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‘Io sono tra quelli che pensano che la scienza abbia 

una grande bellezza. Uno scienziato nel suo 

laboratorio non è solo un tecnico: è anche un 

bambino posto di fronte a fenomeni naturali che lo 

impressionano come un racconto di fiabe’ 

‘Niente nella vita va temuto, dev'essere solamente 

compreso. Ora è tempo di comprendere di più, così 

possiamo temere di meno’ 

Marie Curie 
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ABSTRACT 
 

The main focus of this doctoral thesis is the analysis of the response of mesothelial 

cells (MCs) to viral infections. As a cellular model we used first primary MCs from 

patients undergoing peritoneal dialysis (PD). In mammals, the recognition of 

pathogen infection occurs trough pathogen recognition receptors (PRRs), and 

among them, Toll-like receptor (TLR) family plays an important role. TLR3 is one of 

the TLRs associated to the recognition of viral infection and its role in MC plasticity 

has not been fully clarified yet. 

Here, we first analysed the TLRs pattern expression in primary MCs from dialyzed 

patients. We found that they express a specific subset composed by TRL1, TLR2, 

TLR3 and TLR5. We then, characterized the effects of TLR3 stimulation with 

Poly(I:C). We observed changes in MC cellular plasticity indicating the occurrence 

of bona fide mesothelial to mesenchymal transition (MMT), characterized by the 

acquisition of a spindle-like morphology, loss of epithelial markers and induction 

of mesenchymal markers, including the EMT master gene Snail. Moreover, Poly(I:C) 

stimulation promoted the induction of a pro-inflammatory response as shown by 

secretion of inflammatory cytokines and chemokines such as IL-1β, TNFα, IL-6, 

CXCL8 and CXCL10. 

Epigenetic reprogramming is a potentially relevant mechanism governing these 

changes in MC cell plasticity. Here, we analysed the impact of histone deacetylase 

(HDAC) inhibition using MS-275, an HDAC1/2 pharmacological inhibitor.  

Quantitative mass spectrometry analysis revealed several pathways altered by MS-

275 treatment, including mesenchymal genes, actin cytoskeleton, extracellular 

matrix, and type-I interferon response regulation. Results obtained by proteomic 

analysis were then validated by Western blot analysis. Thus, we confirmed the role 

of MS-275 in promoting the expression of epithelial markers and in the 

downregulation of the IFNβ-driven response in Poly(I:C) stimulated MCs, which was 

linked to STAT1 tyrosine phosphorylation.   

To directly analyse the effects of viral infections on MCs, we then evaluated the 

response of a pleura mesothelial cell line, MeT5A cells, to SARS-CoV-2 infection. 

First, we found that MCs express the specific receptors/coreceptors ACE2, 

TMPRSS2, NRP1 and ADAM17. Moreover, MeT5A were found responsive to SARS-

CoV-2 infection. MeT5A cells reacted to viral stimulation through a specific 

cytokine expression profile characterized by the predominance of an anti-

inflammatory over a pro-inflammatory phenotype.  

Next, we evaluated the role of HDAC1/2 inhibition in SARS-CoV-2 infection. 

Treatment with MS-275 favoured SARS-CoV-2 infection and productive replication 

in MeT5A cells. We provided two different mechanisms by which HDAC1/2 

inhibition can cause viral spreading in MCs. We found that MS-275 treatment both 

induced ACE2 and TMPPRSS2 expression and impaired interferon type-I response 

to SARS-CoV-2 infection.  

Mechanistically, treatment with MS-275 increased the H3 histone acetylation at 

ACE2 and TMPRSS2 promoter regions. 

Last, to find direct evidence of COVID-19 infection in mesothelium, we analysed 4 

pleural autoptic samples of COVID-19 patients comparing them with 4 non COVID-
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19 -infected patients. Immunohistochemical analysis of samples from COVID-19 

patients demonstrated a specific alteration of pleura characterized by disruption of 

the MC monolayer and invasion of the sub-mesothelial stroma by spindle-like MCs, 

but not evidence of direct MC infection by SARS-CoV-2. 

Overall, in this study we provided a characterization of changes in MC plasticity 
upon exposure to virus-related stimuli. Moreover, our data raise a concern on the 
use of class I HDACs pharmacological inhibitors such as MS-275 and derivatives 
in immunocompromised patients since they can potentiate SARS-CoV-2 infectivity. 
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INTRODUCTION 

1. The peritoneal membrane 

Peritoneum is a serosal membrane that forms the lining of the abdominal cavity 

(1, 6, 7). Peritoneum is generally less than 1 mm thick with a coverage surface area 

of 1-2 m2 in adults. Peritoneum originates during the gastrulation process from 

mesoderm (8-10),  and it is the largest of the three serosal cavities of the human 

body (peritoneum, pleura and pericardium) (11-13). 

Peritoneum is composed of two different layers: parietal and visceral layer. Parietal 

peritoneum lines the internal surface of abdominal wall, while visceral peritoneum 

invaginates to cover the majority of the abdominal viscera. The two layers form a 

virtual space called peritoneal cavity, visible on cross section imaging when filled 

with abnormal fluid or gas (4). (Fig1) 

The peritoneal cavity is filled by 50-100 ml volume of interstitial fluid in adults. 

This peritoneum fluid has lubrification properties and facilitates peristaltic 

movements. 

The peritoneal fluid has a pH of 7.5–8.0 and is composed by water, solutes, 

electrolytes, proteins, antimicrobial peptides and antibodies (7-11, 13). The cellular 

fraction is composed mainly of recirculating leukocytes and detached mesothelial 

cells (see below). 

 
 

 

 

Figure 1 Sagittal computed tomography peritoneogram with contrast medium 
correlated with schematic diagram resuming the peritoneal cavity. C, colon; S, 
stomach; L, liver. Adapter from R. R. Patel & Planche (4). 
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1.1 Cellular components: mesothelial cells and other cellular 

components 

The peritoneal membrane is composed by a continuous monolayer of mesothelial 

cells (MCs), placed upon a basal lamina, that lines a submesothelial zone composed 

by connective tissue (13, 14). The submesothelial region, also called submesothelial 

compact zone is formed by bundles of Collagen fibers and other extracellular matrix 

(ECM) proteins with few fibroblasts, mast cells, macrophages, vessels and a dense 

network of capillaries (5, 6). (Fig 2) 

The whole mesothelium is formed by ~ 1 x 109 of flattened MCs, with around 25 

µm in diameter.  

MCs originate from mesoderm during the gastrulation, and their differentiation is 

controlled by the transcription factor Wilms Tumor1(WT1), which is commonly 

used for lineage tracing experiments (15-17). Despite their mesodermal origin, MCs 

have a cobblestone-like morphology and actually coexpress in basal conditions 

epithelial and mesenchymal markers (3, 18, 19). 

MCs express tight and adherent junction-related molecules such as ZO-1, 

Occludin, Claudins and E-cadherin, which is expressed both in plasma membrane 

and in cytoplasm (20). Moreover, these cells express epithelial intermediate 

filament proteins such as Cytokeratins (8–18) that play an important role in 

maintaining cellular structural integrity. At the same time, MCs constitutively 

express also mesenchymal intermediate filaments such as Vimentin and Desmin 

(3, 21, 22). MCs have a system of vesicles and vacuoles used for micropinocytosis, 

but also multivesicular bodies and large vacuoles can be found (10, 22). MCs apical 

surface is covered with microvilli and sporadic cilia; physiological and pathological 

condition can change number and shape of microvilli (22-24). MCs secrete various 

molecules forming a film named Glycocalyx, composed of Lipoproteins, 

Phospholipids (such as Phosphatidylcholine) and Glycosaminoglycans, 

predominantly Hyaluronan (HA) (25), that can combine with proteins 

(Proteoglycans) and with lipids (Glycolipids). Glycocalyx production facilitate the 

movements between the visceral and parietal layers (6). Moreover, production of 

cytokines and chemokines by MCs regulate tissue homeostasis as well as leukocyte 

trafficking and immune responses (1, 26). 
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Figure 2 Schematic illustration of normal peritoneum vs dialyzed peritoneum. Right image shows 
a normal peritoneun without fibrosis, angiogenesis or MMT (3D image). Left image shows a PD 
peritoneum with MCs exposed to PD fluids. Both glucose (GDPs and AGEs) from Aguilera et al (27)  

 

The structural integrity of mesothelium depends on cell-cell and cell-ECM 

interactions (10, 11, 14, 22, 24). 

Tight and adherent junctions, as well as gap junctions and desmosomes allow MCs 

to directly communicate to each other, while interaction and communication 

between cell and ECM depends on focal adhesion and hemidesmosome formation. 

(Fig3) 

Proteins that compose tight junctions are transmembrane proteins (Occludin, 

Claudins, Tricellulin and Junctional Adhesion Molecules (JAM)); cytoplasmatic 

proteins Zonula Occludens 1/3 (ZO-1/3), that bind Actin cytoskeleton (28-31). 

Tight junctions have a role in polarity maintenance and mediate water, ions and 

solute diffusion through peritoneum (22, 31, 32). 

Adherens junctions are composed of the Nectin-Afadin complex and the classical 

E-Cadherin-Catenin complex (33). E-cadherin is a transmembrane protein; in 

extracellular space it interacts with other Cadherins, while in the intracellular 

space it binds p120-catenin, β-catenin and α-catenin, linking them Actin 

cytoskeleton (30, 34-36). 

Adherens junctions have a role in cells contacts formation and maintenance, 

intracellular signals transfer, transcriptional regulation and cytoskeleton 

organization (33, 35, 36). 

Gap junctions have a channel shape. They are composed by transmembrane 

proteins, which connect the cytoplasm of two adjacent MCs and allow the diffusion 

of molecules and ions (37). 
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Desmosomes form a “patch” between the lateral MC membranes on opposite cells 

and bind intermediate filaments to the plasma membrane (30). 

Focal Adhesions are multiprotein structures that form the link between 

intracellular actin cytoskeleton and the ECM. Focal adhesion principal components 

are αβ Integrin heterodimers which is a superfamily of cell adhesion receptors that 

recognize ECM and cell-surface ligands (38, 39) (see below). Integrins can be 

activated from the extracellular space by multivalent ligands, such as ECM 

components and cells surface specific ligands (outside-in signaling) or from cytosol 

by the regulated binding of proteins to the cytoplasmic tails (inside-out 

signaling)(40). In either case. their activation triggers focal adhesion formation 

by aggregation and recruiting the structural proteins, such as Talin, Vinculin, α-

Actinin and Zyxin, which link other focal adhesion proteins and actin cytoskeleton. 

This process regulates actin cytoskeleton polymerization and stress fibers 

formation (41, 42).  

 

 

 

Figure 3 Schematic representation of the principal cell-cell 
junctions (Tight junction, Adherens junctions, Desmosoms, 
and Gap junctions). Adapted from Shilova et al (2). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vinculin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alpha-actinin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alpha-actinin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/zyxin
https://www.sciencedirect.com/topics/immunology-and-microbiology/focal-adhesion
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1.2 Functions of the peritoneum  

 

1.2.1 Water and solute transport 
The transport of solutes and water between the plasma contained in the peritoneal 

capillaries and the fluid in the peritoneal cavity faces three different barriers: a) the 

capillary endothelium, b) the peritoneal interstitial space, and c) the mesothelium.  

a) The capillary wall appears to be the major resistance site, limiting solute and 

water exchange. The capillarity endothelium can be functionally described by a 

three-pore model: i) large pores determine the crossing of macromolecules 

(proteins and immunoglobulins); ii) small pores are crossed by half of the 

removed water and by low molecular weight solutes (urea and creatinine); iii) 

ultrasmall pores, corresponding to aquaporin-1 (AQP1), allow the water 

transport (5, 43).  

b) The interstitium constitutes the peritoneal barrier and can modify the transport 

of solutes. 

c) The mesothelium operates as a semipermeable membrane involved in the fluid, 

particulates, solutes and cell transport through the serosal cavities via 

pinocytic vesicles, intracellular junctions and stomata (cavities at the junction 

between MC) (10, 22, 44). The luminal surface of MCs is covered by an elevate 

number of microvilli that increases the surface area for the solutes transport 

and absorption (22, 24). Furthermore, the glycocalyx can bind fluids, mediating 

adsorption (22)(Fig 4). 

Figure 4 (a) Cross-section of the human parietal 
peritoneum stained for the von Willebrand factor (vWf). m, 
mesothelium; bar, 100 mm. (b) Structure of the peritoneal 
membrane and the three-pore model.  A˚, angstrom (1010 
m); r, functional radius. Adapted from Morelle et al (5) 
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1.2.2 Peritoneal Dialysis (PD)  
Dialysis is a process allowing to remove from the blood excess of fluid, solutes, 

toxins, wastes and end-products of nitrogen metabolism (urea, creatinine, uric 

acid) and to replace bicarbonate deficit, when kidneys lose their capacity to perform 

these activities (45). Dialysis is mediated by the passing of different molecules in 

solution through of a semipermeable membrane along an electrochemical 

concentration gradient (46). Dialysis treatments are used in end-stage renal 

disease (ESRD) patients as renal replacement therapies (RRT) and consist in 

hemodialysis (HD) and peritoneal dialysis (PD). 

During Hemodialysis, blood flows in a extracorporeal circuit across a 

semipermeable synthetic membrane that remove small solute, toxins and water 

(47).  

During PD the peritoneum is used as a semipermeable membrane to transfer extra 

fluids and waste products from the blood to the dialysate (5). PD is preceded by the 

implantation of a permanent plastic catheter on the abdominal cavity of the patient. 

The dialysis solution (PD solution composition will be discussed below) is contained 

in a plastic bag. It can be transferred through catheter into abdomen. Importantly, 

PD patients can perform their daily activities when the process is ongoing. After 

several hours (according to patient-specific protocols), the patient can remove the 

filled solution with excess fluid and dispose it. The patient can restart all the steps 

with a bag containing fresh dialysate (exchange). The dwell time corresponds to the 

interval between two subsequent exchanges (48) (Fig 5).  

 

 

 

Figure 5 Peritoneal dialysis medical illustration procedure. Adapted from 
(https://www.dreamstime.com/) 
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Overall, PD treatment is simpler and cheaper than HD, but with comparable 

efficacy. PD patients can perform their treatment at home through two different 

regimens: continuous ambulatory peritoneal dialysis (CAPD),  consisting in three 

or four daily exchange of 30/40 minutes with a dwell time of 4/6 hours during the 

day e 8/10 hours during the night (48); or automated peritoneal dialysis (APD), 

consisting in the infusion and drainage of PD solution 3/5 times during the night 

while patient sleeps (48, 49). 

However, the PD practice may have several disadvantages and complications: 1) 

daily treatments; 2) fatigue; 3) infection of skin around catheter exit site; 4) 

peritonitis; 5) hemoperitoneum; 6) hernias; 7) loss of amino acids and albumin and 

high absorption of glucose, leading to hypertriglyceridemia or weight gain; 8) a 

gradual thickening and scarring of the peritoneum (5, 48-50). 

1.2.3 Immunity and inflammation  
MCs play a pivotal role in the development of serosal inflammation during 

infections because they synthesize mediators of inflammation such as 

prostaglandins and prostacyclin, cytokines and chemokines, intracellular adhesion 

molecules, growth factors, nitric oxide (NO), reactive nitrogen, oxygen species, anti-

oxidant enzymes, ECM proteins, and products of coagulation cascade (10, 21, 22, 

24, 26). Invading microorganisms induce the first phase of peritoneal inflammation, 

activating resident macrophages and MCs. 

Infection with Gram positive bacteria such as Staphylococcal spp. or with cell-free 

components such as LPS or zymosan, mimicking Gram negative or fungal infection, 

respectively, promotes a first wave of polymorphonuclear neutrophils recruited by 

chemoattractants of bacterial origin and by chemokines such as CXCL1 and 

CXCL8 produced mainly by MCs and omental fibroblasts. Neutrophils can use high 

endothelial venules present in FALCs to enter the peritoneal cavity under the 

guidance of CXCL1  (51). Neutrophil influx causes an initial inflammatory response 

due to the accumulation of neutrophil-secreted proteases and reactive oxygen 

species. Once they entered the peritoneum, neutrophils undergo NETosis, which 

consists in the release of necrotic cell DNA forming a net of aggregated neutrophils 

able to trap and sequester microorganisms in FALCs, thus limiting their spreading  

(52). 

Peritoneal macrophages and mast cells may recognize a bacterial infection 

producing vasoactive substances (e.g. prostaglandins and histamine) that induce 

a vasodilatation with an increase of peritoneal blood vessels permeability and an 

increment of synthesis of fibrin, complement, opsonins, immunoglobulins, and 

clotting factors. Peritoneal macrophages are also involved in the release of a series 

of inflammatory mediators, in particular IFN-1-γ, TGFβ1, IL-1β, and TNFα, which 

stimulate the inflammatory cascade promoting chemokine secretion, chemotaxis 

and leukocyte recruitment (24). The cross-talk between macrophages and MCs 

plays a role in the amplification of the inflammatory response through production 

of pro-inflammatory cytokines (53, 54). TNFα, IFN-1-γ and IL-1β, produced by 

peritoneal macrophages, may activate MCs that in turn release numerous 

cytokines and chemokines: monocyte chemotactic protein-1 (MCP-1/CCL2), 

RANTES/CCL5 (55), IL-8/CXCL8 (55-58), IL-6 (55, 57), macrophage colony-
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stimulating factor (M-CSF), granulocyte-CSF (G-CSF) (59), IL-1α, and IL-1β (53, 55, 

59). MCs also express adhesion molecules such as intercellular adhesion molecule-

1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1) and  N-cadherin, 

Integrins such as α1-, α2- and α4-β1 Integrins facilitating leukocyte recruitment 

(26, 60). The cytokines and chemokines induced by MCs may bypass the 

submesothelial interstitium to activate resident macrophages, fibroblasts, 

endothelial cells lining the capillaries, and to amplify leukocyte recruitment from 

the bloodstream facilitating their transmigration across the mesothelium  (53, 54, 

61-63).  

 

 1.2.4 Defensive barrier and Adhesiveness  

MCs secrete a film of fluid, called glycocalyx, which covers the MC surface; it 

protects the cells from abrasions and invasive organisms, facilitates cell-cell 

contacts, tissue hydration and remodelling. The glycocalyx is composed of 

lipoproteins, phospholipids (as phosphatidylcholine) and glycosaminoglycans, 

predominantly hyaluronan (HA) (25), that can combine with proteins 

(proteoglycans) and with lipids (glycolipids) (24, 44). Phosphatidylcholine is the 

principal component of lamella bodies and cellular surfactant and plays a role as 

a lubricant between surfaces (10, 22, 64). HA forms the hyaluronan-dependent 

pericellular matrix “coats” around microvilli (65, 66) to facilitate cell protection, 

mediate cell differentiation, and hamper the formation of adhesions(67). The 

production of HA increases during peritoneal damage (68). Peritoneum provides a 

hurdle against foreign microorganisms and damage and creates a non-adhesive 

slippery interface to facilitate the movements of abdominal organs. Intrabdominal 

adhesions are a complication that frequently occurs with peritoneal surgery due 

to the unavoidable disruption of this fragile mesothelial layer (69).  

 

2. Mesothelial to mesenchymal transition (MMT) of 
MCs and peritoneal fibrosis 

Epithelial to mesenchymal transition (EMT) is a dedifferentiation process 

implicated in many physio-pathologic processes. During EMT, epithelial cells lose 

their interaction with adjacent cells mediated by cell-cell junctions, their apical-

basal polarity and their function as a permeability barrier, while they acquire 

mesenchymal features, such as front-rear polarity, invasiveness, migratory 

capacity, resistance to apoptosis, increased release of ECM molecules, and 

reorganization of cytoskeleton and cell shape. All these changes are accompanied 

by a down-regulation of epithelial genes and an up-regulation of mesenchymal 

genes (30, 70, 71).  

EMT can be found under physiological and pathological conditions in diverse 

common biologic events, and it is in fact a main mechanism of cellular plasticity 

(24). EMT may classified in three major types:  
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1. Type 1 EMT occurs during the implantation, the embryonic 

gastrulation, the embryo formation, and the organ development; this type of 

EMT is associated with different rounds of EMT and MET.  

2. Type 2 EMT is typically activated during inflammation, wound 

healing, tissue regeneration, and organ fibrosis. This type of EMT can be 

present as long as the inflammation persists, causing, in the worst situation, 

irreversible alterations of affected organ. 

3. Type 3 EMT is present in cancer cells and it is a main mechanism of 

cell invasion and metastasis (30, 70, 71).  

