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Abstract

Pulmonary s is a multifactorial chronic progressive disease, caused by numerous biotic and abiotic agents, including
SARS-CoV-2  infection.  Damage  of  the  alveolar  epithelial  barrier  (formed  by  alveolar  epithelial  cells  type  I,  consisting  of
tight  and adherens  junctions)  has  been described as  a  key  mechanism of  early s  and therefore  could  be  crucial  for
post-acute  sequelae  of  COVID-19  as  well.  Integrity  of  adherens  junctions  is  regulated  by  the  intracellular  plaque  protein
p120 catenin and is crucial for epithelial barrier regulation in epithelial-mesenchymal-transition-driven diseases like
nesis  and cancer  progression.  Abundance  and expression of  p120  catenin  and regulator  proteins  of  intercellular  contacts
(caveolin-1, P2X7R) were investigated in FFPE-specimen of COVID-19 d lungs (acute vs. chronic) compared to con-
trol and interstitial lung disease of other cause (n = 6 each), followed by further investigation of p120 catenin in early lung in-
jury models using c agents in culture of murine lung and human alveolar epithelial cell culture. p120 catenin was
higher in chronic vs.  acute COVID-19, suggesting a role in c development. e interacting proteins caveolin-1 and
P2X7R were simultaneously decreased in COVID-19, indicating an involvement in early pathophysiology. In vitro experi-
ments  for  early  epithelial  damage  showed  no  changes  in  p120  catenin  and  its  phospho-Y228  site  in  cell  culture  while  in
murine lung culture p120 catenin was reduced. , n and interaction of p120 catenin and caveolae associated pro-
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tein; TJ: tight junctions; WB: Western Blot
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Introduction

Pulmonary s (PF) is a chronic progressive lung disease which is characterised by t extracellular matrix (ECM)
deposition, leading to interstitial expansion and capillary weakening, ultimately resulting in ventilatory failure [1–6]. Multiple
abiotic and biotic factors are able to cause PF, including the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
the causative agent of the Coronavirus Disease 2019 (COVID-19) [7–10]. PF, one of the most concerning post-acute sequelae
of COVID-19, typically manifests subsequent to acute lung injury, especially r acute respiratory distress syndrome (ARDS).
ARDS represents a severe, acute form of microvascular lung injury (with the histopathologic g of e alveolar dam-
age, DAD), characterised by an immediate exudative y and a proliferative phase associated with alveolar epithelial
cell (AEC) hyperplasia [8, 11, 12]. It has been observed that COVID-19 patients are at high risk with development of ARDS in
about 30 % of all COVID-19 cases [13] with following c changes in 7 % of all d COVID-19 cases [14–16] as a re-

An initial and ongoing damage of the alveolar epithelial barrier leads to cell n (epithelial-mesenchymal transition,
EMT) and increased production of c factors, which seems to be pivotal for s [1]. s are cells
that play a crucial role in the processes of wound healing and the formation of connective tissue [19]. In COVID-19 and PF of
other cause, s are activated and contribute to the formation of excess connective tissue and drive disease progression
[20]. e signalling pathways involved in COVID-19 and PF of other cause are intricate and interact with one another. Trans-
forming growth factor beta (TGF-β), activated through y processes, plays a pivotal role in the pathogenesis of
sis [21]. TGF-β has been demonstrated to promote t activation and ECM production, which ultimately leads to scar tis-
sue formation in the lungs [1, 22–24]. In order to gain insight into the underlying mechanisms of COVID-19 and PF in gener-

e initial epithelial damage at disease onset is characterised by a loss of intercellular connections, which play a pivotal role in
maintaining the barrier function of the alveolar epithelium [25–27]. e alveolar epithelium, mainly formed by AEC type I (AE-
CI) [28], features three main types of intercellular connections: tight junctions (TJ), adherens junctions (AJ) and desmosomes
[29]. Together with the TJ, the AJ are involved in the formation of the apicoadherent contacts, which serve to separate the api-
cal and basolateral membranes from each other, thereby maintaining cell polarity and separation of the external environment
from the subepithelial tissue [30].

