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1. Introduction

Fibrosis is the unregulated accumulation of scar tissue due to the permanent activation
of tissue repair mechanisms even after the initiating injury has been resolved successfully.
Therefore, it is not defined as a distinct disease, but rather as an outcome of multiple
different pathological processes. Mechanical and chemical injuries (1, 2), radiation (3),
acute hypoxic-ischaemic injury (4), chronic oxidative stress (5) and chronic inflammatory
processes (6) may all lead to constant fibroblast activation and deposition of extracellular
matrix (ECM), which replaces the functional parenchyma over time, resulting in loss of
function and eventually organ failure (7). Since it is a universal mechanism, a wide variety
of organs can be affected. Interstitial lung diseases of autoimmune, environmental or
idiopathic origin may all present with fibrotic changes (8). In the heart, several chronic
conditions, like heart failure, hypertension, ischaemic cardiomyopathy or genetic
cardiomyopathies trigger the accumulation of extracellular matrix in the interstitial and
perivascular area that restricts cardiac function over time (9). Besides failed regeneration
following acute kidney injury (10), common diseases of increasing prevalence in the
western world, like diabetic nephropathy, hypertension and obesity (11, 12) can all lead
to chronic inflammation that triggers fibrosis leading to chronic kidney disease (13),
predicted to become the fifth most common cause of death worldwide by 2040 (12).
Moreover, even atherosclerotic plaques have been confirmed to contain fibrotic lesions
(14). Given that the above-mentioned conditions cover only a fraction of fibrotic diseases,
it does not come as a surprise that fibrosis was estimated to contribute to 50% of death
cases worldwide (15).

The main executors of fibrosis, the fibroblast cells have three prominent functions
that define their role, namely collective migration, proliferation and the synthesis of ECM
elements, mainly collagens (16-18). Following tissue damage, these functions appear
sequentially, though overlap partially during physiological tissue repair, where transient
fibroblast activation is necessary to restore tissue integrity (19). In fibrosis, dysregulation
of the restorative processes leads to permanent fibroblast activation and ECM deposition
(Figure 1). The main molecular pathways and cellular executors of tissue repair and its

progression into fibrosis are detailed in the sections bellow.
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Figure 1: Schematic representation of the main functions of fibroblasts. ECM,
extracellular matrix.

Initially, upon injury, danger associated molecular signals (DAMPS) released from
the damaged tissue activate macrophages that respond with inflammatory cytokines to
recruit neutrophil granulocytes and monocytes (20, 21). Mechanical changes in the ECM
due to the soft granulation tissue filling the wound bed and cytokines including platelet-
derived growth factor (PDGF) produced by tissue resident cells and macrophages
promote the migration of fibroblasts (18, 22), which is facilitated by the epidermal growth
factor (EGF) produced by monocytes, platelets and macrophages as well (23). In this
stage, fibroblasts forming contractile bundles composed of cytoplasmic actin that exert
relatively low contractile forces are referred to as proto-myofibroblasts (24). This form
of movement is collective cell migration, the coordinated migration of a physically and
functionally linked cell group that retain a higher-than-individual level of organization
and are able to modify their tissue surrounding while migrating (25). This process plays
an important role in many biological and pathological phenomena in addition to fibrosis
throughout our lifespan, including embryonic development, wound healing and
reepithelization, fibrosis, tumour invasion and metastasis (26). Then, transforming
growth factor beta (TGF-p) released from macrophages and arriving fibroblasts as a para-
and autocrine signal, together with EGF and cytokines (e.g. interleukin-1 (IL-1), IL-6,

tumour necrosis factor o (TNF-a)) induces fibroblast proliferation, production of ECM
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elements, mainly collagens, and myofibroblast activation. These factors can be stored
locally linked to various components of the ECM. Besides chemokines, mechanical
forces acting along the newly forming granulation tissue also play a role in cell migration
and activation of TGF-p, the central cytokine in tissue fibrosis (18, 23).

lamellipodium

filopodium

stress fiber

Figure 2: Fluorescent labelling and schematic representation of stress fibres in
fibroblasts. The a-smooth muscle actin filaments in a fibroblast cell were labelled
fluorescently with phalloidin. The schematic figure illustrates the organization of the
filaments into stress fibres responsible for cell contraction and the formation of
lamellipodia and filopodia on the leading edge as the initial step of migration (27). (Figure
origin: (28))

The heterogeneous population of active, alpha smooth muscle actin (a-SMA)
expressing myofibroblast cells mostly develops from resident tissue fibroblasts of
mesenchymal origin, however increasing evidence shows that immune cells, local
epithelial and endothelial cells are able to transform into myofibroblasts as well through
epithelial- or endothelial-mesenchymal transition (19). A main characteristic of
myofibroblasts is the formation of a-SMA stress fibres that can exert high contractile
forces, thereby stiffening and stabilizing the connective tissue (Figure 2). Compared to
proto-myofibroblasts, active myofibroblasts have a relatively lower capacity to produce
ECM molecules (18). Whilst during physiological tissue repair, once the tissue integrity

is restored, myofibroblasts are deactivated or cleared by apoptosis, their permanent
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activation leads to fibrosis. Various factors seem to be responsible for the survival of
myofibroblasts, one of which is that the altered balance of the mitochondrial pro- and
anti-apoptotic proteins allows the evasion of apoptosis (29). Moreover, the abnormal
collagen production and ECM contraction lead to the increased dissociation of TGF-f
from its regulator, the latency associated protein, also supported by an elevated autocrine
production, and cause long-term epigenetic changes that promote fibrosis (30, 31).

Although the burden of fibrosis is evident and concerning, the therapeutic options are
highly limited. The only targeted compounds approved by the Food and Drug
Administration (FDA) are the multikinase inhibitor nintedanib and the antifibrotic agent,
pirfenidone aiming to inhibit fibroblast functions, however their use is restricted.
Nintedanib is indicated for the treatment of idiopathic pulmonary fibrosis (IPF) in adults,
other chronic interstitial fibrosing lung diseases and advanced or recurrent non-small cell
lung cancer, while pirfenidone is only used in IPF, however, due to the severe, mainly
gastrointestinal side effects, a high rate of patients discontinues therapy (32-34). Sadly,
even in individuals following therapeutic regimen, the drugs are only capable of
somewhat decreasing the progression and extending the average survival from 2 to 5 years
(35).

Beyond their well-described importance in tissue repair and fibrosis, currently
growing evidence is being gathered about the diverse role of fibroblasts and the tumour
microenvironment (TME) in tumour progression and metastasis. It’s been shown that
fibrotic tissue formation around the tumour is part of the initial immune reaction aimed
at isolating and eliminating cancer cells, however, in certain types of cancer, the
accumulating stiff scar tissue, so called desmoplastic stroma becomes the main issue,
which suggests a shift in fibroblast function towards tumour supporting behaviour (36).
The secreted factors of cancer cells, the transforming ECM and the oxidative stress due
to the immune reactions and the hypoxic environment often present inside tumours may
all contribute to the activation of cancer associated fibroblasts (CAFs) (37). Populations
of CAFs with an altered gene expression panel have been identified in several tumour
types. Although these groups carry various markers, a-SMA is often present indicating a
myofibroblast-like phenotype (38). Similarly to fibroblasts in wound healing and fibrosis,
CAFs can develop from multiple different cell types, resulting in a heterogeneous group.

While some subtypes exhibit tumour suppressing behaviour by supporting immune



surveillance and producing stroma to inhibit growth, others promote cancer development
by immunosuppression, metabolite production and ECM remodelling. Whether these
activities and pro- or anti-tumour and functions altogether are exerted by the same cells
depending on the environment or by different CAF subpopulations remains to be clarified
(36). With the crucial role of CAFs in tumour progression being now revealed, multiple
preclinical and clinical trials aim to target this cell type to inhibit tumour progression or
overcome therapy resistance. Fibroblast activation protein (FAP), a type-ll
transmembrane serine protease is an important marker of CAFs, the presence of which
has been linked to immunosuppressive phenotype. Therefore, FAP became one of the
main investigated targets, along with the application of inhibitory antibodies, prodrugs or
protoxins, vaccines and chimeric antigen receptor (CAR) T-cell therapy against it.
Nevertheless, in certain cases, the systemic inhibition of FAP led to severe cachexia and
bone marrow insufficiency. Other approaches include the inhibition of pathways involved
in ECM production or CAF-cancer cell communication (e.g. TGF-f signalling) (36, 39).
While CAFs are present in several different cancer types, their importance varies widely.
However, beyond the modulation of CAF functions, cancer cells, the central cellular
components of tumours themselves share numerous functional characteristics with
fibroblasts. Their proliferative and migratory capacity are fundamental for tumour
growth, invasion and metastasis formation. Moreover, certain cancer cell types have been
shown to secrete collagen isoforms that serve as important signals in cancer progression
and modulation of the TME (40, 41). These functions are influenced by the same growth
factors that play pivotal role in fibrosis. The increased autocrine PDGF production, the
upregulated expression of PDGF receptor and the chronic activation of the receptor
signalling pathway have all been shown to facilitate cell proliferation, invasiveness, size
and chemotherapeutic resistance of different tumour types (42). While TGF- acts as a
tumour suppressor initially by arresting cell cycle and inducing apoptosis, in the later
stages, it promotes the epithelial-to-mesenchymal transition (EMT) of cancer cells,
thereby enhancing invasiveness, metastasis formation and expression of ECM proteins
(43, 44). The overexpression or mutation of EGF receptor (EGFR) is the central
abnormality in several malignancies and often the main cause of therapeutic resistance.
The EGFR-regulated pathways potentiate cell proliferation, survival and motility of

cancer cells (45). The ligands of the above-mentioned receptors are widely used in in vitro



cancer-related studies as activating agents to investigate the relevance of the pathway and
to discover potential therapeutic targets among the elements (46-51).

