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A B S T R A C T   

Kruppel-like factor 2 (KLF2) has been linked with fibrosis and neutrophil-associated thromboinflammation; 
however, its role in COVID-19 remains elusive. We investigated the effect of disease microenvironment on the 
fibrotic potential of human lung fibroblasts (LFs) and its association with KLF2 expression. LFs stimulated with 
plasma from severe COVID-19 patients down-regulated KLF2 expression at mRNA/protein and functional level 
acquiring a pre-fibrotic phenotype, as indicated by increased CCN2/collagen levels. Pre-incubation with the 
COMBI-treatment-agents (DNase I and JAKs/IL-6 inhibitors baricitinib/tocilizumab) restored KLF2 levels of LFs 
to normal abolishing their fibrotic activity. LFs stimulated with plasma from COMBI-treated patients at day-7 
expressed lower CCN2 and higher KLF2 levels, compared to plasma prior-to-treatment, an effect not observed 
in standard-of-care treatment. In line with this, COMBI-treated patients had better outcome than standard-of-care 
group. These data link fibroblast KLF2 with NETosis and JAK/IL-6 signaling, suggesting the potential of com
bined therapeutic strategies in immunofibrotic diseases, such as COVID-19.   

1. Introduction 

Pulmonary fibrosis is one of the major complications of COVID-19, as 
its degree can affect the outcome of the patients. In addition, fibrosis is a 
frequently reported post-infectious lung sequela, affecting a substantial 
number of COVID-19 survivors [1,2]. Recent studies indicate that 
fibrotic lung lesions may be related to the severity and duration of 
COVID-19 and develop during the late phases in the course of the 

disease, usually after the third week from the onset of symptoms [3–7]. 
Moreover, fibrosis in COVID-19 involves structural remodeling of the 
lung, in which the mesenchymal cells of lung interstitium and primarily 
the fibroblasts play the pivotal role [4,8–12]. Innate immune cells 
infiltration, release of pro-inflammatory cytokines, complement acti
vation and endothelial injury are key drivers for the initiation and 
maintenance of excessive inflammation within the lung microenviron
ment [3,8–14]. All these pathways converge towards the proliferation 
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and activation of lung fibroblasts (LFs), which produce matricellular 
proteins and collagen, leading to fibrotic remodeling [8,12,15]. Cellular 
communication network factor 2 (CCN2) expression in activated fibro
blasts is critically associated with tissue fibrosis and has been widely 
used as a marker of the fibrotic process in several diseases [15,16]. Apart 
from the production of extracellular matrix proteins, LFs have multiple 
concomitant biological roles. LFs do not constitute passive bystanders to 
the inflammatory stimuli; they can be differentiated into functionally 
dynamic cells producing bioactive molecules, such as pro-inflammatory 
cytokines, tissue factor (TF) and growth factors that maintain and 
feedback the thromboinflammatory state [17–19]. 

Krüppel-like factor 2 (KLF2) is a transcription factor involved in 
multiple cellular regulatory processes in different tissues [20–22]. Its 
protective role is well established in endothelial cells, where it promotes 
vascular homeostasis, quiescence, and integrity [20,23,24]. In experi
mental models of ARDS, as well as in lung autopsies of COVID-19 pa
tients, downregulation of endothelial KLF2 has been associated with 
severe endothelial dysfunction [24–26]. KLF2 has also been described in 
animal models of fibrotic diseases such as bleomycin-induced pulmo
nary fibrosis and cirrhosis [27,28] indicating that its downregulation is 
associated with disease progression, whilst overexpression exerts anti- 
fibrotic effects. However, the role of KLF2 in lung fibroblast in the 
context of COVID-19-related inflammation has not been elucidated yet. 

Recently, our group suggested the important role of LFs in the 
context of COVID-19 immunothrombosis by linking disease inflamma
tory environment with the expression and activity of TF in these cells. 
Moreover, combined in vitro administration of pharmaceutical agents 
against neutrophil extracellular traps (NETs), JAK-1/2 and IL-6 signifi
cantly reduced functional TF expression in LFs, providing a possible 
explanation for the observed beneficial effect of these drugs in a cohort 
of severe COVID-19 patients [17]. 

This study aims to investigate the presence of a mechanistic link 
between COVID-19-mediated immunofibrosis and KLF2 expression in 
human lung fibroblasts. Moreover, in severely affected patients, disease 
outcome after administration of a combined rescue treatment targeting 
NETs, JAK-1/2 and IL-6 signaling is studied, and correlated with the 
fibrotic potential of human lung fibroblasts and their alterations in KLF2 
expression. 

2. Material and methods 

2.1. Patients 

We recruited 94 non-intensive care unit (ICU) patients (Table 1) with 
COVID-19-associated severe respiratory failure (SRF), as defined by 
PaO2/FiO2 < 100 mmHg. Patients were admitted in wards from April 1, 
2021 to December 31, 2021 in the First Department of Internal Medicine 
at University Hospital of Alexandroupolis, a tertiary care hospital for 
COVID-19 in Greece (https://clinicaltrials.gov/ct2/show/NC 
T05279391). The inclusion criteria were as follows: 1) adult patients 
≥18 years old, 2) positive polymerase-chain-reaction (PCR) test or 
rapid-antigen test for SARS-CoV-2 in nasopharyngeal swab, 3) pulmo
nary infiltrates suggestive of COVID-19, 4) progression to SRF, 5) writ
ten informed consent from the patients or their legal representatives for 
the COMBI compassionate therapeutic protocol. 