 

MCs originate from mesoderm and their origin explains why unlike ‘true’ epithelial 

cells, MCs coexpress both epithelial and mesenchymal markers in basal conditions. 

In particular, like an epithelial cell, they express Cytokeratin 8-18 and proteins of 

tight and adherens junctions, while, like a mesenchymal cell, they express 

constitutively the intermediate filaments Vimentin and Desmin (7). Because of its 

specificity, the EMT of MCs is generally described as a  “mesothelial to 

mesenchymal transition” (MMT) (3). 

MMT has a complex reprogramming in gene expression profile characterized by a 

series of sequential steps. The first event is the destabilization of intracellular 

junctions. In the tight junctions, a down-regulation of Claudins and Occludin 

expression, and a delocalization of ZO-1, are observed. Instead, the dissolution of 

adherens junctions is caused by a down-regulation of E-cadherin expression, 

associated with a concomitant increase of N-cadherin; this phenomenon is called 

“Cadherin switch” and leads to changes in cell adhesion and motility of the cells 

since E-cadherin mediates homotypic static adhesion, whereas N-cadherin may 

promote cell migration. The integrity of gap junctions and desmosomes also is lost 

in MMT. In addition, cells lose microvilli. Next, cells lose their apical-basal cell 

polarity, which is replaced by a front-back polarity, due to the reorganization of 

cortical actin cytoskeleton. In parallel, MCs acquire mesenchymal markers such as 

alpha-smooth muscle actin (α-SMA), PAI-1, and Fibroblast Specific Protein (FSP1) 

expression. Interestingly, the expression of WT1, the main MCs differentiation 

factor, is down-regulated (17), while Snail is induced (see below). Altogether these 

changes facilitate the increment of mobility. Finally, cells increase the expression 

of ECM molecules, such as FN-1 and Collagen, and of Matrix Metalloproteinases 

MMP2 and MMP9, involved in the degradation of membrane basement (3, 7, 21, 

30). (Fig 6) 

The transcription factors Snail, Twist and Zinc-finger E-box binding (ZEB) are the 

master regulators of MMT progression, and they downregulate the expression of 

epithelial markers while inducing mesenchymal markers.  

Snail is the main transcriptional repressor of E-cadherin and it binds the promoter 

region of E-cadherin through E-box sequences (24). In addition, Snail down-

regulates other epithelial markers such as Claudins, Occludin, Desmoplakin, 

Plakophilin, Mucin Muc-1 and Cytokeratin-18.  

Differently from ‘true’ epithelial cells, such as hepatocytes of mammary epithelium,  

transdifferentiated MCs tend to maintain their “mesenchymal” state, even once the 

pro-fibrotic stimuli have been removed (7). 
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2.1 MMT driving stimuli 

2.1.1 Transforming growth factor β1 (TGF-β1)  
TGFβ1 is the main member of the TGFβ superfamily of cytokines. TGFβ1 is secreted 

by different cell types and is involved in a myriad of functions. With respect to the 

processes analysed in this study, it is implicated in Collagen deposition, wound 

healing processes, neoangiogenesis and maintenance of fibrosis (72), TGF𝛽1, as 

well as TGF𝛽 family members, activates signalling pathways, divided in Smad-

dependent and Smad-independent. (Fig 7) Smadn comprise a familu of structurally 

similar proteins that are the main signal transducers for receptors of the TGF𝛽. 

There are three distinct sub-types of Smads: receptor-regulated Smads (R-Smads), 

common partner Smads (Co-Smads), and inhibitory Smads (I-Smads). The R-

Smads consist of Smad1, Smad2, Smad3, Smad5 and Smad8/9 and are involved 

in direct signaling from the TGF-B receptor (73). 

TGFβ binds TGFβ receptor type II (TGFβRII) which promotes the recruitment of 

TGFβ receptor type I (TGFβRI). Dimerization of TGFβRI with TGFβRII results in 

TGFβRI transphosphorylation and activation. The activated TGFβRI, or activin 

receptor-like kinase 5 (ALK5), induces the phosphorylation and, consequently, the 

activation of the receptor-regulated Smads, R-Smads (Smad2 and Smad3). Smad2 

Figure 6 Schematic representation of the crucial events during MMT. MCs lose their epithelial-
like features, including disruption of cell-cell junction, dissolution of microvilli and lose of 
apical-basal polarity; at the same time, MCs acquire mesenchymal characteristics such as 
front-back polarity, migration and invasion capacity. Adapted from Loper-Cabrera et al. (3) 

about:blank
about:blank
about:blank


18 
 

and Smad3 trimerize with a co-mediator Smad, co-Smad (Smad4), and all together 

translocate to the nucleus to activate target gene transcription. In contrast, the 

type I receptor for BMP7 (ALK3), another cytokine of the TGFβ superfamily 

phosphorylates Smad1, Smad5 and Smad8; they also form heterodimers with 

Smad4 and the constituted heterocomplexes translocate to the nucleus where they 

bind DNA, activating genes involved in EMT reversal. There is also an important 

family of inhibitory Smads (I-Smad), comprising Smad6 and Smad7. They diverge 

structurally from other Smads. Inhibitory Smads limit the activation of the 

receptor-triggered Smads by targeting the receptors for degradation. In particular 

Smad6 blocks BMP7-regulated Smad signalling and Smad7 blocks TGF𝛽1-

regulated Smad signalling. The inhibitory Smads interfere with the 

phosphorylation of the Smads, binding type I receptors, and prevent the formation 

and the traslocation of heteromeric Smad complexes (3, 7, 74-77). (Fig 7)  

The balance between BMP7- and TGFβ1-mediated functions is critical in the 

control of MMT. BMP7 expression may counteract the MMT related changes in 

peritoneum. Loureiro et al. demonstrated the inhibition of mesenchymal 

conversion of MCs and the prevention of peritoneal damage by treatment with 

BMP7 (78). Besides BMP7, also treatment with Hepatocyte Growth Factor (HGF) 

may prevent MMT, activating the Smad transcriptional co-repressor SnoN, which 

interacts with Smad2 forming an inactive complex (7, 79). (Fig 7) 

TGFβRII and/or TGFβRI also mediate the activation of other important pathways 
independently of Smads, Mitogen activated protein kinases (MAPKs), Rac and Rho 
GTPases and Phosphatidyl inositol 3 kinase (PI3Kinase)/Akt pathways. The non-
Smad pathways integrate Smad signaling to regulate EMT response (3, 7, 76).  
The family of serine/threonine MAPKs is composed by four subfamilies: 

Extracellular-regulated kinases (ERKs, i.e. ERK1 and ERK2), c-Jun N-terminal 

kinases (JNKs, i.e. JNK1, JNK2, and JNK3), p38 MAPK, and ERK5. Mitogenic 

stimuli activate ERK1/2, environmental and genotoxic stresses induce JNK and 

p38, whilst both types of signals activate ERK5 (80, 81). These subfamilies are 

involved in multiple actions, including cell differentiation, division, movement, and 

death (81).  

The activation of ERK1/ERK2 pathway, in response to TGFβ, starts with 

phosphorylation of Shc by TGFβRI and Shc association with Grb2/Sos. 

Shc/Grb2/Sos complex induces the activation of a sequential phosphorylation of 

a series kinase:, Raf, MEK1/2 and, finally, ERK1/2. 

The activation of MEK1/2/ERK1/2 plays a crucial role in TGFβ-induced EMT, 

causing the down-regulation of E-cadherin and the up-regulation of a variety of 

mesenchymal genes (e.g. MMPs, Snail and N-cadherin), the induction of actin 

stress fibers and the acquisition of motile and invasive properties (76, 81). In 

mesenchymal-like MCs, the inhibition of MEK1/2/ERK1/2 pathway, using 

pharmacological inhibitors, blocks TGFβ-induced MMT, leading a rescue of 

epithelial features with an up-regulation of E-cadherin and Cytokeratins and a 

down-regulation of Snail expression (82). 

MEK/ERK1/2 pathway is also involved in the regulation of TGFβ-induced Smad 

signaling. ERK1/2 can phosphorylate R-Smads in their linker region, inhibiting 

their nuclear translocation and reducing their activities. Recently, it has been 
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observed that phosphorylation of the linker region of nuclear localized Smads by 

ERK1/2 causes an increase duration of Smad2 and 3 phosphorylation at C-

terminus and an increment of the duration of Smad target gene transcription (83). 

Strippoli and collaborators demonstrated that in MCs Smad3 activity in luciferase 

assay and C-terminus Smad3 phosphorylation are reduced by MEK1/2/ERK1/2 

inhibition; at the same time, Smad1/5 activity and C-terminus Smad1/5 

phosphorylation are increased (84). 

TGFβ may also activate p38 MAP kinase and JNK MAP kinase (known as Stress 

Activated Protein, SAP) via TAK1 activation; they show activities during 

inflammation and in cell proliferation, survival, differentiation and migration (80). 

(Fig 7) 

p38 MAPK may promote EMT during development and cancer, regulating 

cytoskeleton reorganization and α-SMA synthesis (76, 81). However, other studies 

have been suggested a role for p38α as a tumor suppressor, showing an anti-

proliferative functions, a negative regulation of cell cycle progression and an 

induction of apoptosis (80). In quiescent MCs, p38 is constitutively active, and its 

activity increase when MCs are at confluence. p38 promotes E-cadherin expression 

in MCs by down-regulating TAK1–NF-kB pathway. JNK MAP kinase is important 

for TGFβ-induced MMT; thus, its inhibition leads to maintain E-cadherin 

expression and to hamper the MMT onset (85).  

The serine-threonine kinase TAK1, also called Mitogen-activated protein kinase 

kinase kinase 7 (MAP3K7), is a cross point between MAPK and NF-kB pathways. 

TAK1 shows a critical role during EMT, it is not surprising that its inhibition blocks 

and reverse MMT in PD patients (86). Also, NF-kB inhibition leads to Snail 

repression and E-cadherin restoration in MCs (82).  

Rho-like GTPases, comprised of the Rho, Rac and Cdc42 subfamilies of proteins, 

have a key role in the cytoskeleton organization, cell migration and gene regulation. 

TGFβ-activated Rho-A pathway induces stress fiber formation, EMT and 

mesenchymal features. RhoA inhibition blocks TGFβ-mediated EMT (76, 87). 

Finally, TGFβ also activates PI3 kinase, leading to phosphorylation of serine 473 

of Akt kinase (pAkt) and its activation. PI3 kinase pathway has a variety of 

functions including cell survival, cell size control, proliferation and cell migration. 

pAkt may complete its roles by activating mTOR complex 1 (mTORC1) and mTORC2 

(76, 86). (Fig 7)  

PI3 kinase/Akt are involved in EMT induction. In fact, treatment with rapamycin, 

an inhibitor of mTOR, decreases α-SMA expression and blocks the transition 

response associated with TGFβ in Smad3-deficient mice (88). 
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2.1.2 Mechanical stretch  
Accumulating evidence demonstrated that biomechanical forces orchestrate 

complex cellular functions determining cell plasticity and cell fate, and are involved 

in many physio/pathological responses.  

It has been demonstrated that changes in the stiffness of the extracellular matrix 

(ECM) surrounding a tissue and related mechanical forces in addition to soluble 

factors modify several cellular responses, including EMT and fibrosis (89). Tissue 

stiffness expresses the resistance to deformation in response to an applied force. 

Changes in matrix stiffness induce mechanosensing and mechanotransduction 

signalling pathways, converting external mechanical stimuli into biochemical 

signals (89, 90). In order to study in vitro the impact of different stiffness conditions 

in cell plasticity, techniques allowing cells to live in soft or stiff matrices have been 

developed (91). Alterations of ECM stiffness are also associated with tumor onset, 

progression and metastasis, stimulating angiogenesis, cell proliferation, migration 

and invasion (92, 93). 

In addition to ECM stiffness, changes in cell plasticity may be generated by other 

biomechanical forces: fluid flow (including shear stress), hydrostatic/osmotic 

pressure, and mechanical stretch (90). These forces are physiologically active in 

tissues subjected to cyclic movements, such as respiratory and abdominal 

movements or cyclic blood circulation pulse wave (94-96). MCs upon exposure to 

mechanical stretch in vitro increase the expression of VEGF and of TGF-β1 (97). 

Figure 7 Type I and type II receptor activation involves SMAD-dependent and 
SMAD-independent signalling route, the balance between BMP7 and TGFβ1 is 
critical in the control of MMT. Adapted from (https://www.apexbt.com) 
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Linear cyclic stretch in vitro leads to several cellular modifications corresponding 

to bona fide MMT induction in MCs (98). 

During PD therapy, large PD solution volumes (2L) are injected in the abdominal 

cavity, increasing tension and mechanical stress by swelling the abdominal space. 

(Fig 8) 

Besides PD-related events, mechanical forces have a relevance in post-surgery 

adherence (PAs) formation. Also, hypoxia and coagulation, peritoneal membrane 

traumas after abdominal laparotomies and surgery may induce PA formation.(99, 

100). 

The response to biomechanical forces, is mediated firstly by Integrins, the main 

adhesion receptors to the extracellular matrix proteins (ECM) acting with other 

molecules present at the level of plasma membrane, such as mechanosensitive ion 

channels (96) and mechanotransducers such as Caveolins and Cavins (101). These 

mechanoreceptor proteins mediate the conversion of external mechanical stimuli 

into biochemical signals, mechanical cues are transduced to the cytoplasm where 

they determine a general gene expression reprogramming associated to  

cytoskeletal remodeling (Actin stress fiber formation) and acquisition of an 

elongated mesenchymal-like morphology, (96). Interestingly, mechanical tension 

plays a role in the activation of TGFβ1 (102). Among pathways linking mechanical 

forces to gene expression, YAP/TAZ activation is dependent on both mechanical 

forces and soluble factors. The transcriptional coactivator YAP (Yes-associated 

protein) and its paralogs TAZ are effectors of the Hippo pathway. When Hippo 

pathway is inactive, YAP and TAZ translocate into the nucleus, where they regulate 

gene transcription. Since YAP/TAZ lack a sequence for direct interaction with DNA, 

their transcriptional activity is mediated by interactions of YAP/TAZ with TEAD 

transcription factors. Recently we demonstrated that exposure of peritoneal MCs 

to cyclic mechanical stretch in sufficient to promotes the activation of signaling 

pathways leading to increased TGF-β1 expression and induction of a MMT 

program. Exposure to mechanical stretch led to nuclear translocation of YAP/TAZ 

that cooperates with TGF-β1 signaling promoting the expression of genes involved 

in MMT. Interestingyl, YAP/TAZ also promote the expression of CAV1, which limits 

MMT, inducing a negative feedback loop (98). YAP/TAZ are involved in a multitude 

of activities: cell proliferation, growth of organs and their size control, 

differentiation, tissue-specific progenitor cells amplification, regeneration of tissues 

and organs; they identified cell shape, polarity and structure. YAP/TAZ play an 

important role during cancer progression and metastasis and during EMT (103, 

104). 

 

2.1.3 Inflammation 
Peritonitis is a main cause of fibrosis induction in peritoneum and one of the most 

serious complications of PD (105). Peritoneal membrane and intestine contiguity 

may allow microorganisms to leak into the peritoneal cavity and to infect 

peritoneum. Medical typical practices of PD patients such as catheter positioning 

and dwelling, as well as abdominal surgery can facilitate the progression of 

infection state in peritoneum. 

Peritonitis are often driven from skin gram-positive bacteria, and less frequently 

from enteric flora gram negative bacteria (106). Compared to bacteria, there are 
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limited reports on the role of viruses. In 20% of the cases the cultures from 

peritonitis result negative, and in these cases it is possible to hypothesize a viral 

peritonitis (107).  

Innate pattern recognition receptors (PRRs) on peritoneum include Toll-like 

receptors (TLRs), RIG-I-like receptors, NOD-like receptors, and C-type lectin 

receptors. PRRs recognize pathogens through the interaction with pathogen-

associated molecular patterns (PAMPs) molecules conserved among microbial 

species, and damage-associated molecular patterns (DAMPs) endogenous 

molecules released from damaged cells (108). PRRs activation triggers a signaling 

cascade that leads to elimination of pathogens and infected cells (109) TLRs have 

a main role in immune response. In particular, human MCs show a high expression 

of TLR1, 2, 3 ,4, 5 and 6, while TLR7-10 are less expressed(110, 111). Each of them 

recognizes different molecular patterns of microorganisms and self-components. 

(Fig 8) (See below). 

 

2.1.4 Peritoneal Dialysis Solutions  
There is a need in PD solutions to use molecules with osmotic activity that allow 

ultrafiltration of solutes. The main molecule used in this case is glucose. Commonly 

used glucose-based solutions have a non-physiological composition: they may 

contain high concentrations of Glucose, Glucose Degradation Products (GDPs), 

Advanced Glycation End-products (AGEs), Lactate. The may have high osmolality 

and low pH (112, 113). Each of these elements can influence the peritoneal integrity 

and dialysis efficacy and are associated with the release of inflammatory cytokines. 

(Fig 8) 

High glucose solutions induce a proinflammatory and profibrotic reaction. High 

levels of glucose stimulate: a reduction in cell proliferation; a decrease in the 

intercellular junctional proteins levels, inducing a hyperpermeability; a mesothelial 

denudation; an increase of VEGF levels, with microvascular proliferation and 

neoangiogenesis; a rise of TGFβ production, with submesothelial fibrosis induction; 

an acceleration in tissue inhibitor of metalloproteinases (TIMP) release, causing a 

loss of balance in matrix metabolism and an accumulation of Collagen and FN-1 

(7, 112-116). 
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Glucose degradation products (GDPs), such as Formaldehyde, Acetaldehyde, 

Glyoxal, Methylglyoxal (MGO), 2-furaldehyde, 5-hydroxymethylfurfurale, 3-

deoxyglucosone and 3,4-dideoxyglucosone-3-ene, are released during the heat-

sterilization under acidic pH and storage of PD fluid (112, 113, 116-118). GDPs 

play a cytotoxic effect on MCs (118) and all together stimulate a decrease in cell 

proliferation, in viability and in the synthesis of IL-6, mediated by IL-1β, and an 

increase in the production of TGFβ and Collagen (113, 117, 119). MGO, in 

particular, induces MCs and endothelial cells to synthetize VEGF, contributing to 

vascular proliferation (116, 120). Glucose and reactive carbonyl compounds can 

form Advanced Glycation End-products (AGEs), binding to free amino groups on 

proteins or lipids (116, 118). The accumulation of AGEs correlates with the 

duration of PD and with the events of peritonitis, decreases ultrafiltration capacity 

and gives at the peritoneum more permeability. This last effect is amplified in 

diabetic patients (116, 121).  AGEs stimulate the release of ECM molecules and 

VEGF (7, 24). Moreover, the presence of high Glucose in dialysis fluid amplifies the 

Receptor for AGE (RAGE) expression in the submesothelial fibrotic tissue, in the 

mesothelium and in the blood vessel walls (115, 116). 

Finally, Lactate, being a product of glucose metabolism, causes fibrotic changes, 

leading to an increment of the microvascular flow and the perfused capillary length 

per area of PM (112, 116, 122). 

Figure 8 Main extracellular stimuli promoting peritoneal fibrosis and subsequent mesothelial 
cell response. Adapted from Terri et al (1) 
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These negative effects have stimulated the research of new “biocompatible” dialysis 

solutions. In substitution of Glucose, different components are already in use or 

new components are presently tested. Current targets are the the reduction of GDP 

levels and the use of buffer with neutral pH.  

To date, icodextrin and amino acids are the two main options to replace Glucose. 

Icodextrin is a poly-glucose molecule, slowly absorbed by peritoneal cavity, 

combined in a solution with Lactate, in conditions of low pH and low levels of GDPs. 

This solution improves ultrafiltration and maintain MCs structure. Amino acids 

solutions, combined with Lactate, eliminate GDPs and preserve MCs function (113, 

123). In addition, another group of Glucose-based solutions with low GDPs, Lactate 

and/or Bicarbonate is presently in use. The osmotic agent and the buffers are 

enclosed in two separate bags to decrease degradation of Glucose and production 

of GDPs. This shrewdness allows to maintain neutral pH which reduces the levels 

of AGE and IL-6; in addition, a reduced damage of MCs and a slower decline of 

residual renal function are obtained  (123, 124). 

Overall, the new “biocompatible” solutions are less harmful and show some 

common improvements: maintenance of cell viability, preservation of residual renal 

function and peritoneal function, reduction of AGE and vasculopathy (113, 123, 

124). However, the ‘perfectly biocompatible’ solution has still not been developed 

and research is active so far in this field. 