AJ consist of the calcium-dependent transmembrane protein E-Cadherin, which connects neighbouring cells [31–33]. On its cy-
toplasmic domain, it interacts with proteins of the catenin family (p120 catenin, β-catenin, plakoglobin) [34,35]. e protein
p120 catenin is an armadillo repeat domain containing protein, which interacts dynamically with E-Cadherin, regulating the in-
tegrity of AJ as well as enzyme activity of Rho GTPases [36–38], by which it is involved in EMT [39], a hallmark of s and
tumor progression [40].

AJ are strongly associated with caveolae, invaginated specialized , which contain proteins of the caveolin family and a spe-
c lipid composition for signalling processes regulating the pathogenesis of tumor progression and PF [41–43].  Caveolin-1

(cav-1) is the best studied member of this protein family and is preferably expressed in AECI in the lung, interacting with sever-
al signalling pathways like TGF-β [44,45]. Changes in cav-1 expression are associated with altered epithelial morphology and
changes in TJ and AJ protein abundance [46,47]. In AECI, the extracellular ATP gated cation channel P2X7R is also interacting

To investigate the involvement of the alveolar epithelium, cell-cell contacts (p120 catenin) and c signalling pathways
in pulmonary , immunohistochemical studies were carried out retrospectively on COVID-19 impaired human lung
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samples obtained from the Tumor and Normal Tissue Bank (TNTB) of the NCT/UCC/UKD. Acute COVID-19 courses were
compared to chronic courses; further controls were a group with death of non-pulmonary cause and a group with an interstitial
lung disease (ILD) of other origin (negative COVID-19 or pre-pandemic time of death). To clarify the role of p120 catenin and
its phosphorylation status in c development, early injury models of human alveolar epithelial cell line NCI-H441 and
murine lung tissue culture were investigated using TGF-β and bleomycin (BLM), which is a widely used model for lung injury
investigation due to its side t of lung toxicity. e study aims to investigate quantitative changes in p120 catenin and the
caveolae-associated proteins in COVID-19 impaired human lung tissue and in vitro injury models, clarifying the involvement

Methods

For detailed description of all experimental procedures, please refer to supplemental material.

Human Tissue Samples

Human lung tissue samples were provided by the Tumor and Normal Tissue Bank (TNTB) of the NCT/UCC/UKD at Institute
of Pathology of the University Hospital Carl Gustav Carus Dresden at the Technical University of Dresden and used following
the ethics vote of the Technical University of Dresden (BO-EK-175052020). Specimens were matched into groups primarily by
histological  features  using , d  (FFPE)  slices  [7,8,17,52]:  acute  COVID-19  (n  =  6),  chronic
COVID-19 (n = 4), interstitial lung disease (ILD) of t origin (n = 6), and healthy lung (n = 6). See supplemental mate-
rial for detailed information.

Animal Tissue Culture

Wildtype (WT) mice (n = 4) of the C57BL/6 strain were purchased from Charles River Laboratories. e mice were kept in the
animal facility of the Medical Faculty Carl Gustav Carus, Technical University of Dresden with food and water ad libitum.
experimental procedures were approved by the state directorate Dresden (DD24-5131/365/19 and TVT17/2016).

Cell Culture

Human lung NCI-H441 cells [53–55] were cultivated in RPMI-1640 medium (ATCC), adding 10 % fetal calf serum (FCS) at 37
°C with 5 % CO2. For experimental conditions, culture medium was enriched with ITS (insulin, transferrin, selenous acid) and
dexamethasone [55,56], 100 mU/ml BLM (STADApharm GmbH) or 1 ng/mL TGF-β (R&D Systems) were added. For im-
munostaining, NCI-H441 cells were seeded on poly-lysine coated cover slips [57]. r treatment, cells were d with an ace-
tone-methanol solution and stored at -20 °C.