Patients meeting the following criteria, were excluded: 1) need for 
intubation/IMV during the first 24 h after the initiation of treatment, 2) 
multi-organ failure, 3) systemic co-infection, 4) SRF due to cardiac 
failure or fluid overload, 5) glomerular filtration rate (GFR) <30 ml/ 
min/1.73 m2, 6) any stage IV solid tumor or immunosuppression due to 
hematological disorders, 7) any immunosuppressive therapy and/or 
chemotherapy during the last 30 days, 8) low patient’s functional per
formance status as defined by a Palliative Performance Scale (PPS) score 
≤ 30% [29], 9) pregnancy. None of the patients had been infected by the 
Omicron variant of SARS-CoV-2. 

Two groups were analyzed and compared: the Standard-of-Care 

(SOC) group (n = 21), consisting of patients who received dexametha
sone, low molecular weight heparin (LMWH) and supportive care, and 
the COMBI group (n = 73), consisting of patients who received, on top of 
SOC, the following combination regimen: a) tocilizumab, an anti-IL-6 
receptor antagonist, in a single intravenous dose of 8 mg/kg actual 
body weight up to 800 mg, b) baricitinib, a selective JAK-1/JAK-2 in
hibitor, 4 mg per os once daily, for up to 14 days (2 mg once daily, if GFR 
was 30–60 ml/min/1.73 m2), and c) nebulized dornase alfa, a recom
binant human DNase I (inhaled DNase), 2500 U/twice daily for up to 14 
days. Inhaled DNase was administered simultaneously with inhaled 
budesonide (800 μg/twice daily) and bronchodilators (salbutamol or/ 
and ipratropium at standard doses). 

The study protocol design was approved by the Local Scientific and 
Ethics Committees of the University Hospital of Alexandroupolis, Greece 
(Ref. No. 87/08-04-2020). All subjects provided written informed con
sent in accordance with the principles expressed in the Declaration of 
Helsinki. Patients’ records were anonymized and deidentified prior to 
analysis, to ensure confidentiality and anonymity. 

2.2. Plasma collection 

To isolate plasma, venous blood from either healthy individuals or 
COVID-19 patients was collected in BD vacutainer® EDTA tubes (Becton 
Dickinson and Company) and then centrifuged at 500 ×g for 15 min. 
COVID-19 plasma was collected from patients before treatment 
administration and at day 7 of COMBI (COMBI day 7) or SOC (SOC day 
7) treatment. To isolate platelet-rich plasma (PRP), venous blood either 
from healthy subjects or treatment-naive COVID-19 patients was 
collected in BD Vacutainer® citrate tubes (Becton Dickinson and Com
pany) and then centrifuged at 150 ×g for 10 min. Then, samples were 
stored at − 80 ◦C. 

2.3. Neutrophil isolation 

Peripheral heparinized blood was collected from healthy individuals. 
Peripheral neutrophils were isolated by Histopaque double-gradient 
density centrifugation (11,191 and 10,771, Sigma-Aldrich) at 700 ×g 

Table 1 
Baseline demographic and clinical characteristics of the patients studied (n =
94).  

Parameter COMBI (n =
73) 

Non-COMBI (n 
= 21) 

P 

Age (years)    
Mean ± SD 58.6 ± 10.6 62.8 ± 9.1 0.082 

Sex    
Male (%) 45 (61.6) 12 (57.1) 

0.710 Female (%) 28 (38.4) 9 (42.9) 
Body Mass Index (BMI)    

Mean ± SD 30.4 ± 4.1 30.8 ± 4.8 0.775 
Vaccination status*    

Vaccinated (%) 12 (16.4) 4 (19.0) 0.779 
Number of comorbidities    

Mean ± SD 1.5 ± 1.2 1.7 ± 1.1 0.495 
Comorbidities    

Obesity (ВМІ ≥ 30) (%) 33 (45.2) 9 (42.9) 0.849 
Essential hypertension (%) 40 (54.8) 14 (66.7) 0.332 
Diabetes mellitus (%) 14 (19.1) 8 (38.1) 0.071 
Coronary artery disease (%) 7 (9.6) 3 (14.2) 0.539 
Heart failure (%) 2 (2.7) 0 (0) 1.000 
Atrial fibrillation (%) 3 (4.1) 1 (4.8) 1.000 
Chronic obstructive pulmonary 
disease/Asthma (%) 

6 (8.2) 1 (4.8) 1.000 

Chronic kidney disease# (%) 2 (2.7) 0 (0) 1.000 
Disease day at admission    

Mean ± SD 9.4 ± 2.6 8.6 ± 2.0 0.191  

* Considering patients who were fully vaccinated against SARS COV-2 based 
on the current vaccination recommendations, for each time period of study. 

# All patients had GFR > 30 ml/min/1.73m2. 
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for 30 min [30]. Then, cells were washed with phosphate-buffered saline 
(PBS-1×) and centrifuged at 200 ×g for 12 min. Cell purity was esti
mated ≥98%. 

2.4. Stimulation and inhibition studies in isolated human neutrophils 

Neutrophils isolated from healthy donors were resuspended in Ros
well Park Memorial Institute (RPMI) medium (Thermo Fisher Scientific) 
supplemented with 2% FBS. Then, they were stimulated for 3 h at 37 ◦C 
and 5% CO2 with 3% PRP, derived from COVID-19 patients, to generate 
NETs. The concentrations and time points used to test neutrophil func
tion were optimized before the experiments. All substances used were 
endotoxin free, as determined by a Limulus amebocyte assay (E8029, 
Sigma-Aldrich). 

2.5. NET generation and collection 

A total of 1.5 × 106 neutrophils were cultured in RPMI culture me
dium for 3.5 h in the presence of PRP, as described in the above section. 
Unstimulated neutrophils served as control (control NETs). Afterwards, 
the medium was removed, and cells were washed twice with pre- 
warmed RPMI medium. NET structures were collected in the superna
tant phase, upon vigorous agitation of the culture plate and centrifu
gation at 20 ×g for 5 min [31,32]. They were kept undigested at -20 ◦C 
till analyzed. The quantification of NETs in supernatants was assessed by 
MPO/DNA complex ELISA (Cell Death Detection ELISA Kit, Merck), as 
previously described [33]. 

