorescence microscopy techniques and one-dimensional (1D)
patterned lines, we show that vimentin is not equally distributed
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on the surface of activated macrophages, but is located at the
‘back’ of the cells. We also show that vimentin is released into the
extracellular environment in the form of small fragments. Using
2D migration and phagocytosis assays, we further show that
addition of recombinant vimentin to macrophages has a similar
effect on phagocytic activity and migration as for activated
macrophages.

This study thus characterises extracellular vimentin and
describes its influence on macrophage functionality. On the
basis of these data, we propose a secretion pathway for
vimentin. Collectively, these findings are crucial to understand
how the immune system is regulated, and they offer new ways to
interfere with it.

Materials and methods
Cell culture

HL60 cells were cultured in cell culture flasks (Grenier) in
RPMI 1640 medium (Gibco) supplemented with 10% foetal
(Fischer 1% 1:1
streptomycin (Fischer Scientific) and 1% Glutamax (Gibco).
The cells were passaged at a concentration of 10° cells/mL.
HL60 cells were differentiated into a macrophage lineage by
treatment with 10 nM TPA (Sigma) for 24 h (referred to as
macrophages). Post-differentiation, the cells were treated with
5 ng/ml TNF-a (Gibco) for up to 6 days, to induce macrophage

activation. Media containing TNF-a was changed every second

bovine serum Scientific), penicillin-

day for the 3 and 6 days activation.

For confirmation of extracellular vimentin expression,
HL60 cells that expressed GFP-tagged vimentin (GFP-
Vimentin HL60 cells) were used. These were gifted by Dr.
Monika Zwerger, DFG, Germany. These GFP-HL60 cells were
cultured as indicated above, with the addition of 0.1 ug/ml
puromycin (Gibco) to the growth medium.

Immunostaining

Immunostaining of extracellular vimentin was carried out
using the Alexa 647 fluorophore conjugated to the anti-vimentin
V9 antibody (Santa Cruz Biotechnology). The cells were
prepared by washing with phosphate-buffered saline (PBS)
once to remove traces of the growth medium, and were fixed
with 4% paraformaldehyde (Science Service) for 10 min. The
samples were then blocked for 1h with 3% bovine serum
albumin (BSA) in phosphate-buffered saline. Finally, the cells
were incubated with 1:200 V9 anti-vimentin antibody for 1h,
and then viewed under a fluorescence microscope.

The cell membrane was stained using a WGA CF 488A
(Biotium) or Alexa Fluor 549 conjugated wheatgerm agglutinin
(WGA) conjugate (W11262, Invitrogen). Cell membrane
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staining using WGA was performed in conjunction with the
V9 anti-vimentin antibody, with WGA staining by incubation
with 1:200 anti-WGA antibody for 10 min, followed by fixing of
the cells.

For M1 marker, activated macrophages were incubated with
1:100 anti CDé8 antibody Alexa 488 (Santa Cruz Biotechnology)
for 1h.

Live-cell imaging was performed using the CSV anti-cell-
surface vimentin antibody (Abnova). For this purpose, the cells
were incubated with 1:100 CSV for 1h prior to microscopy.

For permeabilised and non permeabilised comparison, cells
were treated with or without triton x-100 0.2% (v/v) for 10 min
prior to blocking with 3% (w/v) BSA and cells were incubated
with 1:200 beta actin antibody (Proteintech) for 1h. After
washing with PBS, cells were incubated with 1:500 anti-rabbit
488 secondary antibody. Then samples were incubated with 1:
200 V9 anti-vimentin antibody for 1 h.

Quantification of extracellular vimentin

For confirmation and characterisation of the pattern of
extracellular vimentin expression on macrophage activation,
activation of GFP-vimentin HL60 cells was used. The
macrophages were plated on a micro porous transwell
(0.4 um, Corning). The
compartments were filled with growth medium supplemented
with or without TNF-a. Differentiated, inactivated macrophages
were used as the control. The medium was collected from the

membrane upper and lower

bottom wells after 1 day and 3 days of activation with TNF-a.
The collected medium plated into 96-well plates, and the
fluorescence intensities were determined using a plate reader
(Tecan M200 Pro), with measurement at 488 nm.

1D pattern

To produce 1D patterns we prepared PDMS microchips with
channels of 5 um width and attached them to glass bottom dishes
using plasma activation. At the next step, the channels were filled
with fibronectin (25 pg/ml, Sigma). The PDMS part of the chips were
then pulled off and the glass bottom dishes were washed twice with
PBS. Afterwards, cells were placed on these patterns (4,000 cells/pl,
working volume 500 puL) and stored in the incubator for 1h. The
patterns were washed once with PBS before cells were fixed and
stained for vimentin with the V9 antibody.

Imaging
Fluorescence images were acquired using inverted microscopes.

For polarization experiments, the images were acquired using a Ti-
Eclipse (Nikon) equipped with Yokagawa spinning disk. For 1D
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pattern experiments and phagocytosis experiments, the images were
acquired using an Epi-fluorescence microscope (Ti-Eclipse, Nikon).
For GFP-Vimentin HL60 cells, confocal images were acquired using
a LSM900 with Airyscan 2 (Zeiss). The TIRF images were acquired
using a Ti-Eclipse with TIRF (Nikon).

Scanning electron microscopy

For scanning electron microscopy cells were placed on
gridded coverslips and
differentiation as described before. Cells were fixed in solution
containing 2% (v/v) glutaraldehyde (Merck) and 2% (v/v) PFA
(Science Service) diluted in 0.2 M sodium cacodylate buffer
(Merck) for 120 min.

The samples were incubated three times with 0.1 g sodium
borohydride (Merck) in 10 ml PBS for 10 min before they were
stained for vimentin as described before. The images were
acquired using a spinning disc as described before. After

treated for activation and

imaging the cell were again incubated in the fixation solution
overnight. Next, the samples were incubated in 0.1% tannic acid
(Merck). Cell drying was performed by successively replacing
water with ethanol (>99.8%, Fisher Scientific) and ethanol with
hexamethyldisilizane (98%, Carl Roth and >99%, Sigma Aldrich).
Eventually, the samples were sputtered with 4-6 nm platinum.
Images were acquired at 5kV under high vacuum using FEI
Quanta 400 electron microscope. Secondary electrons were
detected using an Everhart-Thornley detector.

Migration assay

To investigate the 2D migration of macrophages after
100 ng/ml
vimentin (Prospec), fluorescent images of cell nuclei, which
were stained using 250 ng/ml Hoechst for 20 min, and bright-

activation and stimulation with recombinant

field images were recorded over 30 min with a frame rate of
1 min. The cells were kept at 37°C and 5% CO, during the
experiment. Cell trajectories were analysed using the Image]
plugin Trackmate. For blocking the effect of vimentin in
activated macrophages, live cell stain of cell surface vimentin
antibody (Abnova) was added for 2h prior to acquisition of
migration data. For each cell, the mean migration speed was
calculated as the mean value of the instantaneous speeds in

between two successive recorded positions.

Phagocytosis assay

To investigate the phagocytic activity of macrophages under

stimulation with extracellular recombinant vimentin,
fluorescently-labelled latex beads were used in phagocytosis

assays. The assay protocol was developed following the

frontiersin.org

49



Thalla et al.

manufacturer instructions (Phagocytosis Assay kits; IgG FITC;
Item No. 500290; Cayman Chemicals). For vimentin treatment,
differentiated cells were treated with human recombinant
100 ng/ml
macrophages were preincubated with V9 anti-vimentin
antibody (Santa Cruz) for 2 h prior to phagocytosis experiment.

For quantification of phagocytosis, the microscopy images
obtained were analysed using the Image] software (Fiji). The
analysis consisted of two steps: first, the cell shape was
determined by manually outlining the cell on the bright-field
image using the Polygon selections tool. The cell ‘mask’ obtained
was then saved in the ROI Manager and layered over the fluorescent
image. The mean fluorescent intensity of the beads within the cell
area can be measured. Additionally, the background fluorescence in

vimentin (Prospec) for 24h and activated

an area without cells was then measured for each image. With this
data, the “phagocytic index” was calculated for each condition, as
PI'= lyeads/Thackground- The average measurement of bead fluorescence
corresponded to the number of fluorescently labelled beads that had
been phagocytized by the macrophages, and was thus used to
quantify their phagocytic activity.

Results

Activated macrophages express cell-
surface vimentin in a polarised manner

First, we asked whether vimentin is expressed isotopically on
the surface of cells. For this, we differentiated HL-60 cells into
macrophages by treating them with 12-O-tetradecanoylphorbol-
13-acetate (TPA). After 24 h, these macrophages were activated
with TNF-a. Interestingly, TNF-a also induces HL-60
macrophage differentiation (Squinto et al., 1989). However,
we used TPA to differentiate our cells.

With permeabilisation of the cell membrane during
immunofluorescence staining omitted, this ensured that the
images acquired using the fluorescently labelled V9 anti-vimentin
antibody only showed vimentin on the surface of the cells.

Upon treatment of the HL-60 cells with TPA for 24 h, they were
seen to differentiate into macrophages (Figure 1A). TNF-a
treatment of these macrophages triggered the appearance of cell-
surface vimentin in a polarised manner, as seen using the V9 anti-
vimentin antibody; ie., the vimentin expressed was not equally
distributed over the cell surface. The vimentin expressed on the
extracellular surface of these macrophages was instead polarised, as
it was predominantly seen over particular areas of the cell surface
(Figure 1B). The proportion of the cells that expressed vimentin in
this polarised manner was determined by cell counting. There was a
>2-fold increase in the polarisation of extracellular cell-surface
vimentin in these TNF-a-activated macrophages compared to
the non-activated macrophages. During TNF-a activation for up
to 6 days, greater proportions macrophages with polarised surface
vimentin were seen after 1 day and 2 days (Figure 1C). These data
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thus show that extracellular cell-surface vimentin is expressed in a
polarised manner on these TNF-a-activated macrophages.

We further confirm the extracellular localization of vimentin
by using CSV antibody which specifically binds to the
extracelllular vimentin in live activated macrophages
(Figure 2A). This was complemented with comparing the
permebalized and non permebalized cells where beta actin
was labelled along with vimentin in activated macrophages.
Neverthless, some fluorescent signal can be obsereved around
the nucleus which could be from the antibody that has been
endocytosed. In Figure 2B, it can be clearly seen that fluroscence
signal from permeablized activated macrophages is more
prominent. However, only unpsecific signal can be observed
in non-permeabized activated macrophages. We also classify
the macrophages into M1 macrophages upon activation by
TNF- a by using CD68 activation marker (Figure 2C).

Extracellular cell-surface vimentin is
predominantly expressed at the back of
activated macrophages and secreted in
the form small fragments

Although the vimentin was polarised on the surface of these
TNF-a-activated macrophages, as the “front” and “back” of these
cells were not easily differentiable in these 2D fixed samples, its
exact positioning was unknown (Figure 3A). To solve this
problem, patterned migration lines on glass coverslips were
used, whereby the front and back of the cells can be
distinguished by recording time-lapse movies. By following
the macrophage migration on patterned lines coated with
fibronectin, a simplified cell shape can be defined that allows
visualisation of the position on the extracellular cell surface of the
vimentin upon TNF-a activation (Figure 3B).

Here, the nucleus was always at the front end of these
macrophages during migration. The position of the nucleus was
then used as the reference to define the front of the fixed cells. Using
this method, the surface vimentin was seen to be polarised at the
back of the activated macrophages, allowing us to conclude that
vimentin was secreted from the back of these TNF-a-activated
macrophages. In contrast, prior to TNF-a activation, the
differentiated macrophages were seen to secrete vimentin at a site
close to the nucleus (Figure 3C). As, 1 and 3 days activation showed
comparable vimentin polarization (Figure 1C), here we used 3 days
activation in 1D pattern experiment (Figure 3C).

To further resolve the structure of the polarized vimentin on
the cell surface, we used confocal microscopy for imaging. For
this, genetically transformed HL-60 cells with vimentin tagged
with green fluorescent protein (GFP-vimentin HL60 cells) were
differentiated and activated. Here, images of elongated
macrophages were acquired in order to evaluate the structure
as well as the position of the surface vimentin. We observed small
fragments of vimentin at the secretion sites of both differentiated
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Polarised expression of extracellular vimentin on the surface of TNF-a—activated macrophages. (A) Representative HL-60 cells before (left) and

after (right) differentiation with TPA. (B) Representative non-permeabilised fixed samples of macrophages (Differentiated) stained with the V9 anti-
vimentin antibody, showing expression of vimentin on their surface after 1, 3, and 6 days of TNF-a activation. Top row: Phase contrast images. Middle
row: Fluorescent images for vimentin (red). Bottom row: Overlay of phase contrast and fluorescentimages. Scale bar, 10 pm. (C) Quantification

of the proportion of macrophages expressing extracellular cell-surface vimentin in a polarised manner over the 6 days of TNF-a activation. n denotes

the total number of cells analyzed, error bars correspond to standard deviation
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FIGURE 2
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(A) Live cell imaging of activated macrophages using CSV antibody. (B) Comparison of permeablized vs. non permeablized activated
macrophages labelled using beta actin antibody and anti vimentin V9 antibody (Nucleus, blue:actin, green: vimentin, magenta). (C) M1 macrophage
classification using CD68 macrophage activation marker after TNF- a activation. Scale bar 10 pm

and TNF-a-activated macrophages (Figure 4A). In order to
confirm the small fragments are on the outside of the cell,
images of differentiated and TNF-a-activated macrophages
were acquired using scanning electron microscopy (SEM)
(Figure 4B). Further, we confirmed the presence of vimentin
on the dot like structure by visualizing the same cell in both
confocal and SEM by using coverslip with grid (Figure 4C).

Frontiers in Cell and Developmental Biology

05

Quantification of vimentin secretion upon
activation

It is known that as well as being expressed on the extracellular
cell surface, vimentin can then be released into the extracellular
surroundings of the cell (Danielsson et al,, 2018). We thus asked
whether, and in what way, the vimentin secreted by these TNF-
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Top view

Bird's eye view

Side view

FIGURE 3
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3 day activation

€

Visualisation of surface vimentin on macrophages patterned on one-dimensional lines. (A) Representative three-dimensional projections of a
TNF-a-activated macrophage (red, surface vimentin: green, cell membrane), demonstrated using IMARIS. Scale bar, 7 um. (B) Illustration of the
vimentin secretion sites (red) for the differentiated and TNF-a-activated macrophages using patterned lines. Yellow, nucleus; green, cell membrane
(C) Representative differentiated and TNF-a—activated macrophage attached and elongated along the pattern on a glass coverslip, revealing the

site of vimentin secretion (yellow, nucleus; magenta, extracellular cell-surface vimentin). Scale bar, 10 um

a-activated macrophages is functional. Here, we imaged the contact
region between the activated macrophages and the glass bottom of
the dish to visualise the vimentin released into the medium from the
extracellular surface of the activated macrophages, using
total internal reflection fluorescence (TIRF) microscopy. Fixed
non-permeabilised  3-days-activated
fluorescently labelled using the V9 antibody. This revealed
vicinity of the activated
macrophages (Figure 5A). These vimentin agglomerates appeared

macrophages ~ were

vimentin agglomerates in the
to be in a non-filamentous and fragmented form.

To quantify the vimentin released from these activated
macrophages, 0.4-um transwell insert assays were used with
genetically transformed HL-60 cells in which vimentin was
tagged with green fluorescent protein (GFP-vimentin
HL60 cells). These HL60 cells were
differentiated using TPA and placed inside the upper
chambers of transwell inserts. They were then activated with
TNEF-a, and left for 1 day and 3 days. The vimentin released into
the cell medium passed through the pores of the membrane and
was collected in the bottom chamber along with the culture

GFP-vimentin

medium. The medium in the bottom chamber was transferred to
96-well plates, and the fluorescence intensity was measured using
a plate reader. These data showed that the amount of vimentin
released into the medium depended on the time of TNF-a

activation of these macrophages (Figure 5B).

Extracellular vimentin enhances migration
and phagocytosis of macrophages

Macrophages are known to have a vital role in the immune

system through phagocytosis of cellular debris and
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elimination of bacterial pathogens. We thus next
investigated this extracellular cell-surface vimentin on the
functionality of macrophages, in terms of their migration
and phagocytosis.

