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Fibroblast to myofibroblast transition is enhanced in asthma-
derived fibroblasts in comparison to fibroblasts derived from
non-asthmatic patients in 3D in vitro cultures due to Smad2/3

signalling*

Dawid Wnuk*, Stawomir Lasota*, Milena Paw, Zbigniew Madeja and Marta Michalik™
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The basic hallmarks of bronchial asthma, one of the
most common chronic diseases occurring in the world,
are chronic inflammation, remodelling of the bronchi-
al wall and its hyperresponsiveness to environmental
stimuli. It was found that the fibroblast to myofibroblast
transition (FMT), a key phenomenon in subepithelial fi-
brosis of the bronchial wall, was crucial for the develop-
ment of asthma. Our previous studies showed that HBFs
derived from asthmatic patients and cultured in vitro dis-
play some inherent features which facilitate their TGF-B-
induced FMT. Although usefulness of standard ‘2D’ cul-
tures is invaluable, they have many limitations. As HBFs
interact with extracellular matrix proteins in the connec-
tive tissue, which can affect the FMT potential, we have
decided to expand our ‘2D’ model to in vitro cell cultures
in 3D using collagen gels. Our results show that 1.5 mg/
ml concentration of collagen is suitable for HBFs growth,
motility, and phenotypic shifts. Moreover, we demon-
strate that in the TGF-B,-activated HBF populations de-
rived from asthmatics, the expression of fibrosis-related
genes (ACTA2, TAGLN, SERPINE1, COL1A1, FN1 and CCN2)
was significantly increased in comparison to the non-
asthmatic ones. We also confirmed that it is related to
the TGF-B/Smad2/3 profibrotic pathway intensification.
In summary, the results of our study undoubtedly dem-
onstrate that HBFs from asthmatics have unique intrinsic
features which predispose them to increased FMT under
the influence of TGF-f,, regardless of the culture condi-
tions.
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INTRODUCTION

Bronchial asthma, which affects 300 million peo-
ple in the world, is one of the most common chronic
diseases occurring in the world and is characterised by
variable respiratory symptoms (including changes in the
type, quantity, and nature of airway wall components,
named airway remodelling) and variable airflow limita-
tion. Currently used asthma treatment is symptomatic,
mostly based on the relief of inflammation in the res-
piratory tract and alleviation of the effects of bronchial
obstruction. Since these therapies have a negligible ef-
fect on bronchial remodelling, many researchers try to
elaborate on new therapeutic approaches that directly
target the pro-fibrotic processes, including the subepithe-
lial fibrosis in asthma, and using both — the experimen-
tal animal models and 7z vitro cell cultures. We are also
constantly looking for ways to stop progtressive bronchial
remodelling by studying the mechanisms of fibroblast to
myofibroblast transition (FMT), a key phenomenon in
the subepithelial fibrosis of the bronchial wall in asth-
matic patients (Michalik ez a/, 2018). For several years
we have been using an 7z vitro model of human bron-
chial fibroblasts (HBFs) obtained from bronchoscopy
sections from patients with asthma (AS) and from pa-
tients in whom asthma was excluded (NA). Numerous
experiments carried out with our 7z witro model indicate
inherent features of HBFs AS favouring their FMT in
2D’ cultures (Michalik ez a/., 2009, 2011, 2012; Wojcik ez
al., 2012; Sarna et al., 2015; Paw e al., 2017). Nowadays,
two-dimensional cell cultures are the gold standard for
many different applications in cellular and medical biol-
ogy. Although their usefulness is invaluable, they have
many limitations. In fact, cell growth in a monolayer on
the plastic surface (even coating of culture dishes with
extracellular matrix proteins or synthetic polymers) does
not mirror the complexity of the i vivo cell microenvi-
ronment architecture. In recent years, a growing branch
of in witro research is studying 3D systems which more
closely reflect the 7z wvivo conditions (Artym & Matsu-
moto, 2010; Kural & Billiar, 2013; Kofron & Mende,
2017; Di Modugno ez al., 2019). Though many studies
were focused on 3D experimental collagen tissue-mod-
els suitable for investigation of normal and pathologi-
cal fibroblast functions (Brown, 2013; Petrie & Yamada,
2015; Kanta, 2015), to the best of our knowledge there
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is no published data on the HBFs derived from asthmat-
ics cultured under 3D conditions. As HBFs interact with
extracellular matrix proteins in the connective tissue,
which can affect the FMT potential, we have decided to
expand our 2D’ model to include the 7z vitro cell cul-
tures in 3D using commercially available collagen gels.
The aim of out study was to estimate the effect of the
cell microenvironment on the susceptibility of AS and
NA HBFs to the transforming growth factor-3, (TGF-
B)-induced FMT with special emphasis on the Smad-
dependent TGF-§, signalling in 3D iz witro cultures, and
compare these results with the ones previously obtained
with standard 2D’ cultures.