2.6. Human lung fibroblasts (LFs) isolation, culture and characterization 

Primary human lung fibroblasts (LFs) were isolated from healthy 
lung tissue obtained during open lung biopsy from three donors at the 
University Hospital of Alexandroupolis, Greece, as described previously 
[34,35]. LFs were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Thermo Fisher Scientific), supplemented with 10% fetal bovine 
serum (FBS; Thermo Fisher Scientific) and 100 U/ml antibiotic/anti
mycotic solution (Thermo Fisher Scientific) at 37 ◦C and 5% CO2. LFs in 
passages 2–4 were used. Before each experiment, cells were stained 
using mouse monoclonal antibodies against alpha-smooth muscle actin 
(α-SMA), vimentin, and desmin (Thermo Fisher Scientific) to verify their 
phenotype [34]. 

2.7. Stimulation and inhibition studies in human lung fibroblasts 

LFs were stimulated with EDTA plasma derived from either healthy 
donors or COVID-19 patients, as described above, at a final concentra
tion of 2% in DMEM. Cells were also incubated with in-vitro generated 
NET structures (i.e. control neutrophils stimulated with COVID-19 PRP) 
at a final concentration of 20% in DMEM. 

Cell culture supernatant released from LFs upon stimulation with 2% 
EDTA plasma derived from treatment-naïve COVID-19 patients (4 h) 
was characterized by increased TF activity [17]. Therefore, supernatant 
was collected and subsequently used to examine autocrine effect in our 
set of experiments. Supernatant collected from LFs upon incubation with 
2% EDTA plasma from healthy individuals was used as control. 

To block IL-6 signaling, LFs were pre-treated (60 min) with tocili
zumab – a humanized monoclonal antibody against interleukin-6 re
ceptor (1 μg/ml; Actemra, Hoffmann-La Roche). To inhibit Janus kinase 
signaling (JAK-1 and JAK-2), cells were pre-treated (60 min) with bar
icitinib (2.5 nM; Olumiant, Lilly). To dismantle NETs, EDTA plasma or 
in-vitro generated NETs were pre-incubated (60 min) with DNase I (1 U/ 
ml; EN0525, Thermo Fisher Scientific). To inhibit thrombin, EDTA 
plasma was pre-treated (60 min) with dabigatran (Boehringer Ingelheim 
International GmbH). To hinder protease-activated receptor-1 (PAR-1) 
signaling, LFs were pre-treated (60 min) with FLLRN peptide (250 uM; 
Anaspec). The in vitro combined inhibition (COMBI) consists of 

tocilizumab, baricitinib and DNase I mixture in the abovementioned 
concentrations. 

For mRNA expression studies, LFs were stimulated for 3 h. To trigger 
the expression of KLF2, LFs were further stimulated with Tannic acid (2 
nM; Sigma-Aldrich), a polyphenolic compound, acting as a potent 
inducer of KLF2 [36]. The concentrations and time points used to 
investigate LFs function were optimized before the experiments. All 
substances used were endotoxin free, as determined by a Limulus 
amebocyte assay. 

2.8. RNA isolation, cDNA synthesis and qPCR 

RNA isolation and cDNA synthesis were conducted in LFs, as previ
ously described [34,35]. Real-time qPCR for Krüppel-like Factor 2 
(KLF2) or/and connective tissue growth factor (CCN2) was performed. 
To normalize the expression of the above-mentioned genes, glyceral
dehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal 
control gene. Details regarding the primers and conditions of qPCR are 
given in Supplementary Table 1. The data were analyzed using the 2-ΔΔCt 

mathematical model [37]. 

2.9. In-cell ELISA (cytoblot) 

To study the intracellular protein expression of CCN2 or KLF2, LFs 
were cultured in 96-well high-binding microplates (Thermo Fisher Sci
entific) in the presence of distinct stimuli for 4 h. Cells were fixed with 
4% paraformaldehyde (30 min; Sigma-Aldrich), permed using 1× per
meabilization buffer (30 min; Abcam) and blocked using 2× blocking 
solution (2 h; Abcam). Upon washes with PBS-1×, cells were incubated 
overnight with either goat anti-CCN2 monoclonal antibody (2 μg/ml; 
Santa Cruz Biotechnology Inc) or mouse anti-KLF2 monoclonal antibody 
(6 μg/ml; Thermo Fisher Scientific). Next, a horseradish perox
idase–conjugated rabbit anti–goat IgG (1:2000 dilution, R&D Systems) 
or rabbit anti–mouse IgG (1:2000 dilution, R&D Systems), respectively, 
was added in cells for 1 h. Cells were thoroughly washed with PBS-1×
and then TMB substrate was added. Microplates were measured at 650 
nm. The corrections were performed by subtracting the signal of the 
wells incubated in the absence of primary antibody [17,38,39]. 