The diversity of cells and pathways involved as well as the obstacles faced along the
rocky way of drug discovery all call for high-throughput, time- and cost-effective
standardized methods that allow the rapid selection of biologically relevant, specific
compounds.

Lately, targeted drug discovery (TDD) has been the leading approach in industrial
drug development, where the clearly defined target interactions and the well-described
mechanism of action seemed to be desirable, since it allowed the accurate prediction of
time and costs required for the validation, as well as designing of the assay flow.
However, retrospectively, the success rate of TDD in the discovery of clinically
translatable drugs was lower than expected, leading to rising interest towards the
development and application of phenotypic drug discovery (PDD) (52). Instead of
focusing on a single target, PDD investigates the complex alterations of a disease-related
phenotype in a relevant disease model system even without knowing the exact target or
mechanism of action, which can be determined later during the process (53). This means
that the validating assays are partially developed in parallel with the PDD campaign,
making it less predictable compared to TDD (54). However, a huge advantage of PDD is
that the involvement of multiple pathways can not only provide more disease-relevant
targets, but also better understanding of the disease pathomechanism itself, while
allowing the early elimination of candidates with undesirable mechanisms like protein
synthesis or DNA replication inhibitors (55).

Among the complex interactions of heterogeneous cell populations modulating both
tissue fibrosis and cancer associated fibrosis, capturing few main routes that significantly
modify disease progression without causing major adverse effects due to interference
with general pathways posts a real challenge, which is emphasized by the fact that
effective therapeutic options are still to be discovered. The PDD approach in this context
may be able to reveal new therapeutic targets and offer a better understanding of the
phenotypic changes as well.

Since permanently activated fibroblasts are the leading cellular components in both
pathologies, establishing a reliable, standardized near-high throughput screening system

for the investigation of the main functional/phenotypic characteristics of fibroblasts,
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namely migration, proliferation and collagen production could facilitate the effective
evaluation of potential therapeutic compounds. Various assays were described in the
literature as candidates to assess cell proliferation based on different principles, of which
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide), a mitochondrial
dehydrogenase enzyme activity based colorimetric assay paired with lactate
dehydrogenase (LDH) assay to detect cell death in parallel are used in our laboratory
routinely (56). In case of migration, the current gold standard scratch assay’s (57)
replicability and throughput fail to reach the level desirable to test high number of
compounds available in low quantities in early phase drug discovery. Therefore, our
group optimized a novel alternative using agarose droplet as a biocompatible, inert
physical barrier to create cell-free area, called Transient Agarose Spot (TAS) assay.
Combined with persistent staining of viable cells, the final assay became highly
automated, with increased throughput, reproducibility, and decreased assay time, cell-
and reagent requirement. Given the large number of members in the collagen superfamily
and the complexity of collagen biosynthesis that is greatly dependent on the surrounding
structures in vivo, to date there has been no gold standard method to investigate total
collagen production (14, 58). We optimized a staining method based on Sirius Red, a
traditional histological dye, to detect the total collagen production in cell cultures and
adjusted the in vitro assay conditions to better approximate the natural circumstances and
maximize collagen biosynthesis. The parallel application of these assays could allow a
thorough evaluation of fibroblast functions as well as the observation of subtle differences
in the effect of compounds targeting fibroblasts. Beyond being available for most research
laboratories with its cost-effectiveness and simplicity, our robust system offers a suitable

alternative for industrial application.
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2. Objectives
In fibrosis, the approved therapeutic options are highly limited, their use is restricted

to a handful of diseases, with the purpose being the decrease of disease progression, and
serious side effects occur often due to the involvement of universal pathways. Although
in cancer, there are multiple therapeutic modalities available, their applicability depends
on the exact type of malignancy, moreover, therapeutic resistance can develop over time
due to mutations. Therefore, discovering new, specific therapeutic options is emerging in
both diseases, calling for standardized near-high-throughput in vitro screening systems.
Fibroblast and cancer cells share the ability of proliferation, migration and collagen
production, functional characteristics that are crucial in the progression of numerous
diseases. The aim of our work was to create a microplate-based in vitro assay pool for the
assessment of new therapeutic candidates in a cost-effective, near-high throughput
manner. Besides optimizing well-known methods, we developed new assays to
investigate all the above-mentioned phenotypic characteristics in a standardized system.
During our project, we focused on the following objectives:
Cell migration
1) To develop a damage-free agarose-based collective cell migration assay, the TAS
assay designed for 96-well plate.
2) To compare the performance of the TAS assay to the current gold standard scratch
assay.
3) To automate the detection and evaluation steps using a new generation microplate
reader.
4) To demonstrate the main considerations in the selection of suitable labelling
technique.
Collagen production
5) To optimize Sirius Red staining for the detection of total collagen production in
vitro.
6) To assess the major influencing factors and adjust the experimental conditions to

achieve maximal collagen production in vitro.
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3. Methods
3.1.  Cell lines and treatments

Cell lines were cultured in their adequate media under standard cell culture
conditions (37°C, humidified, 5% CO3). Cell lines were obtained from American Type
Culture Collection (ATCC), Manassas, VA, USA, Jézsef Tovari, National Institute of
Oncology, Budapest, Hungary or the peritoneal dialysate of two paediatric patients
undergoing peritoneal dialysis at the Pediatric Center, Semmelweis University (31224-
5/2017/EKU) as indicated bellow (Table 1). Dulbecco’s Modified Eagle Medium
(DMEM), DMEM/Nutrient Mixture F-12 (DMEM-F12), McCoy’s 5A Medium and
Roswell Park Memorial Institute (RPMI) 1640 medium were purchased from Thermo
Fisher Scientific, Waltham, MA, USA. All media were supplemented with 1%
penicillin/streptomycin (Merck, Kenilworth, NJ, USA). Heat-inactivated foetal bovine
serum (FBS) was purchased from Invitrogen (Waltham, MA, USA). Cells were seeded
(n = 5-10 wells/treatment groups) into 96-well tissue culture plates (Sarstedt, Newton,
MA, USA) at the densities indicated in Table 1.

During in vitro experiments, recombinant epidermal growth factor (EGF, 10
ng/mL, #236-EG, R&D Systems, Minneapolis, MN, USA), recombinant platelet-derived
growth factor BB (PDGF-BB, 10 ng/mL, #520-BB, R&D Systems), recombinant
transforming growth factor beta 1 (TGB-f, 1 nM, #PHG9204, Thermo Fisher Scientific),
and a dilution series of kinase inhibitors (0 — 10 uM) including nintedanib (Nint, Vichem
Chemie Research, Budapest, Hungary), gefitinib (Gef, Vichem) or sorafenib (Sor,
Vichem) were used. Control cells were treated only with the corresponding solvents
(EGF, PDGF-BB: phosphate buffered saline (PBS), Nint, Gef, Sor: DMSO (Merck),
TGF: 4 mM hydrochloric acid (HCI)) in equal volumes. The effect of volume exclusion
was investigated by the supplementation of the culture media with dextran 40 (Dx) (40
kDa, 50 mg/mL, Reanal Ltd., Budapest, Hungary), dextran sulfate sodium salt (DSS) (40
kDa, 100 ug/mL, MP Biomedicals, LLC, Irvine, CA, USA), polyethylene glycol (PEG)
(20 kDa, 50 mg/mL, Merck) or ficoll 400 (Fc) (400 kDa, 50 mg/mL, Pharmacia Fine

Chemicals, Uppsala, Sweden).
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Table 1: Summary of the cell cultures, their respective culture media and seeding density

used for the in vitro experiments.