MATERIALS AND METHODS

Isolation and culture of HBFs. Primary HBFs were
isolated from bronchial biopsies as described previously
(Michalik ez al., 2009; Paw ez al., 2018). Fibroblasts were
derived from two groups: the first group — AS (asthmat-
ics) consisted of 6 patients with asthma severity 3—4 ac-
cording to the Global Initiative for Asthma Classification
(group AS: 3 males, 3 females; average age: 46.67+16.73
years; mean duration of asthma: 11.67£9.89 years; mean
FEV1%: 63.07£17.31 predicted; average age at asthma
diagnosis: 34.83119.16 years; BMIL: 26.7£4.85 kg/m?).
The second group — NA (non-asthmatics) consisted of
6 patients in whom clinical diagnostics ruled out any
serious airway pathology, including asthma, any other fi-
brotic lung diseases and cancer (group NA: 3 males and
3 females; average age: 55.75+12.84 years). All partici-
pants have never smoked. Means of anamnesis and addi-
tional tests: imaging, lung function tests, spirometry, his-
topathological examination of bronchial samples, allergy
tests, and microbiological tests excluded other diseases
causing cough. COPD was excluded by the history and
results of spirometry. They were finally diagnosed with
post-infectious or idiopathic cough. All patients were
treated at the Department of Medicine of the Jagiellonian
University Medical College and remained in a stable clin-
ical condition. This study was approved by the Univer-
sity’s Ethics Committee (Decision No. 122.6120.16.2016)
and all patients provided informed consent to participate
in this study. Cells were cultured in Dulbecco’s Modified
Essential Medium with high glucose (DMEM HG), with
10% foetal bovine serum (FBS) and a penicillin/strepto-
mycin cocktail (Paw e# al., 2018), at 37°C in a humidified
atmosphere with 5% CO, to 80-85% confluence and
used for experiments between the 5th and 15th passages.

Culture of HBFs under 3D conditions. A collagen
matrix, used as a substrate for the 3D 7z vitro culture, was
prepared from bovine collagen I (ThermoFisher Scien-
tific) according to the protocol provided by manufactur-
er, based on the cell culture medium — 5X concentrated
DMEM HG (Sigma Aldrich) prepared from powder and
filtered. Collagen concentration, ranging from 0.5 to 3.0
mg/ml was prepated depending on the expetiment. 3D
in vitro culture was prepared according to the protocol by
(Artym & Matsumoto, 2010), with minor modifications.

A commercially available glass bottom chamber (Ep-
pendorf Cell Imaging Coverglass® (8-well)) was initially
filled with a thin layer of cell-free collagen gel (Fig. 1).
After its polymerization (about 30 mins later), another
layer of collagen (of the same density) that was mixed
with cells (AS or NA HBFs) at a proper quantity (5—
15X%10° cells per well) was poured gently onto the bot-
tom one. Finally, after further 30 mins, each well was
filled with a cell culture medium without serum (DMEM

culture medium

collagen with cells

visualised region
(=30-150 pm above bottom)
cell-free collagen (>30 um thick)

optical glass bottom (0.17 mm)

Figure 1. Scheme presenting general setting of 3D in vitro cul-
ture based on collagen matrix.

Cross sectional side view of a single well with prepared 3D in vitro
culture of HBFs. Particular objects on the scheme are not drawn
to scale.