2.10. Immunofluorescence staining 

LFs were cultured in chambered slides or 24-well cell culture plates 
(Ibidi) and they were treated with various stimuli for 4 h. Cells were 
fixed with 4% paraformaldehyde (Sigma-Aldrich), and non-specific 
binding sites were blocked with 6% normal goat serum (Thermo 
Fisher Scientific) in PBS 1× [17,38]. Upon blocking, cells were stained 
using a goat anti-CCN2 monoclonal antibody (1:100 dilution; Santa Cruz 
Biotechnology Inc) or a mouse anti-KLF2 monoclonal antibody (6 μg/ml 
concentration; Thermo Fisher Scientific) or a rabbit anti-vimentin 
monoclonal antibody (1:300 dilution; Abcam). After thorough washes 
in PBS-1×, a polyclonal donkey anti-goat IgG AlexaFluor 488 antibody 
(Thermo Fisher Scientific) or a polyclonal rabbit anti-mouse IgG Alex
aFluor 488 antibody (Thermo Fisher Scientific) or a polyclonal goat anti- 
rabbit IgG AlexaFluor 647 antibody (Thermo Fisher Scientific) was 
utilized as the secondary antibody. A mounting medium with DAPI 
(counterstaining, Ibidi) was used in the final step. Visualization was 
performed on an Andor Revolution Spinning Disk Confocal system 
(Yokogawa CSU-X1) build around an Olympus IX81 microscope moun
ted with a 40× (0.95NA) or a 4× (0.13NA) air lenses and a digital 
camera (Andor Ixon Ultra 897) (Bioimaging-DUTH facility). System 
components were controlled by Andor IQ3.6 software. 

Quantification was performed using Imaris v 9.3.1 image analysis 
software. In particular, a surface was created based on the fluorescence 
signal and mean intensity of the KLF2 staining was measured in images 
of untreated and treated samples. 

A. Chrysanthopoulou et al.                                                                                                                                                                                                                   



Clinical Immunology 247 (2023) 109240

4

2.11. Collagen measurement 

The soluble collagen types (I–V) were determined using a Sircol 
Collagen Assay Kit. Briefly, LFs were cultured in 6-well plates (Thermo 
Fisher Scientific), treated with various agents and the culture 

supernatant was collected after 24 h. Cell debris was removed by 
centrifugation and the resulting supernatant was incubated overnight 
with isolation and concentration reagent, provided with the kit, at 4 ◦C. 
Afterwards, the assay was conducted according to the manufacturer 
protocol (Biocolor) as previously described [35]. 

Fig. 1. Inhibition studies on fibrotic poten
tial of human lung fibroblasts treated with 
COVID-19 plasma. Lung fibroblasts (LFs) 
were stimulated with COVID-19-derived 
plasma and inhibited with an anti-IL-6 re
ceptor monoclonal antibody (tocilizumab), 
or a selective thrombin inhibitor (dabiga
tran), or a selective JAK1/JAK2 inhibitor 
(baricitinib), or DNase I or a combination of 
DNase I plus baricitinib and tocilizumab 
(COMBI treatment). Assessment of CCN2 
expression by (A) qPCR, (B) In-Cell ELISA 
(Cytoblot). (C) Collagen assay of LFs super
natants. The effect of therapeutic agents was 
compared to conditions of LFs cultures 
treated only with COVID-19 plasma, n = 6, 
bars represent mean ± SD, statistical signif
icance was set at p < 0.05 (n.s.: not signifi
cant), Kruskal–Wallis test. (D) CCN2 
immunostaining in confocal fluorescence 
microscopy. One representative example out 
of three independent experiments is shown. 
Scale bar = 10 μm, Magnification = 400×.   
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2.12. TF activity assay 

After 4 h of cell stimulation, TF activity was measured in cell su
pernatant [38] using Tissue Factor Human Chromogenic Activity Assay 
Kit (ab108906, Abcam), in accordance to the manufacturer’s in
structions. In brief, the assay measures the ability of TF/FVIIa to activate 
factor X to Xa. The change in absorbance of the chromophore is directly 
proportional to the TF enzymatic activity. For the reliability of our re
sults, TF activity was also evaluated directly in the plasma samples that 
were then used as stimuli in cell cultures. In this case, plasma samples 
were diluted in DMEM, at the final concentration of 2%, to resemble 
culture conditions. These values served as controls of the assay. 

2.13. Wound healing assay 

The migratory capacity of LFs was assessed by performing a wound 
healing-migration assay according to the manufacturer’s instructions 
and as previously performed [35]. Briefly, LFs were seeded in a 24-well 
culture plate containing silicone inserts (Ibidi) till cell attachment. Then, 
inserts were removed to generate a 0.5-mm “cell free area”. Cells were 
incubated with appropriate agents for 18 h and then healing process was 
evaluated. In particular, in the initial experiments, cells were stained 
with May Grünwald-Giemsa and visualized by reverse light microscope 
(Axiovert 25; Zeiss). In the next experiments, cells were stained with 
monoclonal antibodies against KLF2 and vimentin, as described above in 
the “Immunofluorescence Section”, and visualized in a spinning disc 
confocal microscope (BioImaging-DUTH facility). 

2.14. Statistical analysis 

Comparisons among more than two groups of data, were performed 
using Kruskal-Wallis test, followed by Dunn’s test for multiple com
parisons. The strength of linear relation between KLF2 and CCN2 was 
measured with Pearson’s correlation coefficient. Wilcoxon signed-rank 
test was used to compare matched samples. Comparisons between two 
independent groups were performed using Student’s t-test with Welch 
correction (2-tailed). Chi square test was used to compare outcomes 
between the two treatment groups. In parallel, Chi square, Fischer’s 
exact test and ANOVA were used to compare binary and continuous 
variables, as potential confounders. Kaplan-Meier curves were used to 
depict survival data; comparisons were performed by the Log-rank 
(Mantel-Cox) test. The level of statistical significance was set at 0.05. 
Statistical analysis and graphs were created using SPSS 26.0 and 
GraphPad Prism 6.0 respectively. 

3. Results 

3.1. Inflammatory environment of COVID-19 plasma is involved in the 
fibrotic potential of human lung fibroblasts 

In view that COVID-19 pathogenesis is shaped by a complex inter
action of soluble mediators and cellular components [10,40,41], LFs 
were incubated with plasma samples derived from COVID-19 patients 
suffering from severe respiratory failure before any immune interven
tion therapy. Plasma markedly induced CCN2 mRNA (Fig. 1A) and 
protein expression (Fig. 1B, D) along with collagen production (Fig. 1C), 
compared to untreated cells and control healthy plasma. 