 

2.2 MMT: effects and consequences  
 

2.2.1 Fibrosis  
MCs constitute a first defense against membrane damage operated by the various 

insults described in the previous section. The correct balance between denudation 

and regeneration of mesothelium is important for the maintenance of peritoneum 

homeostasis. This equilibrium can be disturbed by long-term PD or by repeated 

episodes of peritonitis (24). (Fig 9) 

 Peritoneum during PD is continuously and directly exposed to bioincompatible 

solutions causing membrane damage. In addition, peritoneal membrane suffers 

mechanical stress related to dwelling practice, episodes of catheter complication 

(i.e. peritonitis and hemoperitoneum), and chronic inflammation caused by 

bacterial and fungal infections. The consequences are deposition of collagen in the 

submesothelial compact zone, fibrosis, angiogenesis, vasculopathy, hyalinization 

of the blood vessels, and MMT of MCs. (3, 7, 114, 125, 126). 
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Peritoneal fibrosis is a progressive thickening of the submesothelial region 

induced by chronic inflammation and is a common consequence of PD. Its signs 

are found in 50% to 80% of patients within one or two years of PD practice (7, 110, 

127).Peritoneal fibrosis represents an important cause of PD discontinuation, 

together with peritonitis and cardiac complication. PD is also a risk factor for the 

onset of encapsulating peritoneal sclerosis (EPS), the most serious complication 

of PD, with potentially fatal manifestation (3, 7). EPS is a syndrome characterized 

by loss of ultrafiltration function, anorexia, weight loss, diarrhea, intestinal 

obstruction, inflammation, peritoneal thickening, fibrin deposition, sclerosis, 

calcification and encapsulation (3, 7, 128-130). However, peritoneum during PD 

practice often presents only limited complications and many patients develop a 

simple peritoneal sclerosis (SPS), characterized by thickening of the peritoneum, 

calcification, presence of inflammatory elements, angiogenesis and dilatation of 

blood and lymphatic vessels in the absence of systemic disease (131). 

 

2.2.2 Extracellular matrix deposition  
Peritoneal fibrosis is the end result of chronic inflammatory reactions and it is 

characterized by an excessive deposition of ECM, predominantly type I Collagen 

and FN-1 but also Laminin, Elastin, Proteoglycans. The excessive deposition of 

ECM disrupts the normal architecture of the peritoneum and results in increased 

thickening and mesothelium dysfunction. TGF-β1, inflammatory cytokines and 

other fibrotic stimuli modulate the expression of Collagen and FN-1 (132). In 

response to fibrotic stimuli, resident peritoneal fibroblast become activated, 

Figure 9 Schematic representation of changes in the peritoneal membrane during PD therapy. 
Adapted from M Lopez-Cabrera (3) 
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exhibiting a myofibroblast-like phenotype. Activated fibroblasts are primarily 

responsible for the excessive synthesis and deposition of ECM in submesothelial 

compact zone (3). Fibroblasts are also generated from mesothelial cells through 

MMT. In addition, endothelial-myofibroblast transition (EndoMT) has been 

implicated in fibrogenesis (133, 134). 

Fibronectin (FN-1) is ubiquitously expressed in the ECM produced by a variety of 

cell types. FN-1 consists of two subunits with each one having an approximate size 

of 250 kDa that are covalently connected.  FN-1 matrix is produced at the time of 

dynamic tissue remodeling (135-137) and its functional form in vivo is in fibrillar 

state. (138, 139). The fibril formation process is called fibrillogenesis. A variety of 

cellular processes are characterized by the production of FN-1 matrix fibers, 

including MMT and tumor progression. TGFβ treatment increases FN-1 matrix 

assembly (140). FN-1 binds to cells primarily to Integrin receptors, particularly 

α4β1 and α5β1 integrins (141). Integrins recognize two different binding-sites on 

FN-1: RGD domain and CS1 segment. FN-1/Integrin interaction is a key regulatory 

point for mechanosensing and cell adhesion (142-144). Many Integrins are involved 

in fibrillogenesis including α5β1 αvβ1, αvβ3, however, α5β1, is most efficient in 

mediating FN-1 matrix assembly (145, 146) Regarding to FN-1 turnover, at least 

two mechanisms exist for the degradation and removal of proteins from the ECM: 

extracellular proteolysis (147-149) and endocytosis followed by intracellular 

degradation (150-152). Several studies demonstrate that endocytosis in a major 

mechanism that regulates turnover of ECM FN-1 (152, 153). Shi and colleagues 

showed that extracellular cleavage of FN-1 by MT1-MMP is necessary for efficient 

endocytosis, this process is functionally dependent on β1 Integrin, and it is 

inhibited by treatment with blocking antibodies against β1 Integrin (153, 154). 

MT1-MMPs also activate MMP2 that provide FN-1 cleavage (155). 

Collagens are the most abundant fibrous protein within the interstitial ECMs. 

Collagen is synthesized and secreted in the ECMs mainly by fibroblasts. By exerting 

tension on the matrix, fibroblasts organize Collagen fibrils into sheets and cables 

markedly influencing the alignment of collagen fibers (156). Collagen superfamily 

is comprised of twenty-eight different collagen types. Type I collagen is the 

archetypal collagen showing widespread and abundant expression among tissues. 

It forms heterotrimeric triple helices, which are self-assembled into fibrils. Collagen 

biosynthesis and structure are markedly modified during ECM remodeling by MCs 

having undergone MMT (18, 21, 157). TGFβ directly upregulates Collagen 1a1 

expression levels via SMAD2/3 activation (158). Type I collagen in mesothelium 

has been related to interaction with α2β1 integrin in context of ovarian carcinoma, 

indicating a function on multiple levels to promote metastatic dissemination of 

ovarian carcinoma cells (159). ECM stiffening, induced by increased collagen 

deposition and cross-linking, disrupts tissue morphogenesis and contributes to 

fibrosis. Collagen scaffolds provide signals to cells affecting various cellular 

functions including cell migration, adhesion, angiogenesis, tissue development and 

repair (156, 160). 

Laminins are large heterotrimeric cross-shaped glycoproteins, Laminin molecules 

interact with each other as well as with other ECM components and resident cells 
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participating in the organization of ECMs and cell adhesion. Laminin expression is  

up-regulated in wounded epithelium providing the substrate for the epithelial cells 

to adhere and move in order to cover the wounded area and therefore to re-establish 

the intact epithelium (161). Laminins are induced during fibrosis progression, and 

they are also implicated in angiogenesis.  

Metalloproteinases (MMPs) are a family of multidomain zinc-dependent 

endopeptidases implicated in ECM degradation and remodelling (162, 163).  Based 

on substrate specificity MMPs can be divided in: Collagenases, gelatinases, 

stromelysins, metrilysins, membrane-type MMPs, and other MMPs. 

Collagenases (MMP-1, -8, -13) cleave some ECM proteins and other soluble 

proteins, but the most important role of this type of MMPs is the cleavage of fibrillar 

collagen. (162, 164). 

Gelatinases (MMP-2 and -9) play an important role in many physiological 

processes, such as ECM degradation and remodeling, osteogenesis and wound 

healing (165). Gelatinases degrade gelatin (166, 167), collagen (164), elastin (168), 

proteoglycan core proteins (166, 169), FN-1 (168), Laminin (166), fibrillin-1, and 

TNFα and IL-1β precursor (165). The activity of gelatinases is crucial for metastatic 

cell output and metastasis site entry (170). 

Stromelysins (MMP-3, -10 -11) have the same domain arrangement as 

collagenases, but do not cleave interstitial collagen  (162). 

Matrilysins (MMP-7 and -26) Besides ECM components, it processes cell surface 

molecules such as pro-a-defensin, Fas-ligand, protumor necrosis factor a, and E-

cadherin. (166). 

Membrane-type metalloproteinases (MT-MMP) can be subdivided into: type I 

transmembrane proteins (MMPs-14, -15, -16, and -24) and 

glycosylphosphatidylinositol anchored proteins (MMPs-17 and -25). MT-MMPs are 

activated intracellularly and the active enzymes are expressed on the cell surface, 

All MT-MMPs can activate proMMP-2  (164, 166, 169), MMMP-14 has collagenolytic 

activity on collagens.  

Under normal conditions, the activity of MMPs is very low and is strongly regulated 

by natural tissue inhibitors (TIMPs). In the presence of specific stimuli, such as 

inflammatory/profibrotic cytokines (such as TGFβ), MMPs can be upregulated. 

Chronic activation of MMPs, due to an imbalance between the activity of MMPs and 

TIMPs, can result in excessive ECM degradation. MMPs and TMIPs are expressed 

in mesothelial cells and can be modulated by viral infection (171),(172)).  

 

3. Toll-Like Receptors  

The innate immune system acts trough germline-encoded patter-recognition 

receptors (PRRs) for the initial detection of microbial organisms. PRRs recognize 

microbe-specific molecular signatures also known as pathogen-associated 

molecular patterns (PAMPs) as well as self-derived molecules originated form 

damaged cells known as damage associated molecules patterns (DAMPs). PRRs 

activate downstream signalling pathways that lead to the induction of innate 

immune responses by producing inflammatory cytokines, type I interferon (IFN), 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fas-ligand
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and other mediators. These processes not only trigger immediate host defensive 

responses such as inflammation, but also prime and orchestrate antigen-specific 

adaptive immune responses (173). These responses are essential for the clearance 

of infecting microbes as well as crucial for the consequent instruction of antigen-

specific adaptive immune responses. 

Mammals have several distinct classes of PRRs including Toll-like receptors (TLRs), 

RIG-I-like receptors (RLRs), Nodlike receptors (NLRs), AIM2-like receptors (ALRs), 

C-type lectin receptors (CLRs), and intracellular DNA sensors such as cGAS  (174), 

(175). Among these, TLRs play a critical role in innate immune responses by 

specifically recognizing molecular patterns from a wide range of microorganisms, 

including bacteria, fungi and viruses. TLRs are responsible for sensing invading 

pathogens outside of the cell and in intracellular endosomes and lysosomes (109). 

The TLR family is composed by 10 members (TLR1–TLR10) in human and 12 

(TLR1–TLR9, TLR11–TLR13) in mouse. TLRs are localized at the the cell surface or 

in intracellular compartments such as the ER, endosomes, lysosomes, or 

endolysosomes. They recognize distinct or overlapping PAMPs such as lipids, 

lipoproteins, proteins, and nucleic acids. Each TLR is composed of an ectodomain 

with leucine-rich repeats (LRRs) that mediate PAMPs recognition, a 

transmembrane domain, and a cytoplasmic Toll/IL-1 receptor (TIR) domain that 

initiates downstream signaling. The ectodomain displays a horseshoe-like 

structure. TLRs interact with their respective PAMPs or DAMPs as a homo- or 

heterodimer along with a co-receptor or accessory molecule (176). Upon PAMPs and 

DAMPs recognition, TLRs recruit TIR domain-containing adaptor proteins such as 

MyD88 and TRIF, which initiate signal transduction pathways that culminate in 

the activation of NF-κB, IRFs, or MAP kinases to regulate the expression of 

cytokines, chemokines, and type I IFNs that ultimately protect the host from 

microbial infection. Recent studies have revealed that proper cellular localization 

of TLRs is important in the regulation of the signalling pathways elicited, and that 

cell type-specific signaling downstream of TLRs determines specific innate immune 

responses.  

3.1 PAMP recognition by TLRs 
TLRs are expressed in innate immune cells such as dendritic cells (DCs) and 

macrophages as well as non-immune cells such as fibroblast cells and epithelial 

cells. TLRs are largely classified into two subfamilies based on their localization, 

cell surface TLRs and intracellular TLRs. Cell surface TLRs include TLR1, TLR2, 

TLR4, TLR5, TLR6, and TLR10, whereas intracellular TLRs are localized in the 

endosome and include TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 (177), 

(178). Cell surface TLRs mainly recognize microbial membrane components such 

as lipids, lipoproteins, and proteins. TLR4 recognizes bacterial lipopolysaccharide 

(LPS). TLR2 along with TLR1 or TLR6 recognizes a wide variety of PAMPs including 

lipoproteins, peptidoglycans, lipotechoic acids, zymosan, mannan, and tGPI-mucin 

(177). TLR5 recognizes bacterial flagellin (178). TLR10 is pseudogene in mouse due 

to an insertion of a stop codon, but human TLR10 collaborates with TLR2 to 

recognize ligands from listeria (179). TLR10 can also sense influenza A virus 

infection (180). Intracellular TLRs recognize nucleic acids derived from bacteria and 

viruses, and also recognize self-nucleic acids in disease conditions such as 
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autoimmunity (181). TLR3 recognizes viral double-stranded RNA (dsRNA), small 

interfering RNAs, and selfRNAs derived from damaged cells (182), (183),(184). TLR7 

is predominantly expressed in plasmacytoid DCs (pDCs) and recognizes single 

stranded (ss)RNA from viruses. It also recognizes RNA from streptococcus B 

bacteria in conventional DCs (cDCs) (185). Human TLR8 responds to viral and 

bacterial RNA (186). Structural analysis revealed that unstimulated human TLR8 

exists as a preformed dimer, and although the Z-loop between LRR14 and LRR15 

is cleaved, the N- and C-terminal halves remain associated with each other and 

participate in ligand recognition and dimerization. Ligand binding induces 

reorganization of the dimer to bring the two C termini into close proximity (187). 

TLR13 recognizes bacterial 23S rRNA (188),(189), (190) and unknown components 

of vesicular stomatitis virus (191). TLR9 recognizes bacterial and viral DNA that is 

rich in unmethylated CpG-DNA motifs; it also recognizes hemozoin, an insoluble 

crystalline byproduct generated by Plasmodium falciparum during the process of 

detoxification after host hemoglobin is digested (192). TLR11 is localized in the 

endolysosome and recognizes flagellin (193) or an unknown proteinaceous 

component of uropathogenic Escherichia coli (UPEC) as well as a profilin-like 

molecule derived from Toxoplasma gondii (194). TLR12 is predominantly expressed 

in myeloid cells and is highly similar to TLR11 and recognizes profilin from T. gondii 

(195). TLR12 functions either as a homodimer or a heterodimer with TLR11 

(196),(197). 

3.2 TLR signaling  
After TLR engagement, MyD88 forms a complex with IRAK kinase family members, 

referred to as the Myddosome (198). During Myddosome formation, IRAK4 activates 

IRAK1, which is then autophosphorylated at several sites (199) and released from 

MyD88 (200). IRAK1 associates with the RING-domain E3 ubiquitin ligase TRAF6. 

TRAF6, along with ubiquitin-conjugating enzyme UBC13 and UEV1A, promotes 

K63-linked polyubiquitination of both TRAF6 itself and the TAK1 protein kinase 

complex. TAK1 is a member of the MAPKKK family and forms a complex with the 

regulatory subunits TAB1, TAB2, and TAB3, which interact with polyubiquitin 

chains generated by TRAF6 to drive TAK1 activation (201) Although the 

mechanisms of TAK1 activation within this complex remain unclear, K63-linked 

ubiquitination or close proximity-dependent transphosphorylation may be 

responsible for TAK1 activation. TAK1 then activates two different pathways that 

lead to activation of the IKK complex-NF-κB pathway and -MAPK pathway. The IKK 

complex is composed of the catalytic subunits IKKα and IKKβ and the regulatory 

subunit NEMO (also called IKKγ). TAK1 binds to the IKK complex through ubiquitin 

chains, which allows it to phosphorylate and activate IKKβ. The IKK complex 

phosphorylates the NF-κB inhibitory protein IκBα, which undergoes proteasome 

degradation, allowing NF-κB to translocate into the nucleus to induce 

proinflammatory gene expression. TAK1 activation also results in activation of 

MAPK family members such as ERK1/2, p38 and JNK, which mediates activation 

of AP-1 family transcription factors or stabilization of mRNA to regulate 

inflammatory responses (202). TAK1 deficiency in mouse embryonic fibroblast cells 

(MEFs) reduces phosphorylation of IKKs, p38, and JNK after LPS stimulation. 

However, TLR4-mediated IKK, p38, and JNK activation and cytokine induction are 

increased in neutrophils derived from TAK1-deficient mice, suggesting a cell type-
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specific role for TAK1 in TLR signaling (203). Furthermore, the physiological roles 

of TAB proteins in TLR signaling also remain controversial: TAB1- or TAB2-deficient 

mice do not show any abnormality in TLR signaling pathways (204), and mice 

doubly deficient for TAB2 and TAB3 also exhibit normal cytokine production after 

TLR simulation in MEFs and macrophages (205). TAB family proteins may therefore 

compensate for each other in TLR signaling. TLR2 and TLR4 ligations in 

macrophages increase the production of mitochondrial ROS for bactericidal action 

and recruit mitochondria to phagosomes (206). TRAF6 is translocated to 

mitochondria following bacterial infection, where it interacts with ECSIT. TRAF6 

promotes ECSIT ubiquitination, resulting in increased mitochondrial and cellular 

ROS generation. 

TRIF interacts with TRAF6 and TRAF3. TRAF6 recruits the kinase RIP-1, which in 

turn interacts with and activates the TAK1 complex, leading to activation of NF-κB 

and MAPKs and induction of inflammatory cytokines (Fig 10). In contrast, TRAF3 

recruits the IKK-related kinases TBK1 and IKKi along with NEMO for IRF3 

phosphorylation. Subsequently, IRF3 forms a dimer and translocates into the 

nucleus from the cytoplasm, where it induces the expression of type I IFN genes. 

The Pellino family E3 ubiquitin ligases are implicated in TLR signaling (207). 

Pellino-1-deficient mice display impaired TRIF-dependent NF-κB activation and 

cytokine production (208). Pellino-1 is phosphorylated by TBK1/IKKi and thereby 

facilitates ubiquitination of RIP-1, suggesting that Pellino-1 mediates TRIF-

dependent NF-κB activation by recruiting RIP-1. Furthermore, Pellino-1 regulates 

IRF3 activation by binding to DEAF-1, a transcription factor that facilitates binding 

of IRF3 to the IFNβ promoter (207). Recently, IRF3 activation was demonstrated to 

be regulated by an inositol lipid, PtdIns5P. PtdIns5P binds to both IRF3 and TBK1, 

and thus facilitates complex formation between TBK1 and IRF3. The accessibility 

of TBK1 to IRF3 mediated by PtdIns5P likely causes IRF3 phosphorylation in a 

closely proximal manner. Furthermore, PIKfyve was identified as a kinase 

responsible for production of PtdIns5P during virus infection (209). 

In addition to IRF3 and IRF7, several other IRFs participate in TLR signaling. IRF1 

interacts with MyD88 and contributes to TLR9- mediated cytokine production in 

the presence of IFNγ (210), while IRF5 is involved in the MyD88-dependent 

signaling pathway for inducing inflammatory cytokine production (211). IRF8 was 

proposed to be essential for TLR9-MyD88-dependent activation of NF-κB in pDCs 

(212). However, a subsequent analysis of IRF8- deficient mice demonstrated that 

IRF8 is involved in the second phase of type I IFN response after treatment of DCs 

with TLR agonists (213). 
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3.3 Mechanisms of inflammatory response 
Recent studies have shown that the modulation of TLR2 and TLR4 activity through 

specific antibodies or soluble Toll-like receptor 2 (sTLR2), a TLR2 inhibitor, is able 

to cause a substantial reduction of inflammatory parameters to inhibit. A set of 

TLRs, comprising TLR3, TLR7, TLR8, and TLR9, act in the intracellular space in 

order to recognize nucleic acids derived from viruses and bacteria, as well as 

endogenous nucleic acids in pathogenic contexts (109). These TLRs respond by 

activating the production of type I IFNs and pro-inflammatory cytokines (Fig10). 

Viral stimuli are recognized by the intracellular TLR3, which is functionally 

expressed in MCs (214).  

 

While for several exogenous TLRs the signaling pathway depends on MyD88, 

known as the inductor of the early phase response in MØs, TLR3, specifically, acts 

thought TRIF that plays an essential role in inducing a NF-kB mediated fibrosis 

and a late phase immune response activation (215),(216). In human MCs, TLR3 is 

also involved in the regulation of the final common pathway of inflammation and 

fibrosis acting on matrix-remodeling proteins. In particular, TLR3 is correlated in 

time- and dose-dependent upregulation of MMP9 and TIMP1 (171). In addition to 

Figure 10 Schematic representation of TLRs activation of signalling cascade leading to type I 
interferon production and signalling. Adapted from (https://www.invivogen.com/review-type1-ifn-
production). 
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PAMPs, TLR mediated response can be stimulated by endogenous TLR molecules, 

inducing sterile inflammatory processes (217),(218). Many endogenous TLRs derive 

from ECM components, such as fibronectin or fibrinogen or ECM interacting 

proteins such as tenascin-C (219),(220). Proteins with various functions may serve 

as endogenous TLRs such as cardiac myosin, S100 proteins, 

HGBM1(221),(222),(223),(224).  