. ATCC . Seeding
Cell line code Cell type Media density/well
MTT/LDH assay
LcLc-103H  PACC- humanlungcancer oo,y 464 6x10°
384 cell
CCD-19Lu #Sfol'_ human lung fibroblast 6x10°
A549 #CRM- carcihnuoTna; eluir':ﬁelial PMEN 6x10°
CCL-185 P
cell
TAS assay
MRC-5 #(1:$1L- human lung fibroblast 2x10*
CCD19-Lu #gfol" human lung fibroblast 10*
#CRL- . . .
NRK-49F 1570 rat kidney fibroblast DMEM 10
human lung
#CRM- : D .
A549 CCL-185 carcmon;aeﬁplthellal 1.5/2x10
Caco-2  #HTB-37 human colon 6x10°
carcinoma cell
human colon McCoy’s 4
HT-29 #HTB-38 carcinoma cell 5A Medium 4x10
LCLC-103H #ACC- human lung cancer 7 5x103
384 cell
HCT-116 hun_1an colon
carcinoma cell
RFP RPMI 1640
expressing #CCL human colon
- _ A
HCT-116 247 carcinoma cell 2x10
GFP
. human colon
expressing carcinoma cell
HCT-116
Scratch assay
MRC-5 #27(:1"' human lung fibroblast ~ DMEM 4x10°

Sirius Red assay
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#CCL-

CCD-19Lu 210 human lung fibroblast 10%
human lung DMEM

#CRM- . T .

A549 CCL-185 carunon;aeltleplthellal 10

Immunofluorescence staining

CCD-19Lu #CZ:EOL- human lung fibroblast ~ DMEM 6x10°
ATCC, American Type Culture Collection, DMEM, Dulbecco’s Modified Eagle
Medium; RPMI, Roswell Park Memorial Institute; DMEM-F12, DMEM/Nutrient

Mixture F-12; GFP, green fluorescent protein; RFP, red fluorescent protein

3.2.  Transient Agarose Spot (TAS) assay

To perform TAS assay, 0.1% agarose (Merck) was prepared in sterile water by
stirring and heating. A 2 pL droplet of 90°C agarose was placed in the middle of each
well on a 96-well plate and left to polymerize for 15 minutes at room temperature (RT)
before cell seeding. After 24 hours of incubation in cell culture medium containing 10%
FBS, the droplets were removed by pipette tip and cells were washed with 200 pL of
sterile PBS to eliminate debris and unattached cells. 100 uL of culture medium
supplemented with the corresponding treatment was added for 72 hours. In a set of
experiments, MRC-5 cells were incubated with 0.1 mg/mL1,1'-Dioctadecyl-3,3,3',3"-
Tetrame-thylindocarbocyanine Perchlorate (Dil) solution (#D282, Thermo Fisher

Scientific) for 2 hours before the agarose droplet removal.
3.3.  Scratch assay

To perform scratch assay, MRC-5 cells were seeded into 12-well plates. Followed
by 24 hours of incubation, media was removed, and the confluent cell layer was scraped
with one movement using a 200 uL pipette tip. Wells were washed with 2 mL of sterile
PBS to eliminate debris and unattached cells, and treatment of recombinant EGF diluted

in 1 mL of culture medium containing 0.1% FBS was applied.
3.4. Data acquisition by microscopy for TAS assay

Brightfield or fluorescent images of each well were taken at specific time points
during treatment using an Olympus 1X81 microscope system (Olympus Corporation,
Tokyo, Japan) with 4x objective. Cell-free gap areas were annotated manually by
computer mouse, digitizer board without display and tablet or automatically using ImageJ
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1.48v software (National Institutes of Health, Bethesda, Rockville, MD, USA) applying
the macros described in Table 2. Highlighted parameters were determined and verified

for each experiment.

Table 2: Macros used in ImageJ for the automatic annotation of cell-free gap areas.

Brightfield images Fluorescent images
run(“Find Edges”); run(“RGB Stack”);
setAutoThreshold(“Default”); run(“Next Slice [>]”);
/lrun(“Threshold...”); run(“Delete Slice™);
setThreshold(0, 20); run(“Next Slice [>]7);
run(“Analyze Particles...”, run(“Delete Slice™);
“size=2,000,000-Infinity show=Outlines  run(“Find Edges”, “slice”);
summarize”); setAutoThreshold(“Default”);
close(); //run(“Threshold...”);

setThreshold(0, 20);

run(“Analyze Particles...”,
“size=2,000,000-Infinity show=0utlines
display clear

summarize slice”);

close();

Gap areas were determined as ratio (%) of the initial gap area at 0 h:

gap area [%] = actual gap area / initial gap areax100
In certain cases, gap closure was described by the absolute value decrease in cell-free
area:

A gap area [pixel?] = initial gap area - actual gap area
3.5.  Cell confluency

Fluorescent images of Dil labelled MRC-5 cells were taken using an Olympus
IX81 microscope system with 4x objective and analysed with ImageJ 1.48v software. The
quantity of black pixels was determined by setting colour threshold and measuring the
labelled area. The gel spot was defined by annotation and the confluency was calculated
based on the following equation:
confluency [%] = [1 — ((black pixel area — gel spot area) / (total area — gel spot
area))]<100

3.6.  Cell staining and data acquisition by microplate reader

To investigate microplate reader-based evaluation, various staining methods were

tested with detailed protocols provided in Table 3. Kahle’s solution was prepared using
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26% ethanol (Molar Chemicals Kft., Halasztelek, Hungary), 3.7% formaldehyde (Molar
Chemicals Kft.), and 2% glacial acetic acid (Merck).

Table 3: Summary of the dyes, cell fixation and staining protocols and detection
parameters used for microplate reader-based detection of TAS assay.

Fixation Dye Staining  Detection 2=
(nm)
10% TCA  Sulforhodamine B ?n4;/<?/oSEAB\ abs 565/ -
SRB at 4 °C for sodium salt for 30
1 hour (#S1402, Merck) minutes fluo 550/605
0.1%
FastGreen
FastGreen (;git%rze,epﬂgféi) in ]%% AA abs 624/ -
or5
minutes
Methylene blue 1%
methylene solution acc. To methylene
blue Loeffler blue in H20 abs 668/ -
(#42335, Molar for 5
Kahle’s Chemicals) minutes
solution at 0.14
RT for 15 mg/mL in
minutes  Cresyl Fast Violet 6.8 mM abs 590/ -
Cresyl — Certistain sodium
Violet (#K2247947, ace-tate +
Merck) ﬁi?}\gég flio  583/627
minutes
Pro_pi_dium Iod_ide 0.5 uM in
PI f;g'lr]ggngfgtgg PBSfor5  fluo  550/605
; minutes
Pharmingen)
1,1'-Dioctadecyl-
33,33 Tetame. 0L MImL
. thylindocarbocyani in cell
Dil culture fluo 538/582
ne Perchlorate medium for
(#D282, Thermo 24 hours
Fisher Scientific)
- Wheat Germ
Agglutinin Alexa 0.01
Fluor 488 mg/mL in
WGA conjugate cell culture fluo 470/515
(#W11261, medium for
Thermo Fisher 4 hours
Scientific)
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Calcein AM

10 uM in

Calcein (#C3099, Thermo el culture .0 490/533
AM . S medium for
Fisher Scientific)
1 hour
Cell Tracker Green 5 uMin
Cell CMFDA cell culture
Tracker (#C7025, Thermo  medium for fluo B
Fisher Scientific) 1 hour
0.5 ng/mL
Hoechst 33342 (1#]0(:230)
Hoechst trihydrochloride culture fluo 355/455
(#B2261, Merck) )
medium for
4 hours
Autofluore ) ) abs 285/ -
scence

TCA, trichloroacetic acid; RT, room temperature; AA, acetic acid; abs, absorbance; fluo,
fluorescence; EX/Em, Excitation/Emission

Stained or green and red fluorescent protein expressing cells were used to detect
signal with the microplate reader. Absorbance or fluorescence signal of each well was
measured using a CLARIOstar Plus microplate reader equipped with MARS 285 v4.01
software (BMG Labtech, Ortenberg, Germany) at the wavelengths provided in Table 3.
Readings were performed using the well scanning function at 30x30 points/well focusing
on a 4 mm diameter circle in the middle of the well with the focal height set to 3.2 mm
and bottom optic for fluorescence detection. To clearly discriminate cell-covered and cell-
free areas, the gain parameters were manually adjusted for the fluorescence values to be
positioned in the upper third of the measurement range. Cell-free gap areas were defined
as the number of scan points that fell below a manually set threshold and presented as the

percentage ratio (%) of the initial gap area.
3.7.  MTT cell proliferation assay

MTT assay was performed to determine the mitochondrial dehydrogenase activity
of attached viable cells. MRC-5 cells were seeded in 96-well plates, incubated for 24
hours in culture medium containing 0.1% FBS and treated with recombinant PDGF-BB
in the presence or absence of nintedanib. Thereafter 10 uL of MTT reagent, containing 5
mg/mL thiazolyl blue tetrazolium bromide (diluted in sterile H,O) was added to each well
containing the cells and the 100 pL supernatant and incubated at 37°C for 4 hours.