To address the role of plausible factors in plasma in the fibrotic as
pects of LFs, a set of inhibition studies was performed. Since, in patients 
with COVID-19, elevated levels of IL-6 were observed [42,43] and 
triggering of immunothrombosis results in increased activity of TF/ 
thrombin axis [13], LFs were pre-treated with a single inhibitor, namely, 
anti-IL-6 receptor monoclonal antibody (tocilizumab) [44] or a direct 
thrombin inhibitor (dabigatran) [13,45] without addition of any other 
inhibitory agent. Neither CCN2 expression nor collagen production was 
significantly reduced in COVID plasma-stimulated LFs upon these in vitro 

inhibitions (Fig. 1A-C). On the contrary, pre-treatment of LFs with a 
selective JAK1/JAK2 inhibitor (baricitinib) [46] or pre-incubation of 
plasma samples with DNase I, which dismantles the structures of NETs 
[10,17,47,48], significantly reduced both CCN2 expression and collagen 
release in plasma-stimulated LFs (Fig. 1A-D). Moreover, using NETs 
generated by control neutrophils treated with COVID-19 plasma (COV 
NETs), the fibrotic activity of LFs was enhanced, as reflected in CCN2 
mRNA and protein levels (Supplementary Fig. 1A, B, D), as well as in 
collagen production (Supplementary Fig. 1C). This CCN2 expression and 
collagen production by LFs was abolished upon treatment with DNase I 
(Supplementary Fig. 1A-D), further supporting the potential of NET 
structures in the fibrotic activity of LFs. 

Prompted by these findings and according to our recent clinical re
sults [17] indicating the beneficial role of inhaled DNase I, combined 
with JAK and IL-6 inhibition in severe COVID-19, LFs were simulta
neously inhibited against NETs, JAK and IL-6 signaling. This in vitro 
combined inhibition (COMBI treatment) resulted in a marked reduction 
of CCN2 expression and collagen release in culture of LFs (Fig. 1A-D). 

Taken together, these in vitro studies indicate that NETs and JAK- 
STAT pathway could be considered as key partners in the ensuing 
COVID-19 fibrosis and COMBI treatment in COVID-19 culture condi
tions disrupts more efficiently the triggering of CCN2 expression and 
collagen release by LFs. 

3.2. Tissue factor/thrombin axis induces fibrotic activity of LFs in an 
autocrine manner 

Our recent findings have evidenced that LFs demonstrate expression 
of active TF under COVID-19 culture conditions [17]. Further, it is 
widely accepted that the coagulation system could orchestrate inflam
matory and fibrotic responses in lung [13,49,50]. In line with this, we 
confirmed the increased activity of TF in culture supernatants collected 
from COVID-19 plasma-treated LFs (Fig. 2A). In parallel, we observed 
that LFs acquired a pre-fibrotic phenotype as indicated by the expression 
of CCN2 upon incubation with the culture supernatant derived from 
COVID-19 plasma-treated LFs (Fig. 2B-E). CCN2 mRNA and protein 
expression (Fig. 2B, C, E) as well as collagen production (Fig. 2D) were 
reduced after pre-incubation of LFs with the FLLRN peptide by hindering 
the thrombin signaling. 

Collectively, activation of TF/thrombin axis by LFs can promote their 
ensuing pre-fibrotic phenotype in an autocrine manner suggesting an 
additional contributory mechanism which is involved in the fibrotic 
aspects of the disease. 

3.3. COVID-19 plasma down-regulates KLF2 expression in human lung 
fibroblasts whereas in vitro COMBI treatment restores its levels 

Since KLF2 is involved in inflammatory functions [20,21], activation 
of KLF2 ameliorates COVID-19-associated endothelial dysfunction [24] 
and is also involved in animal models of fibrosis [27,28], we sought to 
examine its expression in human LFs cultured in the microenvironment 
of COVID-19. We observed that COVID-19 plasma-treated LFs exhibit a 
significant down-regulation of KLF2 both in mRNA (Fig. 3A) and protein 
(Fig. 3B-D) levels. Next, we asked whether therapeutic agents of COMBI 
could restore KLF2 expression levels. Indeed, KLF2 expression was 
significantly up-regulated in COVID-19 plasma-stimulated LFs upon in 
vitro treatment with COMBI (Fig. 3A-D). On the other hand, the levels of 
KLF2 were not significantly increased upon pre-treatment of cells with a 
selective JAK1/JAK2 inhibitor alone (Fig. 3A-B). In the positive control 
cells, namely LFs incubated with tannic acid, a polyphenol KLF2 acti
vator [36], significant upregulation of KLF2 in both mRNA and protein 
levels was also observed (Fig. 3A-D). In contrast to COMBI treatment, 
KLF2 levels were not restored in COVID-19 plasma-cultured LFs upon 
tannic acid stimulation (Fig. 3A-D). 

Together, these data suggest that COVID-19 microenvironment 
suppresses KLF2 expression in LFs’ cultures, while COMBI treatment 
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Fig. 2. Autocrine activation of human lung fibroblasts through Tissue factor/Thrombin axis. (A) TF activity was evaluated in culture supernatants collected either 
from COVID-19 plasma-treated lung fibroblasts (LFs) or healthy plasma-treated LFs. To hinder TF/thrombin signaling, cells were pretreated with FLLRN peptide 
(PAR1 receptor inhibitor). (B–D) FLLRN peptide abolished the CCN2 levels and collagen release in LFs treated with supernatants obtained from COVID-19 plasma- 
treated LFs. Evaluation of CCN2 expression by (B) qPCR, and (C) In-Cell ELISA (Cytoblot). (D) Collagen assay of LFs supernatants. In (B), (C) and (D) n = 6, bars 
represent mean ± SD, statistical significance was set at p < 0.05 (n.s.: not significant), Kruskal–Wallis test. (E) Immunostaining of CCN2 in confocal fluorescence 
microscopy (green: CCN2, blue: DAPI), one representative example out of three independent experiments is shown. Scale bar = 10 μm, Magnification = 400×. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A. Chrysanthopoulou et al.                                                                                                                                                                                                                   



Clinical Immunology 247 (2023) 109240

7

significantly reverses this effect. 

