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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. 
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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 Adhäsion, Migration und 

Signalübertragung spielt. Diese Funktionen von Vimentin haben weitreichende Auswirkungen 

auf Entzündungen, Wundheilung, Zellphysiologie und Immunreaktion. Innerhalb der Zelle 

erstreckt sich das Vimentin-Netzwerk vom Zellkern bis zur Peripherie der Zelle. Unter 

bestimmten Umständen wie Aktivierung, Stress und Seneszenz gelangt Vimentin jedoch auch 

in die extrazelluläre Umgebung. Der Einfluss dieses Vimentins auf die allgemeinen 

Zellfunktionen und seine Eigenschaften ist jedoch nicht gut untersucht. Diese Arbeit zeigt, 

dass die extrazelluläre Zugabe von Vimentin die Proliferation, Adhäsion und Migration in 

Krebszellen (MCF-7), die den insulinähnlichen Wachstumsfaktor 1 (IGF1-R) 

überexprimieren, deutlich erhöht. Interessanterweise schützte das extrazelluläre Vimentin bei 

einer SARS-CoV-2-Infektion vor der Inkubation mit der SARS-CoV-2-

Rezeptorbindungsdomäne die Integrität der Krebszellen (MCF-7) in der Monolage. Weitere 

Untersuchungen zu den Eigenschaften von extrazellulärem Vimentin ergaben, dass Vimentin 

von der Rückseite aktivierter Makrophagen in Form kleiner Fragmente abgesondert wird, was 

die Phagozytose und Migration aktivierter Makrophagen fördert. Insgesamt zeigen diese 

Arbeiten neue Erkenntnisse über die Vimentin-Sekretion und ihre Auswirkungen auf die 

zelluläre Funktionalität.  
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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]. 

 

 

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 µm in length [3, 4]. Actin filaments can either form actin 

bundles or actin networks depending on the circumstances regulated by actin-binding 

proteins.  

 

Figure 2: Actin filament assembly  

Actin filaments have a wide range of functions related to the cellular shape and motile 

processes[5, 6]:  

• It provides a structural framework for the cells and forms a link between cell 

components and their surroundings. 

• It promotes cell migration by force generation. 

• It facilitates intracellular transport.  

 

1.1.2 Microtubules 

 

Microtubules are stiff, hollow cylindrical filaments made of alpha (α) and beta (β) tubulin 

heterodimers [7]. These heterodimers of α/β-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 μm in length [8]. 

 

Figure 3: Microtubule structure 

Microtubules have four significant functions[9]: 

• To maintain the overall polarity of the cell. 

• To form mitotic spindle and ensure proper organisation of chromosomes during cell 

division. 

• To provide a structural framework to facilitate movement in cilia and flagella. 
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• 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]. 

• Type I and II: Acidic and basic keratins  

• Type III: Desmin, glial fibrillary acidic protein and vimentin, 

• Type IV: Neurofilament proteins  

• Type V: Nuclear lamins  

Despite the heterogeneity, the intermediate filament proteins possess a  similar structural 

organisation. They have an α-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].  

 

 

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 III 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).  

 

 

 

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-ß1 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 α (TNF-α, 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 naïve T cells into Th1 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]. 
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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 VWF 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 CD133− 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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• 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 InIF [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].  

 

• 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].  

 

• 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 ACE2 has a significant role as per various 

findings, further investigations using Vero E6 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. 

 

 



18 

 

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].  

 

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 

• To study the influence of extracellular vimentin on general cellular functions in 

cancerous and non-cancerous cells. 

 

• To investigate the influence of extracellular vimentin on cell monolayer permeability 

changes induced by SARS-CoV-2 Receptor Binding Domain. 

Part 2 

 

• To study the characteristics of extracellular vimentin  
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3 FINDINGS OF THE THESIS 
 

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

publications: 

 

• Thalla, D.G.; Jung, P.; Bischoff, M.; Lautenschläger, 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. 

 

• Thalla, D.G, Rajwar AC, Laurent AM, Becher JE, Kainka L and Lautenschläger 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 I 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). 

 

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 

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. 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) Illustration 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 μm 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. 

 

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 µm, 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 µm2/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 (µm2) 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 

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 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). 

 

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. 

 

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 

1 h (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 

MCF-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-α. Interestingly, TNF-α 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-α 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-

α–activated macrophages compared to the non-activated macrophages. During TNF-α 

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-α–activated macrophages.  

 

Figure 13. Polarised expression of extracellular vimentin on the surface of TNF-α–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-α 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 µm. (C) 

Quantification of the proportion of macrophages expressing extracellular cell-surface vimentin in a 

polarised manner over the 6 days of TNF-α 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-α–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-α 

activation (Fig. 14B).  

 

Figure 14. Visualisation of surface vimentin on macrophages patterned on one-dimensional lines. (A) 

Representative three-dimensional projections of a TNF-α–activated macrophage (red, surface 

vimentin: green, cell membrane), demonstrated using IMARIS. Scale bar, 7 µm. (B) Illustration of the 

vimentin secretion sites (red) for the differentiated and TNF-α–activated macrophages using patterned 

lines. Yellow, nucleus; green, cell membrane. (C) Representative differentiated and TNF-α–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 m. 

 

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-α–activated macrophages. In contrast, prior to TNF-α 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-α–activated macrophages (Fig. 15A). In order 

to confirm the small fragments are on the outside of the cell, images of differentiated and 

TNF-α–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).  

 

Figure 15. Visualisation of surface vimentin on macrophages differentiated from GFP-vimentin HL60. 

(A) Maximum intensity projection and orthogonal views of differentiated and TNF-α–activated 

macrophage (red, membrane; green, surface vimentin; blue, nucleus), acquired with confocal 

microscopy. Scale bar, 10 µm. (B) Scanning electron microscopy images of vimentin secretion sites 

for the differentiated and TNF-α–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 10μm. 

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 2μm. 
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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-α–activated macrophages that contained secreted vimentin 

is expected to have some residual TNF-α, 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-α–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-α–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-α–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-α–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-α–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-

α–activated macrophages without and with addition of the anti-cell-surface vimentin antibody (CSV). 

(C) Visualisation of fluorescent beads (green) phagocytosed by a TNF-α–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-α–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. 

 

• Thalla, D.G.; Jung, P.; Bischoff, M.; Lautenschläger, 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 

 

• Thalla, D.G, Rajwar AC, Laurent AM, Becher JE, Kainka L and Lautenschläger 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. 

https://doi.org/10.3390/ijms22147469
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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 GlcNAc-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). 

 

 

Figure17. 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-
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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-α–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-α–

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-α–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-α–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). 

 

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-α–activated macrophages in terms of enhanced phagocytic activity. Interestingly, in a 

recent study it was shown that extracellular addition of vimentin lead to TNF- α 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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