Subsequently, supernatant was removed and intracellular MTT crystals were solubilized
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in 1:1 mixture of ethanol and DMSO. Absorbance was measured at 570 nm and at 690
nm as background in a CLARIOstar Plus microplate reader equipped with MARS 285

v4.01 software.
3.8.  LDH cytotoxicity assay

The extent of cell death was investigated using a colorimetric method based on
the release of lactate-dehydrogenase (LDH) in the supernatant upon cell damage. 40 pL
of supernatant was mixed with equal volume of LDH reagent containing 109 mM lactate,
3.3 mM B-nicotinamide-adenine-dinucleotide-hydrate (#N7004), 2.2 U/mL diaphorase
(#D2197), 3 mM tris(hydroxymethyl)aminomethane (TRIS), 30 mM N-(2-
hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES), 10 mM NaCl, 350 uM
thiazolyl blue tetrazolium bromide (all reagents were purchased from Merck) in a sterile
96-well plate and incubated at 37°C for 1 hour. Absorbance was measured at 570 nm and
at 690 nm as background in a CLARIOstar Plus microplate reader equipped with MARS
285 v4.01 software.

3.9.  Sirius Red histological staining (Picrosirius)

To visualize the collagen accumulation, slides with histological samples from
fibrotic mouse lungs were deparaffinised by submerging in xylene for 10 minutes at RT,
followed by rehydration in descending ethanol concentrations (96-90-80-70%), 1 minute
for each. After that, slides were stained with dye solution containing 0.1% Direct Red 80
and 1.2% picric acid for 1 hour at RT, which was removed quickly using distilled water.
To remove excess dye, slides were rinsed with 0.1M HCI solution for 2 minutes at RT.
Ascending concentrations of ethanol (70-80-90-96% absolute ethanol) were applied, 1
minute each for dehydration, after which slides were cleared in xylene for 10 minutes at

RT and covered using DPX Mountant for Histology (Merck).
3.10. Sirius Red collagen detection assay for cells

CCD-19Lu and A549 cells were cultured in 10% FBS for 24 hours followed by
another 24 hours in 1% FBS to reach full confluence. Subsequently, cells were incubated
for 48 hours with 1 nM TGF-B dissolved in FBS-free DMEM containing 200 uM
ascorbate (Merck) unless otherwise indicated. After treatment, the supernatant was
separated, and cells were washed with 200 uL of PBS. 50 puL of Kahle’s fixing solution
was applied at RT for 15 minutes followed by another washing step. Next, cells were
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incubated in 50 pL of Sirius Red solution containing 0.1% Direct Red 80 and 1% acetic
acid in distilled water at RT for 1 hour, then washed with 400 uL of 0.1 M HCI. 100 uL.
0.1 M sodium-hydroxide (NaOH) was added to elute the bound dye. All reagents were
purchased from Merck. The absorbance was determined as optical density (OD) at 540
nm with CLARIOstar microplate reader with MARS Data Analysis Software v4.01 using
NaOH as blank.

3.11. Sirius Red collagen detection assay for cell culture medium

To conduct the optimization steps for collagen detection in the supernatant, a
dilution series of rat tail-derived Collagen type | (#A10483-01; Thermo Fisher Scientific)
was prepared in distilled water or DMEM and various 96-well microplates were
compared for the washing and centrifugation including flat-bottom (Sarstedt), VV-bottom
(Thermo Fisher Scientific), or 0.45 um low-binding hydrophilic polytetrafluoroethylene
(PTFE) filter plate (Merck).

In the final assay, the culture supernatant measuring 100 uL was transferred into
a V-bottom 96-well plate, stained with 50 puL of Sirius Red solution containing 0.1%
Direct Red 80 and 3% acetic acid in distilled water and mixed thoroughly. After
incubating at RT for 30 minutes, the plate was centrifuged at 3000xg for 6 minutes to
pellet collagen-dye precipitates. Unbound dye solution was removed by multichannel
pipette, thereafter wells were washed with 150 uLL 0.1 M HCl and centrifuged again. After
eluting the collagen-bound dye with 100 uLL of NaOH and transferring the solution into a
clear flat-bottom 96-well plate, absorbance was measured at 540 nm with CLARIOstar

microplate reader with MARS Data Analysis Software v4.01 using NaOH as blank.
3.12.  Immunofluorescence staining

CCD19-Lu cells were seeded into 4-well chambers (Sarstedt) medium containing
10% FBS for 7 days. Subsequently, after rinsed with 500 uL PBS, cells were fixed in 300
uL BD Cytofix/Cytoperm™ (BD Biosciences, Franklin Lakes, NJ, USA) at RT for 15
minutes then rinsed again with 500 pL BD Perm/Wash™ (BD Biosciences). Primary
antibodies against procollagen 102 (sc-166572; mouse, 1:100, Santa Cruz Biotechnology,
Dallas, TX, USA) or collagen type | alpha 1 (sc-293182; mouse, 1:100, Santa Cruz
Biotechnology) were diluted in BD Perm/Wash™ and applied at RT for 1 hour. Cells
were washed with 500 pL. BD Perm/Wash™ for 2 minutes, incubated with goat anti-
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mouse Alexa Fluor® 568-conjugated 1gG secondary antibody (A11004; 1:500, Thermo
Fischer Scientific) at RT for 1 hour and washed again with 500 uLL BD Perm/Wash™ for
2 minutes. Controls were prepared omitting the primary antibody to ensure specificity
and avoid autofluorescent signal. Nuclei were labelled with Hoechst 33342 DNA staining
(1:5000) for 15 minutes, cells were washed with 500 pL BD Perm/Wash™, finally slides
were cover slipped using ProLong™ Gold Antifade Mountant (Thermo Fischer

Scientific).
3.13. Data acquisition by microscopy for Sirius Red assay

Brightfield, fluorescent or polarized light illumination images were taken using
Olympus 1X81 microscope system (Olympus Corporation, Tokyo, Japan) with 20x or
100x objectives. Right before the elution step, samples from the stained collagen solution
or supernatant were resuspended in HCI, dripped onto a slide and cover slipped. Images
taken from the same field were merged in ImageJ 1.48v software after conversion from

coloured to 8-bit format.
3.14. Statistical analysis

Statistical evaluation was performed using GraphPad Prism 8.01 or 9.1.2 software
(GraphPad Software Inc., San Diego, CA, USA). Unpaired t test with Welch’s correction
was used for the comparison of two independent groups. Two-way ANOVA, Brown-
Forsythe and Welch ANOVAs or ordinary two-way ANOVA with Dunnett’s tests were
applied for multiple comparisons and Pearson’s correlation for correlation analyses. p <
0.05 was considered as statistically significant. Curves from the dilution series were
compared by linear regression analysis. Unless otherwise indicated, results are illustrated
as mean + standard deviation (SD) of the corresponding treatment groups. The applied
tests, significances, and number of elements (n) are indicated in each figure legend.

Descriptive statistics were performed to evaluate the performance of Sirius Red
collagen detection assay for cell culture medium. Linearity was determined based on the
range of the collagen concentration for which a linear curve could be fitted, while meeting
the criteria of regression (R?) < 0.95. The limit of detection was determined based on the
minimal collagen concentration at which the absorbance was significantly different from
the baseline. Accuracy was defined as the mean difference between nominal and

measured collagen concentrations in the linear range. Intra-assay variability was defined
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based on the average coefficient of variations from the samples of linear range measured
in a single experiment. Inter-assay variability was determined as the coefficient of
variation derived from the mean values of samples of linear range measured in six
independent experiments. Non-linear asymmetric sigmoidal 5 parameter logistic curve

was fitted on the collagen concentration-absorbance correlation graph.
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4. Results
4.1.  Optimization of TAS assay
4.1.1. Agarose spot stability and optimal cell density

The stability of the agarose spot was investigated over several days using MRC-5
cells. Upon removal after 24 hours, rapid cell migration and reduction in gap size was
observable, however the permanent spot inhibited migration even in a 7-day interval
allowing change of medium and flexible initiation of the migration experiment.

To examine the effect of cell density on the confluence, MRC-5 cells were seeded
with different cell counts around the agarose spot and plated for 24 hours. The confluence
elevated in parallel with the increase in cell density, reaching a plateau phase at 20x103
cells/well. After agarose spot removal, gap closure was similarly accelerated at higher
cell densities, arriving at the maximum at 20x10° cells/well. Taken together, the

confluence and the rate of gap closure seemed to correlate (Figure 3).