3.4. Correlation of low expression levels of KLF2 in human lung 
fibroblasts with their fibrotic activity 

To evaluate whether KLF2 is correlated with fibrosis in COVID-19, 
we treated LFs with plasma obtained from treatment-naïve COVID-19 

patients suffering from respiratory failure. We found a negative corre
lation between mRNA levels of KLF2 and CCN2, a gene consistently 
associated with fibrotic remodeling (Fig. 4A). 

Next, we performed a functional wound healing assay, to assess the 
healing process in in vitro conditions. Plasma from treatment-naïve pa
tients markedly enhanced the migration rates of LFs and led to excessive 
healing process, whilst its impact was abrogated when cells were 

Fig. 3. Low expression of KLF2 in COVID-19 plasma-treated 
human lung fibroblasts is restored to normal levels after in vitro 
inhibition with COMBI agents. Lung fibroblasts (LFs) were 
stimulated with COVID-19-derived plasma (COV plasma). 
Tannic acid was used as positive control by inducing KLF2 
expression. Inhibition studies were performed with a selective 
JAK1/JAK2 inhibitor (baricitinib) or COMBI (combination of 
DNase I, baricitinib and tocilizumab). KLF2 expression was 
assessed by (A) qPCR and (B) In-Cell ELISA. In (A), (B), all 
conditions were compared to those in LFs cultures with only 
COVID-19 plasma treatment, n = 6, bars represent mean ±
SD, statistical significance was set at p < 0.05 (n.s.: not sig
nificant), Kruskal–Wallis test. (C) Immunostaining of KLF2 in 
confocal microscopy (green: KLF2, blue: DAPI). One represen
tative example out of six independent experiments is shown. 
Scale bar = 10 μm, Magnification = 400×. In (D), the data of 6 
immunofluorescence observations were further quantified and 
presented as mean fluorescent intensity (MFI). Bars represent 
mean ± SD, statistical significance was set at p < 0.05 (n.s.: 
not significant), Kruskal–Wallis test. (For interpretation of the 
references to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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Fig. 4. The expression levels of Krüppel-like Factor 2 (KLF2) in human lung fibroblasts are correlated with their fibrotic potential. (A) Correlation between Cellular 
Communication Network Factor 2 (CCN2) mRNA levels and KLF2 mRNA levels in lung fibroblasts (LFs) stimulated with COVID-19-derived plasma (n = 24). 
Pearson’s correlation coefficient was used. In (B), migration rate in LFs stimulated with COV plasma and inhibited with COMBI (DNase plus baricitinib and toci
lizumab), assessed by inverted microscopy. In (C), immunofluorescence KLF2 expression and migration rate were assessed concurrently in LFs stimulated with either 
COV plasma or tannic acid as positive control (inducer of KLF2 expression). Inhibition studies with COMBI were performed and the immunostaining was assessed by 
confocal fluorescence microscopy [green: KLF2, red: vimentin (VIM), blue: DAPI]. In (B) and (C), untreated LFs or LFs incubated with plasma from healthy subjects 
were used as controls. A representative example out of three independent experiments is shown. (B) Magnification = 50× (C) Scale Bar = 200 μm, Magnification =
400×. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A. Chrysanthopoulou et al.                                                                                                                                                                                                                   



Clinical Immunology 247 (2023) 109240

9

pretreated with the agents of in vitro COMBI protocol (Fig. 4B). Further 
to this assay, immunostaining of LFs revealed that the increased 
migratory/healing capacity of COVID-19 plasma-stimulated LFs was 
detected concurrently to the decrease in KLF2 protein expression 
(Fig. 4C). On the contrary, the in vitro COMBI treatment limited the 
migratory/healing potential of cells and KLF2 levels were increased, an 
effect not observed in stimulations with tannic acid (Fig. 4C). 

Collectively, these findings unveil down-regulation of KLF2 in LFs as 
a candidate pre-fibrotic molecular event of severe of COVID-19. More
over, COMBI immune intervention results in both restoring LFs’ KLF2 
levels and decreasing their migratory/healing capacity. 

3.5. COMBI-treated COVID-19 patients demonstrate restoration of KLF2 
low expression, as well as reduction of CCN2 levels in human lung 
fibroblasts resulting in favorable disease outcome 

Recently, we reported initial results of an open-label observational 
study indicating a favorable effect of combination therapy with inhaled 
DNase I and inhibition of JAK and IL-6 signaling. To further validate our 
previous results and according to the aforementioned in vitro findings, 
we first examined whether plasma from severe COVID-19 patients 
receiving COMBI protocol or SOC could disparately affect the levels of 
KLF2 and CCN2 in LFs. Indeed, incubation with plasma isolated from 
COMBI group at day 7 of treatment, concurrently led to a significant 
percentage change in the increase of KLF2 and reduction of CCN2 in LFs, 
as compared to the day of admission (day 0), both in mRNA and protein 
levels (Fig. 5A-D). This was not true for SOC-treated patients (Fig. 5A-D). 