HG supplemented with 0.1% BSA, Sigma Aldrich). Such
strategy prevented cells from falling down onto a rigid
glass bottom, and simultaneously providing homogenous
collagen matrix for cell growth under 3D conditions.
After 48 hrs, cells were stimulated with TGF-3, (5 ng/
ml, BD Bioscience; dissolved in a solution of 1 mg/ml
BSA/PBS) for the required petiod of time.

Cell imaging. Various systems based on inverted mi-
croscopes were used. Low magnification images of 3D
culture under transmitted light were acquired with Leica
DM IL LED equipped with 10-20X objectives, integrat-
ed modulation contrast (IMC) method and CMOS cam-
era (Motic). High magnification and fluorescence imaging
were performed with Leica DMI6000B fully motorized
microscope, equipped with 63X objective, and Leica DF-
C360FX CCD camera (all Leica Wetzlar). General image
processing was performed with Fiji Image] (Schindelin ez
al., 2012).

Immunofluorescence studies. In order to verify
nuclear translocation of p-Smad2/3, serum-starved cells
(1x10* per well) growing in 3D culture were stimulat-
ed for 1 hour with TGF-8, (5 ng/ml), then fixed with
3.7% formaldehyde, permeabilized with a saponin solu-
tion (Paw ¢# al., 2018), and blocked with 1% BSA (all in
PBS). Mouse monoclonal anti-p-Smad2/3 antibody con-
jugated with AlexaFluor-647 (BD Biosciences; 562696)
was used overnight for direct immunodetection. Cell
nuclei were additionally stained with Hoechst 33258
(Thermo Fisher) as a reference. Images were acquired
with Leica DMI6000B microscope as described before
by using both — fluorescence microscopy and differen-
tial interference contrast (DIC). Only cells localized be-
tween 50—150 pm above a rigid substratum were taken
into consideration. Quantitative analysis of the obtained
images was conducted with the LAS X software (Leica).
Cell nuclei were manually outlined based on the nuclear
stain signal. Mean fluorescence intensity was taken (for
both Hoechst and A647 channels) and the background
was subtracted, and then the nuclear p-Smad2/3 signal
was divided by the nuclear stain, and such a ratio was
averaged for at least 30 cell nuclei of one HBFs popu-
lation. Finally, change in the TGF-3, stimulated HBFs
relative to control conditions was compared between the
examined cell types.

Quantitative real-time PCR. HBFs (1.5X10* per
well, 4 wells for condition) growing in 3D culture were
stimulated for 48 hours with TGF-8, (5 ng/ml). Af-
ter collecting the samples from HBFs (n=12: 6 AS, 6
NA) the isolation of mRNA was performed using the
GeneMATRIX Universal RNA/miRNA Purification Kit
(EURx, Gdansk, Poland), according to the manufactur-
er’s protocol. Concentration of the isolated mRNA was
measured with a NanoDrop spectrophotometer (Implen)
at OD260/280 nm. For cDNA synthesis with the use of
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Table 1. Primer sets used for qRT-PCR

Gene sequence 5’-3’

Name of human gene

Forward Reverse
ACTA2 CTGTTCCAGCCATCCTTCAT CCGTGATCTCCTTCTGCATT
CCN2 CCAACCGCAAGATCGGCGTG GTCTTCCAGTCGGTAAGCCGCG
COL1A1 CTTTGCATTCATCTCTCAAACTTAGTTTT CCCCGCATGGGTCTTCA
FN1 TGTGGTTGCCTTGCACGAT GCTTGTGGGTGTGACCTGAGT
GAPDH GAAGGTGAAGGTCGGAGT GAAGATGGTGATGGGATTTC
SERPINE1 CGCCAGAGCAGGACGAA TTGGCAAATGCTTTCGCTC
TAGLN CGTGGAGATCCCAACTGGTT AAGGCCAATGACATGCTTTCC

C1000 Touch Thermal Cycler (Bio-Rad), 80 nanograms
of the isolated mRNA and the NG dART RT-PCR Kit
(EURx) were used. Expression of selected human genes
(ACTA2, CCN2, COL1A1, FN1, SERPINE1, TAGLN)
was measured with SYBR Green PCR Master Mix (Ap-
plied Biosystems) and specific primer sets (described
in Table 1; all from Genomed, Warszawa, Poland), us-
ing the 7500 Fast System (Applied Biosystems). Relative
amounts of genes were estimated using the quantifica-
tion threshold value recalculated against GAPDH tran-
scripts by the ACT method [ACT refers to CT/(tested
gene) — CT(GAPDH)] and were presented in relations to
the control as a 2-24Ct mean value.