23



() (b)

100+
4x —_— E
s
g 4
= 50? -O- permanent
3 -®- transient
0 ]
20% ] cell seeding
1 ¢ agarose removal
0 . B B
permanent transient 24 0 24 48
agarose spot time [h]
(© (d)
100 . 100
= o 5
Q) ] —
= ] § -0- 10
<)
(%) [
g 50— £ 50 - 15 3
E- :. x107 cell/well
= — g - 20
) )
S 1 - 25
] e 30
0 T T | 0 I I 1
0 10 20 30 0 24 48 72
cell count [10°/well] time [h]

Figure 3: The effect of agarose spot and cell density on the migratory capacity of MRC-
5 cells. (a) Brightfield microscopic images of cell-free gap areas were annotated
manually. Lines indicate the gap edges at 0 (white) and 48 (black) hours. Images taken
with 20x objective show the edge of the cell-free area at 48 hours. (b) The gap closure
was monitored for 72 hours after cell seeding. Results are presented as mean + SD (n =
6). (c) The effect of cell density on the confluence and (d) on the rate of gap closure was
determined. Results are presented as mean + SD (n = 5).
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4.1.2. Applicability of TAS assay to investigate fibroblast migration

The migration of MRC-5 and NRK-49F cells was investigated following various
treatments. The addition of FBS to the culture medium increased the rate of gap closure
in a dose dependent manner (Figure 4a, c, €). Treatment with EGF accelerated cell

migration as well (Figure 4b, d, f).
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Figure 4: The effect of nutrient supplementation (FBS) and growth factor addition (EGF)
on the migration of MRC-5 lung fibroblasts and NRK-49F rat kidney fibroblasts.
Migration was investigated with TAS assay. (a, b) Brightfield microscopic images of the
gap size were taken. Lines indicate the gap edges at O (white) and 48 (black) hours. (c-f)
Gap closure was followed for 72 hours after gel removal. Results are presented as mean
+ SD (n=38). * p <0.05 vs. 0% FBS (c, €) or control (d, f) at the concerning time (two-
way ANOVA). FBS, foetal bovine serum; EGF, epidermal growth factor.
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4.1.3. Applicability of TAS assay to investigate cancer cell migration

The migration of A549, Caco-2 and HT-29 cell lines was investigated after
supplementation of FBS dilution series (Figure 5a-c) or treatment with EGF (Figure 5d-
f). While FBS accelerated the rate of gap closure in A549, EGF did not have an effect

contrary to the colon cancer cells, where EGF could increase migration.
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Figure 5: The effect of nutrient supplementation (FBS) (a-c) and growth factor addition
(EGF) (d-f) on the migration of A549 lung adenocarcinoma epithelial cells, Caco-2 and
HT-29 colon cancer cells. Migration was investigated with TAS assay. Gap closure was
monitored for 48-72 hours after gel removal. Results are presented as mean = SD (n = 38).

*p < 0.05 vs. 0% FBS (a-c) or 0% control (d-f) at the concerning time (two-way
ANOVA).

4.1.4. Comparison of different gap annotation methods

To examine the accuracy and reproducibility of different methods, brightfield and
fluorescent images of the same field of Dil labelled cells were annotated using different
manual techniques and automatic annotation (Figure 6a). Both brightfield and fluorescent
images of MRC-5 were suitable for the automatic method and gap sizes showed a strong
positive correlation with the manual annotation (Figure 6b). However, from the NRK-
49F cells only the fluorescent images could be processed automatically because the
software was unable to recognize the edges of the cell-free area.
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Regarding the time requirement, while the digitizer board and tablet could
accelerate the manual evaluation, automatic annotation largely shortened and simplified

the process (Figure 6c).
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Figure 6: Comparison of data evaluation methods in TAS assay. (a) Brightfield and
fluorescent images of Dil-stained MRC-5 and NRK-49F cells were taken. (b) The same
images of MRC-5 cells (n = 40) were analysed after manual or automatic annotation to
compare the gap areas. Pearson’s correlation coefficients (r) and p values are indicated.
(c) The required evaluation times were compared.
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4.1.5. Comparison of scratch and TAS migration assay

Scratch assay on 12-well plate and TAS assay on 96-well plates were performed
in parallel on MRC-5 cells to compare the sensitivity and reproducibility. When
examining the initial gap sizes from numerous independent experiments, in the case of
scratch assay confidence interval fell between 23% and 30% while for TAS assay it was
significantly lower, falling at only 9%, similar to measuring the agarose spot without cells
(Figure 7a, b, ¢). Beside the inconsistent initial gap size, in scratch assay the gap closure
is uneven and can only be documented by a series of images, while for TAS assay the
whole cell-free area fits in one field of view (Figure 7d).

The migration kinetics were similar with both methods, however when examining
the relative and absolute gap size values, the intra-group variance determined by the
coefficient of variation of group means was on average 3 times higher in scratch assay

(Figure 7e).

28



() (b) (©)

S *
5%100 71% 2007 & o 2 40— —
- = 1 a a &
3 3 5% e
x 2 ] s R e S~
R B0l x x x %4 g & 30
< , sy xzg =4 8T
2 3x10° . S * S8
iR
g 2x106 L %
= & E X * S'=
8 o] * =g |
50 X =X 10
1x106 = E ]
= ] X @
= = 2% + B A p=0.01191
0- B L & & § & 8 o
agarose spots scratch TAS scratch  TAS
method
(d) scratch TAS

treatment control EGF control EGF
(e)
scratch TAS
)
N
-p—
w
g = S
=T} = o
o e e
> < <
= = = 9.4%
= & 79% & ]
2 ] = control 1 = control
| =E EGF 1 mm EGF
0 T T ] 0 T T ]
0 24 48 72 0 24 48 72
1x106— 20.5% 3x106 7.4%
& 7.5%
'E Lo &
o 2 Z 2x106- 5 6%
< B 2 6%
o B 5
= 5 = 11.1%
- 2 %106
S g s
2 4 =
<
0 T T 1
0 24 48 72
time [h] time [h]

Figure 7: Evaluation of the reproducibility of scratch assay and TAS assay.
Reproducibility was compared by measuring the initial gap size and following the gap
closure kinetics of control and EGF-treated MRC-5 cells. (a) Consistency of agarose spot
sizes (n = 40) was determined by graphical analysis. (b) Consistency of initial gap sizes
was determined in independent experiments (n = 24-30 in each 3-3 experiments). (c) The
standard deviation of the initial gap sizes of scratch and TAS assays was compared from
3 independent experiments. *p < 0.05 (unpaired t test with Welch’s correction) (d)
Evenness of gap closure was investigated on control and EGF-treated cells, as
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demonstrated in representative microscopic images, where lines indicate the gap edges at
0 (white) and 48 (black) hours after gel removal. (e) Relative (percentage of initial gap
size) and absolute (Apixel?) alterations in gap sizes were followed for 72 hours. Results
are presented as mean + deviation (n = 6). Line widths and percentage values indicate the
coefficient of variation of the concerning groups.

4.1.6. Principle and validation of micro plate reader-based data acquisition

Green fluorescent protein (GFP)-expressing HCT-116 cells of TAS assay plates
were examined using the well scanning mode of the microplate reader, resulting in an
intensity heatmap containing 708 scan points where fluorescence or absorbance values
transition sharply from the cell-free to the full-confluent area. Cell-free area was
determined as the number of scan point falling below a manually set threshold value
(Figure 8a). Optimal threshold was between 10-25% of the maximal intensity values,
within which the resulting cell-free areas correlated perfectly with each other (Figure 8b).

To validate the microplate reader-based evaluation, TAS assay plates of GFP- and
red fluorescent protein (RFP)-expressing HCT-116 cells were detected with microscopy
and microplate reader as well. The acquired gap sizes showed a perfect correlation
between the two methods (Figure 8c, d), moreover upon FBS stimulation, a linear dose-
response relationship was observable with very high correlation coefficients (Figure 8e).

Absorbance of unstained non-fluorescent cells was scanned in the ultraviolet (UV)
range, however cell free area was detectable only after the replacement of medium with
PBS. To improve visualization, various colorimetric and fluorescent staining methods
were tested for detection with the microplate reader. All stains allowed clear
differentiation between cells and cell-free gap area (Figure 8f).
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Figure 8: Microplate-reader based evaluation of TAS assay. (a) TAS assay wells
containing GFP-expressing HCT-116 cells (n = 50) were detected using the well scanning
mode of the microplate reader. A threshold value was set manually based on the generated
intensity heatmap to determine the cell-free area. (b) Cell-free area was selected setting
different threshold values based on the intensity distribution of the heatmap pixels and a
correlation matrix was generated to establish the optimal threshold (highlighted with
white outline). Cell-free areas of TAS assay plates with GFP (c) or RFP (d) expressing
HCT-116 cells (n = 50) were evaluated using microscope and microplate reader as well,
the acquired gap sizes were correlated. (¢) To demonstrate the applicability of microplate
reader-based evaluation, cells were stimulated with a dilution series of FBS, and gap
closure was investigated after 72 hours (n = 10/group). (f) UV absorbance of unstained
cells and signal of various colorimetric and fluorescent dyes was detected with
microscopy and microplate reader as well. Results are presented as mean + SD.
Significance values (p) and Pearson’s correlation coefficients (r) are indicated.
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4.1.7. Optimization of Hoechst staining

The applicability of Hoechst DNA staining was verified on RFP- or GFP
expressing and non-fluorescent HCT-116 cells. Gap sizes of Hoechst-stained cells
determined by microplate-reader showed very high correlation with GFP and RFP signal
as well as with the gap size determined by microscopy (Figure 9a).