Fig. 5. Plasma, isolated from COVID-19 patients treated with COMBI protocol, increases KLF2 and suppresses CCN2 expression levels, in human lung fibroblasts. 
Lung fibroblasts (LFs) were stimulated with plasma from severe COVID-19 patients collected at the day of admission or plasma from the same group of patients 
receiving either COMBI protocol at day 7 of treatment (n = 6) or SOC protocol at day 7 of treatment (n = 6). Graphs present percentage change of mean KLF2 or 
CCN2 (A) mRNA levels (±SD) or (B) Cytoblot protein levels (±SD) on day 7 compared to day of admission. Paired analysis within each parameter was performed 
using the Wilcoxon signed-rank test. Statistical significance was set at p < 0.05. Confocal fluorescence microscopy showing (C) KLF2 immunostaining (green: KLF2, 
blue: DAPI) or (D) CCN2 immunostaining (green: CCN2, blue: DAPI) in LFs incubated with plasma from severe COVID-19 patients at the day of admission or plasma 
on 7th day of COMBI treatment or plasma on 7th day of SOC. One representative example out of three independent experiments is shown. Scale bar = 10 μm, 
Magnification = 400×. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Next, to translate these data, we expanded our previous clinical study 
analyzing in total 94 COVID-19 patients with SRF (Table 1). In the 
COMBI group, 11 deaths were recorded among 73 patients (15.1%). 
Twelve out of 73 patients were intubated (16.4%) and 11 of them did not 
survive. In the SOC group, 8 deaths were recorded out of 21 patients 
(38.1%). All these patients were intubated (38.1%) during hospitaliza
tion. Overall, COMBI protocol was associated with a significant reduc
tion of in-hospital mortality and intubation rate compared to SOC 
(Fig. 6A). This therapeutic strategy was also correlated with an increase 
of the in-hospital survival (Fig. 6B). 

Taken together, these experimental and clinical data suggest that 
plasma from COVID-19 patients under therapy with COMBI regimen 
restores the expression of KLF2 and reduces the expression of CCN2 in 
LFs, and that may be linked to the better clinical outcome of these pa
tients compared to those treated with SOC. 

4. Discussion 

This study suggests a regulatory mechanism that links common in
flammatory pathways of COVID-19 with pulmonary fibrosis, a compli
cation substantially affecting disease outcome. We found that, upon 
incubation with plasma isolated from severe COVID-19 patients, LFs 
acquired a pre-fibrotic phenotype characterized by a high expression of 
CCN2 leading to excessive collagen production. Concomitantly, we 
observed down-regulation of KLF2 in LFs as assessed by mRNA and 
protein assays, as well as, by wound healing functional assay, upon in
cubation with COVID-19 plasma. This was well-associated with the in
duction of CCN2, and reversed by therapeutic agents targeting NETs, 
JAK-1/2 and IL-6 signaling in LFs, linking low expression of KLF2 
with the fibrotic potential of LFs. Moreover, plasma obtained from pa
tients under therapy with combination of DNase I plus JAK-1/2 and IL-6 
inhibition (COMBI therapeutic protocol) was characterized by reduced 
capacity to induce the fibrotic activity of LFs and KLF2 down-regulation. 
This might further explain the observed beneficial effect of COMBI 
treatment in the current study and our previous findings [17]. 

Emerging evidence indicates that LFs are key partners of lung tissue 
damage in COVID-19 [4,10,41]. During disease progression, LFs accu
mulate and activate, repopulating the damaged alveolar wall, while 
simultaneously produce matricellular proteins and other bioactive 
molecules associated with fibrotic remodeling [8,12]. Although it is well 

appreciated that LFs play a pivotal role in COVID-19 progression, the 
pathophysiological mechanisms involved in their activation and func
tion during the thromboinflammatory process remain elusive. 

We found that human LFs treated with COVID-19 plasma, express the 
pre-fibrotic protein CCN2, produce collagen and demonstrate increased 
wound healing functional assay. In addition to the development of an 
uncontrolled inflammatory response, the clinical deterioration of pa
tients with COVID-19 pneumonia, usually manifested 7–14 days after 
symptoms initiation, could also be attributed to the accumulation of 
activated fibroblasts in the affected lung tissue [4,51]. This process can 
be simulated and reproduced in vitro by observing fibrotic activation of 
LFs in the environment of COVID-19 plasma. 

Next, we prompted to investigate candidate inhibitors against in
duction of CCN2 in LFs. Previously, we and others demonstrated the pre- 
fibrotic role of neutrophils/NETs by promoting myofibroblast differen
tiation and activation in several disease models [34,52–56]. In addition, 
several studies indicated that TF/thrombin and JAK/STAT/cytokines 
pathways are involved in fibroblast activation and the immunofibrotic 
process constituting candidate therapeutic targets [35,39,57–62]. 
Recently, results of our group highlighted the importance of inhibiting 
multiple immune-mediated pathways, to improve survival in severe 
COVID-19. In line with these, we explored the involvement of NETs, and 
JAK/STAT, IL-6, as well as TF/thrombin signaling in the observed 
COVID-19 plasma-mediated fibrotic activity of LFs. DNase I by 
dismantling NETs and JAK-1/2 blocking, used separately as single in
hibitors, significantly reduced the levels of CCN2 in LFs in vitro. We also 
performed in vitro inhibition studies, combining the agents of COMBI 
therapeutic protocol (DNase I, combined with selective JAK-1/2 inhib
itor baricitinib and IL-6R inhibitor tocilizumab) [17]. COMBI inhibition 
abolished the fibrotic activity of LFs, whereas this was not noticed when 
single pathway targeted therapies were used in COVID-19 plasma, such 
as against IL-6 or thrombin. Multiple studies indicate that immuno
thrombosis and induction of TF/thrombin axis are involved in COVID-19 
pathology [13,17,50]. In the present study, we observed an induction of 
LFs fibrotic potential by TF/Thrombin axis, through an autocrine 
mechanism; however, thrombin inhibition alone did not significantly 
reduce the levels of CCN2 in COVID-19 plasma-treated LFs. We suggest 
that the experimental settings used in this study to prove the autocrine 
manner of LFs activity, constitute a “clear model”, without exogenous 
factors in the cultured cells. On the other hand, the single inhibition of 