The migration speeds of the macrophages were measured
using a 2D migration assay (Figure 6A). As the media from the
TNEF-a-activated macrophages that contained secreted vimentin
is expected to have some residual TNF-a, recombinant vimentin
was used here. Addition of recombinant vimentin to the
differentiated macrophages significantly increased  their
migration speed. Further, the migration speed of the TNEF-
a-activated macrophages was significantly reduced when they
were pre-incubated with the CSV antibody (Figure 6B).

To investigate the phagocytic activity of macrophages
under the influence of extracellular vimentin, phagocytosis
assays using fluorescently-labeled latex beads were carried out
to measure the phagocytic process in vitro. With phagocytosis
analysed according to the phagocytotic index defined by the
intracellular fluorescence intensities following phagocytosis of
fluorescent beads (Figure 6C), this was seen to be significantly
increased in the TNF-a-activated macrophages compared to
the differentiated macrophages (Figure 6D). Further, this
effect was mimicked by addition of 100 ng/ml recombinant
vimentin to the differentiated macrophages, while it was
blocked by the V9 anti-vimentin antibody in the TNE-
a-activated macrophages (Figure 6D). As for the migration
effect, this enhanced phagocytosis might be due to the
high expression levels of vimentin in the TNF-a-activated
macrophages. Thus, from these data, we can conclude
that extracellular addition of
enhances both the migration and phagocytosis of these
macrophages.

recombinant vimentin
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Vimentin- Fluorescence

SEM

wooz

Visualisation of surface vimentin on macrophages differentiated from GFP-vimentin HL60. (A) Maximum intensity projection and orthogonal
views of differentiated and TNF-a—-activated macrophage (red, membrane; green, surface vimentin; blue, nucleus), acquired with confocal
microscopy. Scale bar, 10 pm. (B) Scanning electron microscopy images of vimentin secretion sites for the differentiated and TNF-a-activated
macrophages. Bottom row: higher magnification of vimentin secretion site marked with yellow rectangle. This study was performed on 2D
(glass coverslips) not on fibronectin coated 1D patterns. In order to have more residual cells after differentiation and activation, we used 1 day
activation of both confocal LSM900 (A) and SEM imaging (B). (C) Confocal and SEM imaging using coverslips with grid. Top: Fluorescence images of
vimentin (red; V9 antibody) stained in non-permeablized activated macropahges. Scale bar 10 pm. Bottom: SEM images of the same cell where the
dot like structure can be seen at the same site of vimentin staining. Bottom (Right): magnified image of area marked in yellow of left. Scale bar 2 ym

Discussion

The detection of vimentin in the extracellular space then
promoted the question as to how it is secreted from inside
these
extracellular vimentin was thought to have been released
from necrotic cells, although it has also been suggested
that it might be secreted. Previous studies have shown
exosomes as a source of vimentin, and demonstrated that
these can transport and release vimentin into the extracellular

TNF-a-activated macrophages. Previously this

space (Chen et al,, 2016; Adolf et al., 2018; Parvanian et al.,
2020). Exosomes are packaged with membranes in the
Golgi apparatus, and in activated macrophages, block
through the inhibits
the release of extracellular vimentin (Mor-Vaknin et al.,
2003). This has thus strengthened the idea that vimentin is
secreted with the help of exosomes. However, it has

of transport Golgi  apparatus

remained unclear what the characteristics of this secreted
vimentin are.

In the present study, we show that vimentin is released from
the back of these TNF-a-activated macrophages, and that this
polarised release is enhanced by the macrophage activation.
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Moreover, using confocal, TIRF and SEM, we have confirmed
that the structure of the secreted vimentin is not filamentous, as is
its intracellular counterpart, but is in form of fragments, as
indicated in recent studies (Suprewicz et al, Lalioti et al,
2021). Nevertheless, further confirmation of data from GFP-
vimentin HL60 is needed as it may not behave identical to
endogenous vimentin.

It is believed that post-translational modifications are a
prerequisite for vimentin secretion from macrophages
and endothelial cells (Noh et al, 2016; Liu et al, 2020;
Patteson et al.,, 2020), which would appear necessary to break
down the long vimentin filaments to smaller fragments (Mdnico
etal, 2019). In the case activated macrophages, the extracellular
vimentin was shown to be phosphorylated (Mor-Vaknin et al.,
2003). A recent study showed that vimentin is recruited to the cell
membrane via an alteration in the filamentous form to an
oligomeric form that consists of 4-12 monomers (Hwang and
Ise, 2020). This multimeric form of vimentin showed a higher
binding affinity to lipid bilayers compared to that of filamentous
vimentin. However, the mechanism by which the intracellular
vimentin is secreted into the extracellular space is not well
characterised. Here, by combining data from the literature and
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the findings from the present study, we can predict a secretion
mechanism as we illustrated in Figure 6. As seen from the present
study, extracellular cell-surface vimentin is polarised at the back
of TNF-a-activated macrophages, and the images from TIRF
shows that small fragments of vimentin either from exosomes or
filaments are released close to a large agglomerate of vimentin on
the cell surface. Therefore, we propose that at the membrane
surface of these TNF-a-activated macrophages, vimentin
filaments  disassemble into small fragments, to form
agglomerates, which can then be released into cell medium or
into blood serum (Figure 7B).

Vimentin expression in the extracellular space of cells has been
attributed to circumstances such as cell activation, senescence, injury
and stress (Mor-Vaknin et al., 2003; Frescas et al,, 2017; Walker et al.,
2018). In most of these scenarios, the secretion of vimentin is related
to immune activity (Ramos et al., 2020). For example, the vimentin

secreted by activated macrophages has been suggested to be involved
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in immune functions via generation of oxidative metabolites and
elimination of bacteria (Mor-Vaknin et al., 2003). Another example
is shown in patients with rheumatic arthritis, where neutrophils
secrete citrullinated vimentin during the release of neutrophil
extracellular traps that are produced to immobilise pathogens
and promote immune responses (Carmona-Rivera et al, 2013;
Kaplan, 2013). Further, in the Mycobacterium tuberculosis,
vimentin binds to the natural killer cell surface receptor
NKp46 and contributes to lysis of infected cells (Garg et al,
2006). Finally, extracellular vimentin blocks pro-inflammatory
secretion by activated dendritic cells, which promotes inhibition
of adaptive immune responses. This mechanism prevents tissue
damage and promotes bacteria elimination (Yu et al,, 2018).

On the basis of this evidence that extracellular vimentin
partially regulates inflammatory processes, we investigated the
role of extracellular vimentin on macrophage function. Using
migration assays, we show that elevated levels of extracellular
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cell-surface vimentin enhance the migration speed of
macrophages. Here, it was not relevant if the extracellular
vimentin was added as recombinant vimentin or if it was
from secretion of activated macrophages. This increase in
macrophage migration by addition of recombinant vimentin
complements our recent study where we showed similar
effects in MCF-7 cells (Thalla et al., 2021).

Earlier studies have demonstrated that increases in
phagocytic activity by macrophages involves extracellular
vimentin. However, in these previous studies, the vimentin
was expressed on the surface of apoptotic neutrophils and
T cells
macrophages and further facilitate the elimination process
(Boilard et al., 2003; Moisan and Girard, 2006; Ise et al.,
2012; Starr et al, 2012). On the surface of phagocytes,
with  O-Gle-NAc-modified  proteins
expressed on apoptotic cells, which generates an “eat me”

and acted as a signalling agent to attract

vimentin interacts
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signal for elimination by macrophages (Ise et al, 2012). To
date, surface vimentin has been believed to be a mediator that
helps to attract macrophages towards the cells that need to be
phagocytosed. However, one study that investigated
extracellular vimentin directly expressed on activated
macrophages demonstrated enhanced bacteria elimination
(Mor-Vaknin et al,, 2003). In the present study, we further
explored the effects of extracellular vimentin expressed on the
surface of macrophages in terms of macrophage function. We
show that recombinant vimentin treatment of HL-60
differentiated macrophages has a similar effect as TNF-
a-activated macrophages in terms of enhanced phagocytic
activity. Interestingly, in a recent study it was shown that
extracellular addition of vimentin lead to TNF- a secretion
in macrophages (Kim et al., 2020). Consequently, this could be a
possible mechanism behind the enhanced migration and
phagocytic activity in macrophages.
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Taken together, we demonstrate that vimentin is expressed in
a polarised form on the surface of activated macrophages, and
that it is released in a fragmented form. We also show that
extracellular  vimentin  influences the functionality of
macrophages by enhancing their migration and phagocytosis.

Altogether, these data suggests that extracellular vimentin is
used to regulate macrophages in the immune system through
effective elimination of bacterial pathogens.
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Abstract: The cytoskeletal protein vimentin is secreted under various physiological conditions.
Extracellular vimentin exists primarily in two forms: attached to the outer cell surface and secreted
into the extracellular space. While surface vimentin is involved in processes such as viral infections
and cancer progression, secreted vimentin modulates inflammation through reduction of neutrophil
infiltration, promotes bacterial elimination in activated macrophages, and supports axonal growth
in astrocytes through activation of the IGF-1 receptor. This receptor is overexpressed in cancer
cells, and its activation pathway has significant roles in general cellular functions. In this study,
we investigated the functional role of extracellular vimentin in non-tumorigenic (MCF-10a) and
cancer (MCE-7) cells through the evaluation of its effects on cell migration, proliferation, adhesion,
and monolayer permeability. Upon treatment with extracellular recombinant vimentin, MCF-7 cells
showed increased migration, proliferation, and adhesion, compared to MCF-10a cells. Further, MCF-7
monolayers showed reduced permeability, compared to MCF-10a monolayers. It has been shown
that the receptor binding domain of SARS-CoV-2 spike protein can alter blood-brain barrier integrity.
Surface vimentin also acts as a co-receptor between the SARS-CoV-2 spike protein and the cell-surface
angiotensin-converting enzyme 2 receptor. Therefore, we also investigated the permeability of
MCF-10a and MCF-7 monolayers upon treatment with extracellular recombinant vimentin, and
its modulation of the SARS-CoV-2 receptor binding domain. These findings show that binding of
extracellular recombinant vimentin to the cell surface enhances the permeability of both MCF-10a
and MCF-7 monolayers. However, with SARS-CoV-2 receptor binding domain addition, this effect is
lost with MCF-7 monolayers, as the extracellular vimentin binds directly to the viral domain. This
defines an influence of extracellular vimentin in SARS-CoV-2 infections.

Keywords: extracellular vimentin; IGF-1 receptor; cancer; SARS-CoV-2 receptor binding domain

1. Introduction

Vimentin is a cytoskeletal filament of the family of intermediate filaments that has
a vital role in cell migration, adhesion, and signaling due to its interactions with various
proteins [1]. It forms a filamentous network that extends from the nuclear periphery to the
plasma membrane. Vimentin is involved in cell physiology, inflammation, wound healing,
and immune responses [2]. Its involvement in these cellular functions is believed to be
through its dynamic phosphorylation. Interestingly, as well as being present in the cell
cytoplasm, vimentin is found in the extracellular space around various cell types. Vimentin
can thus be secreted into the extracellular space under various physiological conditions,
such as cell activation, inflammation, senescence, and stress [3,4]. Vimentin is secreted
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by various cell types, such as macrophages, astrocytes, neutrophils, monocytes, apoptotic
lymphocytes, and endothelial cells [3,5-8]. This extracellular vimentin can either remain
bound to the cell surface (i.e., surface vimentin) or it can be secreted in an unbound form
in the extracellular matrix (i.e., secreted vimentin).

In epithelium-derived cancers, intracellular vimentin has long been known to be
involved in the process known as epithelial-to-mesenchymal transition, which describes
a particular moment during the progression of tumor cells to metastases. Interestingly,
surface vimentin has also been reported to be involved in this process, because cytoplasmic
vimentin is translocated to the cell surface during epithelial-to-mesenchymal transition.
This distinct property provides an opportunity to identify and isolate aggressive cancer
cells, and thus to target them [9]. Surface vimentin has also been shown to have a role in
other cancer cells, such as glioblastoma multiforme cancer stem cells, which are tumor-
initiating cells that express vimentin on their surface. By targeting glioblastoma multiforme
cells using an antibody against cell-surface vimentin (defined as the CSV antibody; clone
84-1), surface vimentin is internalized, which results in cell apoptosis and inhibition of
tumor growth [10].

Surface vimentin also has a role in human circulating tumor cells (CTCs), with CTCs
being detected using a CSV antibody. Surface vimentin has also been detected on neu-
roblastoma, osteosarcoma, and rhabdomyosarcoma cells [11]. In other studies, epithelial-
to-mesenchymal transition induced CD45~ CTCs in patients with metastatic colorectal
cancer, and CD133~ CTCs have been isolated from hepatocellular carcinoma using the CSV
antibody [12,13]. Isolation of CSV-positive CTCs has resulted in quantification of metastatic
cells and evaluation of cancer progression, which helps in clinical decision making.

Surface vimentin has been shown to be involved in the binding to cells and the
internalization of numerous bacteria and viruses, such as DENV-2, Listeria monocytogenes,
Streptococcus pyogenes, human Papillomavirus 16 [14-17]. It can also facilitate the entry
of SARS-CoV by acting as a co-receptor between the SARS-CoV spike protein and the
cell-surface angiotensin-converting enzyme 2 (ACE2) receptor [18]. Indeed, a recent study
revealed that the binding of the SARS-CoV-2 spike protein to extracellular vimentin occurs
during SARS-CoV-2 infection, and so vimentin was suggested to be a potential target for
inhibition of viral particle binding to and entry into cells [19]. Furthermore, for cancer
patients, immunosuppression is a major potential side effect, whereby immunosuppression
increases the vulnerability of the patients to diseases caused by viral pathogens. Therefore,
it is also vital to study the role of surface vimentin in viral and bacterial infections in the
context of cancer progression.

To date, all of these studies have shown that detection of the levels of extracellular
vimentin represents a diagnostic method and a therapeutic target in patients with sarcoma,
and also allows analysis of metastatic precursor subpopulations. However, the functional
role of extracellular vimentin in relation to cancer cells has not been studied. Thus, we
aimed here to investigate the effects of vimentin on cancer cells in particular. From the
literature, it is known that extracellular vimentin is a ligand for the surface-expressed
pattern-recognition receptor dectin-1, natural cytotoxicity receptor 1 (NKp46), and insulin-
like growth factor-1 receptor (IGF-1R) [20-22]. Of these, IGF-1R is overexpressed in cancer
cells, has a crucial role in tissue development, and is activated by the hormone IGF-1. We
therefore focused on the role of extracellular vimentin on IGF-1R, to which IGF-1 binds
with high affinity [23]. This pathway has a vital role in cell-cycle progression, cell apoptosis,
translation of proteins, and pathogenesis of autoimmune diseases [24].

A study on spinal cord injury in mice showed that extracellular vimentin can activate
IGF-1R within the same signalling pathway as IGF-1 [22] (Figure 1). We thus hypothesized
that extracellular vimentin has functional similarity to IGF-1 and can thus interact with
cellular functions such as cell migration, proliferation, adhesion, and monolayer perme-
ability. Here we studied these functions and extracted the relevant quantitative parameters
(e.g., proliferation rate, migration speed, adhesion forces, and monolayer permeability)
and compared them across non-tumorigenic (MCF-10a) and cancer (MCF-7) cells. This
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analysis showed that extracellular vimentin enhances these cellular functions and might
thus be used to modulate them.

Extracellular Vimentin

Collagen

e
Integrin 1R,
,( -
\ L ’“M} Cell Membrane
W Vimentin of.

IGF1

Figure 1. Illustration of the distributions of vimentin (dark green), actin (violet), and collagen (light
green) fibers, and their associations with the cell membrane bilayer and the IGF-1 (violet) and
integrin (light green) receptors.

At the same time, currently in 2021, we are in the middle of a pandemic, and re-
searchers around the world are looking for ways to interfere with the entry of SARS-CoV-2
into cells. Therefore, in the present study, we also investigated the role of extracellular
vimentin in SARS-CoV-2 infection, particularly as viral shedding of coronavirus is greater
in patients with cancers compared to those without [25]. A recent study showed the
effects of SARS-CoV-2 spike proteins in terms of altered blood—brain barrier properties
and integrity [26]. In addition to these effects on the throat and respiratory system, SARS-
CoV-2 can have effects on multiple organ vasculatures, which can be lethal under certain
circumstances [27].