While the last protein may interact with several TLRs, the majority of these ligands 

are direct agonists of TLR2 and TLR4 (225). Interestingly, exposure to PD fluids 

promotes the expression of Hsp60, Hsp70 and hyaluronic acid (HA), all TLR2 and 

TLR4 ligands, by leukocytes and MCs, thus driving an inflammatory response in 

the absence of infectious stimuli (126).  

Recent studies by Labéta et al focused on the ability of reducing inflammation and 

fibrosis induced by bacterial components through the use of a soluble form of TLR2 

acting as a decoy, sTLR2. When administered together with the repeated peritoneal 

injection of S. epidermidis in mice, sTLR2, was found to prevent fibrosis 

development (110). This effect was accompanied by a substantial reduction of 

inflammatory parameters, including the peritoneal levels of a number of pro-

inflammatory cytokines and chemokines, polymorphonuclear neutrophils (PMN) 

and monocytes at the peak time of their influx to the peritoneum as well as the 

prototypical pro-fibrotic cytokine TGF-β. Thus, peritoneal fibrosis resulting from 

repeated peritoneal bacterial infections like those associated with PD can be 

inhibited by sTLR2 by acting on a variety of pro-inflammatory and fibrotic 

mediators, but notably, without affecting infection clearance (111). Of note, the 

development of peritoneal fibrosis by long exposure to peritoneal dialysis solution 

can also be prevented by administering sTLR2, which inhibits pro-inflammatory 

and fibrotic mediator production and controls the expansion of inflammatory cells 

(111). 

4. The role of epigenetics  

The definition of epigenetics has undergone numerous changes during the past 

50 years (226). The term ‘epigenetics’ was coined by Conrad Waddington in the 

1940s to explain ‘‘the branch of biology which studies the causal interactions 

between genes and their products which bring the phenotype into being’’ (227, 

228). Considering the following discoveries, especially in genetics, over the years 

the definition of epigenetics has evolved (229). The currently accepted definition for 

epigenetic trait was formulated in 2008: “stably heritable phenotype resulting from 

changes in a chromosome without alterations in the DNA sequence”. This definition 

also considers “the heritability of a phenotype, passed on through either mitosis or 

meiosis” (230). Through the use of molecular biology techniques, it was 

demonstrated that, despite the fact that all the somatic cells in each organism 

share the same genetic information, differences in patterns of gene expression 

among diverse cell types may be inherited, either in the progeny of cells or of 

organisms.   

The understanding of DNA organization is crucial to analyse the different epigenetic 

modifications. DNA is wrapped around histone octamers (composed of one H3–

H4 tetramer and two separate H2A–H2B dimers) to form nucleosomes that are the 
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basic repeating units of chromatin. The nucleosomes are connected through the 

linker DNA, associated with linker histone H1 (229, 231). The DNA presents in 

living cells can be distinguished in: i)  heterochromatin, a closely packed form of 

DNA, corresponded to low gene density and a transcriptionally inactive region; ii)  

euchromatin, a poorly packed form of DNA, enriched in  transcriptionally active 

regions (231). The organization of DNA in both euchromatin and heterochromatin 

is regulated by specific epigenetic mechanisms of chromatin remodeling such as, 

DNA methylation and histone modifications (Fig 11). Epigenetic regulators are 

grouped together into three sets: epigenetic writers lay on DNA and histones the 

epigenetic marks, epigenetic erasers remove the epigenetic marks and epigenetic 

readers recognize the epigenetic marks (232). Besides covalent modifications of 

DNA or DNA-related proteins, epigenetic changes are mediated also by a wide array 

of non-coding RNAs. Among non-coding RNAs, small RNAs, including microRNAs 

(miRNAs), and long noncoding RNAs (lncRNAs) have been identified some years 

ago. Their discovery unveiled a new layer of regulation of gene expression. Due to 

the fact that the analysis of the impact of non-coding RNAs were not object of this 

doctoral thesis, this topic is not dealt in the introduction section. 

Epigenetic changes are main determinants of EMT induction and may explain 

many features of cellular plasticity such as the persistence of the EMT phenotype 

and the reversibility of the EMT process (231, 233). As explained in previous 

paragraphs, during EMT onset, different transcription factors (i.e. TWIST, SNAIL, 

ZEB) are induced to repress  epithelial gene expression (233). In addition, several 

epigenetic modifiers modulate the activity of these transcriptional factors (231, 234, 

235). While the majority of discoveries about the relationships between EMT and 

epigenetic mechanisms were obtained in tumour experimental systems, a relatively 

limited number of studies focused on non-transformed cells. To this regard, 

information obtained in tumours is extremely useful but cannot directly translated 

to other EMT systems.  
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4.1 Chromatin remodelling  
ATP-dependent chromatin remodeling enzymes are tightly conserved among 

different organisms. These enzymes use the energy of ATP hydrolysis to perform 

several activities: to mobilize nucleosomes along DNA, to remove histones or 

replace them with histone variants, changing the DNA accessibility and thus 

regulating gene expression and DNA replication. ATP-dependent chromatin 

remodeling complexes include: the SWI/SNF (switching defective/sucrose non-

fermenting) family, the ISWI (imitation SWI) family, the NuRD (nucleosome 

remodeling and deacetylation)/Mi-2/CHD (chromodomain, helicase, DNA binding) 

family and the INO80 (inositol requiring 80) family (Fig 11) (231, 236). 

Figure 11 Schematic illustration of the principal epigenetic mechanisms. The 
short arrows represent targets of the enzymes, while the long arrows indicate the 
results of the enzyme activities. DNA methyltransferase (DNMT) induces the 
methylation of cytosine resid residues and induces gene silencing. Histone 
acetylase (HAT) activates the transcription, adding acetyl groups to histones, 
while Histone Deacetylase (HDAC) remove these acetyl groups. ATP-dependent 
chromatin remodeling enzymes, such as SWI/SNF, can mobilize nucleosomes 
along DNA, and change DNA accessibility. Adapted from 
(https://www.mycancergenome.org). 
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They play an important role during EMT; for example, the interaction between 

ZEB1 and SWI/SNF chromatin-remodeling protein BRG1 was demonstrated to be 

causal to repress E-cadherin promoter during tumor progression (237).  

4.2 DNA methylation  
DNA methylation is a common covalent epigenetic modification in mammals, 

generally associated with gene silencing (231, 233). DNA methylation occurs 

commonly at the 5-position of cytosine (5mC) and typically in CpG (--C--phosphate-

-G--) dinucleotides; in fact, about the 70–80% of CpGs are methylated (229, 231). 

DNA methylation is mediated by a group of specific enzymes, known as DNA 

methyltransferases (DNMTs), composed by different members: i) DNMT1, 

implicated in the maintenance of DNA methylation patterns during cell replication; 

ii) DNMT3, in particular 3A and 3B, responsible for de novo DNA methylation 

mostly during embryogenesis. Another member belongs to the DNMT3 family, 

DNMT3-like non-enzymatic regulatory factor DNMT3L, binds unmethylated lysine 

4 (Lys 4) of histone H3 (229, 231, 235, 238). (Fig 11) 

RASAL1 encodes an inhibitor of Ras oncoprotein, and its hypermethylation 

mediated by DNMT1 and consequent genetic silencing, is associated with fibroblast 

activation and renal fibrosis (239). During EMT, changes of DNA methylation can 

be regulated by TGFβ in both breast and ovarian cancer. In epithelial ovarian 

cancer (EOC), TGFβ can modulate the expression and activity of DNMTs, inducing 

global changes in DNA methyloma and specific changes of DNA methylation of 

target genes (e.g. E-cadherin and COL1α1 promoter) (Cardenas et al., 2014).  

Studies on the role of DNA methylation in non-tumoral EMT and fibrosis in 

peritoneum and other organs are scarce. Kim and colleagues studied the effects of 

the demethylating agent 5-azacytidine in non-uremic model of rat in which it was 

induced EPS. 5-azacytidine stimulated a reduction of the pathological effects of 

EPS on peritoneum and a decrease of TGFβ, α-SMA, Col1 and fsp-1. A reduction 

of DNMT1 expression and RASAL1 hypermethylation was linked with all these 

improvements (240). EMT reversal may be achieved through the regulation of DNA 

methylation by pharmacological inhibitors. To date, common DNA methylation 

inhibitors are 5-aza-2’-deoxycytidine or decitabine (5-Aza-dC) and azacitidine 

(known as 5-azacytidine) (231, 232, 235).  

 

4.3 Histone modifications 
Histone are characterized by the presence of two different domains: i) a globular 

domain, which interacts directly with DNA; ii) a N-terminal domain, which forms 

the histone tails protruding from the nucleosome. The histone tail undergoes a 

series of posttranslational modifications on specific serine (S), lysine (K), and 

arginine (R) residues. The pattern of modifications constitutes an information code 

that controls processes that mediate gene transcription; this pattern is called 

“histone code” (241). A variety of modifications has been identified: methylation, 

acetylation, sumoylation, ubiquitination and phosphorylation. The most common 

are the acetylation and methylation of lysine residues on histones 3 and 4 (H3 and 

H4). The acetylation of lysine residues is always associated with a transcriptional 
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activation, while the methylations may adopt a function of transcriptional 

repression or activation, in relation with the kind of methylated amino acid and the 

extension of methylation (monomethylation -me, dimethylation -me2, or tri-

methylation -me3).  

During EMT, all these modifications are present and they regulate the 

contemporaneous repression of epithelial genes and activation of mesenchymal 

genes (229, 231). 

4.4 Histone methylation 
The methylation of lysine residues is mediated by histone methyltransferases 

(HMTases), divided in SET domain-containing and non-SET domain-containing.  

Lysine methylation may be associated with transcriptional activation in a variety 

of cases (H3K4, H3K36, and H3K79). The methylation of arginine residues by 

protein arginine methyltransferases (PRMTs) may be associated with 

transcriptional activation only in the case of H4R3. 

DOT1L, a H3K79 HMTase, can mediate the expression of Snail and ZEB1/2 to 

promote EMT and metastasis. An increment of H3K4me3 and H3K36me3 was 

found in a TGFβ-induced EMT model (231). 

 In addition, histone de-methylation is regulated by LSD and Jumonji-domain-

containing families of histone demethylases (HDMs). LSD1 is over-expressed in 

several tumors. Snail can interact with LSD1 and recruits it on E-cadherin 

promoter, where LSD1 demethylates H3K4m2 and suppresses E-cadherin 

expression (231, 235) LSD1 can also induce demethylation of the inactive 

H3K9me3 mark, causing gene derepression (233). 

The methylations induced by histone H3K9, H4K20, H3K27, and H4R3 are often 

associated with transcriptional repression in numerous tumors. H3K27 

methylation is mediated by the PRC2/EZH2 complex, which is often upregulated 

in cancer cells. PRC2 is recruited by Snail on E-cadherin promoter, and reduces 

its expression. Histone demethylase KDM6B induces demethylation of H3K27m2/3 

during TGFβ-induced EMT. Suv39H1 is responsible of trimethylation on H3K9. 

G9a causes the mono and dimethylation of H3K9(231, 235). 

Although the vast majority of studies on histone methylation regulators have been 

performed in tumor models, some reports have analysed the effect of this pathway 

in MC EMT and fibrosis. 

EZH2 is highly expressed in peritoneum of mice during peritoneal fibrosis. 

Treatment with the EZH2 inhibitor 3-DZNeP attenuated peritoneal fibrosis and 

inhibited activation of several profibrotic signaling pathways (242).  

Maeda and collaborators demonstrated that the pharmacological inhibition of G9a, 

reducing monomethylation of H3K9, attenuates the effects of peritoneal fibrosis, 

collagen deposition, and TGFβ1 levels in a mouse model and in human MCs (243). 

Tamura and colleagues used Sinefungin, an inhibitor of SET7/9, promoted the 

suppression of TGFβ1-induced expression of fibrotic markers and accumulation of 

collagen through decreased H3K4 monomethylation (244). The authors observed 

an upregulation of both G9a and SET7/9 in nonadherent cells isolated from the 

effluent of PD patients (243, 244). The above-mentioned pharmacological inhibitors 

were demonstrated to be effective also in models of renal fibrosis (245, 246).   
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4.5 Histone acetylation 
Histone acetylation occurs on H3 and H4 histones in many euchromatic regions 

and it is generally associated with transcriptional activation. Histone acetylation 

consists in the addition of an acetyl group on lysine residues (e.g. K9 and K14 

residues of histone H3). This modification induces the neutralization of lysine 

positive charges, increasing accessibility of DNA and promoting gene transcription. 

Histone acetylation is performed by Histone Acetyl Transferases (HATs) such as 

PCAF, p300/CBP, TIP60, and hMOF. Instead, transcriptional repression is 

catalysed by Histone Deacetylases (HDACs), which remove acetyl residues. Both 

HATs and HDACs work in multi-protein complexes containing specific co-activators 

or co-repressors (231, 233, 234, 242, 247).  

Since the analysis of HAT is not object of this doctoral thesis, only HDACs will be 

treated extensively. In humans, 18 HDACs have been discovered so far. They are 

involved in a myriad of activities: gene silencing, DNA replication and DNA damage 

repair, cell cycle progression, development and differentiation. HDACs may be 

classified in four classes (Class I-IV) based on their homology to yeast proteins (241, 

248, 249).  

Class I HDACs (homology to yeast RPD3) is composed of four members: HDAC1, 

HDAC2, HDAC3 and HDAC8. They are ubiquitously expressed and have a 

constitutive nuclear localization except HDAC8, which is present also in the 

cytoplasm. All members have a deacetylase catalytic domain (241, 249) and are 

detected in multi-protein complex. HDAC1 and HDAC2 in general are present in 

repressive complexes such as the Sin3, NuRD, CoResT and PRC2 complexes. 

HDAC3 also forms complexes such as the N-CoR–smRT complex, while HDAC8 

does not appear to be bound to other proteins (250).  

Class I HDACs, in particular HDAC1 and HDAC2, play an important role during 

the induction of EMT (235). In fact, class I HDACs activity is essential to repress 

epithelial genes, markedly E-cadherin and ZO-1, and to maintain an EMT status 

in many tumor cell lines (231, 251). Recent studies have revealed that Class I and 

Class II HDACs are also associated with organ fibrosis (252, 253).  

Class II HDACs (homology to yeast HDA1) has a tissue specific-expression and a 

nuclear/cytoplasmic localization. This class is constituted by two subgroups: class 

IIa HDAC, composed by HDAC4, HDAC5, HDAC7, HDAC9 and class IIb HDAC, 

composed by HDAC6 and HDAC10 (241, 254).  

Class III HDACs (homology to yeast Sir2) is composed of Sirtuins (SIRT1/7). Their 

activity profit from nicotinamide adenine dinucleotide (NAD+) (235, 241, 250, 254). 

Class IV HDACs (no homology to yeast) contains only one member, HDAC11. It 

has the same structure of class I HDACs, but its expression is restricted to brain, 

heart, skeletal muscle, kidney and testis. It has a nuclear localization and has a 

deacetylase domain (241, 250). 

4.6 HDAC pharmacological inhibitors (HDACis) 
HDACis are a group of natural or newly synthesized compounds able to block 
HDAC activity, restoring or increasing the levels of histone acetylation. HDACis are 
a promising class of anticancer drugs. HDACis may be separated in different 
classes are (232, 241, 255): 
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1. hydroxamic acid, e.g trichostatin A (TSA), vorinostat (SAHA), belinostat 

(PXD101), and panobinostat (LBH589);  

2. cyclic tetrapeptides, e.g. trapoxin B, Apicidin;  

3. benzamides, e.g. entinostat (MS-275) and mocetinostat (MGCD0103). 

Among all these HDACis, only MS-275 will be described in detail since it has been 

used in the results section.  Entinostat (MS-275) is a synthetic benzamide specific 

for class I HDAC and it is a selective inhibitor expecially for HDAC1/2, being 

HDAC3 inhibited at higher concentration (256, 257). Treatment with MS-275 can 

provoke a variety of effects: changes in cell cycle distribution, cell apoptosis, arrest 

of cell growth, EMT reversion, block of tumour progression, angiogenesis and 

metastasis  (248, 258-262)..  In addition, MS-275 promote MMT reversal followed 

by reduction of invasive and migratory of MCs (263). It inhibits deposition of 

collagen fibrils and expression of collagen I, TGFβRI, FN-1, α-SMA (263, 264). 

 

4.7 HDACis in non-tumoral fibrosis 
The antifibrotic role HDACis has been validated in a number of in vitro and 

experimental models of non-tumoral fibrosis. 

Choi and colleagues studied the effect of class I HDACs in the human kidney 

proximal tubule epithelial cell line HK2 and in a model of renal fibrosis. They 

demonstrated that class I HDACis have more crucial role in renal fibrosis than 

class II HDACis. Moreover, they demonstrated the role of HDAC8 in the control of 

E-cadherin re-expression in renal fibrosis (265). Lei and collaborators 

demonstrated that class I HDACis TSA and MS-275 suppress TGFβ1-induced EMT 

in AML-12 hepatocytes and primary hepatocytes (266). 

In a rat liver fibrosis model induced by bile duct ligation HDACis treatment is able 

to reduce hepatic stellate cells activation, to ameliorate hepatic dysfunction and 

improve survival rate (267).  

In cardiac fibrosis, HDACis can successfully control both atrial fibrosis and 

ventricular fibrosis. Liu et al. demonstrated that treatment with TSA ameliorated 

atrial fibrosis and subsequent atrial fibrillation (AF) (268).  

Other studies have reported the therapeutic potential of HDACis in idiopathic 

pulmonary fibrosis. TSA abrogated normal human lung fibroblast (NHLF) 

differentiation into myofibroblasts whereas small interfering RNA against HDAC4 

blocked α-smooth muscle actin accumulation (269), Coward et al. demonstrated 

that epigenetic alterations of cyclooxygenase-2 expression were restored by HDAC 

inhibition, which induced resistance to pulmonary fibrogenesis (270). Thus, while 

to date several HDACis are approved by US FDA (see below) only for the treatment 

of hematological malignancies, their validation and the search for new drugs for 

the treatment of non-tumoral fibrotic diseases is a field of intense study (253). 

Only a few reports focused so far on the effect of HDACs on MC plasticity and 

peritoneal fibrosis. Tubastatin A targets HDAC6 of Class II (271) and 

suberoylanilide hydroxamic acid (SAHA) targets all classes of HDACs (272). A 

recent study conducted in our laboratory demonstrated that MS-275 promoted the 

downregulation of mesenchymal markers (MMP2, COL1α1, PAI-1, TGFβ1, TGFβRI) 

and upregulation of epithelial markers (E-cadherin, Occludin) in primary peritoneal 

MCs from PD patients. Gene expression changes were followed by reacquisition of 

an epithelial-like morphology and marked reduction of cellular invasiveness (263).  

about:blank
about:blank
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4.8 HDACis in inflammatory cytokine production and in 

the interferon response  
Although the importance of the inhibition of pro-inflammatory cytokines by 

HDACis was already demonstrated (273), their effects on inflammatory gene 

expression may vary according to the cell type and the stimulus (273).  VA has 

been shown to significantly inhibit LPS-induced production of TNFα and IL-6 by 

human monocytic leukaemia cells (274). SAHA and others HDACIs, including VA, 

were shown to reduce the production of pro-inflammatory cytokines in vivo and in 

vitro (275). Similarly, the HDACi ITF2357 reduced pro-inflammatory cytokine 

production in primary cells in vitro, and exhibited anti-inflammatory effects in vivo 

(276), while KBH-A42, another HDACi, inhibited production of proinflammatory 

cytokines in macrophages (277). All these studies point out to the importance of 

the inhibition of pro-inflammatory cytokines as TNFα in the anti-inflammatory 

effects of HDACIs. A most recent study (278) demonstrated the anti-nociceptive and 

mainly anti-inflammatory properties of VA at lower doses, making it a very 

promising drug to be used for new therapeutic indications. 