Fig. 6. Severe COVID-19 patients treated with COMBI protocol have favorable outcome. (A) COMBI treatment (n = 73) reduces mortality and intubation rate 
compared to SOC (n = 21). Chi square test was used. (B) COMBI increases in-hospital survival. Kaplan-Meier curves were used to visualize survival data; comparisons 
between groups were performed using the Log-rank test. 
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thrombin signaling in the COVID-19 plasma culture conditions was not 
sufficient to abolish the CCN2 levels in LFs, since additional pathways 
could be implicated. The observed abolishment of LFs’ immunofibrotic 
activity by combined COMBI treatment suggests that multiple inter
connected pathways are involved in the immunothrombotic milieu and 
immunofibrosis. 

In the same context, we investigated the role of KLF2 in COVID-19 
immunofibrosis, since this factor is widely involved in inflammatory 
responses [20–22], as well as in endothelial dysfunction of COVID-19 
[24]. However, little is known about its effect on fibroblasts. A recent 
study evidenced a possible link between KLF2 and neutrophil-driven 
thromboinflammation [63]. Moreover, studies in animal models of 
bleomycin-induced pulmonary fibrosis or cirrhosis indicated the 
importance of KLF2 in various fibrotic diseases [27,28]. To the best of 
our knowledge, this is the first study that attempts to shed light on the 
role of KLF2 in LFs at COVID-19 environment and correlate its expres
sion with the immunofibrotic aspect of these cells. KLF2 was inversely 
correlated with CCN2 in LFs, at mRNA, protein and functional wound 
healing assay level. Interestingly, COMBI-treated fibroblasts, restored 
their low KLF2 levels to normal and abolished their CCN2-related 
fibrotic potential. In addition, tannic acid, a plant-derived polyphenol 
acting as a natural inducer of KLF2 [36] was not able to restore the 
suppressed expression of KLF2 levels in LFs cultures triggered by COVID- 
19 inflammatory environment. Taken together, these findings support 
the involvement of multiple inflammatory signals in the expression of 
KLF2 in LFs during an aberrant immunofibrotic response in severe 
COVID-19. Indeed, recent data demonstrated an association of inflam
matory responses and persistent NETosis with fibrotic processes and 
impaired lung function in patients that had been severely affected by 
SARS-CoV-2 [64,65]. 

Recently, we reported that COMBI therapeutic protocol has favor
able effect in severe COVID-19 patients and may inhibit plasma-induced 
TF/thrombin pathway in primary LFs suggesting an important role for 
these cells in disease pathogenesis [17]. Trying to validate these findings 
and further investigate the mechanistic basis behind the immunofibrotic 
role of LFs, we analyzed the effect of COMBI treatment by almost 
doubling the number of patients. We found similar to the previously 
reported rates of intubation/ICU admission and in-hospital mortality, 
confirming the beneficial effect of combined rescue strategy in severe 
COVID-19. 

In parallel, we investigated the fibrotic behavior of plasma from 
COVID-19 patients with severe respiratory failure under or not COMBI 
treatment. In correspondence to our clinical results, stimulation of LFs, 
with plasma derived from COMBI-treated patients, seven days after the 
initiation of treatment, was associated with reduction of CCN2 and in
crease of KLF2 levels, compared to the plasma collected at the day of 
admission. In contrast, plasma samples collected from SOC-only-treated 
patients, during the same timepoints as in COMBI protocol, did not 
induce significant alterations on CCN2 and KLF2 expression in cultured 
LFs. We suggest that the plasma obtained from COMBI-treated patients 
mitigates the pre-fibrotic behavior of LFs, while the simultaneous 
restoration of KLF2 levels highlights its involvement as a potent regu
lator of the immunofibrotic process. Although KLF2 expression seems to 
be linked with fibrotic potency, via a cross-talk between NETs, JAK, IL-6 
signaling, further studies are needed to explore in detail the puzzle of 
immunofibrosis. 

Interstitial lung diseases (ILDs) comprise a group of disorders asso
ciated with various etiologies such as infections, radiation, drugs and 
systemic autoimmune diseases. Similarly, to COVID-19 lung disease, 
ILDs are characterized by lung fibroblast activation, interstitial inflam
mation, and fibrotic lung damage [66]. Over the last years, multiple 
mechanism-based immunomodulatory therapies, including tocilizumab 
or JAK inhibitors, have been used as salvage treatment in refractory and 
progressive ILDs [60,67,68]. Of note, it has been proposed that immu
nomodulation might be effective particularly in early disease with 
higher levels of inflammatory activity [67]. The present study, despite 

the limitations of the non-randomized design and small number of pa
tients, suggests that early combination of immunomodulatory agents 
targeting distinct inflammatory pathways could be a promising and safe 
therapeutic option in complex immune-mediated fibrotic diseases, such 
as COVID-19. 

In conclusion, regulation of KLF2 expression in LFs appears as an 
important mechanism linking aberrant host inflammatory responses 
with fibrotic process in severe COVID-19. Rescue combination treat
ment, with inhaled DNase I and baricitinib plus tocilizumab, may be 
effective in patients with severe respiratory failure by targeting this 
mechanism. Further investigation of molecular pathways and mecha
nisms that govern KLF2 expression in LFs could provide novel diagnostic 
and/or therapeutic targets for severe cases of acute and post-acute 
SARS-CoV-2 infection, as well as for other immunofibrotic lung diseases. 
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