The data reported here show that surface vimentin enhances the invasive potential
caused by the SARS-CoV-2 receptor binding domain (RBD) of the spike protein in mono-
layers of both non-tumorigenic (MCF-10a) and cancer (MCEF-7) cells. If, on the other hand,
the RBD of SARS-CoV-2 spike protein binds to secreted extracellular vimentin, this would
protect the integrity of the cell monolayers. As there is the need for ways to interfere
with the entry of SARS-CoV-2 into human cells, this secreted extracellular vimentin might
represent a valuable target for the modulation of SARS-CoV-2 entry into cells.

2. Results

These investigations were carried out using cells derived from human breast epithe-
lium, as the control MCF-10a non-tumorigenic cells and the MCF-7 cancer cells, both of
which express IGF-1R. The expression levels of IGF-1R are higher in MCF-7 cells compared
to MCF-10a cells [28].

2.1. Extracellular Vimentin Promotes Proliferation in MCF-7 Cells through Activation of IGF-1R

To investigate the proliferation of MCF-10a and MCF-7 cells under the influence of
extracellular vimentin, we carried out proliferation assays using 3-[4,5-dimethylthiazole-2-
yl]-2,5-diphenyltetrazolium bromide (MTT). The cells were treated with increasing concen-
trations of recombinant human vimentin (0, 50, 100, 200 ng/mL) for 72 h. The absorbance
was then measured using a plate reader, to define the viable cells.

These data for the MCF-7 cells show that the absorbance, and therefore the cell
metabolic activity, with addition of recombinant vimentin was greater than for the control
cells (Figure 2B). At 100 ng/mL recombinant vimentin, MCF-7 cells showed increased
proliferation rates, by >20%. For the MCF-10a cells, those treated with recombinant
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vimentin did not show significant change compared to untreated cells at both 48 and 72 h

time points (Figure 2B,D).
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Figure 2. Proliferation of MCF-10a (control) and MCF-7 (cancer) cells under treatment with recombinant (Rh) vimentin.
(A) Raw data for absorbance at 570 nm in the MTT assay for MCE-7 cells after 24 and 72 h. (B) Cell proliferation following
72 h treatments of Rh vimentin. (C,D) Proliferation upon blocking of IGF-1R with pretreatment with an anti-IGF-1R
antibody along with Rh vimentin; IGF-1; Rh cVimentin (recombinant citrullinated form of vimentin). * p < 0.05, compared
to control (unpaired t-tests). ¥ p < 0.05, compared to corresponding counterparts without IGF-1R antibody (unpaired t-tests).

Experiments were performed at least two times in triplicates. Error bars indicate SEM.

It has been suggested in the literature that vimentin binds directly to and activates
IGF-1R [22]. To determine whether or not cell proliferation was stimulated by a direct
interaction between vimentin and IGF-1R, a 15-min pre-incubation with an anti-IGF-1R
antibody (ARG51076; anti-IGF1 Receptor antibody; Arigobio) was used to block IGF-1R in
the MCF-10a and MCF-7 cells, with cell proliferation monitored over 48 h (Figure 2C,D).
Indeed, blocking IGF-1R inhibited 200 ng/mL vimentin-stimulated cell proliferation in
MCE-7 cells. Here, we also treated cells with citrullinated vimentin, which is the form of
vimentin that is secreted in patients suffering from rheumatoid arthritis, to see whether the
effects seen here are different to those of recombinant vimentin. These data also indicated
that addition of extracellular citrullinated vimentin did not improve proliferation in MCE-7
cancer cells through the activation of IGF-1R (Figure 2C). However, proliferation was
significantly reduced in MCF-10a cells upon Rh cVimentin treatment (Figure 2D).

2.2. Extracellular Vimentin Promotes Stronger Adherence to the Underlying Substrate for
MCF-7 Cells

As mesenchymal cell migration is strongly dependent on cell adhesion, we wanted to
quantify the adhesion forces between these cells and their underlaying substrate. There-
fore, we investigated the force necessary to detach the MCF-10a and MCF-7 cells from the
fibronectin-coated glass substrate without and with the vimentin treatments, to quantify
the adhesion strengths of the cells to this substrate. This was achieved using fluidic force
microscopy (FluidFM). This is a particular single-cell force spectroscopy set-up with hollow
cantilevers, which, in addition to the measurement of conventional cell mechanical proper-
ties, can be used to hold, immobilize, or move cells by negative pressure (Figure 3A,B) [29].
Unfortunately, the force spectroscopy measurements with the MCF-10a control cells led
to cell disruption or disengagement of the attachment between the cells and micropipette,
which thus overstrained the experimental set-up. Therefore, only the effects of vimentin
on the adhesion forces of the MCF-7 cells were considered here. The untreated MCE-7
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cells had a maximum detachment force of 14.7 4= 2.1 nN, while with 200 ng/mL vimentin
treatment, this was significantly increased to 21.0 £+ 1.5 nN (Figure 3C). This was also
reflected in the modest increase (not statistically significant) to the young’s modulus of
these cells upon vimentin treatment (Figure 3D). We also concluded that the adhesion force
of the MCF-10a cells was particularly high and appeared to exceed the adhesion force of
MCEF-7 cells, although it cannot be quantified using this method.

Retract

c FluidFM D FluidFM
25 * 12
= g10
E 20 <
28
815 H
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210
@ o g4
2 >
£ &
25 3 2
p
o 0
Control 200 ng/ml Control 200 ng/ml
Rh Vimentin Rh Vimentin

Figure 3. Adhesion force measurements of the MCF-7 (cancer) cells under treatment with recombinant
(Rh) vimentin. (A) Illustration of the approach, with cell contact establishment and probe retraction
during the FluidFM-based single-cell force spectroscopy. (B) Representative images showing an
MCE-7 cell treated with 200 ng/mL recombinant vimentin which was detached by the retraction
movement of the FluidFM probe. (C,D) Adhesion force (C) and stiffness (D) measured during
the detachment of MCEF-7 cells (n < 7 cells per condition) after 24 h without and with 200 ng/mL
vimentin. * p < 0.05, compared to control (0) (unpaired f-tests). Error bars indicate SEM.

Therefore, as indicated above, the vimentin-treated MCF-7 cells adhered more strongly
to the substrate than the control MCF-7 cells.

2.3. Extracellular Vimentin Induces Migration of MCF-10a and MCF-7 Cells

To further define the role of extracellular vimentin in the functions of these cells,
its effects on cell migration were investigated using migration assays. To exclude the
possibility that increased cell proliferation after vimentin treatment can obscure a migration
result, the cells were initially serum-starved for 24 h. For the migration assays, a circular
gap was prepared using soft polydimethylsiloxane (PDMS) pillars of 500 pm diameter on
cell culture dishes (Figure 4A). Once the seeded cells had reached confluency, the PDMS
pillars were removed, and cell migration was recorded over 24 h using video microscopy.

We analyzed the sizes of the gaps directly after removing the PDMS pillar using the
Image] software, with calculation of the area (um?) of gap closure per hour (Figure 4).
Migration rate for MCF-10a cells treated with 100 ng/mL vimentin and 100 ng/mL IGF-1
were approximately 1.8 and 1.5 times higher compared to the untreated cells (Figure 4D). In
the MCF-7 cancer cells, the migration rate upon 100 ng/mL vimentin and 100 ng/mL IGF-1
treatments, these reached 2.5 and 3 times higher than control respectively (Figure 4D). Gap
closure was therefore faster after the treatment with extracellular vimentin in both the
MCF-10a and MCF-7 cells. This suggests that activation of these cells with extracellular
vimentin enhances cell migration, which results in faster closure of these wounds. Interest-
ingly, the effects of added recombinant vimentin were again stronger in the MCF-7 cancer
cells compared to the MCF-10a cells.
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Figure 4. Gap closure assays for the MCF-10a and MCF-7 cells under treatment with recombinant (Rh) vimentin.
(A) Schematic representation of the creation of the circular gaps using a PDMS column. (B,C) Representative images
of the gap closure of MCF-10a cells (B) and MCF-7 cells (C) without and with treatments with vimentin and IGF-1 (scale
bar 500 um, yellow line indicates the edge of gap closure). (D) Migration rate is calculated by measuring gap closure (area
covered by cell monolayer) over the time in terms of um?/h and then it is normalized to control. To exclude effects of
cell proliferation on cell migration, the cells were initially starved for 24 h in serum-free medium. * p < 0.05, compared to
relevant control (unpaired t-tests). Error bars indicate SEM.

In addition to gap closure assay, we also carried out transwell migration assays. The
MCF-10a and MCF-7 cells were placed in the upper reservoirs of individual systems and
cultured in the presence or absence of Rh vimentin and IGF-1. The number of cells that
moved through the porous membranes was then quantified at 48 h post-seeding (Figure 5).
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Figure 5. Transwell migration assays for the MCF-10a (control) and MCF-7 (cancer) cells under treatment with recombinant
(Rh) vimentin. (A) Representative images used for the quantification of the MCF-10a cells that had migrated through the
transwell membranes. (B) Quantification of the migrated cells without and with vimentin and IGF-1. Individual experiment
was normalized to control and then mean values of three experiments were calculated. * * p < 0.05, compared to group
indicating same symbol (unpaired f-tests). Error bars indicate SEM.
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Both the MCF-10a and MCF-7 cells showed enhanced migration through the porous
membranes upon vimentin treatment, and for their adherence to the well plate, as compared
to the untreated control cells (Figure 5). Interestingly, the IGF-1-treated MCF-7 cells showed
higher migration rates when compared to the vimentin-treated cells, with the converse
seen for the IGF-1-treated MCF-10a cells (Figure 5B). This effect complements our findings
for gap closure (Figure 4D).

2.4. Extracellular Vimentin Effects on MCF-10a and MCF-7 Cell Monolayer Permeabilities and
Alterations of Cell Monolayer Integrity Caused by the Receptor Binding Domain of SARS-CoV-2
Spike Protein

Alterations to epithelial cell monolayer permeability are an indicator of disease condi-
tions in epithelial tissues, as well as a marker of oncogenesis [30-32]. Such alterations might
have a role in tumor invasiveness, and also in viral invasion into various organs. Indeed,
it was shown in a recent study that SARS-CoV-2 receptor binding domain an affect the
endothelial cell monolayer permeability [26]. Here, we measured the fluorescence intensity
of 3 kDa FITC-dextran that passed through MCF-10a and MCF-7 cell monolayers upon
addition of 10 nM recombinant vimentin and 10 nM SARS-CoV-2 RBD, using a protocol
that is illustrated in Figure 6.

Control Cells preincubated with Rh Vimentin SARS-CoV-2 RBD
= preincubated with Rh Vimentin

) %~ Rhvimentin B 2h Vimentin

— Transwellinsert e e
o Cellular monolayer Rh RBD
“erercne—— Cell monolayer N
Membrane
l ~SARS-CoV-2 RBD l

|

Dextran

Lo ot

| e )

SARS-CoV-2 RBD )y e Rh Vimentin e Rh vimentin bound
bound to cell to RBD
Cell with SARS-CoV-2
RBD
i ety R
!

Cell without SARS-CoV-2

RBD

Figure 6. Stepwise procedures for determination of MCF-10a and MCF-7 cell monolayer permeabilities under SARS-CoV-2
RBD treatments using 3 kDa FITC-dextran. (A-C) Cell monolayers were treated for 24 h with SARS-CoV-2 RBD, either alone
(A) or after treatment with recombinant (Rh) vimentin for 1 h (B), and with SARS-CoV-2 RBD that had been preincubated
with Rh vimentin for 1 h (C).

First, the effects of recombinant vimentin on the permeability of MCF-10a and MCE-7
cell monolayers were determined. MCF-10a control cell monolayers treated with vimentin
showed a 45% increase in the monolayer permeability compared to untreated MCF-10a
control monolayers. Instead, monolayers of MCF-7 cells treated with recombinant vimentin
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showed the inverse trend, as a 35% decrease in monolayer permeability compared to the
MCEF-7 control monolayers (Figure 7A).
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Figure 7. Monolayer permeabilities of MCF-10a and MCF-7 cells using 3 kDa of FITC-dextran treatment for 1 h. (A) Cell
monolayers treated with 10 nM of recombinant (Rh) vimentin for 24 h, with data normalized to the controls. (B,C) Treatments
of MCF-10a (B) and MCF-7 (C) cell monolayers without (control) and with SARS-CoV-2 RBD for 24 h (RBD), including
10 nM of vimentin monolayer pre-treatment for 1 h followed by SARS-CoV-2 RBD for 24 h; or 10 nM of vimentin and
SARS-CoV-2 RBD pre-incubated together for 1 h, followed by SARS-CoV-2 RBD for 24 h. * p < 0.05, compared to control

(unpaired #-tests).

We then checked whether recombinant vimentin has an influence on MCF-10a and
MCE-7 cell monolayer permeability when the monolayers are also exposed to SARS-CoV-2
RBD. Two different conditions for the recombinant vimentin treatment were used here.
In the first (Figure 7B,C), the cell monolayers were pretreated with 10 nM of recombinant
vimentin for 1 h prior to addition of 10 nM of SARS-CoV-2 RBD. After 24 h, for both
MCF-10a and MCEF-7 cells, their monolayer permeabilities were increased significantly
compared to treatment of the monolayers with 10 nM of SARS-CoV-2 RBD alone. For the
second condition, 10 nM of SARS-CoV-2 RBD and 10 nM of vimentin were preincubated
together for 1 h, and then added to the cell monolayers. Interestingly, with the SARS-CoV-2
RBD and 10 nM of vimentin preincubation, the monolayer permeability alteration was not
affected for the MCF-10a control cells, but it was inhibited for the MCF-7 cancer cells.

To summarize these data in general, we have shown that recombinant vimentin has
effects on cell proliferation, adhesion, and migration, and on epithelial cell monolayer
permeability in MCF-10a control cells and MCF-7 cancer cells. Vimentin also affects the
cell monolayer permeability changes triggered by SARS-CoV-2 RBD.

3. Discussion

For about a decade, the existence of extracellular vimentin has been questioned by
the scientific community, and even by researchers working on vimentin. However, recent
studies have shown that vimentin can indeed be secreted into the extracellular space under
several physiological conditions, such as cell activation, inflammation, senescence, and
stress [3,4,33]. Vimentin is secreted by various cell types, such as macrophages, astrocytes,
neutrophils, monocytes, apoptotic lymphocytes, and endothelial cells [3,5-8,33]. Mor—
Vaknin et al. (2003) reported that activated macrophages secrete vimentin when treated
with okadaic acid. Recently, it was shown that oxidized low-density lipoprotein induced
vimentin secretion via CD36 in macrophages [34]. Recent studies have also provided
evidence that extracellular vimentin is involved in several diseases, in repair mechanisms
for spinal cord injury, and in the infection mechanisms of viruses [35]. We also described
some of these roles of extracellular vimentin in health and disease in a recent review [2].
The functions of extracellular vimentin are still under debate, however, and these functions
appear to depend on the form of this extracellular vimentin (Figure 8).
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Figure 8. Functional roles of the different forms of extracellular vimentin, as surface vimentin and secreted vimentin. VWE,

von Willebrand factor.

Secreted vimentin could have a potential role in wound healing, although to date,
the role of vimentin in wound healing has mainly focussed on cytoplasmic vimentin.
Nevertheless, recent studies have explored the possibility of extracellular vimentin as a
potential remedy for tissue repair in many injuries [2]. Post-injury, vimentin released into
the extracellular milieu facilitates wound closure by binding to mesenchymal leader cells.
This extracellular vimentin promotes mesenchymal to myofibroblast differentiation of
leader cells [36]. However, here the interaction of extracellular vimentin with receptors on
leader cells that lead to wound healing remains an open question.