The compatibility of Hoechst with living cells was tested on A549 and LCLC-
103H cell lines. We found that even very low dye concentration resulted in a stable
fluorescent signal, meanwhile, although higher concentrations yielded a higher initial
intensity, they decreased to a similar value over time (Figure 9b). Fluorescent signal was
stably detectable even after 72 hours after a 4-hour staining period with 1:10.000 dilution
(Figure 9c). Cytotoxic effects emerged only at high concentrations (1:1000 dilution),
especially when the medium was not changed after the staining period (continuous
staining) (Figure 9d). After stimulation with FBS dilution series, a dose-dependent
acceleration in gap closure was observable with very high correlation coefficient using

the microplate reader for detection (Figure 9e).
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Figure 9: The validation of Hoechst staining. VValidation was carried out on GFP- or RFP-
expressing and non-fluorescent HCT-116 cells. (a) Gap sizes detected based on Hoechst
fluorescence intensity were correlated with GFP/RFP signal and microscopy-based
evaluation (n=50). Staining Kinetics, stability, cytotoxicity, and applicability were
investigated on A549 and LCLC-103H cells. (b) Staining kinetics with various Hoechst
concentrations (n=5/group) were monitored every 2 minutes. (c) Stability of the staining
was followed for 72 hours both with microscopy (top line) and microplate reader (bottom
line). (d) Cytotoxicity was assessed with MTT assay at 72 hours following a 4-hour
prestaining period or continuous staining. () To demonstrate the applicability of
microplate reader-based evaluation, cells (n=10/group) were stimulated with dilution
series of foetal bovine serum (FBS) for 72 hours. Results are presented as mean + SD.
Significance values (p) and Pearson’s correlation coefficients (r) are indicated.
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4.2.  Optimization of Sirius Red assay
4.2.1. Detection of cell-associated collagens by Sirius Red staining

Sections of lung tissue from mice and lung fibroblast cell cultures were stained
with Sirius Red according to the standard histological procedure and microscopic images
were taken with brightfield and polarized light illumination techniques. On the brightfield
images of tissue samples, large collagen positive areas were visible in red colour, which
were mostly organised into a complex system of fibres, as the polarized light images
revealed. Meanwhile in the adherent cells, collagen positivity was observable mainly in
the cytoplasm and thin fibrils produced minimal light scattering only at the cell edges
(Figure 10a). In line with these findings, immunostaining of pro-collagen I and collagen
I showed predominantly intracellular and perinuclear positivity (Figure 10b).

To investigate the collagen production of cell cultures, unstimulated and TGF-3
induced CCD-19Lu lung fibroblasts were grown in 96-well plates, brightfield images
were taken (Figure 10c), and collagen amount was measured by Sirius Red assay for cells.
The volume exclusion effect of macromolecular crowding on the collagen production was
tested by supplementing the culture media with various polymers (dextran, dextran
sulphate sodium, polyethylene glycol or Ficoll). While TGF-f increased the production
of cell-associated collagens, macromolecules had no effect on the process (Figure 10d).
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Figure 10: Investigation of cell-associated collagen production on TGF- treated CCD-
19Lu lung fibroblasts. (a) Brightfield, polarized light illumination and merged images
were taken of fibrotic mouse lung sections and cell cultures stained with Picrosirius. Scale
bar: 50 um. (b) Cells were labelled with antibodies against pro-collagen I and collagen I,
and fluorescent images were taken. Scale bar: 50 um. (c) Brightfield images of control
and TGF- stimulated cells stained with Sirius Red were taken. Scale bar: 200 pum. (d)
The volume exclusion effect of macromolecular crowding on the collagen production of
TGF-B stimulated cells was investigated by Sirius Red assay for cells adding dextran
(Dx), dextran sulphate sodium (DSS), polyethylene glycol (PEG) or Ficoll (Fc) to the
culture medium. The amount of cell-associated collagens was determined by the optical
density (OD) of their eluates. Results are presented as mean + SD, dots represent
individual values (n = 6). ****p < 0.0001 (two-way ANOVA with Dunnett’s test).
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4.2.2. Detection of collagens in cell culture medium with Sirius Red staining

To establish the protocol for collagen staining in the supernatant, collagen
solutions in different solvents were stained with Sirius Red and dye-collagen precipitates
were separated by centrifugation. Microscopic images revealed strong, specific labelling
of fibrillary collagens (Figure 11a).

When testing staining solutions with different dye concentrations, whereas a
higher dye content resulted in a higher signal intensity, the intra-assay variability
multiplied. The background of this phenomenon may be the auto-precipitation and the
instability of dye crystals in the supersaturated solution (Figure 11b). Collagen solutions
dissolved in DMEM or H2O were stained with dye solutions containing different acetic
acid concentrations to determine the importance of pH. In DMEM, low acid
concentrations resulted in a decreased binding capacity of Sirius Red, probably due to the
alkaline pH shift caused by buffers present in the medium (Figure 11c).

Performing the staining and washing steps at RT led to reliable and accurate data,
however we found that cooling the reagents and incubating the assay at 4°C could further
increase the sensitivity if necessary (Figure 11d). Measurements after 15 minutes of
incubation revealed strong formation of dye-collagen complexes, which could not be
increased with the elongation of the incubation time (Figure 11e). Different plate types
were investigated to select the most applicable option for the centrifugation and washing
steps, with V-bottom plates giving the best results. Flat-bottom and filter plates did not
allow firm attachment of the pellet due to their large surface or bound the precipitates

causing a loss of signal intensity (Figure 11f).
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Figure 11: Optimization of the staining conditions for collagen detection in the cell
culture medium. (a) To visualize collagen-dye precipitates, images of Sirius Red-stained
collagen I solution (200 pg/mL in DMEM) were taken with brightfield and polarized light
illumination techniques. Scale bar: 200 um. (b, ¢) The effect of dye- and acetic acid
concentrations on the staining efficiency of Sirius Red was investigated on collagen
solutions diluted in distilled water (H20) or culture medium (DMEM). The pH of the
resulting mixtures was determined as well. The grey bar shows the optimal pH range for
labelling with Sirius Red based on literary data. (d, e, f) Different staining temperatures,
incubation times and plate types used for the washing steps were also compared. The
labelling efficiency of Sirius Red-stained collagens was determined by the optical density
(OD) of their eluates. Results are presented as mean = SD (n = 6). ns: non-significant, *
p < 0.05 (linear regression).
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To validate the Sirius Red staining procedure of the cell culture medium based on
the results detailed above, a wide range of collagen dilution series were stained according
to the established setup: samples were incubated in 0.1% Sirius Red solution containing
3% acetic acid for 30 minutes at RT and washed in V-bottom plates. The obtained data
confirmed the good quality of our assay characterized by a wide range detection, high
sensitivity, and very low intra-and inter-assay variability (< 10%) (Figure 12).

10
*®
a 1 .,..
= i Linearity: 0-300 pg/ml
51 Fd Limit of detection: 2 ug/ml
§ 017 Accuracy: +3.5 pg/ml
= ®
5 Intra-assay variability: 7.7 %
é 0.01- I (_‘,; Inter-assay variability: 9.5 %
0.001 - ‘ : |
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Figure 12: Validation of the Sirius Red assay for cell culture supernatant. To describe
the performance of the established assay, a wide range of collagen I series (0 - 600 pg/mL)
was diluted in culture medium (DMEM), incubated with 0.1% Sirius Red in 3% acetic
acid for 30 minutes at room temperature and washed in V-bottom plate. The amount of
Sirius Red-stained collagens was determined by the optical density (OD) of their eluates.
The efficiency of the method was described by determining linearity, sensitivity, and
precision. Results are presented as mean £ SD (n = 6). Dashed line indicates the
asymmetric sigmoidal 5 parameter logistic curve fitting.