Collagen lattice contraction assay. Cells cultured in
the 3D collagen matrix at the density of 1.5X10* per well
were starved for 48 hours and stimulated with TGF-3,
for another 48 hours. Images were acquired with the ste-
reoscopic microscope Leica S9i and inverted microscope
Leica DMI8 equipped with Leica 170 HD CMOS cam-
era and IMC method (all Leica Wetzlar).

Statistical analysis. Statistical significance was de-
termined using the non-parametric Mann-Whitney test
or Student’s #test (for p-Smad translocation) (a com-
parison between groups of HBFs NA and HBFs AS)
with *»<0.05% or **p<0.01% to indicate significant dif-
ferences. Hach parameter was calculated as the mean

(+£S.E.M).

RESULTS

Collagen concentration of 1.5 mg/ml is the best for 3D
in vitro cultures of HBFs

The morphology of fibroblasts growing under 3D
conditions is in stark contrast to the one known from
in vitro 2D’ culture on rigid flat surfaces. Furthermore,
it can strikingly vary depending on the characteristics of
the exploited matrix, such as its density and stiffness. In
case of collagen matrices, these parameters are modified
by setting a proper collagen concentration. In order to
prepare the collagen matrix providing optimal conditions
for the HBFs growth, we performed screening of vari-
ous collagen concentrations, ranging from 0.5 to 3 mg/
ml. Cells were embedded in the collagen gel as described
above. Exemplary images of cell morphology are pre-

sented in Fig. 2A. Cells growing for 5 days in the col-
lagen gel at a concentration between 1.5 and 2.5 mg/ml
were well spread and stretched on collagen bundles that
were cleatly visible (Fig. 2A). Moreover, use of 1.5 mg/
ml concentration resulted in the lowest heterogeneity of
cell morphology across the population. The healthy sta-
tus of cells under these conditions was also confirmed by
time-lapse imaging which showed that cells remain mo-
tile, mostly protruding in all directions, but visible trans-
location of HBFs was observed as well (Supplementary
Movie 1 at https://ojs.ptbioch.edu.pl/index.php/abp/).
Remaining concentrations led to cell contraction, either
because of insufficient amount of adhesion sites (0.5-1.0
mg/ml), or oppositely, excessive confinement (3.0 mg/
ml). Based on the obtained results, all subsequent experi-
ments were conducted at the collagen concentration of
1.5 mg/ml.

TGF-B, treatment does not imply striking morphological
changes of HBFs cultured in 3D

Subsequently, we verified the influence of TGF-§3,
stimulation on the morphology of cells growing under
conditions selected previously (collagen gel of 1.5 mg/
ml). Our in vitro experiments ran under 2D’ conditions,
where a rigid material such as glass, polystyrene or alike
served as a substratum for cell growth, showed a strik-
ing fibroblast to myofibroblast transition after a few
days (typically 4-7 days) of stimulation with TGF-§3,
(5 ng/ml). Such myofibroblasts wete significantly more
spread and consequently bigger than non-stimulated fi-
broblasts. What is noteworthy, this phenomenon was
far more pronounced in the case of AS HBFs than NA
HBFs (Michalik ez 4/, 2009, 2011, 2012). Based on it,
we expected a differential morphology of both of these
types of HBFs growing under 3D conditions, espe-
cially after TGF-B, stimulation. The conducted research
did not show any visible differences between morphol-
ogy of HBFs derived from both compated groups (AS
and NA). Moreover, the TGF-8, stimulation did not
cause any significant change in morphology of both,
the NA and AS HBFs. Representative cells (presented
in Fig. 2B) cleatly reflect distribution of morphology
among the examined populations. Under each condition
there were multiple spindle-shaped cells, as well as some
slightly more branched or spatially stretched cells on col-
lagen bundles. Despite spatial arrangement of cells in 3D
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Figure 2. The morphology of HBFs growing under 3D conditions.