Vimentin has also been shown to have a role in wound healing during functional
recovery after trauma in the central nervous system, which is a challenge that is still faced
in the field of neuroscience [37]. In this context, a newly described compound, denosomin,
was shown to provide added benefits in the treatment of mice for spinal cord injury [38].
During the course of these treatments, it was noted that the astrocytes tended to secrete
vimentin at the site of the injury. This secreted vimentin promoted axonal growth by
activation of IGF-1R, to thus promote improved functional recovery of the spinal cord in
mice [22]. However, this previous study was focused mainly on the promotion of axonal
growth via the vimentin interaction with IGF-1R, so in the present study we specifically
explored the role of the extracellular vimentin and IGF-1R interaction across a range of
cellular functions, as cell proliferation, adhesion, and migration; these are all crucial for
tumor progression.

In cancers, the collective migration of cells is a critical event for establishment of
metastases, and this indicates how cells contribute to cancer invasion [39]. Extracellular
vimentin was shown previously to be involved in cancer-cell invasion [40]. In another
study, the interaction between surface vimentin and GlcNAc-polymers led to an increase
in migration and invasion of MDCK and MCF-7 cells [41]. In the present study, we
showed that addition of recombinant vimentin promoted wound closure for both MCF-10a
and MCF-7 cells, presumably through increased migratory speed of the cells following
activation of the IGF-1R cell-surface receptor. We also showed that recombinant vimentin
stimulated a greater increase in cell migration rate in the MCF-7 cancer cells than for the
MCF-10a cells. Here, we also compared the effect of vimentin on cell migration with that
of IGF-1 itself, as it is well known that IGF-1 induces cell migration in breast epithelial
cells [42]. Interestingly, in the MCF-10a cells, the addition of vimentin resulted in greater
migratory speed for these cells compared to the addition of IGF-1. We also saw similar
effects by using the transwell migration assay here, which was greater with treatment with
vimentin, and even higher than for the IGF-1 treatment for the MCF-10a cells.

In invasion by cancer cells, cell adhesion is one of the first steps during metastasis [43].
In addition, cell migration and proliferation are regulated by cell adhesion to the extra-
cellular matrix [44]. Therefore, we additionally investigated cell adhesion upon vimentin
treatment in the present study, which showed that vimentin treatment increased the adhe-
sion strength in MCE-7 cancer cells. Interestingly, we also showed that the vimentin-treated
MCEF-7 cells showed a higher trend towards Young’s modulus during these FluidFM mea-
surements. This suggests that the stiffness of the MCF-7 cells was increased by vimentin.
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Higher circulating IGF-1 levels are indicative of higher risk of breast cancer in pre-
menopausal women [45,46], and it has been reported that IGF-1 stimulates proliferation of
breast cancer cells [47,48]. Although serum vimentin expression has been reported for vari-
ous cancers, these previous studies did not emphasize the significant role of extracellular
vimentin in cell proliferation [49,50]. Therefore, we also tested whether this extracellular
(soluble) vimentin had similar effects as IGF-1 on cell proliferation. Interestingly, treatment
with vimentin promoted increased proliferation rates in the MCE-7 cancer cells but not in
MCF-10a cells. This effect was diminished when IGF-1R was blocked (using an anti-IGF-
1R antibody), which further supports our hypothesis that vimentin binding to IGF-1R is
involved in general cellular functions.

Conclusively, as the migration rate of the MCF-10a cancer cells was higher in the pres-
ence of vimentin than the migration rate of MCF-7 cells in transwell assays under the same
conditions, we hypothesized that transwell migration assays in the presence of vimentin
can be used for sorting cancer cells. From this study, we concluded that cancer cells tend
to be more sensitive to extracellular vimentin, and hence that extracellular vimentin has
an effect on general cellular functions. Taking these parameters into consideration during
clinical decision making can have a major role in the treatment of patients with cancers in
general, and also under specific disease conditions.

Extracellular vimentin has a vital role in various viral and bacterial infections [35].
A recent study that used a pseudo virus showed that surface vimentin is involved in
SARS-CoV-2 infection, through its binding by the viral spike protein. Using an antibody
against extracellular vimentin, they showed that vimentin can be used as a potential target
to inhibit viral particle entry into cells [19]. In the present study, in the cell permeability
assays, vimentin decreased the barrier permeability in MCF-7 cancer cells and increased
it in MCF-10a cells. These MCF-7 cancer cells overexpress IGF-1R, which might lead to
more binding of vimentin to the cell membrane, and a block (i.e., decreased permeability)
of the paracellular junctions. The permeability increases in the cell monolayers of both
MCF-10a and MCF-7 cells induced by SARS-CoV-2 RBD and was further enhanced when
the cells were pretreated with vimentin. This effect might be because extracellular vimentin
can act as a co-receptor for the SARS-CoV and SARS-CoV-2 spike proteins [18]. This role
for vimentin as a co-receptor will lead to more attachment of the SARS-CoV2 RBD to
the cells treated with vimentin, and will also affect the cell monolayer permeability. This
might result in enhanced viral particle invasion into tissues and internalization into cells
(Figure 9A).

In a previous study, pre-incubation of viral particles with recombinant vimentin
restricted human Papillomavirus 16 (HPV) viral entry into Hela, HaCaT, and NIKS cells [17].
In the present study, we used the same method, and preincubated SARS-CoV-2 RBD and
recombinant vimentin prior to the treatment of the cell monolayers with this mixture. In
the MCF-7 cancer cells, the permeability was decreased by SARS-CoV-2 RBD. However,
this effect was not seen for the MCF-10a cells. This could be due to lack of ACE2 receptor,
that RBD does not have any additional effect on MCF-10a cells [51].

Further studies are required to understand the full mechanisms involved in the phe-
nomena described here. However, we have shown that extracellular vimentin influences
a range of cellular functions and might become an important player in the treatment of
diseases or the prevention of particular infections. Additionally, extracellular vimentin can
exist in different isoforms such as oxidized vimentin, citrullinated vimentin, and carbamy-
lated vimentin which undergo post-translational modifications under certain circumstances
(senescence, rheumatoid arthritis) [4,52,53]. Imitation of recombinant vimentin as extra-
cellular vimentin could pose some limitations in the practical setting. Therefore, future
studies should investigate the effect of native isoforms of extracellular vimentin on cells.
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Figure 9. Illustration of the influence of extracellular vimentin in SARS-CoV-2 viral particle entry
into cells. (A) Vimentin on the cell surface can act as a co-receptor, to promote further viral membrane
association and virus entry into the cells. (B) For the viral particles pre-treated with recombinant
vimentin, this instead restricts viral association with the cell membrane, and thus virus entry into
the cells.

4. Materials and Methods
4.1. Cell Culture

The MCF-10A spontaneously immortalized breast epithelial (non-tumorigenic) cells
were a kind gift from Marc Stemmler (FAU-Erlangen, Germany), and were cultured in Dul-
becco’s modified Eagle’s medium/F12 supplemented (Gibco, Bleiswijk, The Netherlands)
with 5% horse serum (Fisher Scientific, Schwerte, Germany), 5% penicillin/streptomycin
(Gibco, NY, USA), 20 ng/mL of epidermal growth factor (PeproTech, Hamburg, Germany),
0.5 ug/mL of hydrocortisone (Sigma Aldrich, MO, USA), 100 ng/mL of cholera toxin,
(Sigma Aldrich, MO, USA), 10 ug/mL of insulin (Sigma Aldrich, MO, USA), and 10 mM of
HEPES (Gibco, Bleiswijk, The Netherlands). The MCF-7 malignant breast epithelial (cancer)
cells were cultured in Dulbecco’s modified Eagle’s medium/F12 supplemented with 10%
fetal bovine serum (Fisher Scientific, Schwerte, Germany), 5% penicillin/streptomycin
(Gibco, NY, USA), and 5% Glutamax (Gibco, Paisley, UK).

4.2. Proliferation Assay

The MTT assay was used to monitor cell proliferation. Upon treating cells with MTT,
the viable cells reduce the MTT reagent to formazan, with the formation of purple crystals.
These crystals were dissolved by incubation of the samples in dimethylsulfoxide. The
numbers of viable cells were proportional to the absorbance.

The MCF-10A and MCE-7 cells were plated into 96-well plates at 10,000 cells/well
and were left to attach for 24 h. The medium was then replaced with serum-free medium,
for starvation of the cells for 12 h. The cells were treated with various concentrations
of recombinant vimentin (R&D systems, Minneapolis, MN, USA), citrullinated vimentin
(Cayman Chemical, Ann Arbor, MI, USA), and/or recombinant IGF-1 (Invitrogen, Waltham,
MA, USA) in serum-free medium for 24 h, as indicated. After aspiration of the medium,
the cells were incubated in fresh medium with fetal bovine serum for 24 and 72 h. The
cells were then washed with phosphate-buffered saline (PBS) and treated with 0.5 mg/mL
MTT (Sigma Aldrich, St. Louis, MO, USA) for 3 h. Then 100 pL of dimethylsulfoxide
was added to each well to dissolve the purple formazan crystals that had formed. After
15 min, the absorbance was measured at 570 nm in a plate reader (Infinite M200 Pro; Tecan,
Crailsheim, Germany). For blocking the IGF-1 receptor, the cells were pre-incubated with
1.5 ug/mL anti-IGF-1R antibody (ARG51076; Arigo bio, Hsinchu, Taiwan) for 15 min and
then incubated with recombinant vimentin, citrullinated vimentin, and IGF-1 for 48 h.
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4.3. Migration Assay

Soft PDMS chips were made by mixing a curing agent and PDMS base (1:30). After
curing in an oven at 75 °C for 1 h, pillars of 500 um diameter were cut using a PDMS punch.
These PDMS pillars were attached to each well in an eight-well chambered coverslip (Ibidi
u-slide, Grifelfing, Germany). Then the MCF-10a and MCF-7 cells were seeded into each
(50,000 cells/well) and incubated until confluent monolayers had formed. The cells were
starved without serum for 24 h, and then the medium was replaced with fresh serum-free
medium containing various concentrations of recombinant vimentin and IGF-1, as required.
After 24 h, the medium was replaced with fresh medium (with fetal bovine serum). The
PDMS pillars were then removed, which left a circular wound in each well, and the wound
closure was monitored and recorded under an inverted microscope (Ti-Eclipse; Nikon,
Diisseldorf, Germany) up to 24 h. During the imaging, the temperature in the chamber
(Okolab, Ambridge, PA, USA) was maintained at 37 °C, and also using 5% CO;.

4.4. Transwell Migration Assay

Transwell inserts (pore size, 8 um; Corning, Corning, NY, USA) were used for the
MCEF-10A and MCEF-7 cell migration experiments. Inserts were placed in 12-well plates
and 200 uL of cell solution was loaded into the upper chamber for 24 h, to attach to the
membrane. The cells attached to the membrane were then starved without serum for 12 h.
The medium in the upper chamber was replaced with fresh medium containing 100 ng/mL
IGF-1 and 100 ng/mL recombinant vimentin. Then, 500 uL. medium with serum was loaded
into the bottom chamber. The transwell chambers were incubated for 48 h at 37 °C, to
allow migration of the cells from the upper chamber into the lower chamber. Furthermore,
the loading side of the upper chamber was cleaned using a cotton swab, to remove the
cells that did not invade. Fresh medium containing 250 ng/mL Hoechst (Sigma Aldrich,
MO, USA) was added to the bottom chamber, and then the upper chamber was placed
into it for 20 min to stain the nuclei of the cells that had invaded the lower side of the
membrane. Before imaging of the cells, the medium containing Hoechst was replaced with
fresh medium.

4.5. Single-Cell Force Spectroscopy

Single-cell force spectroscopy was performed on an atomic force microscope (Flex-
Bio) in FluidFM mode (Nanosurf GmbH, Liestal, Switzerland) and with FluidFM hollow
micropipettes (Cytosurge, Glattburg, Switzerland), with a spring constant of 0.3 N/m
and an opening diameter of 4 um. The experiments were carried out with a relative force
trigger of 8 nN and a z-range of 30 um. Prior to the experiments, glass-bottomed dishes
were coated with 25 pg/mL fibronectin (Sigma Aldrich, MO, USA) for 1 h. Subsequently,
the cells (1 x 10° cells/dish) were seeded into the glass-bottomed dish and allowed to
attach for 24 h. Next, the cells were treated with 200 ng/mL recombinant vimentin and/or
100 ng/mL IGF-1 for 24 h. The cells were approached with the FluidFM micropipette,
grabbed on the apical top, held by negative pressure (—500 mbar), and detached from
the coated glass substrate by the retraction movement of the micropipette. Experimental
data were only obtainable for the MCF-7 cells, as this procedure led to cell disruption or
disengagement of the attachment between the cells and the spectroscopy probe. Thus, the
forces were recorded only for the MCFE-7 cells, as force-distance curves. Successful cell
detachment was monitored by light microscopy (Zeiss AG, Oberkochen, Germany). The
force—distance curve analysis was carried out with the SPIP software, version 6.6.2 (Image
Metrology, Horsholm, Denmark).

4.6. Permeabilty Assay

Transwell inserts (pore size, 0.4 pum; Corning, ME, USA) were used for the permeability
assays for both the MCF-10A and MCEF-7 cells. The inserts were placed into 12-well plates,
and 200 pL of cells was loaded into the upper chamber (5000 cells/well). The cells were
left to attach and form monolayers. The cell monolayers were then treated with 10 nM of
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recombinant vimentin. For the SARS-CoV-2 RBD analysis, the samples were treated under
four primary conditions: (i) control cells as only cell monolayers; (ii) cell monolayers treated
with 10 nM of SARS-CoV-2 RBD (R&D systems, MN, USA) for 24 h; (iii) cell monolayers
treated with 10 nM of recombinant vimentin for 1 h and then with the addition of 10 nM
of SARS-CoV-2 RBD for 24 h; and (iv) 10 nM of Rh vimentin and 10 nM of SARS-CoV-2
RBD were preincubated together for 1 h, and then added to cell monolayers for 24 h. After
the appropriate treatments, 1 mg/mL of 3 kDa FITC-dextran (Sigma Aldrich, MO, USA)
was added to the chambers and incubated for 1 h. The fluorescence intensities for the
basolateral medium were then determined using a plate reader (Infinite M200 Pro; Tecan,
Crailsheim, Germany).
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Actin is a cytoskeletal filament involved in numerous biclogical tasks, such as
providing cells a shape or generating and transmitting forces. Particularly
important for these tasks is the ability of actin to grow and shrink. To study
the role of actin in living cells this dynamic needs to be targeted. In the past,
such alterations were performed by destabilizing actin. In contrast, we used the
natural compound miuraenamide A in living retinal pigmented epithelial (RPE-1)
cells to stabilize actin filaments and show that it decreases actin filament
dynamics and elongates filament length. Cells treated with miuraenamide A
increased their adhesive area and express more focal adhesion sites. These
alterations result in a lower migration speed as well as a shift of nuclear position.
We therefore postulate that miuraenamide A is a promising new tool to stabilize
actin polymerization and study cellular behavior such as migration.

KEYWORDS

actin, migration, miuraenamide, nucleus, adhesion

Introduction

Actin is one of the most preserved proteins in eukaryotic cells and is therefore
involved in many cellular functions like cell division, migration, signaling and adhesion
(Thomas and John, 2009). This variety of tasks illustrates its importance within living
cells. Therefore, researchers are interested in understanding its role and its relevance by
altering its properties and investigating the corresponding cellular behavior. To alter actin
properties, actin binding compounds like phalloidin, latrunculin and jasplakinolide have
been used (Figure 1). While actin depolymerizing compounds such as latrunculin have
been part on many studies on the actin network, studying the effects of stabilized filaments
remains challenging. The two most prominent compounds to stabilize actin filaments
were phalloidin and jasplakinolide, both carrying major disadvantages: Phalloidin is not
able to pass the cell membrane (Risinger and Du, 2020) which limits its use to fixed cells
and the effect of jasplakinolide heavily relies on the used concentration and time scales
(Ou et al, 2002). To bypass these disadvantages, we decided to use the alternative natural
compound miuraenamide A (MiuA), which was isolated in 2006 from slightly halophilic
marine myxobacterium (lizuka et al., 2006). The structural relationship to jasplakinolide
forced us to develop a total synthesis of MiuA (Wang et al., 2019) as well as other
derivatives (Moser et al., 2017; Gegenfurtner et al., 2018) for structure-activity studies. By
the synthetic protocols developed, miuraenamides are accessible on the gram scale for
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biological studies, e. g., regarding their possible binding mode
(Wang et al, 2019), their effect on cell migration under
chemotaxis (Moser et al., 2017) and their regulatory effects on
gene expression (Gegenfurtner et al, 2018). Modifications to the
structure of MiuA have also been shown to reverse the stabilizing
properties of MiuA into a destabilizing compound (Wang et al.,
2021), increasing its versatility.