The use of histone deacetylase (HDAC) inhibitors has revealed an essential role for 

deacetylation in transcription of IFN-responsive genes. HDAC1 associates with 

both signal transducer and activator of transcription (STAT)-1 and -2, and IFN-α 

stimulation induces deacetylation of histone H4. Inhibition of HDAC1 by small 

interfering RNA (siRNA) decreases IFN-α responsiveness whereas expression of 

HDAC1 augments the IFN-α response, demonstrating that HDAC1 modulates IFN-

α-induced transcription (279). Specifically, the study demonstrates that the 

deacetylase protein HDAC1 can interact with both the STAT1 and STAT2 subunits 

of ISGF3. Importantly, the innate antiviral response is inhibited in the absence of 

deacetylase activity (279).  

 

5. SARS-CoV-2 

5.1 Coronaviruses  
Coronaviruses are a group of diverse viruses infecting many different animals. They 

are characterized as zoonotic agents as they can jump from non-human species 

(usually a vertebrate) to human causing mild to severe respiratory infections. There 

are four common human coronaviruses that are considered ‘seasonal’: HcoV-

HUK1, HCoV-NL63, HCoV-OC43 and HCoV-229E (280). Each year they account 

for about 15% of the cases of common colds.  

In 2002 and 2012 respectively, two highly pathogenic coronaviruses with zoonotic 

origin, severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East 

respiratory syndrome coronavirus (MERS-CoV), emerged in humans and caused 

fatal respiratory illness, making emerging coronaviruses a new public health 

concern in the twenty-first century (281). At the end of 2019, a novel coronavirus 

designated as SARS-CoV-2 appeared in the city of Wuhan, China, and caused an 

outbreak of unusual viral pneumonia. Being highly transmissible, this novel 

coronavirus disease, also known as coronavirus disease 2019 (COVID-19), has 
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spread fast all over the world (282),(283). It has overwhelmingly surpassed SARS 

and MERS in terms of both the number of infected people and the spatial range of 

epidemic areas.  

  

5.2 COVID-19 clinical manifestations and epidemiology 
Severe acute respiratory syndrome (SARS)-CoV-2 pathogenesis, characterized by 

clinical phenotypes spanning from asymptomatic infection to mild disease with 

symptoms related to airways tract implication, severe pneumonia, acute 

respiratory distress syndrome (ARDS) and multiple organ failure, has been largely 

studied during the last three years (284). The pathophysiological mechanisms 

underlying these conditions are complex. The early infection phase includes an 

asymptomatic incubation of 1-14 days followed by disease manifestation (Fig12). 

Seven to 14 days after onset of symptoms, some patients can develop a severe 

clinical condition. As explained before, this fraction of patients includes mostly 

elderly patients and/or patients with pre-existing comorbidities. Among COVID-19 

patients it was determined that about 30% experienced flu-like symptoms: 25% of 

them required hospitalization and 1/3 of hospitalized patients was treated in 

Intensive Care Unit (ICU) (285). Overall hospital mortality account 20% of COVID-

19 patients, being 81% among those who needed mechanical ventilation, most of 

them were older with pre-existing morbidities (286). Individuals older than 65 are 

much more at risk of requiring hospitalization or death, than those affected by 

obesity, hypertension, congestive heart failure, diabetes, asthma, chronic kidney 

disease or immune-depressed, including cancer patients (287). These pre-existing 

diseases significantly increase the risk of hospitalization, ICU requirement and 

death upon SARS-COV-2 infection, especially among males (288). 
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Epidemiological studies reported the variance of ‘predicted COVID-19’ phenotype 

due to genetic factors, reflecting inter-individual variation in the host immune 

response (289). Lucas et al. reported that the immune-profile of patients that easily 

recovered from COVID-19 were different from those who did not (290). There were 

also pointed out the loss of function mutation in 13 human loci regulating TRL3- 

and IRF-7 dependent type-1 immunity, transmitted either in autosomal dominant 

or recessive way, underling susceptibility to life threatening COVID-19 pneumonia. 

Zhang et al. study estimated that 3,55% of patient with life-threatening COVID-19 

disease had genetic defeat ad 8 of these 13 loci (291). In a parallel study, it was 

also estimated that 12,5% of men and 2,6% of women who develop life-threatening 

COVID-19 disease have autoantibodies against interferon; thus their immune 

response against viral infection is impaired (292). The presence of autoantibodies 

in the population was estimated at 0,33% and patient with autoantibodies were 

mostly older than 65. Therefore, these studies identified as subset of individuals 

with genetic predisposition or acquired predisposition (autoantibodies) to develop 

severe COVID-19 disease.  

The risk of death for young and healthy people is instead very small, and deaths 

outside the high-risk group are quite rare (287). Considering age group and 

comorbidities, men have a higher risk than women to require ICU treatment or die. 

This due to genetic predisposition, presence of autoantibodies and testosterone 

production. Testosterone was related to transmembrane serine protease 2 

Figure 12 Schematic illustration of SARS-CoV-2 stages over the time. 
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(TMPRSS2) production, as it is necessary to bind testosterone to its specific 

receptor (293). As it was demonstrated that testosterone levels influence 

susceptibility to SARS.CoV2 infection, an ongoing phase 2 clinical trial at the 

University of California in Los Angeles (UCLA) is testing whether temporary 

suppression of androgens reduces hospital stay, the rate of admission in ICU and 

death among COVID-19 patients. Several other clinical trials aimed at interfering 

with androgens are actually ongoing.  

Children also can be infected by SARS-CoV-2, but rarely show clinical symptoms 

and only in exceptional cases require hospitalization. However, a small fraction of 

them may develop Kavasaky’s disease which has been defined as ‘multisystem 

inflammatory syndrome in children’. Besides coronaviruses, Kavasaki’s disease 

can be caused by various pathogens. Overall, the risk that children develop 

Kavasaki’s disease in response to COVID-19 pathogenesis remains very small.  

5.3 SARS-CoV-2 pathogenesis 
Asymptomatic, mild, and severe diseases have been correlated to different cytokine 

signatures and to differences in innate and adaptive responses to SARS-CoV-2 

infection (294),(295). It is now well assessed that SARS-CoV-2 first infects epithelial 

cells of the upper respiratory tract (nasal passages and throat) and especially lungs 

(bronchi and alveoli), where alveolar type I and type II cells (AT1 and AT2, 

respectively) are believed to mediate the first encounter with the virus (Fig13). 

Infection of alveolar macrophages is determinant in mediating the amplification of 

the inflammatory and immune responses (296). As the severity of COVID-19 

symptoms increase, some patients develop dyspnea with hypoxia. Chest imaging 

shows the appearance of ground glass opacities in the lung that subsequently 

acquire a ‘crazy paving pattern’. Up to this, laboratory markers of inflammation 

and organ involvement, as C reactive protein, lactate dehidrogenas, IL-6, ferritin or 

prothrombin, increase rapidly, while the peripheral blood T- and B-lymphocytes 

may significantly decrease ((297),(298),(299),(300),(301)). 

Several studies pointed out a role of viral secondary targets implied in the 

worsening of the pathology. The virus can penetrate in the blood circulation 

resulting in secondary organ infection. A molecular investigation on COVID-19 

autopsies evaluate SARS-CoV-2 secondary infection organs, detecting high viral 

positivity in nasopharynx (90.4%) followed by bilateral lungs (87.30%), peritoneal 

fluid (80%), pancreas (72.72%), bilateral kidneys (68.42%), liver (65%) and even in 

brain (47.2%)(302). Literature reports kidney as one of the most probable 

secondary organs for SARS-CoV-2 infection ((303),(304),(305),(306)). 
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Mechanistically, cell entry is mediated by the engagement of the receptor 

angiotensin-converting enzyme (ACE2) (296) (Fig13). ACE2 is also expressed by 

cells in the kidney, blood vessels, heart, whose infection by SARS-CoV-2 may 

mediate the characteristic multi-organ pathology (296). Viral uptake is also 

promoted by transmembrane protease serine (TMPRSS)2, which cleaves the spike 

protein allowing the viral membrane to fuse with the cell and entering.  Disintegrin 

and metallopeptidase domain (ADAM)17 was related to the cleavage of ACE2, in 

addition to activating the S protein of the virus for membrane fusion (298, (307). 

Neuropilin-1 (NRP1) also potentiates SARS-CoV-2 cell entry and infectivity (308).  

 

 

Epithelial and endothelial infected cells appear strongly damaged after SARS-CpV2 

infection and lead to vascular leakage, trigger blood clotting and cause 

inflammation, which in the worst cases produce a lethal cytokine storm (309) 

(Fig13). Histologic analysis of the lung samples from COVID-19 patients show 

diffuse alveolar damage and pneumocyte hyperplasia, extravasation of fibrin, focal 

patchy inflammatory infiltration and massive congestion resulting in the 

thickening of alveolar walls preventing oxygen exchange (310). Moreover, the 

Figure 13 Schematic illustration of SARS-CoV-2 infection, inflammation and fibrosis pathways. 
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endothelial damage leads to alveolar capillary micro-thrombi and neoangiogenesis 

(311).  

5.4 Approaches to counteract SARS-CoV-2 infection 
To date, there are no generally proven effective therapies for COVID-19 or antivirals 

against SARS-CoV-2, although some treatments have shown some benefits in 

specific context and patients courts.  Researchers and manufacturers are 

conducting large-scale clinical trials to evaluate various therapies for COVID-19. 

Here we summarized the ongoing approach to contrast SARS-CoV-2 entry, 

replication or induced strong immune response. Vaccination is the most effective 

method for a long-term strategy for prevention and control of COVID-19 in the 

future. Many different vaccine platforms against SARS-CoV-2 have been developed. 

The strategies include recombinant vectors, DNA, mRNA in lipid nanoparticles, 

inactivated viruses, live attenuated viruses and protein subunits (312),(313),(314). 

The whole-virus COVID-19 vaccine had a low rate of adverse reactions and 

effectively induced neutralizing antibody production (315). 

SARS-CoV-2 uses ACE2 as the receptor and human proteases as entry activators; 

subsequently it fuses the viral membrane with the cell membrane and achieves 

invasion. Thus, drugs that interfere with entry may be a potential treatment for 

COVID-19. A potential therapeutic strategy is to block binding of the S protein to 

ACE2 through soluble recombinant hACE2, specific monoclonal antibodies or 

fusion inhibitors that target the SARS-CoV-2 S protein (316),(317),(318). The safety 

and efficacy of these strategies need to be assessed in future clinical trials.  

Other approach could be to inhibit viral replication. Among replication inhibitors 

have been evalued remdesivir (GS-5734), favilavir (T-705), ribavirin, lopinavir and 

ritonavir and many other in the clinical practice to counteract COVID-19 pathology. 

Except for lopinavir and ritonavir, which inhibit 3CLpro, the other three all target 

RdRp128,135. Remdesivir has shown activity against SARS-CoV-2 in vitro and 

in vivo (319),(320) and it has been approved for treatment in clinical practice 

(https://www.aifa.gov.it/documents/20142/1123276/remdesivir_update01_24.1

1.2020.pdf). 

 

SARS-CoV-2 triggers a strong immune response which may cause cytokine storm 

syndrome (321),(322). Thus, immunomodulatory agents that inhibit the excessive 

inflammatory response may be a potential adjunctive therapy for COVID-19The 

interferon response is one of the major innate immunity defences against virus 

invasion. Interferons induce the expression of diverse interferon-stimulated genes, 

which can interfere with every step of virus replication. Previous studies identified 

type I interferons as a promising therapeutic candidate for SARS (323). In vitro data 

showed SARS-CoV-2 is even more sensitive to type I interferons than SARS-CoV, 

suggesting the potential effectiveness of type I interferons in the early treatment of 

COVID-19 (324). A recent study demonstrated the role of M2 in SARS-CoV-2 

infection: treatment with extracellular vesicles generated from activated M2 against 

SARS-CoV-2 effectively reduce excessive cytokine, as TNFα and IL-6, released in 

vitro and in vivo, attenuating oxidative stress and multiple organ (lung, liver, spleen 

and kidney) damage in endotoxin-induced cytokine storms (325).  

https://www.aifa.gov.it/documents/20142/1123276/remdesivir_update01_24.11.2020.pdf
https://www.aifa.gov.it/documents/20142/1123276/remdesivir_update01_24.11.2020.pdf
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Convalescent plasma treatment is another potential adjunctive therapy for COVID-

19. Preliminary findings have suggested improved clinical status after the 

treatment (326),(327). However, this treatment may have adverse effects by causing 

antibody-mediated enhancement of infection, transfusion-associated acute lung 

injury and allergic transfusion reactions. Monoclonal antibody therapy is an 

effective immunotherapy for the treatment of some viral infections in select 

patients. Recent studies reported specific monoclonal antibodies neutralizing 

SARS-CoV-2 infection in vitro and in vivo (328),(329),(330),(331). Compared with 

convalescent plasma, which has limited availability and cannot be amplified, 

monoclonal antibodies can be developed in larger quantities to meet clinical 

requirements. Hence, they provide the possibility for the treatment and prevention 

of COVID-19. The neutralizing epitopes of these monoclonal antibodies also offer 

important information for vaccine design. However, the high cost and limited 

capacity of manufacturing, as well as the problem of bioavailability, may restrict 

the wide application of monoclonal antibody therapy. 

Epigenetic anticancer drugs have been evaluated as potential therapeutic in SARS-

CoV-2 infected patients (332). In particular, HDAC6 selective inhibition has 

proposed as therapeutic strategy to restore the downregulated immune response 

in severe COVID-19 patients (333). Recent studies have identified valproic acid 

(VPA), an HDAC3 inhibitor, able to reduce ACE2 expression in different epithelial 

and endothelial cell lines (334),(335),(336), and TMPRSS2 expression in prostate 

cancer cells (337). 

 

 

AIM OF THE PhD THESIS 

 
To characterize MC response to viral infections mimicked by TLR3 stimulation with 

Poly(I:C) or upon exposure to SARS-CoV-2 on MCs in terms of 

inflammatory/profibrotic response. 

To analyse the role of HDAC1/2 inhibition on the regulation of MC response to 

TLR3 stimulation with Poly(I:C) or SARS-CoV-2 infection. 
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MATERIALS and METHODS 

1. Patients and Cell culture 

Effluent-derived MCs were isolated from 11 PD patients as described previously by 

Lopez-Cabrera et al. (157), with some changes. Demographic and clinical features 

of the patients are described in Table 1. The bags with peritoneal dialysates from 

patients were left untouched for about 12 hours to allow the deposition of floating 

cells at the bottom of the bags. The supernatant was removed, with a sterile pipette 

leaving approximately 200 ml of sediment at the bottom of the bags. The cells in 

50-ml tubes were centrifuged at 2000 rpm for 5 minutes. The cell pellets were 

suspended in 4 ml of culture medium and were seeded in 60-cm tissue culture 

dish. The culture medium was replaced every 2 days and the cell were washed to 

remove all detached peritoneal leukocytes. Baseline clinical data from these 

patients are reported in Table 1. MCs from PD effluents express the mesothelial 

markers intercellular adhesion molecule (ICAM)-1 and cytokeratins 8–18, although 

at lower levels than healthy HPMCs. MC cultures were negative for the endothelial 

marker CD31 and the pan-leukocyte marker CD45  ((21),(82),(86)). Effluent-derived 

MCs were cultured in Earle’s M199 supplemented with 10% FBS (Gibco-Life 

Technologies) 2 mM L-glutamine (EuroClone), 100 U/ml penicillin, 100 μg/ml 

streptomycin (Gibco-Life Technologies) and amphotericin B (2,5 μg/ml).  

The human mesothelial cell line MeT‐5A (ATCC, Rockville, MD) was cultured in 

Earle's M199 as above (except for amphotericin B). This cell line was isolated from 

pleural fluids obtained from a non-cancerous individual.  

Cell lines were grown at 37°C, in a humidified atmosphere with 5% CO2. MCs from 

patients were treated with DMSO or MS-275 (0,25 μM), Poly(I:C) 2ng/ml and TGFβ 

2ng/ml. MeT5A cells were treated with DMSO or MS-275 in a dose dependent 

experimental model at the following doses: 1 μM; 0.5 μM; 0.25 μM; 0.125 μM; 0.06 

μM and 0.03 μM. Treatment with DMSO or MS-275 was repeated every 48 hours 

during the experimental procedure.  

Experiments on effluent-derived MCs were performed according to guidelines from 

the ethics committee of Sant’Andrea Hospital, Sapienza University (Rome, Italy). 

Written informed consent was obtained from all PD patients. The protocol and 

informed consent were reviewed and approved by the Ethics Committee of Clinic 

Investigation of Sapienza University ref: 4697_2017 (Roma, Italy). 
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Table 1 Demographic and Clinical features of PD patients. 

 

2. Viral infection 

Subconfluent MeT5A (200.000 cells/well) at different experimental conditions (NT, 

DMSO or MS-275) were incubated with SARS-CoV-2 (SARS-CoV-2 isolate SARS-

CoV-2/Human/ITA/ PAVIA1073 4/2020, clade G, D614G (S) obtained from Dr. 

Fausto Baldanti, Policlinico San Matteo, Pavia, Italy) in serum free Eagle’s 

Minimum Essential Medium at a multiplicity of infection (MOI) of 1 for 1.5 h at 37° 

C, 5% CO2. Then, cells were washed three times with PBS to remove viral 

inoculum, and complete culture medium was added. Culture supernatants and cell 

lysates were collected at 24, 48 and 72 h post infection (p.i.).  

 

3. Viral titration 

To estimate the production of infectious SARS-CoV-2, serial dilutions of MeT5A cell 

culture supernatants of various conditions (NT, DMSO or MS-275) were put in 

contact with sub-confluent Vero E6 cells seeded in 96-well plates. To evaluate the 

viral production in Vero E6 cells, the supernatants harvested from the cells infected 

for the Cytopathic effect (CPE) assay were back-titrated by serial dilutions in three 

replicates using MEM supplemented with heat-inactivated 2% FBS and 2 mM L-

glutamine and added in 96-well plates containing 2.5x104 Vero E6 cells/well. At 

day 5 after infection, cells were observed for CPE and tissue culture infective dose 

(TCID) 50/ml was measured and analysed by Reed-Muench method.  

 

4. Antibodies and chemicals  

The primary antibodies for western blotting experiments mAb anti-E-cadherin 

(BD610181) was form BD Transduction Laboratories (Franklin Lakes, NJ). mAbs 

anti- Mx1(sc-34128) -TUBULIN (sc-32293), -HSP90 (sc-13119), -GAPDH (sc-32233) 

and –Histone H4 were from Santa Cruz Biotechnology (Dallas, TX). Abs anti-



48 
 

activated caspase 3, -IFIT1 (23247-1-AP), -SNAIL (L70G2), -STAT1 (9172), -

phospho STAT3 (Y701) and -STAT3 (9132) were from Cell Signaling technology 

(Danvers, MA). pAb anti-IFITM1 (600-74-1) was from Proteintech (Rosemont, IL). 

pAbs anti –ACE2 (AB_2792286), -ADAM-17 (AB_10980438) were from Invitrogen 

(Waltham, MA). pAbs anti- TMPRSS2 (ab109131), -MMP14 (ab53712) were from 

Abcam (Cambridge, UK). Ab anti-acetyl-H3 (06599) was from Millipore (Merk, 

Kenilworth, NJ). pAbs anti -phospho STAT1(s727), -acetyl H4 (06598) wew from 

Upstate (SIGMA ALDRICH, Saint Louis, MO).  

HRP– conjugated secondary antibodies used were purchased from Jackson 

immune research: anti-rabbit (JI 711–036-152), anti-mouse (JI 715–036-150).  

Antibodies for Immunofluorescence: anti-SAR-CoV Nucleocapsid (#200-401-A50 

Rockland Immunochemicals, Inc), anti-dsRNA (Nordic-MUbio, 10010200), anti-FN-

1 (ABCAM, ab2413), anti-ACE2 (Invitrogen, AB_2792286), anti-CALNEXIN (Santa 

Cruz Biotechnology, sc-23954). Cy3-conjugated anti-rat secondary antibodies 

(Jackson ImmunoResearch, 112-165-003), anti-rabbit Alexa Fluor 488-conjugated 

(Thermo Fischer, A21206), anti-mouse Alexa Fluor 488-conjugated (Thermo 

Fischer, A32723). DRAQ5 staining solution (#130-117-343) was from Miltenyi 

Biotec.  

Antibodies for Immunohistochemistry: anti-WT1 (#12609-2-AP) was from 

Proteintech; anti-cytokeratin AE1/AE3/PCK26 (760-2595) was from Ventana; anti-

ACE2 (AB_2792286) was from Invitrogen. 

Antibodies for ELISA: anti- TNFα, -IL-1β, -IL-6, -CXCL8 and -CXCL10 were from 

R&D Systems (MN, USA).  