HBFs AS:

(A) HBFs AS embedded in collagen matrix of different concentrations (0.5-3.0 mg/ml). Images of representative cells captured at opti-
mal focal plane (distant from the bottom to varying degrees). Images were captured after 5 days of culture with Leica IL LED using 10x
objective and IMC. (B) TGF-B, treatment does not imply striking morphological changes of HBFs irrespective of their origin (either AS or
NA). Representative images showing exemplary (randomly selected) HBFs from AS and NA patients growing in serum-free medium in the
absence (control conditions) or presence of TGF-f,. Cells were embedded in collagen matrix of 1.5 mg/ml, starved for 48 hrs and treated
with TGF-, (5 ng/ml) for another 6 days. Images were captured as previously described.

lattice, the top view of cells can be compared and it can
be described as similar between both conditions, indicat-
ing a similar abundance of cell protrusions extended un-
der all of these conditions.

Potential to FMT is intensified in 3D in vitro cultured
HBFs from asthmatics

To compare the FMT efficiency of 3D cultured HBFs
from AS and NA, we used a widely applied gel con-
traction assay (Matsumoto e/ al, 2007; Balestrini ef al.,
2012; Kollmannsberger ez al., 2018). Bronchial fibroblasts
derived from asthmatics shrink the gel much more ef-
ficiently than their non-asthmatic counterparts. What is
more, the TGF-8, treatment strongly intensified this ef-
fect in HBFs AS (Fig. 3A). Additionally, microscopic ob-
servations confirmed that HBFs from AS thickened the
collagen fibres, which may indicate a strong FMT after
the TGF-8, treatment (Fig. 3B).

To confirm stronger FMT in HBFs AS, we have
analysed key genes related to FMT in our 3D model.
The comparison of gene analysis between HBFs AS

>

CTRL

TGF-B, B
7—--=,"‘ X

HBFs AS HBFs NA

4 mm

HBFs AS

and NA grown in 3D cultures did not differ in the
content of the FMT-related key genes under control
conditions (Fig. 4). However, stimulation of HBFs AS
and NA by TGF-8, caused clear differences between
gene expression in the examined groups, similarly as
under 2D’ conditions (Paw ¢z al., 2017). We observed
that the widely recognized FMT gene markers, such
as ACTA2 and TAGLN (known also as Sm22), one
of the fibrogenesis markers (SERPINET)(Omori et al.,
2010), key extracellular matrix protein genes (COL7.A47,
FNT), as well as the CTGF coding gene (CCN2) (a
cytokine significantly stimulating FMT) (Wojcik ez al,
2012; Wojcik-Pszczota et al., 2018), were much more
highly expressed in HBFs AS than in NA after TGF-§,
treatment (Fig. 4).

TGF-B,/Smad2/3 signalling pathway is significantly more
prominent in the case of 3D in vitro cultured HBFs
derived from asthmatics

It was shown in our previous studies regarding 2D’
conditions, that the canonical TGF-3,/Smad2/3 signal-

CTRL

TGF-B,

Figure 3. HBF AS shrink the collagen gel much more efficiently than their NA counterparts.

Cells were cultivated 48 h in a collagen gel (1.5 mg/ml). (A) Gel contraction assay by HBFs without (CTRL) and with TGF-B, (5 ng/ml).
Comparison of HBFs AS vs NA. (B) Microscopic images of cells embedded in a relaxed and fully contracted collagen matrix (marked with
a dashed frame on macroscopic image) prove that HBFs AS maintain well extended fibroblastic morphology despite collagen matrix con-

traction.
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Figure 4. Relative expression of pro-fibrotic genes:

ACTA2 (a-SMA), TAGLN (transgelin; smooth muscle protein 22-alpha), SERPINE1 (plasminogen activator inhibitor-1 — PAI-1), COL1AT (col-
lagen 1A1), FN1 (fibronectin 1), CCN2 (CTGF). Cells (AS: n=6; NA: n=6) were cultivated as described above (48 h collagen gel of 1.5 mg/
ml) and mRNA was isolated, measured and RT-gPCR analyses of gene expression were performed. The relative relative amounts of genes

were presented as a 22t mean value. *p<0.05; **p< 0.01.

ling pathway was crucial for FMT (Michalik ez a/., 2013;
Wojcik-Pszczota et al., 2016; Wnuk et al, 2020). Since
we observed an enhanced TGF-8,-induced expression
of profibrotic genes in HBFs derived from asthmatic
patients when compared to non-asthmatic donors, we
further focused on analysis of nuclear localisation of
p-Smad2/3 between HBFs detived from both studied
groups, in the developed 3D model. Results of the ex-
periments carried out after 1 hour of TGF-$, stimula-
tion of AS and NA HBF populations are summarized
in Fig. 5.

These results (Fig. 5) clearly show that AS HBFs
embedded in the 3D collagen matrix display signal
transduction based on Smad2/3 phosphorylation af-
ter stimulation with TGF-B, which cannot be said
about HBFs derived from non-asthmatic patients.
Despite the observed heterogeneity of particular AS
HBFs response, the registered difference is statistically
significant.

A

HBF NA
Control

DISCUSSION

The phenotypic transition of fibroblasts to myofi-
broblasts is a key process during subepithelial fibrosis
in bronchial wall remodelling in asthma. Many research
groups have analysed its background, mechanisms, and
participation of myofibroblasts in airway remodelling in
asthma and in fibrotic processes in other organs (such
as fibrosis of the kidney, liver or skin) (Gabbiani, 2003;
Meran & Steadman, 2011; Sarrazy ef al., 2011). It is well
documented by 7z vitro studies that FMT requires a com-
bination of humoral and mechanical factors, as well as
certain extracellular matrix proteins (Westergren-Thors-
son et al., 2010; Michalik ¢# a/., 2018). On the other hand,
our previous studies have shown that some (probably
genetically or epigenetically acquired) inherent features
of HBFs derived from asthmatic patients can also play a
significant role in the expansion and enhanced progres-
sion of FMT in the asthmatic bronchial wall (Michalik

B

Change in nuclear p-Smad2/3
level after TGF-B4 [1h]
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H
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Figure 5. Increase of nuclear p-Smad2/3 level after TGF-B, treatment is significantly more prominent in case of HBFs derived from
patients diagnosed with asthma.

(A) Images of representative AS and NA HBFs obtained with DIC merged with blue fluorescence of cell nuclei (Hoechst). Lower set shows
signal from p-Smad2/3 antibody conjugated with AlexaFluor-647. (B) Graph presenting relative level of nuclear p-Smad2/3 as a ratio of
cells treated with TGF-3, for 1 hour to those grown under control conditions. Fluorescence of p-Smad2/3 specific antibody was normal-
ized to fluorescence of the nuclear stain. Cells were cultivated as described above (serum starved for 48 hours in collagen gel of 1.5 mg/
ml). n=5-6 (NA and AS HBFs, respectively). Data represent the mean +S.E.M; *p< 0.05; Student’s t-test.
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et al., 2018). Most studies on FMT mechanisms are con-
ducted in 2D’ cell models, but they do not give a full
cross-section of changes occurring in the diseased tissue.
It has been proven that the tissue microenvironment and
interactions of the connective tissue cells with extracel-
lular matrix can have a key impact on FMT (Hinz, 2010;
Klingberg ez al, 2013; Kollmannsberger et al., 2018).
Therefore, our experiments with standard 7z vifro culture
in 2D’ do not fully reflect the conditions in the tissue.
Forces generated by the plastic on which the cells are
growing are in no way comparable to those prevailing
in the tissue (mPa »s kPa) (Balestrini ¢ /., 2012). Hence,
many signalling pathways can work differently, promot-
ing FMT on a solid substrate (Huang e a/., 2012).