Western Blot (WB) Analysis

Protein concentration of lysed NCI-H441 cells was determined using the PierceTM bicinchoninic acid (BCA) Protein Assay Kit
(Pierce Biotechnology). 20 µg of sample protein were transferred into 4x LI-COR® loading , heat-denatured, separated in
a 10 % SDS-polyacrylamide gel and transferred on an Immobilon®-FL polyvinylidene e (PVDF) membrane (Merck
Millipore).

e total protein was stained with the Revert™ 700 Total Protein Stain Kit and detected on the Odyssey® Fc Imager. r des-
taining, the membrane was blocked with Intercept® (TBS) Blocking , incubated with the primary (Table 1) and secondary
antibody (IRDye® 680 goat anti-mouse, IRDye® 800 goat anti-rabbit). Semi-quantitative analysis was done using Image StudioTM

Lite (all from LI-COR Biosciences).
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Table 1:

For extraction of mRNA, protein and DNA lysis, human FFPE slices were processed using the NucleoSpin® totalRNA FFPE XS
Kit (Macherey-Nagel GmbH & Co. KG). For cDNA synthesis, RevertAid H Minus 1st Strand Synthesis Kit o Fisher Sci-

c Inc.) was utilized, applying the Techne TC-512 l Cycler (Keison Products). SsoAdvanced™ Universal Inhibitor--
Tolerant SYBR® Green Supermix was used for qPCR on the CFX96 Touch Real-Time PCR Detection System (both from Bio-
Rad Laboratories GmbH) (for primers see Table 2). e relative mRNA expression was calculated with the ∆∆C t method using

β2-Microglobulin (B2M) and TATA box binding protein (TBP) as housekeeping genes.

Table 2: Primer sequences for RT-PCR

PCLS were generated as described previously [58–60] with slight alterations. , WT mice were euthanized, exsanguinated
and the lungs were perfused with 0.8 % agarose. r isolation, the lungs were embedded in 3 % agarose and sliced into 500
µm thick PCLS. r treatment with 300 mU/mL BLM in DMEM/F12 medium, PCLS were d with 4 % formalin, incubated

For immunohistochemical staining of the human and murine PCLS, 5 µm n slices were dewaxed and rehydrated by incu-
bation in xylene, a descending ethanol series and water.

Gene NCBI n.o. Sequence Length 
huB2M AF072097.1 5‘-GGTTTCATCCATCCGACATTG-3‘ 

5‘-GGTTCACACGGCAGGCATAC-3‘ 
166 bp 

huCAV1 BT007143.1 5‘-AACCGCGACCCTAAACACCT-3‘ 
5‘-CCTTCCAAATGCCGTCAAAA-3‘ 

103 bp 

huCTNND1 BC075795.1 5‘-GCCTCTGCCCTGGATTGGTT-3‘ 
5‘-ATGGAAGGGCGGGAGGAGAT-3‘ 

144 bp 

huP2RX7 BC007679.2 5‘-AGTCACTCGGATCCAGAGCATGA-3‘ 
5‘-CACTCACCAGAGCAAAGCAAACG-3‘ 

92 bp 

huTBP BT019657.1 5‘-CGGTTTGCTGCGGTAATCAT-3‘ 
5‘-GGCTCCTGTGCACACCATTT-3‘ 

87 bp 

 

Antibody Dilution used Host Type Supplier 

 WB IHC/IF    

anti-Caveolin 1 (D46G3) 

product no.: #3267 

- 1:160 rabbit monoclonal Cell Signaling Technology 

(Danvers (MA), USA) 

anti-p120 catenin (6H11) 

product no.: 33-9700

 

1:500 1:8.000 (PCLS - IHC) 

1:800 (PCLS - IF) 

1:20 (human) 

mouse monoclonal Invitrogen 

(Carlsbad (CA), USA) 

anti-p120 catenin 

phospho-Y228 

product no.: PA5-40286 

1:500 1:1.000 (PCLS - IHC) 

1:100 (PCLS - IF) 

rabbit polyclonal Invitrogen 

(Carlsbad (CA), USA) 

anti-p120 catenin 

phospho-Y228 

product no.: C358960 

- 1:20 

(human) 

rabbit polyclonal LifeSpan BioSciences, Inc.  

(Seattle (WA), USA) 

Anti-P2X7R 

product no.: 177 003 

- 1:40 rabbit polyclonal Synaptic Systems  

(Göttingen) 
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IP staining of the PCLS of murine lung was performed as previously described [59] using the VECTASTAIN® Elite® ABC Kit
(Vector Laboratories). Antigen retrieval was performed in sodium citrate . e slices were treated with 0.3 % hydrogen
peroxide  solution,  blocked  with  1.5  %  normal  serum,  followed  by  incubation  with  the  primary  antibody  (Table  1)  and  se-
condary antibody. s they were incubated with the VECTASTAIN ABC Reagent and stained 3,3’-diaminobenzidine

using an ascending ethanol series and xylene, followed by embedding with DePeX.