Poly(I:C) (HMW) was from Invivogen (San Diego, USA). MS-275 was from Mai lab. 

Sodium arsenite was from Sigma-Aldrich. 

5. Western blotting 

Monolayers of effluent-derived MCs or MeT-5A cells were lysed in CelLytic™ MT 

Cell Lysis Reagent (Sigma-Aldrich), proteins were quantified by Bradford protein 

assay reagent (Bio -Rad).  

Laemli SDS sample buffer was added, and samples were boiled for 5’ at 95°C and 

were loaded on acrylamide gels. Gels were electrophoresed at 100V in Running 

Buffer (25mM Tris, 190 mM glycine; 0.1% SDS) and then transferred to a 

Nitrocellulose or PVDF membranes in Transfer Buffer (50 mM Tris, 40 mM glycine; 

0.1% SDS; 20% Methanol). Blots were blocked in 5% non-fat milk prepared in TBS-

Tween (10mM Tris-HCl pH 7.5; 150 mM NaCl; 0.05% Tween 20) and incubated 

overnight with the primary antibody. The day after the blots were incubated with 

HRP-conjugated species-specific secondary antibodies. Nitrocellulose-bound 

antibodies were detected by chemiluminescence with ECL (Immobilon Western 

HRP substrate, Millipore) Acquisition of blots was performed with Chemidoc Touch 

imaging system and analysed with Image Lab Software release 6.0 (Bio-Rad 

Laboratories). Molecular size marker ladder (#PM2610, ThermoFisher Scientific). 
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6. Gelatine Zymography 

The protein concentration of cell culture supernatant was measured by BCA assay 

(P0010, Beyotime) and then mixed with non-reducing sample buffer 5x (4% SDS, 

20% glycerol, 0,01% bromophenol blue, 125mM Tris HCL pH 6.8). Equal amounts 

of proteins were loaded onto 7,5% SDS polyacrylamide gel containing Gelatin (4 

mg/ml) (Thermo-Fisher Scientific) and electrophoresed for 2 h. The gels were 

washed two times with renaturing buffer (2.5% Triton X-100, 50mM Tris HCL pH 

7.5, 5mM CaCl2, 1µM ZnCl2). Then, the gels were incubated in incubation buffer 

(1% Triton X100, 50mM Tris HCL pH 7.5, 5 mM CaCl2, 1µM ZnCl2) while gently 

shaking at 37◦ C for 16~18 h. Next, the gels were then stained with staining buffer 

buffer (0.5 g Coomassie blue, 40% methanol, 10% acetic acid, 50% H2O) for 30 

min while gently shaking. Finally, the gels were destained with destain buffer (40% 

methanol, 10% acetic acid, 50% H2O). The area of enzymatic activity is 

characterized by no Coomassie blue staining (white bands). 
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7. Reverse-transcriptase polymerase chain 
reaction 

Cellular RNA was extracted from cell cultures using TRIzol reagent (Life 

Technologies, Carlsbad, CA) or RNeasy Mini Kit (Qiagen), according to the 

manufacturer’s instructions. cDNA synthesis was generated using a reverse 

transcription kit (A3500) from Promega (Madison, WI), according to the 

manufacturer’s recommendations. cDNAs were amplified by qPCR reaction using 

Maxima SYBR Green/ROX qPCR Master Mix (K0253) from Thermo Fisher Scientific 

(Waltham, MA). qPCR reactions were performed with the Rotor-Gene 6000 

thermocycler (Corbett Research, Cambridge, United Kingdom). The primer 

sequences used in this study are shown in Table 2. Relative amounts, obtained 

with 2 (−ΔCt) method, were normalized with respect to the housekeeping gene L34. 

Statistical significance was determined with a t test with Prism version 8.0. 

Differences were considered significant at p < 0.05. Values are reported in the 

graphs. 

Table 2 List of primers used in the study. 
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8. siRNA-mediated knockdown 

siGENOME SMARTpool siRNAs HDAC1(3065), siHDAC2 and SiRNA control were 

purchased from Dharmacon. 200×103 MeT5A were seeded on 12-well plates 24h 

prior transfection. Cells were transfected with 25pmol of siRNAs and 3,5 μl 

Lipofectamine® RNAiMAX Reagent (Thermo Fisher Scientific) were diluted in two 

different tubes with 200 μl Opti-MEM (Gibco-Life Technologies). The two solutions 

were mixed gently and were incubated for 10-20 minutes at room temperature. 

Transfection solutions were added to cells with 0.6 ml of supplemented medium. 

Efficiency transfection was evaluated using RT-PCR. 

9.  Immunofluorescence and Confocal Microscopy 

After specific treatment cells were fixed for 20 minutes in 4% formaldehyde in PBS, 

were permeabilized in 0.2% Triton X-100/PBS for 5 minutes and were blocked with 

2% BSA for 20 minutes.  Coverslips were mounted in Prolong Gold antifade (Life 

Technologies) and examined under a confocal microscope (Leica TCS SP2, Wetzlar, 

Germany). Digital images were acquired with the Leica software and the image 

adjustments and merging were performed by using the appropriated tools of 

ImageJ software. A minimum of 4 fields per sample (at least 150 total cells per 

total) from two independent experiments was analysed. ImageJ was used to 

quantify relative florescence.  

10. Cytokine detection 

Supernatants from SARS-CoV-2 infected MeT5A cell cultures were collected at 24 

and 72 h after infection. We performed multianalyte profiling of 37 cytokines, 

chemokines, and soluble mediators in the supernatants of all samples, using the 

Luminex based multiplex bead technology (Bio-Plex Pro Human Cytokine Panel 

group I: APRIL / TNFSF13, BAFF / TNFSF13B, sCD30 / TNFRSF8, sCD163, 

Chitinase-3-like 1, gp130 / sIL-6Rβ, IFN-α2, IFN-β, IFN-γ, IL-2, sIL-6Rα, CXCL8, 

IL-10, IL178 11, IL-12 (p40), IL-12 (p70), IL-19, IL-20, IL-22, IL-26, IL-27 (p28), IL-

28A / IFN-λ2, IL-29 / IFN λ1, IL-32, IL-34, IL-35, LIGHT/TNFSF14, MMP-1, MMP-

2, MMP-3, Osteocalcin, Osteopontin, Pentraxin-3 sTNF-R1 sTNF-R2, TSLP, TWEAK 

/ TNFSF12, (Biorad, Laboratories, CA, USA). The assay was conducted accordingly 

to manufacturer’s recommendations. Plates were measured using the Bio-Plex 

MagPix System and analysed with the Bio-Plex Manager version 6.0 (BioRad 

Laboratories, CA, USA). 

Supernatants of NT, Poly(I:C) and/or MS-275 treated MCs were collected after 

treatment. TNFα, IL1-β, IL-6, CXCL8 and CXCL10 were measured in supernatants 

samples by using an ELISA assay (R&D Systems, Inc, MN, USA). 

 

 



52 
 

11. Autoptic lung and pleura 

Lung tissue samples, including pleura, were obtained from post-mortem 

examination of four SARS-CoV-2-infected patients, performed at the National 

Institute for Infectious Diseases Lazzaro Spallanzani-IRCCS Hospital (Rome, Italy). 

All patients were diagnosed as COVID-19 by SARSCoV-2 RT-PCR performed on 

nasopharyngeal and oropharyngeal swabs. Demographics and clinical 

characteristics of patients are shown in Table 3. Autopsies were performed 

according to guidance for post-mortem collection and submission of specimens and 

biosafety practices to reduce the risk of transmission of infectious pathogens 

during and after the post-mortem examination (338). The study was approved by 

the local Clinical Research Ethics Committee (approval number: no 9/2020). 

Written informed consent was waived by the Ethics Commission due to public 

health outbreak investigation. Lungs samples, including pleura, of four non-

COVID-19 patients were used as comparative controls (Table 4). Specimens from 

lung tissues were fixed in 10% neutral buffered formalin, and routinely processed 

to paraffin blocks. 

Table 3 Demographic and clinical features of COVID-19 patients. 

 

Table 4 Demographic and clinical features of non-COVID-19 patients.  

 

12. Immunohistochemistry of pleura 

Deparaffinized and rehydrated sections were used for immunohistochemistry. 

Organ sections were immersed in 10 mM sodium citrate, pH 6.0 and microwaved 

for antigen retrieval and immunostained on BenchMark ULTRA system fully 

automated instrument (Roche, Basel, Switzerland). All cases were independently 

analysed by two pathologists. 
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13.  Proteomics: Protein digestion, peptide 
purification and nanoLC analysis  

Primary human MCs with or without MS-275 samples (n = 2) were lysed in RIPA 

Buffer and quantified by Bradford assay. 15 ug of protein extract per sample were 

treated with DL-Dithiothreitol (10 mM at 56 C) and Iodoacetamide (55 mM at RT) 

for disulfide bond reduction and alkylation, respectively. After 100% ethanol 

precipitation, samples were resuspended in 50 mM NH4HCO3 and 2 M urea before 

being digested by trypsin (0.6 lg/ sample) overnight at 37 C. The peptide mixture 

was acidified with 0.5% trifluoroacetic acid and fractionated using the High pH 

Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific) following the 

manufacturer’s protocol. Peptides in each fraction (8/sample) were dried, 

resuspended in 2.5% acetonitrile 0.1% TFA and 0.1% formic acid and then 

analysed by an UltiMate 3000 RSLCnano-LC system, (Thermo Fisher Scientific) 

connected on-line via a nano-ESI source to an Q Exactive plusTM Hybrid 

Quadrupole-OrbitrapTM Mass Spectrometer (Thermo Fisher Scientific). Each 

peptide mixture was separated on the analytical C18 column (PepMapTM RSLC 

C18, 150 mm × 75 lm, Thermo Fisher Scientific) using a 100 min multistep elution 

gradient from 4% to 90% of mobile phase B (0.1% formic acid in 80% ACN) at a 

constant flow rate of 300 nl/min. Eluted peptides were electrosprayed directly into 

the mass spectrometer with an ESI voltage of 2.0 kV. Mass spectrometry data were 

acquired in a positive mode using a data-dependent mode selecting the 15 most 

intense ions with the following parameters: full scan spectra range from m/z 350.0 

to m/z 1,700.0, resolution of 70,000, injection time 100 ms, AGC target 3×106, 

isolation window ± 2.0 m/z and the dynamic exclusion 20 s. For HCD 

fragmentation, resolution was set to 17,500, AGC target to 10,000 and injection 

time to 80 ms. Proteins were automatically identified by MaxQuant (v. 1.6.17.0) 

software. Tandem mass spectra were searched against the Homo sapiens dataset 

of UniprotKB database (Release: Feb 2016; 550,552 sequences). Quantitative 

comparison among MMT-induced MeT5A with or without MS-275 samples was 

performed using the label-free quantification algorithm calculated by MaxQuant. 

14. Magna ChIP 

Chromatin crosslinking and sonication were performed like conventional ChIP 

(339). After determining the DNA concentrations, for each sample were used 50 μg 

of chromatin. It was diluted 10 folds with dilution buffer (TE 1x, sodium dodecyl 

sulfate (SDS) 0.5% and protease and phosphatase inhibitors) and was incubated 

overnight with 5 μg of acethyl-H3 antibody or rabbit IgG and 20 μl magnetic beads. 

Immuno-precipitated samples were put on a magnetic rack and Input sample was 

recovered by the supernatant of the IgG control. The samples were washed with 

four successive buffers: I) Low salt Buffer, II) High salt Buffer, III) LiCl Buffer, IV) 

TE Buffer. During the washes, the samples were in rotation, and, at the end of each 

wash, magnetic beads were recovered. Then, the samples were dissolved in 300 μl 

of elution buffer (1% SDS, 0.1M NaHCO3) and 10 mg of RNase A; 0.5% SDS and 

RNase were added to the Input sample for 10 min at RT. 30 μl of Proteinase K (10 

mg/ml) were added to all the samples (included input). Elution, proteinase K and 
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reversal cross-link steps were performed at 62°C for 5 hours while vortexing. DNA 

extraction was performed like conventional ChIP, see above. Finally, DNA was 

resuspended in 50 μl of nuclease free water. 

15.  Statistical analysis  

Statistical significance was determined with a t‐test using GraphPad Prism version 

8.0 (La Jolla, CA, USA). Differences were considered significant at P < 0.05. 

Statistical significance for viral infection was determined with a nonparametric 

Wilcoxon signed rank test with GraphPad Prism version 8.0 (La Jolla, CA, United 

States). Differences were considered significant at p < 0.05. 

Perseus software (version 1.6.7.0) after log2 transformation of the intensity data 

was applied to proteomic study. Statistical analysis was carried out on proteins 

identified in 100% of the samples. Results were considered statistically significant 

at P < 0.05. To improve visualization, a z-score plot and a cluster heat map were 

generated and Gene ontology enrichment analysis of biological processes, 

molecular functions and cellular components were performed. 
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RESULTS 
 

1. Stimulation with Poly(I:C), a TLR3 agonist, induces the 
expression of TLR3 and other TLRs relevant in the 
response to pathogens in primary MCs from PD patients 

In order to analyse MCs sensing of microorganisms-related molecules, we analysed 
the expression of TLRs implicated in the response to pathogens. In these 
experiments primary MCs from PDs patients were used. Untreated MCs were found 
to express TRL1, TRL2, TRL3 and TLR5 (Fig 14A). 
Once treated with Poly(I:C), a synthetic analog of dsRNA used to mimic double-
stranded RNA (dsRNA) released during viral infections and inducing TLR3 mediated 
responses, TLR3 expression was further induced. Interestingly, Poly(I:C) treatment 
promoted an increase of also TLR1, TLR2 and TLR5 gene expression (Fig 14B). This 
result suggests that viral sensing by TLR3 may modulate the response towards 
other microorganisms, such as bacteria, in peritoneum MCs. 

 

Figure 14 MCs express a specific subset of TLRs, which result modulated upon Poly(I:C) 

stimulation. (A) Quantitative RT-PCR expression analysis of TLR1, TLR2, TLR3 and TLR5 in untreated 

MCs. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM of triplicate 

determinations in at least seven independent analysis. (B) Cells were treated for with 2 ng/ml Poly(I:C) 

for 48 hours. Quantitative RT-PCR expression analysis of TLR1, TLR2, TLR3 and TLR5 in Poly(I:C) 

treated MCs compared to NT. L34 mRNA levels were used for normalization. Bars represent the 

mean ± SEM of triplicate determinations in at least six independent experiments. P was calculated with 

respect to NT samples.  Differences were considered significant at p < 0.05. 
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2. Poly(I:C) stimulation induces MMT  

To analyse the role of TLR3 stimulation in the modulation of MC plasticity, we 

stimulated primary MCs derived from PD patients with Poly(I:C) for 48 hours. 

Alternatively, MCs were stimulated with TGFβ1 as a positive control of MMT 

induction. 

Treatment with Poly(I:C) promoted the acquisition of a spindle-like shape in MCs 

(Fig 15A). Gene expression analysis revealed the upregulation of the mesenchymal 

marker Snail, the EMT master gene, and the downregulation of the epithelial 

markers E-cadherin and Calretinin (Fig 15B, 15D). 

Moreover, fibrosis related genes such as Fibronectin and Metalloproteinase (MMP)-

9 and -14 were also induced (Fig 15C-D).  Immunofluorescence experiments 

revealed Fibronectin fibre formation upon Poly(I:C) treatment (Fig 15E).  

These results indicated that stimulation of TLR3 with Poly(I:C) is sufficient to 

induce a bona fide MMT in MCs from PD patients. 
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Figure 15 Poly(I:C) induces MMT in MCs. (continues on the following page)  
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(following) Cells were treated for with 2 ng/ml Poly(I:C) or 2 ng/ml TGFβ for 48 hours (A) MCs after 
Poly(I:C) or TGFβ stimulation compared to NT. Poly(I:C) stimulated MCs present a typical spindle 

shape (arrow) indicating changes in cellular plasticity. (B-C) Quantitative RT-PCR expression 
analysis of SNAIL, E-CAD, CALB2, TGFβ, FN, MMP9 and MMP14 in Poly(I:C) or TGFβ treated MCs 
compared to NT. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM of 
triplicate determinations in at least six independent experiments. P was calculated with respect to 
NT samples. Differences were considered significant at p < 0.05. (D) Left: Western blot showing the 
expression of E-Cadherin, MMP14 and SNAIL from total lysates of MCs. Tubulin was detected as a 
loading control. Right: WB quantification in Poly(I:C) or TGFβ treated MCs compared to NT. Bars 
represent the mean ± SEM of triplicate determinations in at least four independent experiments. P 

was calculated with respect to NT samples. Differences were considered significant at p < 0.05. (E) 
Immunofluorescence of MCs treated with Poly(I:C) or TGFβ compared with NT cells. Fixed cells were 
stained with antibody against Fibronectin. A minimum of 150 cells per sample from three 
independent experiments were analysed. Scale bar: 50 μm 

3. Poly(I:C) stimulation promotes the expression of 
inflammatory cytokines and chemokines 

MMT induction is generally linked to the release of extracellular mediators 
contributing to the shaping of the microenvironment and of the modulation of the 
local immune response. Thus, we analysed whether TLR3 stimulation could induce 
the expression of inflammatory cytokines in MCs. 
Poly(I:C) treatment induced upregulation of TNFα, IL-6 and CXCL8 gene expression 
(Fig 16A). Significant increases of TNFα, IL-1β, IL-6, CXCL8 and CXCL10 were 
confirmed by ELISA assay (Fig 16B-C). Of since these cells have been isolated by 
PD patients, different basal values may reflect specificities of each patient.  
These data indicated that, upon TLR activation, MCs from PD patients may activate 
a pro-inflammatory response. 
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Figure 16 Poly(I:C) induces inflammatory cytokine and chemokine expression in MCs. 

Cells were treated for with 2 ng/ml Poly(I:C) for 48 hours (A) Quantitative RT-PCR expression 

analysis of TNFα, IL-6 and CXCL8 in Poly(I:C) treated MCs compared to NT. L34 mRNA levels 

were used for normalization. Bars represent the mean ± SEM of triplicate determinations in at 

least six independent experiments. P was calculated with respect to NT samples.  Differences 

were considered significant at p < 0.05.   (B-C) Analysis of cytokine and chemokine secretion 

from supernatants of MCs treated with Poly(I:C) compared with NT. Poly(I:C) stimulation 

promoted the release of TNFα, IL-6, IL-1β, CXCL8 and CXCL10. Cytokine were measured by 

ELISA assay. P was calculated with respect to NT samples. Differences were considered 

significant at p < 0.05. 
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4. Proteomic analysis of MS-275 treated primary MCs 
reveals a complex reprogramming of MC proteome 

 
Class I HDACs are main determinants of MCs plasticity. It was previously 
demonstrated that inhibition of HDAC1/2 by MS-275 was sufficient to promote 
MMT reversal in mesenchymal-like MCs form PD patients ((263),(340)). Here, we 
aimed at analyzing the role of HDAC in the profibrotic and proinflammatory 
response observed upon treatment with Poly(I:C). 
To check the ability of MS-275 to limit HDAC activity at the non-cytotoxic 
concentration (0,25 μM) used in this study, histone (H)3 and H4 acetylation status 
was analysed. As shown in Fig 17A, H3 and H4 were strongly acetylated upon 
treatment of MCs with MS-275. 
In order to clarify molecular mechanisms underlying the effect of HDAC inhibition 
in this inflammatory context, the proteome from MCs cells left untreated or treated 
with MS-275 was analysed by quantitative mass spectrometry analysis. Following 
proteolytic digestion, peptides were separated in 8 fractions based on their 
hydrophobicity before being analysed by label-free liquid chromatography-mass 
spectrometry. 
Principal component analysis (PCA) indicated that untreated MCs are distributed 
in a distinct group from MCs treated with MS-275. (Fig 17B) Hierarchical 
clustering classified the samples into two groups based on differentially expressed 
proteins, as represented by Heat map visualization. (Fig 17C). In differential 
expression analysis (DEA) comparing samples represented by Volcano plot, 859 
proteins identified were differentially expressed with FDR<0.05 (Fig 17D) 
Analysis of specific proteins revealed modulation of proteins implicated in cell 
plasticity, actine cytoskeleton polymerization, ECM remodeling, inflammatory 
cytokine production and interferon type-I response (Table 5). These data represent 
the starting point for the further identification of molecular mechanisms controlling  
MS-275 mediated effects in Poly(I:C) stimulated MCs.  
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Figure 17 Treatment with MS-275 modifies the proteome of mesenchymal-like MCs. Cells were 

treated with MS-275 0,25 μM for 48 hours (A) Western blot showing the expression of Acetylated H3 
and H4 from histone extraction of MCs with MS-275. Total H4 was detected as a loading control. 

