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 

Abstract— Monocytes and macrophages are professional 

phagocytic cells and are the major differentiated mediators of 

immune responses. These cells are widely distributed in many 

tissues and organs. Under normal (steady state) conditions, 

large number of these phagocytic cells (called resident 

macrophages) reside in the peritoneal cavity and in the “milky 

spots” of the mesentery. As a result of inflammatory stimulus 

(i.e. intraperitoneal Freund’s adjuvant injection) these resident 

peritoneal macrophages become activated, and their number 

and endocytic activity is significantly increase. The origin and 

plasticity of these chronic, heterogeneous inflammatory 

macrophages are not entirely known. Tissue-resident 

macrophages as well as infiltrating monocyte-derived 

macrophages play a distinct role in the progression of 

inflammation, but the large number of these inflammatory 

macrophages suggests that cells originating from other, 

non-hematopoietic sources can also contribute to this subset of 

macrophages. Our morphological and biochemical results 

provided evidence that under the effect of inflammatory 

cytokines mesenteric mesothelial cells undergo 

epithelial-mesenchymal transition (EMT) and 

transdifferentiate into macrophages, thus these transformed 

mesenteric mesothelial cells can contribute to the large increase 

of peritoneal macrophages during inflammation. In this paper, 

we summarize our morphological and biochemical data 

supporting this transition and we describe how cavolae and 

caveolar endocytosis can regulate both epithelial-mesenchymal 

transition (EMT) and mesenchymal-epithelial transition 

(MET). 

Index Terms— Inflammation, inflammatory cytokines, 

mesenteric mesothelial cells, epithelial-mesenchymal transition, 

mesenchymal-epithelial transition, caveolae, caveolar 

endocytosis.  

 

I. INTRODUCTION 

This review summarizes our data proving that 

inflammatory stimuli induce epithelial-mesenchymal 

transition in mesenteric mesothelial cells. During this process, 

the simple squamous epithelial cells undergo a series of 

morphological and biochemical changes, lose their epithelial 

characteristics and become mesenchymal cells. The 

transforming growth factor β (TGFβ) and 

granulocyte-macrophage colony stimulating factor (GM-CSF) 

play important role in regulation of this process. After the 

peak time of inflammation the mesothelial cells start to 

regenerate, they regain their original epithelial phenotype by 

a process called mesenchymal-epithelial transition (MET). 

Autophagy, by removing the unnecessary cellular organelles, 
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is the key process to re-establish their epithelial morphology. 

Our morphological and biochemical results clearly show that 

during inflammation induced EMT besidesof gaining 

mesenchymal characteristics, mesenteric mesothelial cell 

transdifferentiate into macrophages contributing the 

increased amount of macrophages appearing into the 

peritoneal cavity. We also prove that both EMT, MET and 

mesothelial cell-macrophage transdifferentiation (MMT) are 

initiated and regulated by inflammatory cytokines. Caveolae 

and caveolar endocytosis seem to be one of the important 

checkpoint in the regulation the signalling during both EMT, 

MET and MMT. 

II. INFLAMMATION INDUCES EPITHELIAL-MESENCHYMAL 

TRANSITION (EMT) IN MESENTERIC MESOTHELIAL CELLS 

 

The process of epithelial-mesenchymal transition [1,2] is an 

important, reversible biological process, during which 

polarized epithelial cells undergo a complex proteomic 

remodelling, several biochemical and morphological changes 

andassume mesenchymal characteristics [3]. In the course of 

this transdifferentiation the polygonal-shaped epithelial 

cellsbecome elongated, spindle-shaped, apolar, and highly 

mobile cells. The cells lose their intercellular 

connections(with E-cadherin and ß-catenin down-regulation 

[4,5]), their basement membrane is degraded [6], and their 

cytoskeleton becomes rearranged. Besides expressing 

mesenchymal markers (N-cadherin, vimentin, α-smooth 

muscle actin), epithelial cells acquire the ability to produce 

extracellular matrix components, inflammatory cytokines, 

fibrogenic and angiogenic factors [7]. Three types of EMT 

have been distinguished so far: a.) EMT occurring during 

embryogenesis (type I); b.) EMT associated with 

inflammation, wound healing, tissue regeneration and organ 

fibrosis (type II) and c.) tumorigenesis (type III) [8]. 