IF experiments on the murine PCLS were done with additional lectin staining with Lycopersicon esculentum (Tomato) Lectin
(LEL), biotinylated, 1:1.600 and secondary antibody incubation with Texas Red® Avidin D, 1:400 (both from Vector Laborato-
ries) [61]. r l staining with DAPI Nucleic Acid Stain (Invitrogen) the slides were embedded with Fluoromount-G TM

(Life Technologies Corp.).

For IF staining of the human NCI-H441 cells, cover slips were defrosted, followed by blocking with 1 % BSA. e human lung
slices were additionally bleached in 6 % H2O2 for 10 min r rehydrating and s demasked using EDTA b . e
following steps were performed as described for murine PCLS.

IF stained specimen were detected using the Leica DM6 B e microscope (Leica Microsystems GmbH). Analysation
was performed s in (Fiji is Just) ImageJ (U. S. National Institutes of Health). For comparison of signal intensity, mean

e intensity (MFI) was measured using a protocol previously described by Shihan et al. [62]. For n of the re-
gion of interest (ROI), see supplemental material.

Statistical Analysis

Each data set was checked for normal distribution using Shapiro-Wilk test. For e testing of normally distributed da-
ta, a two-tailed paired Student’s t-test for two groups or one-way ANOVA for more groups was performed, followed by a Bon-
ferroni post-hoc test. If not normally distributed, a Wilcoxon signed-rank test for two groups or ANOVA (Friedman test for
paired groups and Kruskal-Wallis test for unpaired groups, followed by Dunn’s post-hoc test) for more than two groups was

Results

p120 Catenin Increases In Chronic COVID-19

Since  p120  catenin  regulates  AJ  integrity  and c  changes  through  Rho  GTPases  activity  [36–38,40],  changes  of  p120
catenin were investigated in human lung.

Using IF staining, p120 catenin was shown to be localised in the cell membrane of AECI but also accumulated in aggregates in
AECII (Figure 1A-H). p120 Catenin pan protein decreased in acute stage of COVID-19 compared to control (86.3 %) but in-
creased y in chronic compared to acute stage (107.4 % vs. 86.3 %, p = 0.0354), while pY228 portion stayed at a low
level (90.4 % in acute course, 92.3 % in chronic course). e was no statistically t e in pan protein between
COVID-19  acute  and  ILD  group  (95.3  %),  while  pY228  portion  increased y  compared  to  acute  stage  COVID-19
(90.4 % vs. 115.1 %, p = 0.0071, Figure 1I).
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Cav-1 and P2X7R Decrease in Acute Stage COVID-19

e c  proteins  Cav-1  and  P2X7R  play  a  pivotal  role  in  PF  [44,45,50,63–66]  and  were  therefore  investigated  in
COVID-19 impaired human lung.

Figure 1: p120 Catenin protein abundance is increased in chronic COVID-19 compared to acute stage

A-H Retrospective human lung tissue of control (A, E), COVID-19 (acute, B, F), COVID-19 (chronic, C, G) and interstitial lung disease (ILD, D, H) of 

di�erent origin were stained using indirect IF technique, p120 catenin pan (A-D) and pY228 (E-H) (magenta), DAPI nucleic stain (cyan).                       

Representative pictures are shown. Arrows indicate p120 catenin signal in cell membrane of AECs. I Quantitative data of MFI of control (n = 6), 

COVID-19 acute (n = 6), COVID-19 chronic (n = 4) and ILD (n = 6) are shown as part of control mean (pan: mean ± SD (p = 0.0354), pY228: median 

± IQR (p = 0.0071)). *p < 0.05, **p < 0.01. Scale bars = 100 µm (A-H).
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IF staining showed the localisation of cav-1 in the cell membrane of AECI forming some aggregates (Figure 2A-D). A
cant decrease of cav-1 MFI in acute COVID-19 to 66.5 % (p = 0.0226) compared to control group was discovered, which was al-
so demonstrated in mRNA expression (71.4 %, p = 0.4351). In chronic COVID-19, the e to control in protein abun-
dance was smaller (81.6 %) while expression decreased beyond that of the acute stage (48.8 %). In interstitial lung disease of dif-
ferent origin, abundance (74 %) and expression (80.8 %) of cav-1 protein were decreasing compared to control (Figure 2E).
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Both proteins, P2X7R and cav-1 were lower abundant in acute course of COVID-19.