4.2.3. Optimization of in vitro experimental conditions to detect collagen production
of fibroblasts

To investigate the effect of FBS concentration on the collagen biosynthesis of
CCD19-Lu fibroblasts, cells treated with different FBS concentrations, and their
supernatants were stained in parallel with Sirius Red. We experienced that while the FBS
supplementation slightly elevated the cell-associated collagen production, an exponential
increase in signal intensity occurred in the cell medium samples (Figure 13c).
Microscopic images revealed flake-like aggregates of FBS and Sirius Red causing high

non-specific signal (Figure 13a, b).
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Figure 13: Effect of foetal bovine serum (FBS) on the collagen detection in the culture
medium. (a) FBS dilution series was prepared in culture medium (DMEM) and stained
with Sirius Red to investigate non-specific binding. (b) To visualize dye aggregates in
1% FBS solution, brightfield and polarized light illumination images were taken. Scale
bar: 200 um. (c) To investigate the effect of different FBS concentrations on the collagen
production, TGF-B treated CCD-19Lu cells and their supernatants were stained with
Sirius Red. The amount of Sirius Red-stained collagens was determined based on the
optical density (OD) of their eluates. Results are presented as mean + SD, dots represent
individual values (n = 5). * p <0.05; *** p <0.001; **** p < 0.0001 (two-way ANOVA
with Dunnett’s test).
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The effect of ascorbate, an essential cofactor of collagen biosynthesis was
investigated as well. Ascorbate did not form aggregates with Sirius Red, the precipitates
separated from the culture medium showed light scattering parts under polarized light
illumination (Figure 14a, b). Addition of ascorbate to the culture medium elevated the
level of both cell-associated and soluble collagens in a dose-dependent manner (Figure
14c).
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Figure 14: Effect of ascorbate on the collagen detection in the culture medium. (a)
Ascorbate dilution series was prepared in culture medium (DMEM) and stained with
Sirius Red to investigate non-specific binding. (b) To visualize dye aggregates in a culture
medium (200 um ascorbate, TGF-B treatment), brightfield and polarized light
illumination images were taken. Scale bar: 200 um. (¢) To investigate the effect of
different ascorbate concentrations on the collagen production, TGF- treated CCD-19Lu
cells and their supernatants were stained with Sirius Red. The amount of Sirius Red-
stained collagens was determined based on the optical density (OD) of their eluates.
Results are presented as mean + SD, dots represent individual values (n =5). * p < 0.05;
**p <0.01; **** p <0.0001 (two-way ANOVA with Dunnett’s test).
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4.3. Representative in vitro measurements to investigate the effect of kinase inhibitors
on cell proliferation, migration and collagen production

The effect of the antifibrotic agent nintedanib was investigated on CCD-19Lu lung
fibroblast cells, while the anticancer compounds sorafenib and gefitinib were tested using
A549 lung carcinoma epithelial cells. MTT and LDH assays were performed to
investigate cell proliferation and the cytotoxic effect of the compounds. The cells and
their supernatants were stained with Sirius Red to determine collagen production. TAS
assay was carried out to assess changes in migratory capacity, represented as the rate of
gap closure 72 hours after treatment using the following equation: gap closure [%] = 100
— [(initial gap size — actual gap size) / initial gap sizex100].

Nintedanib decreased proliferation, cell-attached and soluble collagen production,
and fibroblast migration in a dose-dependent manner without inducing cell death (Figure
15a-c). Sorafenib decreased proliferation, collagen levels and cell migration as well,
however, the highest applied concentration appeared to be cytotoxic. This may be the
reason behind the increased collagen content in the supernatant of the group treated with
10 uM, since the collagen content of the detached cells has been labelled too (Figure 15d-
f). Gefitinib ameliorated proliferation only at the highest concentration and its inhibitory
effect on collagen production reached the level of significance only in case of cell-
associated collagens, however, it also inhibited cell migration in a dose-dependent

manner (Figure 15g-i).

41



Proliferation and cytotoxicity Collagen production Migration

@ (b) & (©
) e g,
200 ‘ i Fo 5
H { £ = 02 £ o
2 o = s g z
e B s 3 Z, £
2 | 8 = H H s
£ 1 3 £ £ =
s E H e g
] ! | g H
oLL | b : E 00 : £o
: A t % + %+ eDaRB 78 A L | TGF L s
001 01 1 001 01 1  Nintedanib [uM] 00100301 03 1 00100301 03 1 Nintedanib [uM] 10 Niotedanib [uM]
(d) (O] ®
§ 2,
]
H 2
g

ntent of cells [OD]

¥
3 g
z 2
g Z &
H z
£ H a
go S0
2 F
2 o :
PDGF-B 3 + o+ + TGF-B + 4 4+ 10% FBS
0103 1 3 10 0103 1 3 10 Sorafenib [uM] 0103 t 3 10 Somafenib [uM] 01 03 1 3 10 Sorafenib [uM]

llag
8 8 R
collagen content of supernatant [OD]
 ——
o
gap closure [%]
s 2 & 2

n content of cells [OD]

cell proliferation [%]
cell death [%]

PDGF-

HE 3 § i 10% FBS
0103 1 3 10 Gefitimib [uM] 0103 1

310 Gefitimib [uM]

e
z

Figure 15: Effect of kinase inhibitors on the proliferation, cell death, collagen production
and migration of fibroblasts and cancer cells. The effect of nintedanib (a-c) was tested
using CCD19-Lu lung fibroblasts. The effect of sorafenib (d-f) and gefitinib (g-i) was
investigated on A549 lung cancer epithelial cells. (a, d, g) Cell proliferation and
cytotoxicity were measured via MTT and LDH assay (n=5). (b, e, h) Cell-associated and
soluble collagen amounts were determined with Sirius Red assay for cells or supernatant
based on the optical density (OD) of their eluates (n=5). Dots represent individual values.
(c, f, 1) Cell migration was investigated on Hoechst-stained cells for 72 hours via
microplate reader-based quantification (n=10). Results are presented as mean + SD. * p
< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 (Brown—Forsythe and Welch
ANOVA with Dunnett’s T3 test).
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5. Discussion
Collective migration, proliferation and collagen production are the three main
functions of fibroblast cells that can be examined separately, all of them being important
phenotypic characteristics of cancer cells as well (Figure 16). Having a reliable system to
investigate fibroblast and cancer cell functions and their pathological changes — using
methods with low compound- and cell requirements, preferably compatible with 96-well
plates — is a crucial step towards the development and efficient sorting of potential

therapeutics against fibrotic and malignant diseases.
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Figure 16: In vitro assays used to test the main functional characteristics of fibroblasts
and cancer cells.

Assays using various principles are available to measure the rate of cell
proliferation, including ATP production, enzyme activity, DNA synthesis or membrane
permeability (59). In our experiments, MTT and LDH assays were applied to determine
changes in cell proliferation, reduced apoptosis and possible cytotoxicity. MTT assay is
a colorimetric assay based on the mitochondrial dehydrogenase activity of viable cells,
which converts the substrate thiazolil tetrazolium into purple coloured formazan end-
product trapped inside the cells. After being eluted at the end of the assay, the measured
absorbance of formazan is proportionate with the number of viable cells (60). LDH assay
is performed from the supernatant of the same sample (61). The parallel determination of

cell proliferation and cell death is crucial to ensure that the decreased proliferation rate is
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not due to cytotoxicity caused by the inhibition of main metabolic pathways. Moreover,
it can detect decreased apoptotic activity, an important trait of activated fibroblasts and
cancer cells (29, 62). We optimized the assay conditions to create a standardized 96-well
plate based system where cells can be induced by various growth factors relevant in the
examined disease model. In the representative measurements, recombinant human PDGF,
a common growth factor in fibrosis and certain types of cancer was used as an inductor
of proliferation. Since cell proliferation is the outcome of the interactions between a chain
of signalling molecules, the effectiveness of specific receptor inhibitors and general
kinase inhibitors, as well as the modulators of the downstream elements can be tested
with a single, straightforward assay (42).

The most common method to assess collective migration is scratch assay that
investigates migration on a confluent layer of adherent cells plated in 6- or 12-well plates,
where a cell-free gap area is generated by scratching the surface with a pipette tip and gap
closure is followed subsequently by graphical analysis (63). Although the assay’s low
cost and simplicity justify its widespread use, it comes with considerable disadvantages,
starting at the high material and reagent requirement that limit throughput. Besides the
influence of physical damage to the cells and surface caused by the scratching itself, the
resulting gap area is uneven, leading to a high intra- and inter-assay variability (64, 65).
Moreover, due to the large well size, the gap area cannot be photographed in a single field
of view. To overcome these limits, our group developed an alternative, named Transient
Agarose Spot (TAS) assay. As a first step, droplets of heated agarose solution were placed
in the middle each well on a 96-well plate and left to polymerize. Agarose is a widely
used non-toxic, biocompatible material without immunogenic properties (66).
Subsequently, cells were seeded around the droplet and incubated until adhering and
reaching near-full confluence. The agarose drops remained stable for several days,
inhibited under-agarose cell migration and allowed cell treatment and medium exchange
(Figure 3a, b).Thereafter, the agarose droplet could easily be removed by pipette tip
without harming the cells or the surface, leaving a cell-free area where cells were able to
migrate. The migration kinetics was followed by graphical analysis of microscopic

images taken at certain time points after treatment (Figure 17).
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Figure 17: Comparison of the execution of Scratch and Transient Agarose Spot (TAS)
collective cell migration assays.