EMT is triggered by extracellular signals including various 

cytokines, growth factors, and extracellular matrix 

components. Transforming growth factor β (TGFβ) family 

members are the most important regulators in EMT [9]. As an 

important morphogenic factor, TGF-β initiates and maintains 

EMT via different signaling routes[10]. The TGFβ signalling 

pathways are generally divided into Smad-dependent and 

Smad–independent processes [11]. When TGFβ binds to its 

primary serine/threonine kinase receptor (type II), it induces 

the formation of a heterotetrameric receptor complex. Type II 

receptor then trans-phosphorylates (activates) the signalling 

receptor (type I) that can initiate Smad2/3 signalling 

pathway. 

We have previously demonstrated [12] that intraperitoneal 
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injection of Freund’s adjuvant inducedmassive inflammation 

of the mesenterium with marked changes in the morphology 

of the mesenteric mesothelial cell.Flat squamous epithelial 

cells became rounded or cuboidal in shape, and the volume of 

the cells as well as the number of the cell organelles were 

significantly increased. The cells have lost both their 

apical-basolateral polarity and cell-cell interactions,and 

many of them detached from the basement membrane. The 

epithelial cell type-specific intermediate filament protein, 

cytokeratin has gradually disappeared from the cytoplasm of 

the mesothelial cells with a parallel increase of the 

mesenchymal cell-specific vimentin expression.The 

inflammation resulted in an extensive cell migration, 

structural reorganization, and loss of cell continuity [12].  

Freund’s adjuvant treatment also induced a significant 

amount of TGF-β production in mesothelial cells that was 

secreted into the peritoneal cavity. The level of TGF-β highly 

correlated with the kinetics of the inflammation, and 

transforming mesothelial cells also expressed TGFβRII[13]. 

These morphological and biochemical data show that under 

inflammatory stimuli mesenteric mesothelial cells undergo 

EMT, that is regulated by TGF-β signalling.  

 

III. DURING RECOVERY, MESOTHELIAL CELLS UNDERGO 

MESENCHYMAL-EPITHELIAL TRANSITION MET AND 

AUTOPHAGY IS THE KEY PROCESS INTHIS REGENERATION 

 

After inflammation reaching its peak, a recovery process 

began:  the mesothelial cells gradually regained their simple 

squamous epithelial morphology and cellular organization (a 

process called mesenchymal-epithelial transition, MET). The 

cells,being still cuboidal in shape, became arranged in a 

single layer on the surface of the mesentery, the volume of 

the cytoplasm gradually decreased, and finally only few 

intracellular organelles were present in the cytoplasm. Since 

no cell division could be detected that could have provided 

new mesothelial cells, we assumed that the regeneration of 

the mesothelium occurred by remodelling of the transformed 

mesothelial cells. In tissue remodelling,autophagy is known 

to play a pivotal role, by which the cells can control the 

number and turnover of cell organelles [14-17]. Recent 

studies show that autophagycan play an essential role in 

inflammatory processes as well[18,19]. At the start and 

subsequent development of regeneration a progressive 

autophagosome and autolysosome formation were found in 

our system [20]. Simultaneously with the morphological 

changes, the expression of various factors directly or 

indirectly regulating autophagy has also changed. At the 

early time of inflammation the Beclin-1 level prominently 

increased, was high at the peak of inflammation, and by the 

time of regeneration it completely disappeared.Although a 

basal Beclin-1level is necessary for the cell survival, it is not 

capable to trigger autophagy [21]. A major regulator of the 

autophagic processis mTOR[22] that integrates intra- and 

extracellular signals, and serves a regulatory role in cell 

growth, proliferation, metabolism and survival.Inhibition of 

mTOR increases autophagy, whereas its activation (by 

phosphorylation) reduces or inhibits the process [23]. mTOR 

is the downstream effector of PI3K-Akt system. Various 

cytokines and extracellular stimulican activate the 

serine/threonine protein kinase Akt or PKB (protein kinase B, 

a downstream effector of PI3K)as well as mTOR [22,25]. 