Figure 2: Cav-1 protein abundance and expression are decreased in the acute stage COVID-19 compared to control

P2X7R was shown to be localised in linear distribution as a cell membrane protein in the AECI (Figure 3A-D). Protein abundance of P2X7R was 

y decreased in acute COVID-19 (73.2 %, p = 0.0044) and in ILD (77.5 %) compared to control,a  smaller  decrease  in  chronic  stage  was  

seen  (81.4  %).  In  contrast,  mRNA  expression  of  P2X7R  was  increased  in  groups  ofCOVID-19 lung tissue (191 % in acute stage, 467 % in chronic 

stage, p = 0.1999, Figure 3E).
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p120 Catenin pY228 Fraction Increases Time Dependently in BLM- and TGF-β-treated NCI-H441 Cells

To  determine  the e  of c  factors  on  p120  catenin  in  early  injury  models  of  the  alveolar  epithelium,  human
NCI-H441 cells, as a model of a single cell type monolayer, were treated with BLM and TGF-β.

e were only slight, but not statistically t changes in amount of p120 catenin pan protein (103.7% in 24 h BLM (p
= 0.4134), 92.2 % in 48 h BLM (p = 0.2097), 99.5 % in 24h TGF-β (p = 0.9531), 103.8 % in 48 h TGFβ (p = 0.6859), Figure 4A).

e pY228 fraction of p120 catenin pan protein amount showed a time dependent trend towards an increase in BLM- (96 % in
24 h (p = 0.36) vs. 117.7 % in 48 h (p = 0.0893)) and TGF-β (105.6 % in 24 h (p = 0.3565) vs. 122.5 % in 48 h (p = 0.1068)) treat-
ed NCI-H441 cells (Figure 4B).

Figure 4:  p120 catenin pan protein amount does not change in BLM- and TGF-β-treated NCI-H441 cells compared to control,

Figure 3: P2X7R protein abundance is decreased in COVID-19 acute, but not in chronic stage, while expression increases

A-D Retrospective human lung tissue of control (A), COVID-19 (acute, B), COVID-19 (chronic, D) and interstitial lung dis-ease (ILD, C) of t 

origin were stained using indirect IF technique, cav-1 (magenta), DAPI nucleic stain (cyan). Represen-tative pictures are shown. Arrows indicate cav-1 

signal in cell membrane of AECs. E Quantitative data of MFI and mRNA lev-els normalized against house-keeping proteins TBP and B2M of control 

(n = 6 ; 6), COVID-19 acute (n = 6 ; 6), COVID-19chronic (n = 4 ; 3) and ILD (n = 6 ; 6) is shown as part of control mean (mean ± SD, MFI: p = 0.0226, 

mRNA: p = 0.4351). *p <0.05. Scale bars = 100 µm (A-D).
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To further  elucidate,  if  the  p120 catenin amount,  which is  localized in  the  cell  membrane,  changes, d  human NCI-H441
cells were double immunolabeled against the protein of interest and LEL. e staining showed p120 catenin mainly in the cell
membrane with slight aggregates in the cytoplasm (Figure 5A-J).

while p120 catenin pY228 fraction increases time dependently

A-B NCI-H441 cells were cultured and incubated with 100 mU/ml BLM or 1 ng/ml TGF-β for 24 h and 48 h compared to con-trol cells. s 

they were lysed, whole cell lysates were separated through gel electrophoresis and detected using WB tech-nique. Representative blots are shown. 