While the 3D 7z vitro models can reflect zz vivo condi-
tions much more reliably than a simple monolayer cell
culture, there were plenty of different approaches to ob-
tain them in the past. They differ both in terms of the
used substratum and the way of preparation (Edmond-
son e al., 2014). Type 1 collagen, as the most abundant
component of extracellular matrix (ECM), is the first
choice when fibrous connective tissue models are taken
into consideration. Alternatively, fibrin gels, Matrigel or
synthetic polyacrylamide substratum could be used (Han
et al., 2004; Beningo et al, 2004; Serban et al., 2008),
however, it was confirmed in the past that fibroblasts
can remodel and align initially random collagen fibres,
providing an increase in such model’s reliability (Grin-
nell & Lamke, 1984). The 3D i vitro model exploited in
this paper was based on HBFs embedded in the colla-
gen matrix. In this model, cells are uniformly mixed with
the surrounding matrix directly before its polymerization
(Rhee, 2009). We are aware that both, the abundance of
collagen fibres and overall stiffness of collagen gel are
much lower than in the reflected tissue, but such a sim-
plified model is sufficient to provide cell morphology re-
sembling the one known from 7z vive conditions (Brown,
2013). Primarily, it prevents cells from contact with an
extremely rigid substratum usually used for the 2D’ 7
vitro conditions. It is also supetior to seeding cells onto
the surface of a collagen gel, where they can aggregate
or even spread as on a rigid surface (da Rocha-Azeve-
do et al, 2013). Moreover, such conditions cannot be
considered 3D as cells have contact with only one flat
surface, while dorsal sides of cells are just bathed with
the culture medium. It needs to be mentioned that in
our 3D model the collagen gel remained attached to the
chamber walls throughout the course of the experiment
unless it was not contracted by cells when seeded at a
sufficiently high density (1.5x10*/well). Alternatively, the
gel can be detached shortly after polymerization, which
influences cell morphology, proliferation and overall
cell signalling. The attached gel provides a significantly
higher tension for cells than floating, and at least par-
tially better mimicking native conditions (Kanta, 2015).
In order to better mimic a tissue structure, such a colla-
gen gel could be additionally fluid depleted and densified
or solidified by crosslinking, but it significantly compli-
cates the procedure or requires application of sophisti-
cated and expensive research equipment (Brown, 2013).
Morphology of the collagen embedded fibroblasts can
be diverse, and it is often described as dendritic, stel-
late, spindle shaped, bipolar or rounded in some cases.
Very often it is related to concentration of the gel, or
conditions during polymerization. The collagen concen-
tration that we examined was partially based on the lit-
erature where it is ranging from approximately 0.5 to 5
mg/ml for fibroblastic cells (Adachi ¢ a/, 1998; Sawhney
& Howard, 2002; Brown, 2013; Boraldi ¢ al, 2016). It