TGF-β,besides being the major regulator of EMT, can also 

activate the PI3K-Akt-mTOR pathway indirectly [26,27]. 

Since in our system TGF-β is secreted into the peritoneal 

cavity during inflammation [13,28], we assume that TGF-β 

not only stimulates the EMT (through its canonical pathway), 

but it also arrests the autophagy by stimulating the 

phosphorylation of Akt-mTOR.When the inflammation 

progressed and the autophagy was arrested we found high 

p-Akt and p-mTOR levels. Following the peak time of 

inflammationboth p-Akt and p-mTOR levels diminished and 

the number of autophagic vacuoles increased significantly, 

indicating that simultaneously with the inactivationof 

regulatory molecules the autophagy could be accelerated [20]. 

These results show thatduring inflammation TGF-β has a 

dual effect: through its plasma membrane receptor, it 

stimulates EMT (canonic pathway) andby stimulating 

PI3K-Akt pathway, indirectly inhibits autophagy. 

Recently, estrogen receptor alpha (ER-α) has been suggested 

as another player in the molecular regulation of EMT and 

MET [29-31]. For long, estrogen receptors (ER-α, ER-β) 

have been considered exclusively as transcription factors 

acting inside the nucleus. It has been proved, however, that a 

small percentage (5-10%)of ERs  reside in the cell membrane 

and can elicit both genomic and non-genomic responses by 

activating multiple protein kinase cascades that include 

MAPK, protein kinase C, Src kinase and PI3K [32-36]. ER-α, 

and TGF-β have opposing roles in cell proliferation and 

differentiation of epithelial cells. Their regulatory pathways 

intersect and ER-α blocks the TGF-β pathway at different 

cellular levels both inside the nucleus and in the cytoplasm 

and plasma membrane [35-38]. It is known that estrogen can 

activate the ERK pathway [37,38] and this non-canonical 

MEK-ERK signalling regulates mTOR activation, thus 

controlling the intensity of autophagy [39]. Our 

morphological (confocal and immuno-EM) and biochemical 

(qRT-PCR) results showed that ER-α was expessed in both 

treated and in control mesothelial cells. Balogh et al 

[13]showed that the extragonadal estrogen, activating the 

non-canonical MAPK pathway through its receptor (ERα), 

could induce autophagy in our system as well. All these 

morphological and biochemical data provide evidence that 

autophagy is deeply involved in the re-establishment of the 

original mesothelial phenotype (MET) in our system by 

removing unnecessary cell organelles. 

IV. ESSENTIAL ROLE OF CAVEOLAE AND CAVEOLAR 

ENDOCYTOSIS IN EMT AND MET 

Mesothelial cells exhibit numerous caveolae both at their 

apical and basal plasma membranes [40].  Caveolae are 

omega or flask shaped plasma membrane invaginations, 

highly hydrophobic membrane domains, considered as a 

specialized form of lipid rafts [41,42]. The major protein of 

caveolae is caveolin-1 [43,44], which drives the formation of 

caveolae, anchors them to the actin cytoskeleton, modulates 

cell interactions with the extracellular matrix, regulates 

signalling molecules and cholesterol transport [45]. Since 

caveolin-1 - through its scaffolding domain - can bind many 

molecules implicated in signalling events, caveolae are 

thought to be important signalling organelles [43]. Recently it 
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has been accepted that caveolae are also involved in 