In this study, we show the quantitative effects which MiuA
has on the dynamics of actin filaments, as well as on the length of
actin filaments in living cells. We additionally observed that
treated cells occupied a larger area when allowed to freely spread
and that their number of focal adhesions increased. We further
found that MiuA treatment led to repositioning of the nucleus
towards the cell center during migration and that cell migration

speed decreased.

Material and methods
UV-patterning

‘We used two different types of patterns: “crossbow” patterns,
that forced single cells to transform into a polarized shape and
straight lines with a thickness of 10 um to observe migration in
1D. For the production of the micropatterns, PEG-coated glass
cover slips were placed on a photomask and illuminated with UV
light according to the protocol of Azioune et al. (2010). We
activated the photomask for 5min before placing any glass
objects on it and afterward put it back in for another 6 min.
A fibronectin (concentration 25 pg/ml) solution (purchased from
Thermo Fisher) was used to fill the holes among the PEG layer to
create adhesive islands. For this procedure, the UV treated glass
cover slips were placed upside down on a fibronectin droplet and
kept either at room temperature for 1 h or placed in a sealed box
inside a refrigerator (+ 4°C) overnight.

Cell culture

RPE-1 cells transfected with LifeAct mCherry [as described
by Maiuri et al. (2015)] and mouse embryonic fibroblasts (MEFs)
were cultured at 37.5°C and 5% CO2 in Dulbecco’s Modified
Eagle Medium Nutrient Mix F12 with 10% FBS, 1% GlutaMax
and 1% Streptomycin + Penicillin (ThermoFisher). The RPE-
1 cells were kindly given by the lab of Matthieu Piel, Institut
Curie, Paris. The MEFs were kindly given by Dr. Jennifer Kasper,
Leibniz Institut fiir neue Materialien, Saarbriicken.

Miuraenamide A treatment

Miuraenamide A used in this study was obtained by total
synthesis as reported previously (Karmann et al., 2015). It was
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given to cells 1 h prior to life cell imaging or fixation with PFA.
Concentrations of MiuA were chosen to be 20nM in each
experiment. For this, MiuA has been added to the cell culture
medium (DMEM/F12) which was given to cells and incubated
for the duration of the experiments.

Fixation of cells

Cell medium was removed, and cells were washed with PBS
before adding a 4% PFA solution for 10 min. After that PFA was
removed and samples were washed in PBS for 5 more minutes
3 times. Samples were then mounted with Fluoromount G +
DAPI (Thermo Fisher) on a microscope slide, sealed with nail
polish and stored at +4°C, protected from light.

Paxillin staining

For visualization of focal adhesions, we took samples (RPE-
1 LifeAct-mCherry) after the fixation with 4% PFA and dissolved
the cell membrane. For this we used a 0.1% solution of TritonX-
100 and put cells in it for 10 min. After three times washing with
PBS we added a 3% BSA solution to them to block on specific
binding for at least 1 h. A 1:1000 solution of paxillin antibodies
(ThermoFisher, catalog nb. PA-34910) and 3%BSA was then
added to the cells for another hour prior to washing with PBS and
mounting the samples with Fluoromount G + Dapi on a
microscope slide.

Fluorescence microscopy

Fixed cells were imaged with a ZEISS Axio observer using
a x63 magnification oil objective. Life cell imaging was
performed with a Nikon Eclipse Ti microscope using
a x10 magnification objective. Inside the
incubation chamber the temperature was set to 37°C and the
CO; concentration was set to 5%. The whole setup was allowed to
stabilize at this temperature and CO, concentration 1 h prior to
the start of the experiments. Cell migration was observed by
treating RPE-1 LifeAct mCherry cells with 250 ng/ml of Hoechst
for 30 min before beginning the experiments and then taking
pictures of them every 5 min.

microscope

Actin staining for FRAP measurements and
FRAP measurements

Dynamics of the actin network were measured by fluorescence
recovery after photobleaching (FRAP) wusing a Zeiss
LSM880 microscope. RPE-1 wild type cells were treated with
BacMam2.0 (Thermo Fisher) at least 2 days before the experiment.
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The amount of BacMam used was set to 60 uL per 100,000 cells.
Samples were placed in a glass bottom dish and were allowed to
spread for at least 3 h before starting the FRAP measurements. Light
with a wavelength of 405 nm was used to achieve the bleaching effects
on single actin filaments. The parameters for the experiment were
acquired using the protocol by Fritzsche and Charras (2015).
Fluorescence intensity in areas of bleaching events was measured
by the microscope software itself. A second and third ROI were set to
measure the overall bleaching effect on the cell and the background
signal. Final graphical presentation and statistical tests were
performed using a home written Python3 script.

MTT-assay

5,000 RPE-1 cells were placed inside several wells of a 96 well
plate and the following five different conditions were chosen for
testing:

e 1pL DMSO per 1 ml medium, as (negative) control
MiuA (20 nM, 40 nM and 60 nM)
« 10 ug/mg mitomycin, as (positive) control

Cells were allowed to proliferate for 48 h under their
respective conditions before the medium was removed and the
cells were rinsed with PBS. MTT solvent at a concentration of
0.5 pg/ml (in cell culture medium) was added to the cells, before
placing them in an incubator (37°C, 5% CO,) for 1 h. After the
MTT solution was removed and the purple crystals that formed
were dissolved in 100 uL of DMSO. To achieve a homogeneous
dissolution, we placed the 96-well plate on a beacon shaker for at
least 30 min. The light absorption, correlating with the number of
cells inside each plate was then measured using a Tecan infinite
200 Pro, which automatically measures the absorbance
coefficient in each well and provides xlsx files with the
collected data. The machine was set to “multi-measurement”
mode, meaning that nine distinct spots inside each well were
measured and an average value for the absorbance coefficient was
formed for each of them. The wavelength was set to 570 nm.

Image analysis

All images were analyzed with Fiji (ImageJ) (Schindelin et al,,
2012). Length of actin filaments was measured by hand using
Fiji's “line” tool. Time-lapse images of migrating cells were
analyzed using the plug in “TrackMate” (Tinevez et al, 2017;
Ershov et al,, 2021). Nuclear distances were defined as the length
between the back of the cell and the center of the nucleus divided
by the total length of the cell. The number and size of focal
adhesions were determined by paxillin staining. Paxillin signal
was put under a threshold and then analyzed with Fiji’s build-in
function “Analyze particles”, giving us the number and sizes of

Frontiers in Cell and Developmental Biology

03

10.3389/fcell.2022.931880

focal adhesions in those cells. All data were saved as csv. files and
used for further analysis. Kymographs were performed using
Fiji’s “Kymograph” tool.

Statistical testing

Student’s t test were conducted on all experimental data and
Pearson R values were calculated using a home build Python3
script. p-values were calculated and assigned as follows:

o p > 0.05: no significance (n.s.)
e p<005*

e p<0.01:**

o p <0001 %

Results

MTT assay

To confirm that a concentration of 20 nM MiuA is suitable
for our experiments, we conducted a MTT assay on RPE-1
cells (Supplementary Figure §1). There we could see that cells
treated with 20 nM of MiuA proliferated similar to the control
group, while those treated with 40 nM MiuA showed the same
behavior as the positive control group, treated with mitomycin
C. When we increased the concentration further to 60 nM
MiuA, we observed that the number of cells was even lower
than that in our positive control group. Taking this into
account, we decided to use 20nM MiuA for all our

experiments in this study.

Actin dynamics

To determine wether treatment with MiuA affected on the
dynamics of actin filaments, we performed fluorescent
recovery after photobleaching (FRAP) measurements. For
this purpose, we bleached actin fibers in RPE-1 cells
transfected with BacMan2.0 and measured the time
evolution of the fluorescence intensity. We used BacMam
staining as it stains G-actin and thus allows us to observe
the network dynamics. Using a model for the recovery of the
fluorescence intensity proposed by Fritzsche and Charras,
(2015) we found that both the plateau level and the
recovery time were altered in cells treated with MiuA. An
alteration of the plateau level indicates a lower fraction of
restored fluorescence and an alteration of the recovery time
indicates a changing rate of exchanging actin monomers. Since
upon treatment with MiuA, the plateau level decreased and the
half-time recovery time increased (Figure 2), we concluded
that MiuA treatment slows actin dynamics.
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The effect of MiuA treatment on actin dynamics. (A) Scheme of a typical FRAP measurement and the used model to fit the data. FRAP
measurements for (B) control and (C) MiuA treated cells. MiuA treatment increased the half time recovery and decreased the plateau value (D). Cells

were observed 5 s prior the bleaching. Number of cells: 20 (DMSQ), 12

Length of actin filaments

Because actin filament dynamics might influence the length
of actin filaments, we next wanted to compare actin filament
length depending on MiuA. Therefore, we first aimed to obtain
geometrically identical cells so that we could compare similar
structures (Théry, 2010). We placed RPE-1 cells that express
LifeAct mCherry as a fluorescent dye on crossbow micropatterns
(Figure 3). Once cells had a similar shape, compared the length of
actin filaments in cells treated with 20 nM MiuA with the length
of actin filaments in untreated cells. This concentration was
chosen from the literature and was used throughout the study
(Moser et al., 2017). Additionally, we used latrunculin A to
destabilize the actin network as a negative control group. We
manually analyzed the actin filament length using Image]. MiuA
treatment resulted in a mean length of 13.57 pm compared to
6.26 ym in untreated cells and 4.89 pm in cells exposed to
latrunculin A. Taken together, we can conclude that the
length of actin filaments in MiuA treated cells increased
significantly.
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(MiuA).

Number of focal adhesions and spreading
area

We placed cells on micropatterns to compare cells which all
had the same shape in order to compare the length of similar
actin filaments. However, micropatterns are a rather artificial
approach, which is helpful for understanding particular
parameters, but is difficult to relate to the in vivo situation.
Therefore, we next compared the adhesion of cells on 2D
fibronectin coated glass surfaces. We quantified the number of
focal adhesions in RPE-1 cells treated with MiuA: We stained for
paxillin (Figure 4A), a protein involved in the formation of focal
counted the focal
Image]. Interestingly, the mean number of focal adhesions in
MiuA treated cells increased from 57.829 in control cells to
103.235 in MiuA treated cells, resulting in an overall increase by a

adhesions  and adhesions  using

factor of 1.7 (Figure 4C). Following the number of focal
adhesions, we also measured the spreading area of fully
adhered cells. Consistent with the increased number of focal
adhesions, MiuA treated cells occupied a significantly larger area
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Length of actin filaments in geometrically identical RPE-1 LifeAct mCherry cells placed on a crossbow pattern. (A} Control cell (DMSO). (B) MiuA
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FIGURE 4
Effects of 20 nM MiuA on the spreading area and the number of focal adhesions in RPE-1 cells. (A) Top row: DMSO treated cells. Bottom row

MiuA treated cells. (B) The spreading area of MiuA treated cells increased significantly as well as the number (C) of focal adhesions. Number of cells
35 (DMSQ), 34 (MiuA). Scale bar is 15 ym.

than control cells. The spreading area increased by a factor of
1.5 from 1,693.06 um* in untreated cells to 2,605.78 pm? in MiuA.
treated cells (Figure 4B).

Migration behavior and position of nuclei

To understand how elongated actin filaments, a higher number
of focal adhesions and larger spreading areas affect the migration
behavior of RPE-1 cells, we placed cells on fibronectin lines of 10 pm
width as well as on a fibronectin coated glass surface and recorded

their migration behavior (Figure 5). RPE-1 cells were chosen for
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their mesenchymal migration properties and their use in other
migration studies (Maiuri et al, 2015 Terriac et al, 2019). We
tracked cellular movements by staining the nuclei with Hoechst and
taking pictures every 5 min. We analyzed the resulting trajectories
using the ImageJ plug in TrackMate. Upon treatment with MiuA,
cellular movement in 1D decreased significantly from 0.372 pm/min
in the control case to 0.09 um/min in the MiuA treated cells
(Figure 5C) as well as the persistence of cellular movement,
which decreased from 0.442 in untreated cells to 0.168 in cells
exposed to MiuA (Figure 5B). Kymographs of those cells also
showed a reduction in membrane activity during migration
(Supplementary Figure S2). The same effect occured in cells
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Migration of RPE-1 cells on fibronectin coated surfaces. (A) Scheme of the experimental setup for 1D migration on lines. (B), (C) Violin plot of the
persistence and speed of migrating cells. When treated with 20 nM MiuA, the persistence and speed decreased significantly. (D) Plotting the
persistence of cells against their speed revealed a positive correlation in the control group and a slightly negative correlation in MiuA treated cells
Number of cells 1D: 55 (DMSO), 77 (MiuA). (E) Scheme of the experimental setup for 2D migration on a surface. (F), (G) ) Violin plot of the
persistence and speed of migrating cells. When treated with 20 nM MiuA, the persistence and speed decreased significantly. (H) Plotting the
persistence of cells against their speed revealed a slightly positive correlation in both groups. Number of cells 2D: 197 (DMSO), 43 (MiuA).

migrating on a fibronectin coated glass surface. Their speed and
persistence decreased after treatment with MiuA from 0.346 pm/
min to 0.124 ym/min and from 0.444 to 0.079, respectively (Figures
5F,G). We also calculated the Pearson R correlation value between
the speed and the persistence of migrating cells (Figures 5D,H),
revealing an R value of 0.35 for untreated cells and —0.01 for MiuA
treated cells in 1D. In the 2D case the R value stayed the same for
both conditions at 0.06.

‘We also performed a 2D migration experiment using MEFs and
observed the same effects (Supplementary Figure S3). The mean
speed and persistence of MEF cells dropped from 0.259 pm/min and
0.311 to 0.125 um/min and 0.153 respectively.

Additionally, we measured the position of the nuclei in RPE-1
cells during migration on fibronectin lines. We imaged the nuclei by
Hoechst staining and analyzed the position within the cell using
Image]. Interestingly, the position of the nuclei of cells treated with
MiuA significantly shifted toward the cell center (Figure 6B).

Discussion

Actin, which is omnipresent in eukaryotic cells, has various in
living systems (Thomas and John, 2009). Therefore, altering
aspects of actin always affects many aspects of the entire
system, increasing the challenge of understanding single actions
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of actin in cells such as the role of actin filament length in cell

migration, proliferation etc.