Band intensity was normalized to total protein staining of each lane (A) or to p120catenin pan protein (B). Quantitative data of normalized protein 

amount of control and BLM- (n = 5, pan 24 h: p = 0.4134, 48h: p = 0.2097, pY228 24 h: p = 0.36, 48 h: p = 0.0893) and TGF-β-treated (n = 6, pan 24 

h: p = 0.9531, 48 h: p = 0.6859, pY22824 h: p = 0.3565, 48 h: p = 0.1068) NCI-H441 cells is shown as part of control mean (mean ± SD).
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MFI calculation was done in a d ROI of lectin-stained area minus DAPI area for exclusive cell membrane measurements.
p120 catenin pan protein abundance showed no t changes in BLM (76.9 % in 24 h (p = 0.1067), 73.3 % in 48 h (p =
0.875)) and TGF-β (133.9 % in 24 h (p = 0.1795), 109.9 % in 48 h (p = 0.413)) treated human NCI-H441 cells in the cell mem-
brane area, however the results were quite scattered. Human NCI-H441 cells treated with TGF-β for 24 h showed a
ly higher p120 catenin protein abundance than BLM-treated cells (133.9 % vs. 76.9 %, p = 0.0276). Comparable changes were
seen in p120 catenin pY228 protein abundance (91.9 % in 24 h BLM (p = 0.6834), 146.1% in 48 h BLM (p = 0.3458), 144.3 % in
24 h TGF-β (p = 0.3994), 172.2 % in 48 h TGF-β (p = 0.2183), Figure 5K).

While  p120  pan  showed  no  relevant  changes  in  whole  cell  lysates  and  cell  membrane  abundance,  a  small  increment  in  the
pY228 portion was seen in WB analysis, although not in the cell membrane.

p120 Catenin Decreases in BLM-treated Murine PCLS

To investigate the impact of a c milieu on changes of p120 catenin in a 3D model of early injured alveolar tissue ex-
cluding humoral factors, murine PCLS were treated with BLM.

IHC demonstrated p120 catenin localisation in the cell membrane of AECI and AECII with some abundance in the cytoplasm
of AECII (Figure 6A-L).

p120 catenin protein abundance (MFI) increased in 24 h BLM-treated murine PCLS (144 %, p = 0.4507), but decreased
cantly in 48 h treated murine PCLS compared to control (80.1 %, p = 0.0291). No changes in p120 catenin pY228 protein abun-
dance were detected in murine PCLS (102.4 % in 24 h (p = 0.8221), 91.4 % in 48 h (p = 0.4957), Figure 6M).

So, in murine lung tissue excluding humoral factors p120 pan protein was downregulated through BLM-treatment.

Figure 5: p120 catenin pan protein and pY228 show no changes in cell membrane abundance

A-J NCI ards they 

. Representative 

pictures are shown. Arrows show p120 catenin in cell membrane. K Quantitativedata of MFI of control and BLM- (pan 24 h: p = 0.1067, 48 h: p = 0.875, 

pY228 24 h: p = 0.6834, 48 h: p = 0.3458) and TGF-β-treated (pan 24 h: p = 0.1795, 48 h: p = 0.413, pY228 24 h: p = 0.3994, 48 h: p = 0.2183) NCI-H441 

cells (n = 4, pan 24 h BLMvs. TGF-β: p = 0.0276) is shown as part of control mean (box-and-whisker-plot). *p < 0.05. Scale bars = 50 µm (A-J).
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Discussion

PF is a chronic, multifactorial disease, leading to progressive ventilatory failure. Nonetheless, pathways of disease development
are not fully understood yet. Histologic similarities between COVID-19 lungs and interstitial lung diseases of other origins, e.g.

t proliferation and activation [1,8,67–69] driven by c pathways, such as TGF-β signalling [24,70,71] in-
dicate common pathogenetic processes.

An early and ongoing epithelial damage of the alveolar epithelium seems to be crucial for the pathogenesis of PF [12,69].
epithelial  AJs  are  essential  for  maintaining  barrier  function  and  signal  transduction  [72].  Critical  expression  level  of  p120
catenin is one of the key regulatory proteins of AJ integrity by interaction with E-Cadherin [36,39,73,74]. Several phosphoryla-
tions  of  p120 regulate  its  binding capacity  to  E-Cadherin and the  dissociation into  the  cytoplasm inducing downstream sig-
nalling pathways [37].