endocytic processes [44]. Signalling and internalization 

however are strongly related to each other. The receptor 

internalization is required for the initiation of downstream 

signalling [46]. In addition to promoting the signalling 

process by transporting these molecules to the signalling 

partners in the early endosomes,the receptor-ligand 

internalization regulates the number of receptors present in 

the cell membrane. The two pathways from the early 

endosomes lead to recycling endosomes and multivesicular 

bodies/late endosomes. From the recycling endosomes, the 

receptors can return to the plasma membrane and take part in 

another cycle, thus the signalling can continue until receptors 

recycle back to the cell surface. As the alternative pathway, 

multivesicular bodies/late endosomes fuse with lysosomes 

and the receptors are degraded. Thus, receptor internalization 

regulates the signalling, receptor turnover, the magnitude and 

duration of the events. In the regulation of EMT 

clathrin-mediated as well as caveolar endocytosis 

(internalization via caveolae) are involved [47]. 

Internalization via clathrin-coated vesicles promotes the 

signalling, while the caveola-mediated endocytosis plays 

important role in termination of the events. During 

inflammation-induced EMT of mesenteric mesothelial cells 

both TGFβRI and TGFβRII are rapidly internalized upon 

ligand binding and theinternalized receptor-ligand 

complexesare targeted into early endosomes[28]. These 

compartments promote the signalling indicating their pivotal 

role not only in the sorting of internalized cargo proteins but 

in defining the activity of signalling events as well[48]. 

Endocytosis via caveolae directs the receptor-ligand complex 

first to early endosomes then to late endosomes/lysosomes or 

proteasomes, where they are degraded [49,50] resulting 

indownregulation of the receptors on the cell surface. In our 

system as the inflammation progressed, the TGFβRII 

appeared in caveolin-1 positive intracellular structures that 

was accompanied by the appearance of negative regulatory 

protein, Smad7 (an ubiquitin ligase) in caveolae[28]. Our fine 

structural, morphometric and immunoblot analysis proved 

that multivesicular body formation was significantly 

increased during inflammation and both TGFβRII and 

caveolin-1 were strongly associated with these 

compartments.By the termination of inflammation, 

caveolin-1 was found to be associated with the late 

endosomal marker,Rab7 and entirely degraded in these 

compartments [28]. The most debated and controversial 

itemconcerningthe regulatory role of early endosomes and 

caveolae in TGF-β pathway is whether caveolae directly 

reach late endosomal compartments (multivesicular 

bodies/late endosomes) or only with the fusion of early 

endosomal membranes. Our light and electron microscopical 

results have shown that caveolae, internalized upon 

inflammatory stimuli, most likely meet first the early 

endosomes, then reach the multivesicular body compartment, 

thus early endosomes are also functioning as the key 

compartments in the termination of TGF-β signalling.As a 

conclusion, we assume that these findings provide 

persuading evidence how caveolin-1 downregulation 

together with caveolar internalization of TGFβ receptors 

turns off the TGFβ signalling pathway and blocks EMT[28].  

Caveolar endocytosis ofTGFβ receptors can also regulate the 

signalling events of autophagy. As discussed above, TGF-β 

can also activate indirectly the PI3K-Akt-mTOR pathway 

[26,27],stimulating the phosphorylation of Akt-mTOR. 

Stimulation (phosphorylation) of mTOR reduces, inhibits 

[23], while its inhibition stimulatesautophagy. When 

theTGFβ receptor is internalized, the ligand cannot transmit 

the stimulus to the downstream molecules, and EMT is 

blocked. In our system, it also means that by the receptor 

internalizationthe inhibitory effect of the downstream 

signalling is stopped, mTOR can initiate autophagy, and the 

recovery (MET) can start[20].From these data, we conclude 

that the receptor internalization can be one of the most 

important steps in allowing autophagy through inactivation 

of PI3K-Akt-mTOR pathway as well.  