One way to study actin is by

compounds which stabilize or destabilize actin by altering the
polymerization rates. Although both types of such compounds are
well known since the end of the 20th century, research has mainly
focused on actin destabilizing compounds like latrunculin A or
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cytochalasin D (Risinger and Du, 2020). Nevertheless, it is not
sufficient to only destabilize actin, but means of stabilizing actin are
needed. However, stabilizing actin filaments remains challenging,
as the two most prominent compounds, phalloidin and
jasplakinolide, have serious disadvantages. Phalloidin cannot
pass through cell membrane, rendering it impossible to use this
compound in living cells. The second compound, jasplakinolide,
stabilizes actin filaments in living cells. However, this stabilizing
effect relies on the concentration and the duration of treatment
(Ou et al,, 2002). Therefore, handling jasplakinolide is challenging
and often not reproducible. In our study we used a synthetic
sample of the natural compound miuraenamide A, a secondary
metabolite of a halophilic myxobacterium isolated from soil
samples of the Japanese coast (lizuka et al, 2006). This marine
actin stabilizer (Ojika et al., 2008) can, similar to jasplakinolide,
pass through the cell membrane and is therefore suitable for
observing living cells. Due to its structural similarity to other
cyclodepsipeptides, MiuA also targets actin filaments (lizuka et al.,
2006; Ojika et al., 2008; Sumiya et al., 2011; Karmann et al., 2015;
Ojima et al,, 2016). We therefore used MiuA to test the effect of
actin stabilization on the dynamic behavior of actin inside living
cells. The overall dynamics of actin filaments were decreased by
treatment with MiuA. We showed that the half time recovery of
actin filaments in MiuA treated cells increased in FRAP
measurements meaning that the dynamics of the filaments
decreased. These data are supported by the results of Florian A.
Gegenfurtner and colleagues showing that the diffusion of actin
monomers in the cytoplasm of MiuA treated cells is reduced when
compared to the control group (Gegenfurtner et al, 2018).
Following the change in actin dynamics due to MiuA, we
wanted to see how the architecture of actin filaments in living
cells might be affected. In 2019, Shuaijun Wang and colleagues
showed that actin filaments in vitro exposed to MiuA increased
their elongation rate and overall length, as well as the number of
filaments (Wang et al, 2019). This finding matches our
observations in living RPE-1 cells, where treatment with MiuA
induces longer actin filaments. Because these data were taken on
micropatterns, we then moved to RPE-1 cells on 2D and compared
their adhesion capacity regarding number of focal adhesions and
spreading area. Christina Moser et al. observed no significant
change in the spreading area of HUVECs treated with MiuA after
90 min of spreading time (Moser et al, 2017). This finding is in
contrast to our study, where we found that RPE-1 cells exposed to
MiuA occupy a larger area than the control group. One
explanation for such differences might be the different time
scales used in our experiments. As we seeded the cells on
fibronectin coated glass surfaces, we allowed the cells to fully
adhere for at least 4 h. We then treated them with MiuA for 1 h
prior to fixing the cells with 4% PFA. The longer adhesion time
might explain the significant difference in the spreading area of
MiuA treated cells compared to the work of Moser et al. We also
counted the number of focal adhesions per cell and found a
significantly increased number. Nevertheless, the interplay
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between the spreading area and the number of focal adhesions
remains open for further studies. Adhesion and actin are directly
linked to migration. One study using MiuA investigated 2D
chemotaxis in HUVECs treated with MiuA and showed no
change in migration speed (Moser et al, 2017; Wang et al,
2019). However, in our study, RPE-1 and MEF cells treated
with MiuA showed a significant decrease in mean speed
compared to the control group. This difference between both
studies might be because we investigated 1D and 2D migration on
fibronectin without chemotaxis. Regarding other possibilities of
altering the migration of cells, Ali et al. (2021) showed that
jasplakinolide affects the of alpha-1-
syntrophin, which in turn leads to a decrease in motility. As
MiuA and jasplakinolide have a similar molecular structure
(Karmann et al, 2015), MiuA might also be capable of
interfering with the alpha-1-syntophin pathway. We also

phosphorylation

reproduced the correlation between speed and persistence that
have been shown by Maiuri et al. (2015). Thus fast cells in 1D
migrate in a more persistent manner. The treatment with MiuA, as
well as the migration on 2D surfaces in general resulted in low
migration speed paired with R values close to zero, meaning we
could draw no conclusion about the correlation between these two
values. As actin plays an active role in the positioning of the
nucleus during cell migration (Thomas and John, 2009; Gardel
etal, 20105 Calero-Cuenca et al., 2018), we measured the position
of the nuclei in the migrating cells while being on fibronectin lines
and under treatment with MiuA. Because disassembly of actin
filaments is a crucial step during mesenchymal migration (Louise,
1999) and the organization of the actin network is linked to the
position of cell organelles (Gardel et al,, 2010) we hypothesized that
the position of the nucleus during migration might also be affected
by a change in the actin network. Indeed, we measured a
repositioning of the nucleus toward the cell center under MiuA
treatment. Our data are supported by the finding that the
treatment of fibroblasts with jasplakinolide resulted in an
increase in both cell body movement and in lamellipodia
(Louise, 1999). As MiuA and jasplakinolide show similar effects
on the actin cytoskeleton and their molecular structures are related
(Karmann et al., 2015), we assume that MiuA might also affect the
mechanism responsible for positioning the nucleus. However,
further investigations are needed as the mechanism itself and
its link to the cytoskeleton were not revealed by our study.

In this work we show that miuraenamide A is a powerful
tool to affect the dynamics and architecture of the actin
cytoskeleton. Following this finding, we showed that actin
filaments play a crucial role in the positioning of nuclei in
migrating cells, as treatment with MiuA induced not only
longer filaments but also shifted the nucleus toward the cell
center. Furthermore, we could see that longer filaments lead
to cells occupying a larger area and increasing their number
of focal adhesions. In the future, we and others will be able to
use this tool to further understand the role of actin in living
cells.
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1 | INTRODUCTION

In recent decades, investigation of the filaments of the cy-
toskeleton, such as actin, vimentin, and microtubules, has
become increasingly important for our understanding of cel-
lular functions.'™ For example, the spatial organization of

Abstract

The rapid development of advanced microscopy techniques over recent decades has
significantly increased the quality of imaging and our understanding of subcellular
structures, such as the organization of the filaments of the cytoskeleton using fluo-
rescence and electron microscopy. However, these recent improvements in imaging
techniques have not been matched by similar development of techniques for com-
putational analysis of the images of filament networks that can now be obtained.
Hence, for a wide range of applications, reliable computational analysis of such two-
dimensional methods remains challenging. Here, we present a new algorithm for
tracing of filament networks. This software can extract many important parameters
from grayscale images of filament networks, including the mesh hole size, and fila-
ment length and connectivity (also known as Coordination Number). In addition, the
method allows sub-networks to be distinguished in two-dimensional images using
intensity thresholding. We show that the algorithm can be used to analyze images
of cytoskeleton networks obtained using different advanced microscopy methods.
‘We have thus developed a new improved method for computational analysis of two-
dimensional images of filamentous networks that has wide applications for existing
imaging techniques. The algorithm is available as open-source software.

KEYWORDS

actin, cytoskeleton, image analysis, intermediate filaments, microtubules

the cytoskeletal network has an important role in cell migra-
tion,™® cancer metastasis,”® and cellular mechanics."*"? The
methods used to detect and image these structures vary from
low-resolution fluorescence imaging, through high-resolution
fluorescence imaging, to electron microscopyﬁ‘f”w'"’ The
resolution of conventional light microscopy allows imaging

Abbreviations: FINTA, filament network tracing algorithm; FM, fluorescence microscopy; SEM, scanning electron microscopy; STED, stimulated emission
depletion; STORM, stochastic optical reconstruction microscopy.
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down to 200 nm, and super-resolution microscopy can now
detect features with a resolution down to around 20 nm.
However, for the full structural networks, the resolution down
to the atomic scale of electron microscopy is required.

The structures in these images can then be analyzed com-
putationally, and the most commonly used method to inves-
tigate networks of grayscale imaging techniques are based
on segmentation or pixel-based center lines, such as with
ImageJ plugins; for example, Diameter] and NeuronJ.'"!
These methods are user friendly and have well-defined and
convenient output parameters. However, as the user has to
define either the ‘best segmented image’ prior to the analysis
or draw the starting and end points of each filament by hand,
these methods rely upon the subjective analysis of the user.
This thus reduces the reliability and reproducibility of these
methods. More reliable analysis can be provided by vectorial-
based algorithms that allow batch processing of grayscale
network images.z‘w However, a limitation of this method is
that the output parameters are commonly dedicated to a spe-
cific interest, and can therefore be limited.

To facilitate our ongoing analyses of scanning electron mi-
croscopy images of actin microfilament networks in cells, we
have developed an algorithm that can analyze a wide range
of filamentous networks that are imaged using different tech-
niques, such as fluorescence microscopy, electron microscopy,
and commercial photography techniques. We have named this
algorithm the filament network-tracing algorithm (FiNTA).
To the best of our knowledge, the FINTA analyses more pa-
rameters than other computational tools designed for network
analysis. These parameters include the filament length, the
connectivity (also known as the coordination number, and the
persistence length in combination with the angle distribution.
Thus, this algorithm can be used to analyze any kind of net-
work in grayscale two-dimensional (2D) images.

2 | MATERIALS AND METHODS

2.1 | Vectorial filament network-tracing
algorithm

The FINTA is based on vectorial tracing of grayscale images.
The tracing data generated by FINTA consist of connected
nodes which travel along the filaments. Since neither the node
positions nor their connection lengths need to be constrained
to the discrete positions of pixels, we call FINTA “vectorial.”
Therefore, although binary images can be analyzed, there is no
need to create binary images or pixel-based center lines prior
to an analysis. To recognize the filaments in grayscale images,
the FINTA first identifies the directions of the filaments using
image convolution with the Hessian matrix of the Gaussian
kernels; thus, by validation of every pixel in terms of their in-
tensities.”” This is followed by the generation and connection

of nodes along the filaments, which results in the tracing
lines (Figure 1A). Since this procedure differs from segmen-
tation or pixel-based center lines, we compared the tracing
results of FINTA with Diameter] and Neuron], respectively
(Figure S1). It is possible to manually adjust the sensitivity of
the method to any grayscale image by changing the input pa-
rameters, as described in Supporting Information (Table S1).
For a more detailed description of the working principles and
the mechanisms behind the algorithm, please see Supporting
Information. The FINTA identifies the filaments in a suitable
time range; depending on the network complexity, the time
range can be from seconds to minutes. It then automatically
extracts the important network parameters. The algorithm is
available on: https://github.com/SRaent/FINTA.

2.2 | Extracted parameters
The FINTA provides information on at least eight of the most
relevant parameters, which are: mesh hole size; circularity of
each mesh hole; junction distance; filament density, filament
length, connectivity of each unified junction, global angle
distribution, and the persistence length.

The mesh hole size (MHS) is the measure of the network
pore size, pore area, or hole size, or similar, and this is de-
fined as the area of the pores or holes within the network
(Figure 1B). The circularity is defined as Ci = 4x (MHS) /P*
, where P is the perimeter of a mesh hole. Consequently, the
circularity is a measure of the fractal dimension of the mesh
holes. The filament density is the total network length di-
vided by the total mesh hole area. Furthermore, the junction
distance as the length of a filament between two junctions
(Figure 1B). The filament length is the distance between
nodes before reaching a defined break-off angle 0 within two
adjacent connections (Figure 1C). The number of filaments
that are connected to a junction is described with the term
connectivity, which in three-dimensional (3D) data analysis
is often referred to as the coordination number. As a value
of two represents a single filament, the minimum value of
the connectivity is three, while the maximum value is unlim-
ited. For instance, in actin networks, the connectivity rarely
exceeds six, and these filaments typically have a mean con-
nectivity of around 3.4. Within a user-defined unification
distance FINTA identifies junctions that are close to each
other and considers them as one junction (Figure 1D). This
is needed since junctions often have an expansion larger than
the filament diameter, which forces FINTA to identify two
junctions instead of one for example. The global angle dis-
tribution is defined as the angles of the connections between
the nodes relative to the image orientation measured counter
clockwise, where the left edge of the image represents 0°, re-
spectively. The worm-like chain model approximation is used
to extract the persistence lengthf”
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FIGURE 1
four parameters implemented in the filament
network-tracing algorithm (FINTA).

Graphical illustration of

A, Algorithm routine to trace filaments
vectorially. Starting with the original image,
followed by kernels and angle analysis

that leads to tracing lines finally. Filament
thickness: 12 px. B, A single mesh hole with
several junctions. C, The filament length
(FL) calculation. The break-off angle is 0
(or smaller). The break-off angle assigned
to the FINTA is 0-180° (as for all other
angles), or larger. D, Implementation of the
Connectivity condense the junctions along
the unification distance shown as the thick
blue line. In the upper example, within two
nodes (blue squares) per filament no other
junction (white circle) was identified by
FiNTA. In the lower example, within three
nodes per filament one other junction was
identified. Since the unification distance
was three (nodes) in this example, FINTA
summarizes both junctions to one leading to
a connectivity of 5

To demonstrate which parameters are easier to extract 3 |
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RESULTS

with the FINTA, we analyzed three scanning electron mi-

croscopy images of structurally different actin microfilament 3.1 |
networks in cells. These were taken over the nucleus, in the

Filament density, filament angles, and
mesh hole size

perinuclear area, and in a lamellipodium at the cell edge, as

shown in Figure 2A. We thereby determined the density and
structure of the actin microfilament network, and how it dif-
fered between the different subcellular regions, according to
18 different parameters (Figure 2B). This broad parameter
space leads to a high flexibility of FINTA compared to other
algorithms. Therefore, extracted parameters that are iden-
tical to Diameter] or NeuronJ are presented in Supporting

Information (Table S2).

23 |
imaging

The preparation of the biological samples and the imaging

details are in the Supporting Information.

Biological sample preparations and

The filament density is commonly calculated by determining
the length of the total traced network, and dividing by the
image size. To quantify the quality of this analysis, a realistic
range of values of filament packing/densities were tracked
that were within an acceptable error (10% SD). An orthogo-
nal grid of white filaments on a black background was digi-
tally created. In this network, the number of filaments was
then increased, from a filament density of 26% white and 74%
black pixels, to 92% white and 8% black pixels, as shown
in Figure 3A-D. The sizes and counts of the mesh holes in
these images were then analyzed using the FINTA, which
were compared to the known sizes and counts of the designed
mesh holes. The results with the FINTA were similar to the
known mesh hole sizes and counts (Figure 3E,F). This in-
dicated that the FINTA provided an accurate description of
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FIGURE 2 Scanning electron microscopy examples and parameters. A, Representative actin images showing the tracing and angle
distributions of three different cell regions of RPE1 cells. Scale bars and edge length of angle distribution images: 500 nm. B, Quantification of 18
parameters extracted by the FINTA. Lam., lamellipodium; PL, persistence length; NL, total network length (to calculate, eg, fiber density LCL,
total network length of closed loops: A, total area of all loops; N, total number of nodes; J, total number of Junctions; UJ, total number of united
junctions upon user defined unification distance used to calculate the connectivity; NCL, total number of nodes that contribute to closed loops;
JCL, total number of Junctions that contribute to closed loops; CL, total number of closed loops; and UJUD, total number of united junctions of the

network that only contain closed loops with the user-defined unification distance
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FIGURE 3 Fiber density and orientation quality tests. A-D, Cropped regions of exemplary images with increasing black pixel fractions
(decreasing filament density), with tracing results in the bottom half. Line thickness: 6 px. E, F, Linear approximations of expected vs measured

mesh hole size (E) and mesh hole count (F). G-I, Exemplary images of different global filament angles with a line thickness of 27 px, that lead to

accurate tracing lines. J, Linear approximation of expected vs measured angles

these porous and dense networks, with detection of up to 92%
of the filaments.

To quantify the accuracy of the FINTA analysis of the
global filament angles, 18 images were created with filament
angles from 0° to 170°, in 10° increments (Figure 3G-I). The
following FINTA analysis of the filaments angles was very
similar to the expected values, with a Pearson's correlation
R =1 (Figure 3J). This indicated that the FINTA provided an
accurate analysis of the global filament angles.

3.2 | Image resolution and noise level

Image resolution and the signal-to-noise ratio govern the
quality of the various imaging methods. We thus determined
how these features of images influence the FINTA tracing of
networks. For this, test images were initially created with a
filament density grid of 74% black. To recognize different net-
work types, the FINTA detection of different grid sizes was
also tested by analysis of lines of six different sizes of pixels.

88



FLORMANN ET AL.

202 | EASEB

For the signal-to-noise ratio, six digital noise levels were
added, as infinite to zero signal-to-noise ratios, and the noise
levels were calculated. The tracing quality of the FINTA
was then analyzed at these different signal-to-noise ratios by
comparisons of the measured to the expected mesh hole size
and count with the similarities expressed as percentage er-
rors (Figure 4). Here, the higher the resolution of the image,
the more noise was acceptable, and vice versa. Therefore, the
FiNTA can trace images across a wide range of image resolu-
tion, and with various noise levels.

The typical signal-to-noise ratios of fluorescence and
electron microscopy images of the cellular actin cortex are in
the range of 5 dB to 15 dB.

3.3 | Connectivity

The connectivity (also known as coordination number or branch-
ing number) is rarely included in algorithms for segmentation-
based network analysis, and to the best of our knowledge, it has
not been included in vectorial- tracing algorithms. Nonetheless,
it is an essential parameter that is important to include and de-
scribe in any comprehensive analyses of networks. Therefore,
the connectivity is also determined in the FINTA.