should be noted here that according to some research,
the real collagen concentration in such setting can be
non-homogenous and increases even by two-folds in
proximity to the bottom because of the influence of
gravity during the polymerization process (Brown ef al,
2005). Although it is still far from the collagen level in
the modelled tissue (which can be even two orders of
magnitude higher), cells are effectively prevented from
interaction with a rigid substratum, which is additionally
provided by a cell-free collagen layer polymerized in the
well before the proper cell-containing collagen is intro-
duced (Artym & Matsumoto, 2010; Brown, 2013). We
demonstrated that the HBFs morphology varies visibly
with the increase of the collagen concentration in terms
of the quantity of protrusions, general morphology and
size. Additionally, during a short-term observation, we
could register a dynamic behaviour of cells with plenty
of extended protrusions, as well as partial translocation
between focal planes. It was presented in the past that
fibroblasts of various origin dynamically migrate in the
collagen matrices of such order of concentration (1-4
mg/ml), while at much higher concentrations (40 mg/
ml), the process was observed in the timescale of days
or weeks, and required activity of proteolytic enzymes
(Helary et al, 2005; Grinnell & Petroll, 2010; Miron-
Mendoza et al., 2010). It is also known that together with
the increase in collagen concentration, there is a propot-
tional drop in the pore size rather than the change in the
thickness of fibres (Miron-Mendoza ¢ al, 2010). This
could explain the less extended morphology of HBFs at
the highest examined concentrations. On the other hand,
human foreskin fibroblasts presented dendritic morphol-
ogy even in at 4.0 mg/ml collagen concentrations (Mi-
ron-Mendoza e# al., 2010). Moreover, confinement inside
the fibrous connective tissue is also much higher. The
cell morphology observed here can be compared to oth-
er similar experiments. For example, a long term culture
(4-weeks) of human skin fibroblasts showed stellate mor-
phology in the floating gel, while cells were bipolar in
the attached gel (Nakagawa ez al, 1989). Spindle shaped
morphology was observed in case of human corneal fi-
broblasts embedded in the attached collagen gel of 2.0
mg/ml (Sugioka ez al, 2017), whereas the transfer of rat
liver myofibroblasts from a solid substrate to collagen
gel resulted in change in the cell morphology from large
and flatten, into thin with long extensions (Peterova er
al., 2016). In our experiments, all types of morphology
were visible, and our observations can suggest that due
to their heterogeneity, HBF populations slightly differ
from fibroblastic cells of other origin growing in such
a type of the 3D model. We also showed, for the first
time, a profound difference in «-SMA mRNA expression
between TGF-B-treated HBFs from AS and NA group
cultured in 3D collagen gel, even though the changes of
their morphology in comparison to unstimulated cells
were not observed. However, this effect was less pro-
nounced in 3D collagen gel in comparison to our earlier
results with the 2D model (Michalik ez @/, 2009, 2011,
Paw et al. 2017, Wnuk e al, 2020). It was previously
demonstrated that the compliance of collagen gels regu-
lated TGF-B-induction of a-SMA exptession in human
gingival fibroblasts (Arora e al., 1999). Moreover, a less
pronounced induction of FMT was also described in hu-
man vocal fold fibroblasts cultivated under the 3D con-
ditions in comparison to standard 2D cultures (Chen ef
al., 2012).

It is well known that fibroblasts differentiate into my-
ofibroblasts more strongly under the influence of the
substrate stiffness due to mechano-transduction (Hinz,
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2010; Huang ef al., 2012). Furthermore, TGF-3, enhanc-
es the FMT process, which translates into the reorgani-
zation of the extracellular matrix. Although no significant
changes in the HBI's’ morphology were observed in the
3D model, we showed both, under the control condi-
tions and after TGF-8, stimulation, that in the collagen
shrinkage test fibroblasts derived from asthmatics shrink
the collagen in which they grow considerably more than
their non-asthmatic counterparts. This may be due to the
increased predisposition of these cells to FMT, which
was demonstrated by the examined FMT markers in
our model: a-SMA and Sm22. Similar observations have
been made in the airway smooth muscle cells from asth-
matics and non-asthmatics (Matsumoto ez a/., 2007). The
significant positive correlation between the contraction
of collagen gels after TGF-, treatment with «-SMA ex-
pression was observed in the bovine corneal fibroblasts
(Kurosaka ef al., 1998), and human skin fibroblasts from
palmar aponeurosis from patients with the Dupuytren’s
disease (Tomasek & Rayan, 1995; Vaughan e 4/, 2000),
and human foetal lung fibroblasts (Kobayashi e al,
2005).

Moreover, fibroblasts from asthmatics, as in the
2D’ model, produce more extracellular matrix proteins
(COL1, FN1) when compared to their non-asthmatic
counterparts. Similarly to the 2D’ model (Paw ez al,
2017, 2018; Wnuk e al, 2020), this is due to the in-
creased activation of the TGF-8/Smad2/3 pathway,
which is a canonical pathway through which FMT induc-
tion occurs. All of the processes described above are less
pronounced than in the 2D’ model, which may be re-
lated to the insufficiently rigid substratum, but the differ-
ences between cells from asthmatics and non-asthmatics
are evident. To conclude, the results of our study un-
doubtedly demonstrate that fibroblasts from asthmatics
have unique intrinsic features which predispose them to
increased FMT under the influence of TGF-§,, regard-
less of the culture conditions.
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