Summarizing: caveolae, the omega-shaped plasma 

membrane invaginations, have multiple functions in 

signalling events. They provide assembly platforms for 

various signalling molecules that can be regulated by the 

interaction with caveolin-1. The caveolar internalization of 

receptor-ligand complexes controls the number of the 

specific receptors present on the cell surface, and determines 

the capability of the cell to respond to extracellular stimuli. 

Therefore caveolar internalization of cytokine (TGFβ, BMPs, 

etc.) receptors regulates the intensity of both EMT, and MET; 

the balance between EMT and MET highly depends on the 

presence of caveolin-1/caveolae on the plasma membrane 

[7,51].Consequently, caveolin-1 is likely to be the major 

checkpoint in epithelial-mesenchymal and 

mesenchymal-epithelial transitions [7].   

V. MESOTHELIAL CELL-MACROPHAGE TRANSITION (MMT) 

DURING INFLAMMATION INDUCED EMT 

During inflammation-induced EMT mesenteric mesothelial 

cells start to express macrophage markers (OX43, ED1) as 

well [12,52], suggesting that they might be transformed into 

macrophage-like cells [53]. Our previous data showed that 

under inflammatory stimuli the number of peritoneal 

macrophages dramatically increased [54]. The origin of these 

chronic, heterogeneous inflammatory macrophages is not 

entirely known. There are data indicating that tissue-resident 

macrophages as well as infiltrating monocyte-derived 

macrophages play a distinct role in the progression of 

inflammation [55-58]. The large number of the inflammatory 

macrophages suggests, however, that blood-derived 

monocytes, and activated resident macrophages should not 

be enough to provide such a large amount of macrophages, 

and cells originating from other, non-hematopoietic sources 

should also contribute to this subset of macrophages.  One 

candidate of these non-hematopoietic cells are the 

mesothelial cells that are present all over the peritoneal cavity, 

covering the internal organs of the abdomen. They express 

nestin [12], a well-known and characteristic marker of 

multi-lineage progenitor cells, the presence of which 

indicates multipotentiality and regenerative capacity [59].  

Nestin expression in mesothelial cells clearly shows that they 

are not terminally differentiated cells;instead, they are 

multipotent „young” cells with high regenerative capacity 

and able to differentiate into many types of cells [12].  

The granulocyte-macrophage colony-stimulating factor 

(GM-CSF) - a member of the hematopoietic cytokine family - 

promotes the survival and activation of granulocytes, 
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macrophages and dendritic cell differentiation in vivo, and it 

also stimulates proliferation of several non-hematopoietic 

cell types (osteoblasts, smooth muscle, endothelial and 

epithelial cells) [60]. During inflammation, mesenteric 

mesothelial cells synthesize GM-CSF and secrete it into the 

peritoneal cavity [53]. If treated with GM-CSF, mesothelial 

cells started to express macrophage markers [53], showing 

that GM-CSF initiated the mesothelial cell-macrophage 

transition (MMT).Upon inflammatory stimulus as well as 

GM-CSF-treatment, the phagocytic activity ofmesothelial 

cells significantly increased,theyefficiently phagocytosed 

both India ink and fluorescent bioparticles [62]. Besides 

being professional phagocytic cells, macrophages are the 

major producers of TNFα, which is the main regulator of 

inflammatory cytokine production [61]. During inflammation, 

mesothelial cells expressed an increasing amount of TNFα, 

and EGR1[62]. EGR1(early growth response 1) 

transcriptional factor is a member of early-immediate growth 

response gene family coupling the acute perturbation of the 

extracellular milieu to short-lived changes in target gene 

expression[63]. As a unique transcription factor, EGR1 

affects only cells of the monocyte/macrophage lineage, not 

other haematopoietic cells [54,64-67]. We could detect 

EGR1 inthe nuclei of the mesothelial cells indicating that 

inflammation resulted in not only the expression but also the 

nuclear translocation of this transcription factor. EGR1 

activity and its nuclear translocation depend on ERK 

activation [68], and caveolin-1 is known to regulate ERK1/2 

phosphorylation, positively affecting the monocyte to 

macrophage differentiation [68]. In our system, we found an 

increased ERK1/2 phosphorylation at a maximum level on 

day 3 of inflammation and caveolin-1 expression also 

changed during inflammation indicating that mesothelial 

cell-macrophage transdifferentiation (MMT) is regulated by 

caveolin-1/ERK1/2/EGR1 signaling pathway[62].  