Investigating the protein in COVID-19, p120 catenin showed a y higher protein abundance in chronic COVID-19
compared to acute disease, indicating that upregulation of p120 could be one mechanism in s in COVID-19. It has
been  shown  previously  that  p120  gets  upregulated  in c  stages  using  TGF-β  or  BLM  via  transcriptional  activity  of

e phosphorylated form p120 catenin pY228 was more abundant in ILD group compared to acute course of COVID-19. Phos-
phorylation of p120 at site Y228 is  known to decrease the binding capacity to E-Cadherin while increasing binding to RhoA
[76,77]. Increasing abundance of p120 catenin pY228 is associated with diverging tumor behavior [76,78]. Activity of Rho GT-
Pases is crucial for processes of EMT: RhoA induces the formation of actin stress , Rac1 and Cdc42 prompt the arrange-
ment of podia, both leading to dissociation of epithelial cell contacts and increased migration [79,80]. A potential contribution

Figure 6: p120 catenin protein abundance decreases in 48 h BLM-treated murine PCLS compared to control

A-L PCLS of murine lung were freshly isolated, cultured and treated with 300 mU/ml BLM for 24 h and 48 h compared to un-treated control slices. 

genta), DAPI 

nucleic stain (cyan). Representative pictures are shown. Arrows show p120 catenin inAECs. M Quantitative data of MFI of control and BLM-treated 

murine PCLS (n = 4) is shown as part of control mean (mean ±SD, pan 24 h: p = 0.4507, 48 h: p = 0.0291, pY228 24 h: p = 0.8221, 48 h: p = 0.4957). 

*p < 0.05. Scale bars = 50 µm (A-L).
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Further investigations on p120 catenin and its pY228 form were done in human NCI-H441 cells using BLM and TGF-β. BLM
is an antineoplastic drug, which is used for lymphoma and germ cell tumor treatment and has the common side t of lung
toxicity, possibly leading to PF, therefore being an established model for lung injury in early stages of lung s [81,82].
TGF-β is known as one of the main contributing cytokines driving PF [70]. WB of whole cell lysates treated with BLM or TGF-
β for 24 h or 48 h revealed no relevant changes in the pan protein, while the pY228 fraction showed a small time-dependent in-
crease,  although  not  statistically .  Quantifying  the  protein  abundance  in  the  cell  membrane  using  MFI  showed  a
time-dependent trend towards increment of pan protein and pY228 fraction. So, despite a tendency to a higher pY228 fraction,

Short-term BLM-treatment of murine PCLS serve as an in vitro model of early lung injury for investigating pathways before
evolving manifest c changes as seen in previous studies [61]. BLM-treated PCLS of WT murine lung showed a
decrease  of  p120  catenin  pan  protein r  48  h.  Binding  to  E-Cadherin  stabilizes  AJ  in  the  cell  membrane,  so  loss  of  p120
catenin can also result in EMT [39,83], which is a common hallmark of PF [40] including COVID-19 [67]. Dissociation of lack-
ing p120 catenin from E-Cadherin exposes its binding site for adapter protein 2 (AP-2) or the E3 ligase Hakai, leading to in-
creased endocytosis or ubiquitination of E-Cadherin and therefore impaired cell adhesion [39]. Previous investigations showed
a decrease of p120 catenin amount r short-term mechanical stress in murine AECs [84]. Reduction of p120 catenin during
short-term injury with BLM could be a possible mechanism leading to . n injured hu-
man NCI-H441 cells and the PCLS of WT murine lung could be explained through t model properties. While human
NCI-H441 cells represent a single cell type of AECs, PCLS are constituted of all resident cell types of lung tissue with possible
intercellular interactions. Our results therefore indicate a more complex regulation and role of p120 catenin and its phosphory-
lation pY228.