To determine the efficiency of the connectivity measured
by the FiNTA, four black and white 2D test images were
artificially created where the only connectivity values were
three, four, five, and six. As a connectivity of two represents
a line, the minimum value of the Connectivity is three.

The connectivity measured on the original images with the
FiNTA was then compared to the expected values, as shown
in Figure 5A-D. These FINTA values matched those expected
(Figure 5E, F), and therefore, the FINTA can measure all of
the predominant connectivities within 2D networks.

34 | Filament length

In addition to the mesh hole size and connectivity, the fila-
ment length is a crucial parameter in the characterization of
networks. To include this parameter in the FINTA, a user-
defined break-off angle was implemented to detect and define
a filament as a single filament (see Figure 1C). This defini-
tion and implementation to FINTA allows “one filament” to
cross junctions identified by FINTA. This is crucial since in
a two dimensional image it is often not possible to differ be-
tween a physical junction and an overlay of filaments above
each other. Consequently, we implemented the break-off
angle in order to be not limited by the identification of junc-
tions. Even visual inspection of network images does rarely
allow the identification of the beginning or end of a filament.
Therefore, the filament length calculated by FINTA is most
likely not the real filament length, but a filament length close
to the one that is identified by visual inspection.

To determine the accuracy of this filament length trac-
ing approach, the artificially created test images for the
connectivity were modified to show a homogenous distri-
bution of filament lengths by removing the filaments at the

(A) Signal to Noise Ratio
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FIGURE 4
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Mesh hole size by varying signal-to-noise ratio and line thickness. A, Exemplary images of traced mesh holes by varying signal-

to-noise ratio and line thickness. B, Percentage errors (PE) of expected mesh hole size and count vs measured mesh hole size (B) and count (C),

with dependence on signal-to-noise ratio and line thickness
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all junctions that can be connected by 6 or less steps are unified to one junction). Line thickness: 9 px. E, F, Linear approximations of expected

vs measured Connectivity (insets show corresponding third rows of (A-D)) (E) and counts of branches/connections (F). Red lines show the linear
approximation. G, Filament length histograms of images (A-D) corresponding to the four connectivities from three to six. The break-off angle was
set to ~17° (0.3 rad). Black vertical lines represent the expected filament length
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edges of the images. This resulted in data with very simi-
lar filament lengths, as shown in Figure 5G for a break-off
angle of ~17° (0.3 rad), where all of the filament lengths were
within an accurate range of the expected lengths. However,
the FiNTA also identified artificial filaments that were sig-
nificantly shorter than those expected, and were localized to
the branching/connection zones. Such very short filaments
can be eliminated easily using a threshold value. We also per-
formed a more detailed test of the filament lengths and their
dependence on the break-off angle, as presented in Figure S2.

3.5 | Other extracted parameters

As the mesh hole size, connectivity, and filament lengths
should be the most challenging parameters to implement,
we mainly focused on testing these parameters in detail.
Additional parameters that can be calculated based on the
mesh hole size and from the tracing per se were also tested.
The filament density can be calculated from the length of
the total traced network divided by the image size. The
junction distance (so-called fiber length in Diameter]) was
calculated forward from the known junction positions. The
connectivities from the FINTA were very accurate for both
the quality and the counts, and thus the reliability of the
analysis of junction distance was also accurate, as for the
connectivity. The circularity is the fractal dimension of
the mesh holes, and this was defined as proportional to the
mesh hole size divided by the perimeter squared. The re-
liability of the analysis of circularity is therefore strongly
depending on the mesh hole size, which was shown to be
very accurate in Section 3.1.
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3.6 | Tracing accuracy

The accuracy of the tracing determines the quality of all of
the parameters that are extracted from any tracing software.
To determine the tracing accuracy with the FINTA, we ana-
lyzed electron microscopy images of actin filaments and a
fluorescence confocal microscopy image of microtubules
(Figure 6). For the quality of the analysis, the filaments
traced with the FINTA were then also traced manually in
the same images. This thus determined the relative levels of
false-negative and false-positive signals obtained using the
FiNTA, as the relative proportions of nontraced filaments
and nonexisting filaments traced, respectively.

For determination of the levels of false-negative sig-
nals, the relative lengths of nontraced filaments were cal-
culated by dividing these by the total network length traced
by hand including the nontraced filaments. For determina-
tion of the levels of false-positive signals, the proportion of
false-positive filaments were defined according to the total
network length traced by hand. On this basis, the FINTA
tracing for the electron microscopy images showed 8.55%
false-negative filaments and 1.54% false-positive filaments.
For the fluorescence image FiNTA tracing, there were
9.72% false-negative filaments, and 1.42% false-positive
filaments. Therefore, the false-positive rates can be consid-
ered as negligible, and the false-negative rates are <10%,
which can be considered an acceptable value. The false-
negative filaments arise because the FINTA does not trace
up to the edge of the image, to avoid any distortion of the
mesh hole size. In the central parts of the images, almost all
of the filaments that are not traced (ie, the false negatives)
arise where the angle between two filaments is small.

false positive overlay

Tracing error tests. Representative images of actin filaments obtained using scanning electron microscopy (A; SEM) and of

microtubules obtained using confocal fluorescence microscopy (B; FM), as traced with the FiNTA and compared to hand tracing. Nontraced fibers

(false negative) and nonexisting filaments (false positive) that were traced are shown (2x fiber thickness of original tracing). Overlay of the correct

tracing (red), false negatives (green), and false positives (blue) shown in the last column. Scale bars: 200 nm (A); 5 pm (B)
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3.7 | Network separation

It is challenging to draw conclusions about spatial distribu-
tions in three dimensions from 2D images of 3D networks,
both manually and automatically. For example, it is usually
not possible to distinguish between a real junction and an
overlay of two filaments. However, the FINTA can reduce
these events to a minimum. Here, this is based on the effect
whereby the filaments closer to the camera (ie, at a higher
level within the network) are brighter than the filaments that
are further away from the camera (ie, at a lower level within
the network). This is true for images from both electron mi-
croscopy and fluorescence microscopy. For this, the option
was implemented to preserve traced nodes within a speci-
fied grayscale interval only, which can be chosen by the user.
This approach can also be used to avoid over-exposed and
under-exposed regions of a network.

To assess the quality of this approach, three different im-
ages were analyzed at high and low intensity levels (Figure 7).
For electron microscopy images of actin networks, the high
intensity areas, referred to as ruffles, provide no informa-
tion about the network due to their overexposure. It might
therefore be of interest to exclude these high intensity regions
from the tracing, which is what the FINTA does (Figure 7A).

high intensity

original image p—

high intensity
tracing

FASEB . — 22

To determine the quality of the FINTA for other types of
networks, an electron microscopy image of the hexagonal
structure of a diatom alga was analyzed. The thresholding of
the intensity values allowed the FINTA to discern the hex-
agonal structures from the underlying network (Figure 7B).
Furthermore, in fluorescence images of actin, the FINTA
can differentiate between high intensities (more fluores-
cein proteins) and low intensities (less fluorescein proteins)
(Figure 7C). This allows the user to focus on the subcellular
regions of a network, which can be useful if the user is in-
terested in subregions, or parts of the intensity distribution
within an image. Therefore, such intensity thresholding is
a powerful method to separate networks for their detailed
investigation.

3.8 | Tracing of cytoskeletal
networks imaged by electron and
fluorescence microscopy

To demonstrate the wide range of FINTA applications, im-
ages of different cytoskeletal filaments were traced that were
obtained by electron microscopy (Figure 2) and using differ-
ent variants of fluorescence microscopy (Figure 8).

low intensity  low intensity
overlaz tracing
SR E “'f“
g%

FIGURE 7 Network separation by intensity thresholding. Representative images for scanning electron microscopy (SEM) of actin (A) and a
diatom (B) and fluorescence microscopy (FM) of actin (C), used to separate the networks by intensity. A, B, As used to eliminate unwanted areas
(A, actin: high intensity) and analyze the remaining network (low intensity), or to separate a superior (B, diatom, high intensity) and an inferior
(low intensity) network. C, As used to separate between high and low intensity signals that represent high and low amounts of fluorescent actin

molecules. Scale bars: 1 pm (A), 4 pm (B), 20 um (C)
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FIGURE 8 Representative images and exemplary traced fluorescence super-resolution networks. Vimentin was imaged and traced (as

indicated) using stimulated emission depletion (STED) microscopy (A), 3D stochastic optical reconstruction microscopy (STORM) (B) and

Expansion microscopy (C). D, Identical image section of cell vimentin in (C) is shown for microtubules in (D). Overlayed image: overlay of

original and traced images. Scale bars: 10 um (A, B) (expansion factor, 4.5); 2.38 um (C, D)

We showed in Section 3.7 that the FINTA can be used to
analyze actin microfilament cytoskeletal networks imaged
by confocal microscopy (Figure 7C). However, the resolu-
tion of confocal microscopy is often not sufficient to deter-
mine the fine structure of cytoskeletal networks, as more
recently, super-resolution techniques are being increasingly
used. To provide a useful tool for such studies, the reliabil-
ity of the FINTA was analyzed using images from super-
resolution microscopy. Images of the intermediate filament
protein vimentin were analyzed for various cell types that
were provided by three distinct super-resolution micros-
copy techniques that are based on different approaches

and principles: stimulated emission depletion (STED)
microscopy; stochastic optical reconstruction microscopy
(STORM); and expansion microscopy. STED microscopy is
a type of confocal microscopy where a homogenous signal
along filaments is recorded. In contrast, STORM and ex-
pansion microscopy are techniques that create a pointillism-
like signal along filaments. In STORM microscopy, this is
achieved by the imaging technique itself, whereas in ex-
pansion microscopy, the structure under investigation is
physically ruptured at the nanoscale level. These vimen-
tin network images using each of these super-resolution
techniques were indeed accurately traced by the FiNTA
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(Figure 8A-C). This included the pointillism-like signals
of STORM and expansion microscopy, as shown in the
detailed pointillism test in Figure S3, and more indirectly
in Figure 4. To further confirm this, Figure 8D shows the
FiNTA tracing of a microtubule meshwork obtained using
expansion microscopy. Consequently, we can conclude
that the FINTA can also correctly trace networks in images
using super-resolution fluorescence imaging techniques.

As indicated in Section 2.2, the FINTA can trace actin
microfilament networks obtained using electron microscopy.
To determine whether the FINTA can also be used for elec-
tron microcopy images of other structures, we additionally
investigated mushroom braid, eggshell, foam, and diatoms.
With the exception of the foam, which showed high hetero-
geneity for the filament thickness and brightness, the FINTA
provided accurate tracing of these networks (Figure S5).
Consequently, FINTA is scale-independent and could be
used for fundamentally different questions, such as cell-cell
junctions (eg cell monolayers stained for E-cadherin) or even
network-spanning organism (eg, Physarum polycephalum).

To further validate the FINTA, other images were ana-
lyzed, including a picture of sticks of spaghetti obtained
using a reflex camera, and different painted, biological, and
written examples, which again resulted in consistently accu-
rate tracing (Figure S6).

4 | DISCUSSION

In this study, we present the powerful, rapid, user-friendly,
open-source vectorial FINTA for grayscale images of differ-
ent filament types and across a large variety of scales. This
is shown by our analysis of the intracellular nanoscale actin
microfilaments and vimentin cytoskeleton, and of other net-
work forms using various imaging techniques.

A lot of the available software and plugins for analysis
of networks require the raw data images in grayscale to be
converted into binary images prior to analysis, such as the
Image] plugin Diameter]. The quality of the images will
thereby greatly impact on the recognition of filaments by the
software. With the FINTA, grayscale images can be analyzed,
which thus overcomes this problem.

The FINTA allows analysis of the common network pa-
rameters, such as mesh hole size, circularity, junction dis-
tance, filament density, and others. Moreover, it provides a
high level of quantification of challenging parameters, such
as connectivity and filament length. The FINTA can also be
used to separate subnetworks in single images, through inten-
sity thresholding. It has a high tolerance in terms of filament
density and noise. Moreover, the FINTA delivers good results
regardless of the imaging technique used (eg, fluorescence
microscopy, scanning electron microscopy, photographs),
and of the substance investigated.

of12
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One limitation of the FINTA relates to networks with
small angles between the filaments. The FINTA was also im-
plemented for homogenous filament thickness. Although the
FINTA can be used where there are small variations in fila-
ment thickness, significant heterogeneity in filament thick-
ness across a network can lead to nonideal tracing. Finally,
heterogeneous intensity distributions along filaments can re-
sult in an increased false tracing by the FINTA. In such cases,
segmentation-based algorithms might provide more accurate
tracing.

In summary, the FINTA is an algorithm that can provide
great benefits across a wide variety of scientific fields that
involve analysis of images of networks.
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1. Algorithm method

1.1. Image analysis using the filament network-tracing algorithm

The aim of the filament network-tracing algorithm (FiNTA) is to trace filaments on grayscale images with increased precision
and detail compared to classical segmentation-based algorithms. This was achieved by populating the images with variable
numbers of starting nodes on the filaments. A circle was taken around each node. The FINTA defines where the filaments are
localized on the circle, using the second-order derivatives of the Gaussian kernel (Hessian matrix). At this location, a second
node connected to the first one is set. This procedure is performed for every node, until the whole network is traced. In this way,
each node can be connected to an arbitrary number of other nodes, which allows the branching of the traced network and the
formation of closed loops.

1.2. Details of the tracing algorithm

Before the image convolution by the FINTA, the image is converted into a 64-bit float image. To compute the smoothed second-
order derivatives of the image brightness, the tracing algorithm works on the basis of the Hessian matrix of the Gaussian
transform. The convolution with the three second-order derivatives of the Gaussian transform yields the Hessian matrix for each
pixel. Using the Hessian matrix, the directional second-order derivative for any pixel and any direction can then be computed.
Generally, negative second-order derivatives with large absolute values indicate the presence of a filament. This filament travels
perpendicular to the direction of the directional second-order derivative. An automatic function sets several starting nodes. From
these nodes, the FINTA traces the whole network without multiple tracing of the filaments. The FINTA is available at:
https://github.com/SRaent/FiNTA.

1.3. Input parameters

One key feature of the FINTA is that it is highly adaptable to a wide range and scale of images of networks. The eight input
parameters create the flexibility that allows the user to adjust the FINTA to a specific network of interest. Another advantage is
that there is no need to define and potentially optimize any of the parameters choices, because the parameters are defined as in
Table S1, with their suggested starting values that generally lead to correct tracing, for almost all cases investigated. Finally, the
consequence of over-estimation and under-estimation of the individual parameters are also described in Table S1.

TABLE S1. Overview of the parameters assigned to the filament network-tracing algorithm (FiNTA).