Another characteristic feature of macrophages is that under 

inflammatory stimuli they express and secrete 

pro-inflammatory cytokines such as TNFα, IL-1, IL-6, IL-8, 

IL-12, as well as anti-inflammatory cytokines like IL-10, 

TGFβ [69]. Cytokines and chemokines are potent signalling 

molecules with low molecular weight, mediating intercellular 

communication. The primary function of cytokines is to 

regulate inflammation by paracrine, autocrine or endocrine 

mechanisms. Pro- and anti-inflammatory cytokines are 

mainly produced by macrophages and lymphocytes, but 

polymorphonuclear leukocytes (PMN), endothelial, 

epithelial cells, adipocytes and connective tissue cells are 

also able to synthesize them [69].  

We found that mesenteric mesothelial cells also expressed 

both pro- and anti-inflammatory cytokines to regulate 

inflammation (unpublished data). In control mesenteric 

mesothelial cells we could detect the anti-inflammatory 

cytokine, IL-10, which is known to suppress macrophage 

activation, to improve cell survival and to reduce the levels of 

inflammatory cytokines [70].  As the inflammation 

progressed, mesothelial cells started to express the 

pro-inflammatory cytokine IL-6 (unpublished data), that 

regulates the expression of inflammatory genes [71], and 

simultaneously the IL-10 level have been decreased. At the 

peak of inflammation, IL-6 reached its maximum level, while 

IL-10 practically disappeared from the cells. As the 

regeneration started, IL-6 expression decreased and IL-10 

level started to increase. From these data, we conclude that 

mesenteric mesothelial cells, developing from the embryonic 

splanchnopleura, preserve their multipotent mesenchymal 

character, and in response to special stimuli (inflammation, 

GM-CSF treatment) can transdifferentiate into macrophages. 

In addition to emigrating blood monocytes and resident 

macrophages, they could provide the third source of 

peritoneal macrophages during inflammation. The 

caveolin-1/ERK1/2/EGR1 signaling pathway regulates this 

mesothelial cell-macrophage transition. 

It is well known that various signals, such as apoptotic cells, 

hormones, immune complexes and cytokines, can induce 

polarization of macrophages. Under the effect of diverse 

signals macrophages can become “classically activated“(M1) 

or “alternatively activated”(M2a, M2b, M2c) cells [72]. M1 

macrophages secrete pro-inflammatory cytokines such as 

TNF and IL-6. Exposure or treatment of monocytes with IL-4 

and IL-13 polarizes these cells toward M2a [73,74]. M2b 

macrophages are induced by a combination of LPS, immune 

complexes, apoptotic cells and IL-1Ra. They secrete both 

IL-10 and IL-6, while M2c macrophages are induced by a 

combination of IL-10, TGFβ and glucocorticoids, in turn they 

secrete IL-10 and TGFβ. They also promote tissue 

regeneration [73,74]. Taking together all these data and our 

results, we think that control mesothelial cells have M2c 

macrophage character, and the inflammatory stimuli polarize 

them into M2b and M1 macrophages. 

All these data and facts point out and underline that 

mesenteric mesothelial cells are not terminally differentiated 

cells instead they are multipotent plastic cells, they can be 

taken as a kind of  “stem” cells. During inflammation, under 

the effect of inflammatory cytokines, because of their 

plasticity, mesenteric mesothelial cells are capable to 

transdifferentiate into macrophages, by a process called EMT. 

This transdifferentiation however is reversible; during this 

transition, they do not lose their mesothelial character: if the 

inflammatory stimulus is over, they can regain their 

mesothelial phenotype again. 
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