e c protein Cav-1 is known to control catenin levels in injury models via activation of transcriptional pathways,
therefore regulating AJs and alveolar barrier integrity [85]. e human lung samples of acute COVID-19 showed a decrease in
cav-1 protein abundance compared to the control group with similar proportional change in mRNA expression staying on a
lower level in chronic course of COVID-19 and ILD group. Previous investigations have shown a decrease of cav-1 by percent-
age of stained area in human COVID-19 lung [24]. Important to mention, DAD occurring in COVID-19 leads to a damage of
AECs,  which results  in  smaller  abundance  of  epithelial  cell  markers  in  tissue  slices  [22].  Due to  our  ROI ,  we  also
showed a lower abundance of the protein in the c location of cav-1, indicating that it is even downregulated in cav-1 ex-
pressing cells. Cav-1 is known to be decreased in early lung injury models [86,87] and also in established PF [45,88,89]. Cav-1
knockout mice show several c changes in the lung with increased r deposition and, hematopoietic and endothe-
lial progenitors and AECII hypertrophy as a potential result of altered regulation of gene transcription and cell
[90], knockdown of cav-1 has been shown to regulate AJ proteins and cell migration: cav-1 knockdown downregulates E-Cad-
herin and AJ integrity, therefore impairing epithelial cell adhesion, facilitating cell migration and potentially increasing cytoso-
lic abundance and above mentioned downstream signalling of p120 catenin or β-catenin [91,92]. In a spinal cord injury model,
the protective t of upregulating AJ proteins (including p120 catenin) is mediated by abundance of cav-1 [85]. , reduc-

tion of cav-1 indicates an early involvement in s of COVID-19 impaired lungs. Since the  endosomal cell entry of
SARS-CoV-2 is dependent on cholesterol-rich lipid s which include caveolae, a potential colocalization and therefore inter-
action between cav-1 and SARS-CoV-2 is possible [93].

P2X7R is  an ATP-gated cation channel in the cell  membrane of t  cell  types,  among others in the alveolar epithelium
[65],  included  in  several  (patho)physiologic  processes,  i.e. ,  neurodegenerative  diseases,  neoplasia  and
[64,94]. Extracellular ATP acts as a damage associated molecular pattern (DAMP) through activation and short-term upregula-
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P2X7R staining showed a decrement of protein abundance in the COVID-19 and ILD group. s could be explained through
direct interaction with cav-1. A knockdown and knockout of cav-1 was described to downregulate transcription of P2X7R in
pulmonary  tissue,  and  P2X7R abundance  regulates  cav-1  vice  versa.  Additionally  a  direct  interaction  between  both  proteins
serve to the recruitment of P2X7R into AEC caveolae [48,49,60,63,96]. Expression of P2X7R mRNA showed a trend towards up-
regulation in COVID-19 chronic group. Another explanation for decreased P2X7R abundance, even though it acts as an alarm
signal,  could be  decreased protein translation [97]. e  interaction between P2X7R and cav-1  can be  an explanation for  the
decrement of P2X7R in COVID-19.

Our investigations have several limitations. Early lung injury models using the single cell type (NCI-H441) and the 3D in vitro
model of pulmonary tissue excluding humoral factors (murine PCLS) and post-mortem specimen of COVID-19 human lung
serve t  model  properties  and a t  basis  of  pathogenesis,  making it t  to r  proper  comparisons.  Since
NCI-H441 cell culture is lacking , mutually interacting pulmonary cell types including s and endothe-
lial cells, generalizability of the s to human or murine lung tissue is also limited. Nevertheless, common pathogenic pro-
cesses have been described above. Additionally, instability of e can lead to more statistical scattering. Experimental
conditions were kept rigorously equal to suit this issue.

Conclusion

To sum up the potential interactions between intercellular connections and associated caveolae-associated proteins we propose
a model, shown in Figure 7. Further investigations on these interactions are necessary to fully elucidate the underlying mech-
anisms to d possible therapeutical approaches preventing c changes r early injury such as COVID-19 or other
brotic diseases.

Figure 7: Potential interaction model between caveolae-associated proteins and intercellular connections

as-sociation or signalling partners like kinases (PKC-β1, Fyn, GSK-3β) [98–105]. Acute lung injury (ALI), as in COVID-19, 

leadto dissociation from the AJ, leading to activation of downstream signalling pathways (Wnt, Rho GTPases) [110,111]. Created 
inBioRender. Wiegner, J. (2025) https://BioRender.com/i61q937.

Figure 7: Publication-License

https://annexpublishers.com/articles/JCBH/Figure-7-Publication-License.pdf
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