Parameter Definition Starting value

Too low

Too high

aconv

Image smoothing and Hessian matrix is

Half the fiber diameter, in

Multiple tracing of single

Not all fibers traced

computed pixels fibers

osmooth Smoothing of angle-dependent curvature 0.5 radians (0.35 < gsmooth  Too many nodes are Not enough branches, with small angles between
of the fibers <0.8) enerated fibers

rmin Minimal distance around nodes 0 px (< half fiber diameter) - No tracin;

rmax Maximal distance around nodes Fiber diameter in pixels Many branches are not traced  Influence of surrounding fibers on tracing, and

increased E time

rstep Distance between generated and new Half fiber diameter < rstep Single fibers are traced more Branches are not found, thus decreased tracing

nodes < fiber diameter, in pixels than ones, and increased smoothness
time

steps. Number of angles for which new nodes 100 < steps <360 Minor changes in tracing Minor changes in tracing quality, and linear
can be generated quality increase in computation time

thresh Value above which the local maxima in 25 A lot of nodes in noisy areas Less intense fibers are not found up to no tracing
the smoothed angle depending curvature atall
are used to generate nodes

min_toop_length Minimal length of loops, expressed as 5 < min_loop_length < 10 Unwanted connections Increasing number of almost closed loops

number of nodes belonging to a loop

1.4. Comparison of FINTA to Diameter] and NeuronJ

Since DiameterJ or NeuronJ are potential and commonly used alternatives to FINTA, we compared them to our algorithm. First,
we show that FINTA delivers a higher functionality than both ImageJ plugins in the sense of extracted parameters (derived
parameters from “basic parameters™ were excluded, such as the Circularity that depends on the Mesh Hole Area and the Mesh
Hole Perimeter). Nonetheless, DiameterJ offers a broad range of derived parameters such as a more specific analysis of mesh
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holes compared to FINTA. Second, the workflow of FINTA is faster than Diameter] and Neuron]J due to batch processing ability
of original images (Table S2). Third, FINTA produces more accurate tracing results than any thresholding method implemented
in Diameter]. We demonstrate this using the “traditional thresholding”, since it delivers most accurate results for our SEM and
FM images (Figure S1 A, B). Other thresholding methods, which are not implemented in Diameter], might lead to more accurate
segmentations than “traditional thresholding”. However, all thresholding we tested led always to a more significant over- or
underestimation of the real network compared to FINTA. Nonetheless, for binarized images Diameter] is very efficient in
analyzing time, batch processing ability and functionality in terms of output paramters. Additionally, we compared FINTA to
Neuronl. Since NeuronJ uses pixel-based center lines defined by hand (i.e. starting and end point of each filaments needs to be
drawn by hand) it could be more accurate than FiNTA, depending on the accuracy of the user. However, the procedure is
extremely time consuming and increases the risk of personal errors (Figure S2 C, D). We assume that network analyzing
algorithms are mainly used to compare a minimum of two networks with each other in order to evaluate potential differences.
FiNTA reduces personal errors since we highly recommend to use one set of input parameters for one batch of network images
belonging to one specific study. In contrast, both, Diameter] and NeuronJ require a personal decision per image or even per
filament, which increases the risk of personal errors significantly compared to FINTA.

In summary, we think Diameter] is very useful and efficient, if binarized images are investigated. Neuron) is efficient at the scale
of single filaments compared to hand-drawing of the full fiber length. In contrast, FINTA is independent of image binarization
and personal identification of filaments with the ability for excellent tracing results and high functionality.

TABLE S2. Comparision of extracted comparable parameters and workflow between Neuron], Diameter]J and FiNTA.

Parameter Neuron]J Diameter] FiNTA
Filament Lengths Yes No Yes
Filamenrt Brightness Yes No No
Mesh Hole Area No Yes Yes
Mesh Hole Circumference No Yes Yes
Mesh Hole max Diameter No Yes Yes
Mesh Hole min Diameter No Yes No
Filament Diameter No Yes No
Junction Distance No Yes Yes
Absolute Angle Distribution No Yes Yes
Junction Connectivity No No Yes
Persistence Length No No Yes
Workflow

Grayscale image batch processing No No Yes
Segmented image batch processing No Yes Yes
Automatic filament recognition No Yes Yes

2. Further FiNTA testing

2.1. Details for Filament Length and Connectivity

To quantify the accuracy of the Filament Length tracing by the FINTA, the artificially created Connectivity images were
modified such that no filament reached the edge of the image, to create a homogenous Filament Length distribution. The original
images, traced images, and resulting Filament Lengths are illustrated in Figure S2A-D. Each of the different colors corresponds
to a slightly different Filament Length, which depends on the total Filament Length distribution. The Filament Lengths calculated
by the FiNTA strongly depend on the break-off angle set by the user. Therefore, the length histograms are shown for the four
investigated images from 6° to 115° (0.1-2.0 rad) in Figure S2E-H. Independent of the angles within the investigated networks,
the optimal break-off angles were between 17° and 26° (0.30-0.45 rad). This universal range of break-off angles that lead to the
correct Filament Lengths can be reasoned on the basis that the angle between each of two connected nodes defines the break-off
angle. Consequently, the angle between the filaments is independent of the break-off angle for the calculation of the Filament
Length. The drawback of this method is that it increases the short false filaments, which occur at the junctions. In addition, the
junctions can be ignored as intended, which leads to Filament Lengths that are multiples of the histogram peaks. Consequently,
we suggest that the resulting histograms are always investigated carefully and the Filament Length optimized by thresholding.
The analogous argumentation is valid for the Filament Count, as demonstrated in Figure S2I-L.

Despite the explained weaknesses of the Filament Length calculations, the FINTA can measure the real Filament
Length independent of the Junction Distance. We conclude that the Filament Length calculation by the FINTA has to be further
investigated by hand for more accurate results, although the histogram analysis provides correct results.

Junctions close to each other frequently result in incorrect Connectivities. Therefore, we implemented summarization of
junctions to one junction. For this, the user needs to specify a unification distance. The FINTA unites all of the junctions that can
be connected by the number of steps specified by the unification distance. These are interpreted as one junction. One step is
considered to be the distance between two nodes that are connected to each other.
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2.3. Pointillism tests

Many algorithms are dedicated to the analysis of images using a specific technique or even from a specific network. In contrast,
the FINTA can be used to analyze networks imaged with any of the existing imaging techniques, as long as the filament thickness
and brightness are relatively homogenous (see filament thickness in section 2.4. below) and the image type is grayscale.

Some imaging techniques result in pointillism-like signals, such as STORM. Depending on the sampling and post-
processing, the distribution of signal points can vary. We tested the tolerance of the FiNTA to pointillism by creating images with
increased black pixels on white filaments, analogous to the noise tests in Figure 4. Therefore, we increased the amount of black
pixels on the white filaments from 0% to 100% (Fig. S3A). In addition, we varied the line thickness (see Fig. S5), and used the
Mesh Hole Size and Count as quantification parameters. By calculating the percentage errors between the measured and expected
Mesh Hole Size Sizes and Counts, we show that the FINTA traces pointillism filaments very accurately (Fig. S3B, C). The larger
the filament thickness, the more pointillism is accepted by the FINTA. We conclude that the FINTA can be used for any imaging
technique that creates pointillism-like structures of networks.

2.4. Filament thickness

Initially, the FINTA was implemented to quantify filament networks with uniform filament thicknesses. Nonetheless, the FINTA
has a tolerance regarding heterogeneous filament thicknesses. For quantification of this tolerance, an image was artificially
created with 13 lines of different filament thicknesses, from 1 px to 13 px, in 1 px steps. Each line was connected to the following
thicker line once. The connection line had the thickness of the thicker line (see Fig. S4A). In total, 29 different filament
thicknesses were assigned to the FINTA, from 2 px to 30 px, in | px steps. Figure S4B-E provides examples for assigned
filament thicknesses of 2 px, 10 px, 20 px, and 30 px. Three parameters were tested here: recognition of filament thickness;
accuracy of the traced filament thickness; and accuracy of the traced connection thickness.

The filaments recognized by the FiNTA are defined as the filaments that are traced at least for 90% of their full length.
The tracing line can be anywhere on the filament (including at the edges), while double tracing of one filament is prevented.
Here, the FINTA can handle roughly #90% of the assigned filament thicknesses (Fig. S4F).

The accurately traced filament thickness is defined as the recognized filament thickness, under the requirement that the
tracing line is not on the edge of a filament (except when close to the connection). The FINTA leads to correct tracing of up to
100% thicker filaments than the assigned filament thickness, and about 70% to 80% thinner filaments than the assigned filament
thickness (Fig. S4G).

The accurately traced connection thickness is defined as the filament thickness of a connection filament for which
neither multiple filament tracing nor tracing of the background occurs. The FiNTA leads to correct tracing of roughly 20%
thicker connection filaments than the assigned filament thickness above a 5-px filament thickness (Fig. S4H). Below the 5-px
filament thickness, more or less none of the filaments thicker than the assigned filament thickness were correctly traced. In
contrast, the FINTA leads to correct tracing of filaments that are between 60% and 86% thinner than the assigned filament
thickness (the only exclusion was an assigned filament thickness of 2 px, because the smallest filament was 1 px thick).
Consequently, although depending on the heterogeneity of the filament thickness of interest, if all of the filaments are to be
traced, we would recommend to tend to over-estimation of the filament thickness than to under-estimation. In contrast, this effect
can be very useful to discern between filaments of different thicknesses, as long as the difference is in the range of the filament
thickness itself.

3. Biological material and methods

Cell culture

Immortalized retinal pigmented epithelium (hTERT-RPE1) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 medium supplemented with 10% fetal bovine serum (Thermo Fisher, MA, USA), 1% glutamax, and 1%
penicillin/streptomycin under 5% CO, at 37 °C, in cell culture flasks (Cellstar, Greiner Bio-One, Austria).

For fluorescent imaging, hTERT-RPEI1 cells stably expressing mEmerald—vimentin and mTagRFPt—q-tubulin (a kind
gift from Gaudenz Danuser, Dallas, TX, USA) or mCherry LifeAct (a kind gift from Matthieu Piel, Paris, France) were placed in
glass-bottomed dishes (Fluorodish; World Precision Instruments, Germany) and left to adhere overnight. Live cells were imaged
at 37 °C and 5% CO, using laser scanning confocal microscopy (LSM 980; Zeiss, Germany).

Bjhtert SV40T V12 H-Ras' cells were cultivated at 37 °C in 5% CO, in DMEM (Sigma-Aldrich, Germany)
supplemented with 10% fetal bovine serum (VWR, Germany) and 1% antibiotic/antimycotic solution (Invitrogen, Germany). The
cells were harvested at approximately 30% confluence.

Baby hamster kidney (BHK-21) cells were cultured in DMEM/F12 supplemented with 5% fetal bovine serum and 1%
penicillin/streptomycin under 5% CO, at 37 °C.

4. Fluorescence protocols and imaging

4.1. Fluorescence microscopy

For fluorescent imaging, RPE1 cells that stably expressed mCherry LifeAct (a kind gift from Matthieu Piel, Paris, France) were
fixed in 0.5% paraformaldehyde and mounted with Fluomount-G mounting medium, with DAPI (FisherScientific, Germany). If
not stated otherwise, the imaging was performed using laser scanning confocal microscopy (LSM 980; Zeiss, Germany).
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4.2. Stochastic optical reconstruction microscopy

Bjhtert SV40T H-RasV12 cells were seeded onto glass coverslips that were pre-cleaned, as described previously”. After 48 h, the
cells were washed in phosphate-buffered saline (PBS) at 37 °C, and the autofluorescence and paraformaldehyde were quenched.
The cells fixed in PBS with 3.7% paraformaldehyde and 0.2% Triton X-100 for 15 min at 37 °C, blocked, and immunostained
with a mouse anti-vimentin antibody (V9; 1:50), followed by anti-mouse IgG Alexa 647 (1:400), as described previously’.
GLOX buffer was used, where 1 mL contained: 0.1 g glucose (in 10 pL), 100 pL glucose oxidase (at 0.005 g/mL), 100 puL
cysteamine/MEA (at 1 M cysteamine/MEA), in 790 pL Tris/NaCl buffer (at 50 mM Tris, with 10 mM NaCl). Images were taken
with a 20-ms exposure time for the N-STORM (Nikon), for a resolution of ~50 nm.

4.3. Stimulated emission depletion microscopy

BHK-21 cells were plated on coverslips coated with poly-l-lysine. The cells were fixed with ice-cold acetone for 10 min at -21
°C. The samples were washed with PBS, blocked using 5% goat serum in PBS for 1 h, and incubated with the anti-vimentin
antibody (V9; 1:200) for 1 h at room temperature. After a further wash with PBS, the samples were incubated with Abberior Star
Red (1:500) for 1 h. The coverslips were washed with PBS and mounted using Mowiol, for 12 h at room temperature. Image
acquisition with STED microscopy was then performed (SP5-STED; Leica, Germany).

4.4. Expansion microscopy

The preparation for Expansion microscopy was performed following the protocol for cell culture of Tillberg and co-workers’. In
brief, \TERT-RPE] cells stably expressing mEmerald—vimentin and mTagRFPt—o-tubulin were fixed in 0.5% paraformaldehyde.
Anchoring with Acyloyl-X was followed by in-situ polymerization with a hydrogel. The addition of water after the digestion
(including with proteinase K) physically increased the sample size by a factor of 4.5, in all spatial directions.

5. Scanning electron microscopy preparation and imaging
All of the scanning electron microscopy images were obtained using an environmental scanning electron microscope (Quanta
400; FEI, USA).

5.1. Actin cortex

The preparation of the actin cortex of hTERT-RPEL1 cells for the electron microscopy was similar to the protocols of Svitkina,
Chugh, and others™ . In brief, the cell membrane was disrupted with Triton X-100, and the cells were lightly fixed, at the same
time. After stronger fixing with glutaraldehyde and other fixation agents, the cells were dehydrated using a series of increasing
ethanol concentrations. Hexamethyldisilazane was used as the final drying procedure before the samples were sputtered with 6
nm to 7 nm platinum. Images were taken at 5 kV under high vacuum conditions, using secondary electrons, with an Everhart—
Thornley detector.

5.2. Mushroom braid
Wet mushroom braid was dried under ambient conditions and visualized at 10-kV accelerating voltage under low vacuum
conditions (water vapor, 100 Pa) using secondary electrons, with a large field detector.

5.3. Eggshell
A piece of an egg shell was placed on double-sided carbon tape with the outer surface on top. Secondary electron imaging using a
large field detector was performed at 10-kV accelerating voltage under low vacuum conditions (water vapor, 100 Pa).

5.4. Foam

A small piece of foam packaging was cut using a blade and fixed using double-sided carbon tape. The surface analysis was
carried out at 5-kV accelerating voltage, under low vacuum conditions (water vapor, 100 Pa), using secondary electrons, with a
large field detector.

5.5. Diatoms
Diatoms were placed on double-sided carbon tape and imaged at 10-kV accelerating voltage under high vacuum conditions using
secondary electrons, with an Everhart—Thornley detector.
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FIGURE S1. Comparison of DiameterJ, NeuronJ and FiNTA. (A, B) Diameter] segmentation comparison with FINTA
tracing using the SEM image of Fig. 2A, Perinucleus, and the FM image of Fig. 7C. (C, D) NeuronJ comparison with FINTA on
the same images as in A and B. False positive and false negative refer to the differences in the FINTA output compared to the one
of Neuron]. Scale bars: 500nm (A), 20pm (B), 500nm and magnification 100nm (C), 20pm and magnification Sum (D).
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FIGURE S2. Filament Length tests. (A-D) The exemplary images used for the Connectivity tests (Fig. 4) were also used for
these length tests, because of the high length homogeneity within each image. The traced images (second row) and color-coded
lengths (third row) are also shown. The color coding was applied to better differentiate between the Filament Lengths. (E-L)
Quantification of filament lengths (E-H) and filament counts (I-L) for each of the images in (A-D), respectively. Black lines,
expected Filament Lengths (E-H) and Filament Counts (I-L).
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FIGURE S3. Mesh Hole Size determination by pointillism and line thickness. (A) Exemplary images of the traced Mesh
Holes for the varied pointillism (amount of black pixels on white lines) and line thickness. (B, C) Percentage errors (PE) of the
expected Mesh Hole Size (B) and Counts (C) versus the measured values, according to line thickness and signal-to-noise ratio.
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FIGURE $4. Filament thickness tests. (A-E) Exemplary images with lines ranging from 1 px to 13 px in 1-px steps (A), and
their tracing (B-E). Each line is connected to the next thicker line by a connection with the thickness of the thicker line. (F-H)
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Quantification of corresponding recognized fiber thickness (F) and the accurately traced fiber thicknesses (G) and connections
(H).
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FIGURE S5. Tracing of various scanning electron microscopy images. Exemplary images and their tracing (as indicated) of
mushroom braid (A), eggshell (B), foam (C) and a diatom (D). Overlayed image, overlay of original and traced image. Scale
bars: 100 pm (A), 50 pm (B), 500 um (C), 4 um (D).
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FIGURE S6. General examples of network tracing using the filament network-tracing algorithm (FiNTA). Exemplary
images (left/top) and their tracing (right/bottom), for different kinds of networks using the FINTA. All of the images were color
modified for bright ‘filaments’ and dark backgrounds. The images shown are for: dense (A) and porous (B) networks of sticks of
spaghetti; three-dimensional tunnel painted on a wall (C); the structure of leather (D); a line drawing of a person (E); human leg
hairs (F); and handwriting (G). Red tracing, closed loops; blue tracing, open loops.
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