(B)Principal component analysis (PCA) of the LFQ intensities obtained in NT and MS-275 treated 
sample datasets. (C) Heat map of differentially expressed proteins in NT and MS-275 samples. LFQ 
intensities were expressed in z-score values (range of intensity z-score: ±2.4). Up-regulated and down-
regulated proteins are expressed in red and green scale respectively. Hierarchical clustering was 
performed using Euclidean distance and average linkage using the Perseus software. (D) Volcano plots 
comparing NT and MS-275 upregulated proteins. Black curves represent the significance threshold 
at false discovery rate (FDR) of 0.05 and S0 of 0.1. 
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Table 5 List of selected protein from proteomic analysis of MS-275 treated MCs vs NT. 
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5.Treatment with MS-275 rescues Poly(I:C) induced MMT 

Since gene ontology analysis revealed also modulation in proteins involved in 
cytoskeleton and matrix remodelling, we hypothesized that HDAC1/2 inhibition 
limits Poly(I:C) induced MMT. Pre-treatment with MS-275 rescued the expression 
of epithelial markers E-Cadherin and Calretinin in Poly(I:C)-treated MCs (Fig 18A-
B). Confocal microscopy analysis confirms gene expression data of Calretinin 

downregulation with MS-275 (Fig 18C), here we can also observe Calretinin 
predominant cytoplasmic localization in the cells. Interestingly, Snail, FN and 
MMP9 mRNA expression resulted to be upregulated upon MS-275 treatment 
(Fig18D). With respect to MMP9 upregulation, MS-275 treatment was shown to 
impair its activity (Fig18E). This apparently paradoxical observation (induction of 
SNAIL in a frame of MMT reversal) may be interpreted with the help of a previous 
study from our laboratory showing upregulated Snail expression coupled with its 
functional inactivation upon MS-275 treatment in MCs (252). Also, Fibronectin is 
increased by MS-275 although not fully functional (Terri et al., Submitted). Overall, 
these results demonstrated that MS-275 treatment rescues Poly(I:C) induced MMT.  
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Figure 18 Treatment with MS-275 rescues Poly(I:C) induced MMT in MCs. Cells were treated with 

2 ng/ml Poly(I:C) for 48 hours and/or 0,25 μM MS-275 for 72 hours with a second pulse after 48h 

from the first stimulation; experimental conditions are valid for combinatory or single treatment. 

(A) Quantitative RT-PCR expression analysis of ECAD and CALB2 in Poly(I:C) with/or MS-275 treated 

MCs compared to NT. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM 

of triplicate determinations in at least five independent experiments. P was calculated with respect to 

NT or Poly(I:C) samples.  Differences were considered significant at p < 0.05. (B) Left: Western blot 

showing the expression of E-Cadherin in total cellular extract of MCs. Tubulin was detected as a 

loading control. Right: WB quantification of E-cadherin expression in Poly(I:C) with/or MS-275 treated 

MCs compared to NT. Bars represent the mean ± SEM of triplicate determinations in at least four 

independent experiments. P was calculated with respect to NT or Poly(I:C) samples. (continues on the 

following page)   
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(following) (C) Immunofluorescence of MCs treated with Poly(I:C) with/or MS-275 compared with 

NT cells. Fixed cells were stained with antibody against Calretinin. Nuclei were stained with DRAQ5. 

A minimum of 150 cells per sample from two independent experiments were analysed. Scale bar: 

50 μm (D) Quantitative RT-PCR of Snail, FN and MMP9 expression in Poly(I:C) with/or MS-275 

treated MCs. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM of 

triplicate determinations in at least five independent experiments. P was calculated with respect to 

NT or Poly(I:C) samples.  Differences were considered significant at p < 0.05. (E) Gelatin zymography 

showing the activity of MMP9 and MMP2 in native protein extracted from MCs treated with Poly(I:C) 

with/or MS-275 compared to NT. 

 

 

6. Inhibition of Poly(I:C)-induced type-I Interferon 

response by MS-275 is associated to reduced STAT1 
tyrosine phosphorylation 

Proteomic analysis on MCs treated with MS-275 revealed the effect of this 
compound in inhibiting interferon induced anti-viral response (Fig 17) (Table 5). 
The role of MS-275 in downregulating type I interferon response induced by 
Poly(I:C) was confirmed at mRNA and protein expression level.  Anti-viral target 
genes associated with IFNβ response, Mx1, IFIT1 and IFITM1, were downregulated 
by MS-275 pretreatment (Fig 19A). WB analysis confirmed gene expression results 
on the target genes Mx1, IFIT1 and IFITM1 (Fig 19B). We linked the impaired type-
I interferon response to reduced tyrosine phosphorylation of STAT1, a main inducer 
of this pathway, upon MS-275- Poly(I:C) treatment (Fig 19C). 
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Figure 19 MS-275 promotes inhibition of type-I IFN response in Poly(I:C) stimulated MCs and 

inhibits STAT1 phosphorylation status promoted by Poly(I:C). Cells were treated with 2 ng/ml 

Poly(I:C) for 48 hours and/or 0,25 μM MS-275 for 72 hours with a second pulse after 48h from the first 

stimulation; experimental conditions are valid for combinatory or single treatment. (continues on the 

following page) 
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(following) (A) Quantitative RT-PCR of IFNβ, Mx1, IFIT1 and IFTM1 expression in Poly(I:C) with/or 

MS-275 treated MCs. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM 

of triplicate determinations in at least five independent experiments. P was calculated with respect 

to NT or Poly(I:C) samples.  Differences were considered significant at p < 0.05.  (B) Left: Western 

blot showing the expression of Mx1, IFIT1 and IFITM1 in total cellular extract of MCs. Tubulin was 

detected as a loading control. Right: WB quantification of Mx1, IFIT1 and IFITM1expression in 

Poly(I:C) with/or MS-275 treated MCs compared to NT. Bars represent the mean ± SEM of triplicate 

determinations in at least four independent experiments. P was calculated with respect to NT or 

Poly(I:C) samples.  (C) Cells were treated with 2 ng/ml Poly(I:C) for 3 hours and/or 0,25 μM MS-

275 for 72 hours. Left: WB showing the phosphorylation status of P-STAT1 compared to STAT1 

expression level in total cellular extract of MCs. GAPDH was detected as a loading control. Right: 

WB quantification of P-STAT1 and total STAT1 protein levels in Poly(I:C) with/or MS-275 treated 

MCs compared to NT. Bars represent the mean ± SEM of triplicate determinations in at least four 

independent experiments. P was calculated with respect to NT or Poly(I:C) samples. 

 

 

7.Treatment with MS-275 differently modulates Poly(I:C)-
induced pro-inflammatory cytokine/chemokine 

production  

The role of MS-275 in the production of inflammatory cytokines was then analysed. 
MS-275 enhanced Poly(I:C) induced mRNA expression of IL-6 and CXCL8, but not 
of TNFα, which was downregulated (Fig 20A). Significant increases of IL-6 and 
CXCL8 upon MS-275 treatment were confirmed by ELISA assay (Fig 20B). Overall, 
the effect of MS-275 in the induction of inflammatory cytokines should be further 
analysed, also considering the fact that the increased expression of IL-6 did not 
obviously correlate with the observed differences in Tyrosine Phosphorylation of its 
downstream effector STAT3 (Fig 20C). 
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Figure 20 MS-275 differently modulates Poly(I:C) induced pro-inflammatory 

cytokine/chemokine production. (continues on the following page) 
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(following) (A) Cells were treated with 2 ng/ml Poly(I:C) for 48 hours and/or 0,25 μM MS-275 for 72 

hours with a second pulse after 48h from the first stimulation; experimental conditions are valid 

for combinatory or single treatment. Quantitative RT-PCR of IL-6, CXCL8 and TNFα expression in 

Poly(I:C) with/or MS-275 treated MCs. L34 mRNA levels were used for normalization. Bars represent 

the mean ± SEM of triplicate determinations in at least five independent experiments. P was 

calculated with respect to NT or Poly(I:C) samples.  Differences were considered significant 

at p < 0.05. (B) Analysis of IL-6 and CXCL8 secretion from supernatants of MCs treated with Poly(I:C) 

with/or MS-275 compared to NT. Cytokine were measured by ELISA assay. P was calculated with 

respect to NT or Poly(I:C) samples. Differences were considered significant at p < 0.05. (C) Cells were 

treated with 2 ng/ml Poly(I:C) for 3 hours and/or 0,25 μM MS-275 for 72 hours with a second pulse 

after 48 hours from the first stimulation. Left: WB showing the phosphorylation status of P-STAT3 

compared to STAT3 expression level in total cellular extract of MCs. HSP90 was detected as a 

loading control. Right: WB quantification of P-STAT3 and total STAT3 protein levels in Poly(I:C) 

with/or MS-275 treated MCs compared to NT. Bars represent the mean ± SEM of triplicate 

determinations in at least four independent experiments. P was calculated with respect to NT 

samples. 

8. MeT5A cells support SARS-CoV-2 infection/replication 

Having demonstrated that MCs sense mediators released during viral infection, we 
analysed where these cells respond to viral infection. To this purpose, MeT5A, a 
pleura non-transformed MC line were chosen to evaluate the effect SARS-CoV-2 
infection as an in vitro model of viral infection. 
MeT5A, are widely used in the study of pleura pathophysiological functions, such 
as mesothelial plasticity and fibrosis ((82),(263),(341),(342)). SARS-CoV-2 infection 
(MOI=1) of MeT5A resulted in a progressive accumulation of viral RNA in the 
supernatants at 24 (fold increase mean 8.2) and 72 (fold increase mean 16.4) hours 
post infection (p.i.) (Fig 21A). Moreover, intracellular SARS-CoV-2 RNA peaked at 

24 and slightly declined at 72 h p.i (Fig 21A). The presence of infectious SARS-
CoV-2 viral particles in MeT5A supernatants was demonstrated by productive 
infection of Vero E6 cells (Fig 21A). To further confirm viral infection of MeT5A, 
double-strand (ds) RNA and viral nucleoprotein (N) were detected by confocal 
microscopy at 72 h p.i. (Fig 21B). Exposure of MeT5A cells to SARS-CoV-2 viral 
particles did not cause an evident cytopathic effect and cell death, as demonstrated 
by cleaved caspase 3 detection (Fig 21C). To provide mechanistic evidence on 
SARS-CoV-2/MC interactions, we analysed the expression of the plasma 
membrane receptors implicated in viral entry, namely ACE2, the protease 
TMPRSS2, and the co-factors NRP1 and ADAM17. As shown in Fig 22, MeT5A cells 
express ACE2, TMPRSS2, NRP1, and ADAM17. As demonstrated by kinetic 
infection studies, ACE2 expression has a trend to increase after SARSCoV-2 
infection, whereas no significative changes in expression of the other receptors were 
observed (Fig 22A). Expression of ACE2, TMPRSS2 and ADAM17 in non-infected 
MeT5A was confirmed at protein level by western blot analysis (Fig 22B). With 
respect to cellular specific response, SARS-CoV-2 infection promoted a rapid 
induction of Type I interferons (IFN-I), as demonstrated by IFN-α and IFN-β mRNA 
expression already induced at 1.5 h and still significantly expressed at 72 h upon 
infection (Fig 22C). 
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Figure 21 MeT5A are permissive to SARS-CoV-2 infection (A) Left: Quantification of SARS-CoV-2 viral 

RNA expression in culture supernatants of MeT5A cells at 1.5, 24 and 72 hours post viral inoculum 

(MOI=1). Six independent experiments were performed. Middle: Quantification of SARS-CoV-2 viral RNA 

expression in total RNA of MeT5A cultured as above. Five independent experiments were performed.  

Right: A TCID50 (Median Tissue Culture Infectious Dose) assay was performed adding serial dilutions of 

MeT5A cell culture supernatants to sub-confluent VeroE6 cells seeded in 96-well plates. Six independent 

experiments were performed. P was calculated with respect to time 0 of infection.  Differences were 

considered significant at p < 0.05.  (continues on the following page) 
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(following) (B) Immunofluorescence of MeT5A cells exposed for 120 hours to SARS-CoV-2 (MOI=1) 

compared with non-infected (NI) cells. Fixed cells were stained with antibodies against SARS-CoV 

Nucleocapsid and dsRNA. Nuclei were stained with DRAQ5. A minimum of 150 cells per sample 

from two independent experiments were analysed. Scale bar: 50 μm 

(C) Western Blot showing the expression of cleaved caspase 3 in MeT5A left untreated or infected 

at 24 or 72 hours. Sodium Arsenite MeT5A treatment for 1 hour was used as positive control. HSP90 

was detected as loading control. 

 

 

 

Figure 22 Met5A express SARS-CoV-2 associated receptors and activate an early Type-I IFN 

response. MeT5A cells exposed to SARS-CoV-2 infection (MOI=1) for 24 or 72 hours compared with 

non-infected (NI) cells. (A) Quantitative RT-PCR expression analysis of ACE2, TMPRSS2, NRP1 and 

ADAM17 from total RNA. L34 mRNA levels were used for normalization. Bars represent the 

mean ± SEM of triplicate determinations in at least four independent experiments. P was calculated 

with respect to NI samples.  Differences were considered significant at p < 0.05. 

(B) Western blot showing the expression of ACE2, TMPRSS2 and ADAM17, SARS-CoV-2 plasma 

membrane receptors, from total lysates of non-infected MeT5A cells. Tubulin was detected as a 

loading control. (C) Quantitative RT-PCR expression analysis of IFN-α and IFN-β in MeT5A cells 

exposed to SARS-CoV-2 for 1.5, 24 or 72 hours (MOI=1) compared with NI cells. Quantitative RT-

PCR was performed on total RNA. L34 mRNA levels were used for normalization. Bars represent the 

mean ± SEM of triplicate determinations in at least four independent experiments. P was calculated 

with respect to NI samples.  Differences were considered significant at p < 0.05. 
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9. The infection of MeT5A cells by SARS-CoV-2 promotes 
cytokine production  

The specific contribution of the infected MCs in the modulation of the inflammatory 
response and extracellular matrix (ECM) remodelling was therefore explored. 
Supernatants from SARS-CoV-2-infected MeT5A cells were analysed at 72 h after 
infection. 37 extracellular inflammatory mediators were evaluated by Luminex 
technology. Furthermore, the analysis was extended to another panel of 
inflammatory cytokines (IL-1β, TNFα, IL-6, CXCL8) measured by automatic ELLA 
assay. The significant induction of cytokines (observed at 72 h after infection) is 
shown in Fig 23. The induction of an IFN response previously observed at mRNA 
level was confirmed by the presence of increased levels of IFNα, IFNβ, IFNγ and 
IFNλ (IL-28, IL-29) (Fig 23A). Secretion of cytokines with inhibitory activity 
belonging to TNF superfamily, (sTNF-R1, sTNF-R2 and sCD30/TNFRSF8) was 
increased (Fig 23B). On the other hand, production of TNFα and IL-1β, that are 
known to be secreted by MCs, was negligible upon SARS-CoV-2 infection 
((53),(111)) (Fig 23D). Interestingly, the increase in the production of IL-10 and the 
structurally related IL-20 was highly significant (Fig 23C), whereas the abundant 
production of IL-6, characteristic of these cells, was not significantly increased by 
SARS-CoV-2 infection (Fig 23D) (343). Of note, CXCL8 production was significantly 
increased upon SARS-CoV-2 infection (Fig 23D). Moreover, MCs produced 
increased amounts of IL-2, IL-12p40 and IL-27, known modulators of innate and 
adaptive immunity (Fig 23E). Last, MCs secreted increased levels of MMP1-3, and 
of osteocalcin (Fig 23F). These data suggest that infected MCs may impact both 
the immune response to SARS-CoV-2 via the predominant production of anti-
inflammatory mediators and the modification of the pleural stroma via the 
production of ECM remodelers. 
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Figure 23 Analysis of cytokine secretion from supernatants of Met5A. Cells were infected with 
SARS-CoV-2 or left uninfected for 72 hours (MOI=1).  SARS-CoV-2 infection promoted the production of 
IFN-related cytokines (A); TNFα-soluble receptors (B); anti-inflammatory cytokines (C); pro-inflammatory 

cytokines (D); immune modulators (E) and mediators of ECM-bone remodelling (F). Cytokines shown in 
A, B, C, E, and F were measured by Luminex assay; cytokines shown in D were measured by ELLA 
assay. P was calculated with respect to NI samples.  Differences were considered significant at p < 0.05. 
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10. Treatment with MS-275 potentiates SARS-CoV-2 
infection in MeT5A cells 

To analyse the role of HDAC1/2 inhibition in this process, MeT5A were treated with 

MS-275, or DMSO as control for 24 hours before infection with SARS-CoV-2 

(MOI=1). The presence of infectious SARS-CoV-2 viral particles in MeT5A 

supernatants was demonstrated by productive infection of Vero E6 cells. 

Dose response experiments demonstrated that MS-275 treatment potentiates 

SARS-CoV-2 viral infection in MeT5A cells (Fig 24). These results demonstrated 

that HDAC1/2 pharmacological inhibition favours SARS-CoV-2 infection in MeT5A 

cells. 

 

11. Treatment with MS-275 modulates interferon 
response to SARS-CoV-2 in MeT5A cells 

As we observed the effects of HDAC1/2 in modulating with type-I IFN response, we 

wonder about this correlation in SARS-CoV-2 response. Thus, we evaluate the 

effect of MS-275 on IFN-β response genes at the non-cytotoxic concentration of 

0,25 μM. This HDAC1/2 pharmacological inhibition characterizes a down-

modulation of STAT1 driven genes in MS-275 pre-treated SARS-CoV-2 infected 

MeT5A (Fig 25). 
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Figure 24 MS-275 potentiates SARS-CoV-2 infection in MeT5A. Cells were pre-treated with 

DMSO or MS-275 for 24 hours at the following doses: 0.25, 0.125, 0.06 and 0.03 μM. Then, cells 

were infected with SARS-CoV-2 or left uninfected for 72 hours (MOI=1). A TCID50 (Median Tissue 

Culture Infectious Dose) assay was performed adding serial dilutions of MeT5A (MS-275 or DMSO 

treated) cell culture supernatants to sub-confluent VeroE6 cells seeded in 96-well plates. Six 

independent experiments were performed. P was calculated for MS-275 treated with respect to 

DMSO treated MeT5A.  Differences were considered significant at p < 0.05. 



75 
 

 

12. Treatment with MS-275 increases the expression of 

ACE2 and TMPRSS2 in MeT5A cells 

In respect to SARS-CoV-2 infection, the expression ACE2 and TMPRSS2, plasma 

membrane receptors associated with SARS-CoV-2 entrance, was analysed upon 

treatment with MS-275 in a dose response experiment (Fig 26A). 0,25 μM MS-275 

was chosen to better characterize the molecular mechanisms underlying as it 

resulted the condition in which SARS-CoV-2 can reach the maximal levels of 

amplification without causing mesothelial cells toxicity. This HDAC1/2 

pharmacological inhibition was characterized to strong upregulate ACE2 and 

TMPRSS2 expression (Fig 26B-D) as evaluated by quantitative PCR, Western Blot 

and Confocal analysis. The specific role of HDAC1 and 2 depletion was confirmed 

also by target specific genetic silencing (Fig 26E). 

Figure 25 MS-275 modulates type-I IFN response after SARS-CoV-2 infection. Cells were pre-

treated with 0,25 μM DMSO or MS-275 for 24 hours pre-infection. Then, cells were infected with 

SARS-CoV-2 or left uninfected for 72 hours (MOI=1). Quantitative RT-PCR expression analysis of 

IFNβ, ISG15, Mx1, IFIT1 and IFITM1 from total RNA of MS-275 treated MeT5A cells exposed to 

SARS-CoV-2 infection (MOI=1) for 72 hours compared with SARS-CoV-2 infected MeT5A left 

untreated. L34 mRNA levels were used for normalization. Bars represent the mean ± SEM of 

triplicate determinations in at least four independent experiments. P was calculated with respect 

to NT or SARS-CoV-2 infected samples.  Differences were considered significant at p < 0.05. 
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Figure 26 : HDAC1/2 inhibition promotes gene expression of ACE2 and TMPRSS2. (continues 
on the following page) 
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(Following) (A) Cells were treated with DMSO or MS-275 for 24 hours at the following doses: 1, 0.5, 

0,25, 0.125, 0.06 and 0.03 μM. Quantitative RT-PCR expression analysis of ACE2 and TMPRSS2 

from total RNA of MS-275 treated MeT5A compared to NT. L34 mRNA levels were used for 

normalization. Bars represent the mean ± SEM of triplicate determinations in at least four 

independent experiments. P was calculated with respect to NT infected samples.  Differences were 

considered significant at p < 0.05 (B) Cells were treated with 0,25 μM MS-275 for 24, 48 and 72 

hours.  Quantitative RT-PCR expression analysis of ACE2 and TMPRSS2 from total RNA of MS-275 

treated MeT5A compared to NT. L34 mRNA levels were used for normalization. Bars represent the 

mean ± SEM of triplicate determinations in at least four independent experiments. P was calculated 

with respect to NT samples.  Differences were considered significant at p < 0.05 (C) Left: Western 

blot showing the expression of ACE2 and TMPRSS2 in total cellular extract of MCs. GAPDH was 

detected as a loading control. Right: WB quantification of ACE2 and TMPRSS2 expression in 48h 

0,25 μM MS-275 treated MeT5A compared to NT. Bars represent the mean ± SEM of triplicate 

determinations in at least four independent experiments. P was calculated with respect to NT 

samples. (D) Immunofluorescence of MeT5A cells treated with 0,25 μM Ms-275 for 48 hours 

compared to NT. Left: Fixed cells were stained with antibodies against ACE2. Nuclei were stained 

with DRAQ5. A minimum of 150 cells per sample from two independent experiments were analysed. 

Scale bar: 25 μm. Right: ACE2 fluorescence signal quantification in MS-275 treated cells compared 

to NT. Bars represent the mean ± SEM of triplicate determinations in at least three independent 

experiments. P was calculated with respect to NT infected samples.  Differences were considered 

significant at p < 0.05 (E) Cells were treated with gene silencing smart pool to silence HDAC1 and/or 

HDAC2 gene expression for 48 hours. Quantitative RT-PCR expression analysis of ACE2, TMPRSS2, 

HDAC1 and HDAC2 from total RNA of treated MeT5A compared to scramble (SCR) treatment. L34 

mRNA levels were used for normalization. Bars represent the mean ± SEM of triplicate 

determinations in at least four independent experiments. P was calculated with respect to SCR 

samples.  Differences were considered significant at p < 0.05. 
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13. Treatment with MS-275 increases H3 histone 
acetylation on ACE2 and TMPRSS2 promoters in MeT5A 
cells 

To mechanistically demonstrate an effect of HDAC1/2 inhibition in the expression 

of SARS-CoV-2 receptors, the acetylation status of ACE2 and TMPRSS2 promoters 

was investigated. Ac-H3 Magna ChIP assay demonstrated that treatment with MS-

275 enhances H3 acetylation on ACE2 and TMPRSS2 promoters. These results 

suggest that MS-275 directly promotes ACE2 and TMPRSS2 mRNA expression by 

favouring an opened chromatin conformation in the ACE2 and TMPRSS2 

promoters (Fig 27).  

 

 

 

 

 

 

Figure 27 MS-275 promotes ACE and TMPRSS2 expression. Magnetic ChIP experiment showing the 
increase of H3 Acetylation on ACE and TMPRSS2 promoters upon treatment with 0,25 μM MS-275 for 
48 hours. IP expression levels were folded to IgG of the same experimental condition. Bars represent the 
mean ± SEM of triplicate determinations in at least three independent experiments. P was calculated 
with respect to IgG MS-275 or IP-NT samples.  Differences were considered significant at p < 0.05. 
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14. Myofibroblast transformation of MCs in visceral pleura 
from SARS-CoV-2-infected patients 

 
Last, we wondered whether SARS-CoV-2 may directly infect pleura in COVID-19 
patients along with infection’s relative effects on the pleural membrane.  
To answer this question, autoptic visceral pleura from COVID-19 patients was 

analysed and compared to visceral pleura from non-COVID-19 patients. Masson’s 

trichrome staining revealed the onset of an intense fibrotic response in samples 

from COVID-19 patients (Fig 28B), with respect with non-COVID-19 patients (Fig 

28A). When analysing pleura cellular components, while the MCs monolayer was 

maintained in the pleura of non-COVID-19 patients (Fig 28C,D), it appeared 

almost totally lost in COVID-19 patients (Fig 28E,F), highlighting the specificity of 

pleural disruption in this disease. Immunohistochemical labelling with WT1, a MC 

marker, showed positivity in spindle-like cells infiltrating the submesothelial 

stroma of COVID-19 patients (Fig 28E). Accordingly, staining with anti-cytokeratin 

AE1/AE3 antibody confirmed the mesothelial origin of these infiltrating cells (Fig 

28F). The sub-mesothelial stroma in non-COVID-19 samples was devoid of WT1, 

(Fig 28C), or cytokeratin positive cells, (Fig 28D), highlighting a specific impact of 

SARS-CoV-2 infection in promoting the acquisition of invasive ability by MCs. Anti 

SARS-CoV-2 immunolabeling did not reveal specific stain in the rare MCs present 

in visceral pleura from COVID-19 patients. However, positivity was found in 

pneumocytes from the same patients, in agreement to previously published data 

(344). Interestingly, we also found evidence of ACE2 expression, the main SARS-

CoV-2 plasma membrane receptor, in pleura MC (Fig 28G). These results 

demonstrate that SARS-CoV-2 infection causes the disruption of the monolayer of 

epithelial-like MCs, which in turn may invade the sub-mesothelial stroma 

promoting the onset of pleural fibrosis. 
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Figure 28 Fibrosis staining and immunohistochemical characterization of MSc in 

autoptic visceral pleura from COVID-19 patients compared to non COVID-19 patients.  

(A) Masson's trichrome staining in tissue from non COVID-19 patient; (B) Masson's trichrome 

staining highlights the presence of collagen fibers (blue stain) in thickened submesothelial 

layer of visceral pleura from COVID-19 patients. (C) Visceral pleura from non COVID-19 

patients show absence of staining (arrow) for WT1, a marker of reactive mesothelial cells. (D) 

Keratin AE1/AE3 staining, marker of mesothelial cells, shows a continuous monolyer of MCs 

in non COVID-19 patients. (E,F) Immunohistochemical labeling of WT1, shows positive 

submesothelial spindle cells in pleura from COVID-19 patients (E, arrow), and Keratin 

AE1/AE3 staining, performed on a consecutive section, show that the same cells (F, arrow) 

express both markers. (G) Labeling with a speficic antibody provides evidence of ACE2 

expression (arrows) in MCs from visceral pleura of COVID-19 patients. 

Scale bars = 30 µm 
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DISCUSSION 
 

Peritoneal fibrotic damage depends on complex interactions between external 

stimuli, intrinsic properties of the peritoneal membrane, and subsequent activation 

of the local innate-adaptive immune system (1). In this context, we studied the MC 

response to viral infection focusing first on the role of TLR3, a sensor of virus-

derived nucleic acids, in mediating changes in MC cell plasticity and the induction 

of an inflammatory response. 

The effects of TLR3 stimulation have been so far scarcely studied in MCs. TLR3 

stimulation has been demonstrated to induce matrix 

metalloproteinases/metalloproteinase inhibitors MMP9 and TIMP1 (171), playing a 

role in ECM remodeling. In another context such as pulmonary chronic 

inflammation, TLR3 mediated EMT and ECM remodeling in human small airway 

epithelial cells (345). 

Treatment of MCs with Poly(I:C), a synthetic TLR3 agonist, promoted the induction 

of MMT-like features, such as the acquisition of a spindle-like shape, the 

downregulation of epithelial markers and upregulation of mesenchymal markers 

including Snail, the EMT master gene. Moreover, we observed the induction of pro-

inflammatory cytokines/chemokines IL-1β, IL-6, TNFα, CXCL8 and CXCL10.  

Since previous evidence from our laboratory demonstrated an effect of HDAC1/2 

inhibition in reverting MMT state in biological contexts not related to viral 

infections ((263),(340)), we analysed the effect of MS-275/Entinostat, a 

pharmacological HDAC1/2 inhibitor after Poly(I:C) treatment. Using a wide range 

proteomic approach, we observed changing pathways in MS-275 treated MCs 

related to cytoskeleton remodelling and cellular plasticity. Thus, we validated the 

effective ability of MS-275 to revert the bona fide MMT induced by Poly(I:C) 

stimulation in MCs. Although Snail and Fibronectin gene expression levels resulted 

to be upregulated by MS-275 treatment, a previous study from our laboratory 

showed upregulated Snail expression coupled with functional inactivation upon 

MS-275 treatment in MCs (263). Moreover, the increased level of Fibronectin in 

MS-275 treated MCs was demonstrated to be dysfunctional in adhesion assays 

(Terri et al., Submitted).  

On the track of proteomic analysis, we then focused on the analysis type-I 

inflammatory response after Poly(I:C) treatment. HDAC1/2 inhibition 

downregulated type-I IFN response activated by Poly(I:C). Mx1, IFIT1 and IFITM1, 

targets of IFN-β response, were strongly downregulated in MS-275 treated MCs. To 

clarify the molecular mechanisms underlying, we analysed STAT1 activation status 

using as a readout STAT1 tyrosine phosphorylation, which was found reduced in 

MS-275 treatment. We extended our analysis also on STAT3. MS-275 treatment 

resulted to downregulate STAT3 phosphorylation promoted by Poly(I:C). This result 

apparently is not coherent with increase of IL-6 (a STAT3 inducer) observed in the 

presence of MS-275. Entinostat was previously related to STAT3 activation as it 

promotes its acetylation status (346). When analysing other inflammatory 

cytokine/chemokine expression, while IL-6 and CXCL8 levels increased, TNFα was 

decreased upon Poly(I:C)/MS-275 treatment. 
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Thus, HDAC1/2 inhibition clearly downregulated Type-I IFN response induced by 

stimuli mimicking infections in MCs, while promoting at least in part pro-

inflammatory cytokine expression.  

Once demonstrated a role of Poly(I:C) in inducing MMT, inflammatory 

cytokine/chemokine production in MCs and its regulation by MS-275, we analysed 

the direct effect of a viral pathogen. 

Since COVID-19 pathogenesis has lungs as primary targets, we analysed whether 

SARS-CoV-2 may infect pleural MCs, which are anatomically contiguous to alveolar 

epithelial cells. Despite the conceivable MCs participation in COVID-19 

pathogenesis, so far only indirect evidence has been reported. We analysed 4 

autoptic samples of COVID-19 patients comparing them with 4 non-COVID-19 

ones. Even thought we did not find direct evidence of primary infection in the lungs 

of COVID-19 patients, we could observe a specific alteration of pleura characterized 

by disruption of the MC monolayer and invasion of the sub-mesothelial stroma by 

spindle-like MCs.  No evidence so far pointed to a direct role of pleura MCs in the 

COVID-19 pathogenesis. This although around 10% of patients develop pleural 

effusions, have higher incidence of severe/critical illness, mortality rate and longer 

hospital stay time compared to their counterparts without pleural effusion 

((347),(348),(349)). In this study, the observation of MCs loss with disruption of the 

MCs monolayer in biopsies of visceral pleura from autopsies of COVID-19 patients 

led to hypothesize a direct or cell-mediated cytopathic effect of the virus. In 

particular, WT1- and cytokeratin-positive cells with a fibroblastoid morphology 

(having undergone bona fide MMT) were found in the sub-mesothelial stroma. 

Events linked with MCs plasticity may influence the fibrotic process in different 

ways. MMT in particular, has been demonstrated as a common mechanism of 

fibrosis in serosal membranes exposed to biomechanical, inflammatory and 

infectious stimuli ((98),(111),(350),(351)).  

We, then, analysed the effect of SARS-CoV-2 infection in a pleural cell line, the 
MeT5A cells, aimed to underlying molecular mechanisms implicated in the pleura 
brutal disruption observed in COVID-19 patients. In the in vitro analysis, we 
demonstrated that MeT5A cells express the main entry factors implicated in SARS-
CoV-2 infection, i.e. ACE2, TMPRRS2, ADAM17 and NRP1. Cleavage of ACE2 has 
been demonstrated to impact on viral entry (293). While it was already known that 
MCs express high levels of NRP1, a co-receptor of VEGFR with pro-fibrotic activity, 
the expression of ACE2, TMPRSS2 and ADAM17 was reported for the first time by 
our study ((308),(352)). 
By means of multiple approaches, we demonstrated that MCs sustain SARS-CoV-
2 infection. Our observations provide a first evidence of SARS-CoV-2 infection, 
replication and inflammatory onset in pleural MCs (172). 
Moreover, with respect to the cellular response to infection, we found an induction 
of IFN-α and IFN-β mRNA upon treatment with SARS-CoV-2. While the induction 
of a rapid IFN response is an indirect proof of MC infection, it also witnesses the 
ability of these cells to effectively clear SARS-CoV-2 infection at later time points. 
It is known that cytokine production has both a pathogenic and a prognostic role 
in SARS-CoV-2 infection. Cytokine storm is responsible for multiorgan pathology 
and eventually death, and inflammatory cytokine signatures may predict COVID-
19 severity and patient survival ((353),(354)).  
The analysis of cytokines secreted by SARS-CoV-2-infected MCs highlighted a 
predominance of anti-inflammatory (i.e. IL-10, sTNF-Rs) over pro-inflammatory (IL-
1β, TNFα, IL-6) responses. 
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Indeed, while inflammatory cytokine production was negligible (IL-1β, TNFα) or not 
significantly increased (IL-6), the production of IL-10 and of TNFRs was 
significantly enhanced upon viral infection. Of note, increased expression of sTNF-
Rs has been previously reported in septic pleural effusions (355). The increase of 
interferons (IFNα, IFNβ, IFNγ, IL-28 and IL-29) corresponds to an increase of 
cytokines with anti-inflammatory/immunomodulatory activity (IL-10, IL-11 and IL-
20). During SARS-CoV-2 infection, anti-inflammatory mediators are secreted at the 
same time with pro-inflammatory mediators, and in particular, IL-10 and IL-6 
expression both correlate with disease severity (356). However, IL-10 appears to 
have a “double edge” activity during inflammation: this cytokine is a key negative 
regulator of T cell mediated responses, but is also endowed with pro-inflammatory 
effects, including stimulation of IFNβ production (357). 
Moreover, MCs produced significantly increased levels of IL-2, IL-12 and IL-27, 
which may both activate NK and Th1 lymphocytes and promote antigen 
presentation. The production of MMPs by MCs is potentially relevant for induction 
of the pleura fibrotic response observed during SARS-CoV-2 infection.  
It is conceivable that due to the considerable extension of pleura surface (2000 cm2 
in an average adult male), the serous fluid recycling and the high vascularization 
of this organ, the predominant production of cytokines with anti-inflammatory 
activity by MCs may have a systemic effect of homeostatic dampening of the 
inflammatory response during infection. On the other hand, pleura may contribute 
to macrophage/lymphocyte activation and, through the secretion of mediators of 
ECM remodelling such as MMPs, play a role in lung fibrosis. Lineage tracing of 
WT1-positive MCs in a context of fibrotic lung disease provided evidence of MMT 
induction in vivo (358). 
We next analysed the effect of HDAC1/2 inhibition in our SARS-CoV-2 model of 
viral infection. We found that HDAC1/2 inhibition promoted SARS-CoV-2 infection 
in MeT5A.  
This result was in accordance with the downregulation of type-I IFN previously 
observed in response of Poly(I:C) in MCs treated with MS-275. IFN response is 
particularly important in SARS-CoV-2 infection, as it has been demonstrated that 
an optimal IFN production and controlled inflammation can reduce COVID-19 
pathogenesis ((359),(360)). Indeed, IFN gene target were reduced in cells infected 
by SARS-CoV-2 in the presence of MS-275. In this experiment, we did not observe 
a clear upregulation on type-I INF response probably due to the different kinetic of 
viral infection (72 h) with respect to smaller time points of viral infection (shown in 
Fig22C). Moreover, we provided another mechanism, since we found that 
HDAC1/2 inhibition strongly upregulates ACE2 and TMPRSS2 expression, which 
causes a viral infection and/or spreading increase. Interestingly, a previous study 
reports that HDAC6 activity promotes ACE2 and NRP1 expression (336).  
Mechanistically, we found increased histone acetylation promoted by MS-275 
favouring chromatin remodelling in the region of ACE2 promoter. Studies have 
identified ACE2 as a human interferon-stimulated gene (ISG) ((361),(362),(363)), 
meaning that SARS-CoV-2 could exploit species-specific interferon-driven 
upregulation of ACE2 to enhance infection (361). These results have been so far 
only analysed in MeT5A and deserve further study in other cell lines already know 
to be a target for SARS-CoV-2. 
Among potential therapeutical approaches tested during the COVID-19 pandemic, 
anticancer drugs with effects in epigenetic regulation, including HDAC inhibitors, 
have been used ((333),(364)). HDAC inhibition has been indicated as a potential 
therapeutical strategy to restore the deregulated immune type-I response during 
severe COVID-19 (333), particularly focusing on selective HDAC6 inhibitors. The 
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data indicated that HDAC6 inhibition participated in downmodulate the SARS-
CoV-2 directed expression of pro-inflammatory cytokines and Type-I IFN response 
in monocytes (333). Epigenetic target inhibition of HDACs also limited the 
expression of SARS-CoV-2 associated receptor ACE2 and NRP1 in diverse cell lines 
(HK-2, Huh-7, HUVEC, Caco-2, and BEAS-2B) (336).  
To sum up, here we provide evidence that MCs react to viral stimulation inducing 
MMT, fibrosis, type-I IFN response and pro-inflammatory cytokine/chemokine 
response as we first demonstrated in Poly(I:C) stimulation model and then partially 
validated in a SARS-CoV-2 infection model. Our study also indicates that HDAC1/2 
pharmacological inhibition in MCs may have different effects. It reverted the MMT-
like state while having not univocal effect in the expression of inflammatory 
cytokines/chemokines. Moreover, it dampened the Interferon response, which was 
linked to STAT1 reduced tyrosine phosphorylation. At the same time, it was 
demonstrated to promote the expression of SARS-CoV-2 receptors ACE2 and 
TMPRRS. 
Entinostat is currently used alone or in combination therapy in different clinical 
trials for cancer therapies such as metastatic melanoma, breast cancer, Hodgkin 
lymphoma, myelodysplastic syndromes (MDS), acute myeloid leukaemia (AML) or 
acute lymphocytic leukaemia (ALL) ((360),(365)). Thus, our results raise a concern 
about the use of MS-275 or related inhibitors in immunocompromised patients 
where it may further potentiate the spread of SARS-CoV-2 infection. 
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CONCLUSIONS 
 

In this doctoral thesis, we provide evidence that:  

1. Primary human MCs from PD patients express a specific subset of TLRs, 

composed by TLR1, TLR2, TLR3 and TLR5, which are further induced 

upon treatment with Poly(I:C), a TLR3 specific ligand; 

2. Poly(I:C) stimulation induces molecular and morphological changes 

related to MMT induction; 

3. Poly(I:C) stimulation induces expression of pro-inflammatory cytokines 

and chemokines;  

4. Proteomic analysis of MCs stimulated with MS-275, an HDAC1/2 

inhibitor, reveals changes in expression pathways related to cell plasticity, 

inflammatory and interferon response; 

5. Treatment with MS-275 in MCs stimulated with Poly(I:C) partially reverts 

the mesenchymal-like status favouring the acquisition of an epithelial-

like phenotype;  

6. Treatment with MS-275 inhibits STAT1 activity and Type-I IFN response; 

7. Treatment with MS-275 differently modulates pro-inflammatory 

cytokine/chemokine in response to Poly(I:C) stimulation;  

8. MeT5A cells express SARS-CoV-2 receptors/coreceptors ACE2, 

TMPRSS2, NRP1 and ADAM17; 

9. MeT5A cells are permissive to SARS-CoV-2 infection;  

10. SARS-CoV-2 infection result in a rapid Type I IFN response followed by 

upregulation of many inflammatory cytokines and chemokines involved 

in inflammation and in the modulation of the immune response in MeT5A 

cells; 

11. Treatment with MS-275 potentiates SARS-CoV-2 infection in MeT5A 

cells;  

12. Treatment with MS-275 induces ACE2 and TMPRRS2 expression, 

while limiting Type-I IFN response in MeT5A cells; 

13. Treatment with MS-275 promotes H3 acetylation on ACE2 and 

TMPRRS2 promoters; 

14. In COVID-19 autoptic pleura samples, MCs monolayer loss and the 

presence of mesenchymal like MCs in the submesothelial stroma were 

found, but no signs of direct pleura MC infection by SARS-CoV-2. 
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