Initially, we investigated the influence of cell density on the rate of gap closure.
The effect of this factor was clear and growing cells to a near-full confluence proved to
be optimal for migration without formation of overlapping cell layers that could interfere
with the evaluation (Figure 3c, d). Our finding is further supported by studies showing
that collective migration requires the maintenance of cell-cell cohesions (67, 68).
Increasing the concentration of FBS in the culture medium elevated the gap closure rate
in a dose-dependent manner (Figure 44, c, e; Figure 5a-c) due to the presence of growth
factors, and chemoattractants known to facilitate cell migration (69, 70). Moreover, the
nutrient content increases metabolic activity, which elevates the proliferation rate through
autocrine signalling leading to the prolonged activation of receptor tyrosine kinases that
further promotes migration (71). By the addition of growth factors like EGF (Figure 4b,
d, f; Figure 5d-f), the effect of inductor signals may be examined more specifically. We
performed the TAS assay on various fibroblast, epithelial and cancer cell lines, which
taken together with the independence from inductor signals highlights its diverse
applicability in processes where cell migration is of importance (Figure 4; Figure 5), like
wound healing or cancer progression.

In the first version of TAS assay, the cell-free area was detected by microscopy
and brightfield images were annotated manually using ImageJ software to measure the
gap size, which is easy to use even without previous experience. Nevertheless, the
evaluation process is monotonous and labour-intensive, therefore different approaches
were tested to replace manual annotation with computer mouse. While digitizer board

(without screen) and tablet (with screen) accelerated the evaluation only slightly,
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automatic annotation with the help of macros described in the method section shortened
evaluation time per image by magnitudes (Figure 6c). It should be noted that macro
parameters need to be adjusted previously for the accurate detection of gap edges. Certain
cell types, like MRC-5 lung fibroblasts were recognized perfectly by the software,
however in case of some more flattened cell types, for example NRK-49F kidney
fibroblasts, the program could not identify the cell edges accurately (Figure 6a).
Therefore, out of various non-toxic dyes tested to enhance the contrast between the cells
and the cell-free area, the lipophilic membrane staining Dil was applied in our
experimental setup for a stable fluorescent signal. With slight adjustments in the macros,
this allowed the accurate recognition of gap edges (Figure 6b). Similar software were
developed to shorten the evaluation time of scratch assay as well that were able to
approximate the precision of manual annotation. One example is the TScracth program
that operates as a MATLAB graphical user interface, however it has not been updated
recently (72). Another approach, the free Automatic Invasiveness Measure (AIM)
software determines the cell-free area based on the local entropy of the images (73).
Although these tools provide clear advantages in terms of assay evaluation, they could
not overcome a number of drawbacks originating from the technique.

Next, we compared the performance of TAS assay with the current gold standard
scratch assay using EGF-stimulated MRC-5 cells. An immediate advantage of TAS assay
appeared while photographing the gaps. Compared to scratch assay that required multiple
images to cover the elongated wound and the identification of the same area needed extra
precautions (74), the circular gap of TAS assay could fit in a single field of view, which
would allow automated documentation (Figure 7c). The standard deviation of the initial
gap sizes in TAS assay was one third of scratch assay in accordance with the literature
(Figure 7b, ¢) (75). Considering that this might lead to an even higher deviation further
along the assay, it limits the applicability of scratch assay. The gap closure rate was
similar in the two assays, however TAS assay provided a higher resolution due to the
lower standard deviation. To avoid bias originating from normalization to the inconsistent
initial gap sizes, the absolute areas were also determined as pixel? and compared, which
resulted in the same intra-assay variability, in favour of TAS assay (Figure 7d). As a result
of the low intra-assay variability, TAS assay is able to detect differences in the migration

Kinetics as early as 3 hours after treatment.
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It is important to note that TAS assay is different from under-agarose migration
assay, an experimental setup designed to investigate single cell migration of
spermatocytes and leukocytes driven by chemoattractant gradient (76, 77). While in TAS
assay the agarose drop’s function is to block migration, during the under-agarose method,
the permanent agarose layer serves as a reservoir for the applied treatments, and the
outcome is determined by the number of cells migrated under the agarose.

In summary, TAS assay stands as an improved alternative to scratch assay that
maintained the favourable properties, meanwhile eliminating most of the disadvantages
(Table 4).

Table 4: Comparison of the advantages of scratch assay and TAS assay

Assay characteristics Scratch Assay TAS Assay
Cost-effective + +
Minimal equipment + +
Easy to perform + +
Consistent gap size - +
Well reproducible - +
Easy gap relocation during repetitive imaging - +
Intact cells and plate surface - +
Small surface and volumes (96-well based) - +
Low intra- and inter-assay variation - +
Automatable - +

However, the microscopy-based detection and the evaluation steps still require
human resources and special adjustments, thereby limiting the assay throughput and
efficiency that significantly confines the possibility of industrial utilization (65).

Therefore, we aimed to automate data acquisition and analysis by transferring
them into a microplate-reader to decrease assay time and elevate throughput. New-
generation microplate readers like the devices produced by BMG LABTECH (Ortenberg,
Germany), Tecan (Ménnedorf, Switzerland), and Molecular Devices (San Jose, CA,
USA) feature well-scanning mode, a function designed to perform multiple

measurements in a single well for the detection of cell-based assays with non-
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homogenous cell distribution, where a single central measurement would not be
representative of the whole area.

We have been using the CLARIOstar Plus microplate reader (BMG LABTECH,
Ortenberg, Germany) combined with MARS software to detect 30x30 scan points in a
circular area with 4 mm diameter in the middle of each well of a 96-well plate.
Subsequently, the software generated a heatmap based on the absorbance or fluorescence
intensity values. In the region of interest, we could clearly distinguish a high and a low
(near-blank) intensity group of scan points that corresponded well to the cell-rich and
cell-free areas allowing accurate threshold selection (Figure 8a, b).

Red (RFP) and green (GFP) fluorescent protein expressing colon cancer cells were
utilised to validate the microplate reader-based detection. The gap sizes of the same
samples determined by graphical analysis based on microscopic images or by the
microplate reader showed a very high correlation. The dose-dependent migration
enhancing effect of FBS was detectable as well (Figure 8c-e). While fluorophore
expressing cell lines are practical when one type of pathology is investigated, their
availability is limited. The intrinsic UV absorbance of cells at a specific wavelength could
serve as an alternative, since it was detectable, nevertheless, it required the replacement
of culture media with PBS to avoid false positive signal derived from certain components
(e.g. phenol red, FBS) (78). Therefore, various absorbance based and fluorescent dyes
with different staining principles were tested, all of them being suitable for microplate
reader-based detection (Figure 8f).

Considering several aspects, the DNA stain Hoechst proved to be highly
compatible with the experimental setup of TAS assay. Hoechst is a cost-effective, non-
toxic cell-permeable dye that is suitable for the long-term labelling of viable cells even at
low concentrations due to its slow elimination (Figure 9b, d) (79). Furthermore, the dye
gains increased fluorescence intensity upon binding to the minor groove of double
stranded DNA, which further ensures an optimal signal-to-noise ratio throughout the
whole experiment (Figure 9c) (80) compared to esterase-dependent dyes for example,
where leaking dye molecules increase background signal over time (81). Another
advantage of Hoechst is that unlike colorimetric methods or the fluorescent DNA stain
propidium iodide, its application does not require cell fixation, which would convert the

assay into an end-point measurement as opposed to kinetic assay with multiple measuring
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points (79). Membrane dyes may be used instead of Hoechst, as demonstrated at the
automated graphical analysis (Figure 6a), however, besides higher costs, hydrophobic
lipid dyes are more difficult to handle in water-based cell culture media (82). Taken
together, Hoechst proved to be suitable for the microplate reader-based detection and
evaluation of cancer cell migration, providing similar results to fluorophore expressing
cells (Figure 9a, e). At the same time, we would like to draw attention to the fact that
Hoechst interacts with drug transporters, e.g. several ATP binding cassette (ABC)
transporters, which are known to be responsible for multidrug resistance in cancer cells
(83, 84). Therefore, in experimental setups, where this might be a concern, it is advisable
to review platforms, like DrugBank for common pathways, perform transporter-binding
assays or conduct experiments with the examined compound in the presence and absence
of Hoechst to exclude possible interference. As the results of the original TAS assay
confirm (Figure 6), in case of disturbance, membrane dyes like Dil can be an efficient
alternative. The investigated stains can be applied on different cell types, however, the
dye uptake kinetics and the intensity might show individual variations hence we advise
to perform optimization steps similar to the workflow described in section 4.1.7
Optimization of Hoechst staining before the experiments.

To complete the assay pool for the investigation of fibroblast functions in vitro, a
reliable near high-throughput collagen detection method was needed. The collagen
superfamily consists of at least 28 genetically distinct members (85), the specific
detection of which is possible for example via polymerase chain reaction, Western blot,
immunocytochemistry, or enzyme-linked immunosorbent assay, nevertheless these
methods are usually time consuming, expensive and/or low-throughput. Moreover, the
quantification of total collagens may provide more information about the phenotypic
outcome of a disease. Currently, few commercial assay kits are available for total collagen
detection, two of which, the Sircol Collagen Assay (Biocolor, Carrickfergus, UK) and the
Sirius Red Total Collagen Detection Assay Kit (Chondrex, Woodinville, WA, USA) are
Sirius Red-based. Besides the high costs, the relatively low number of samples that can
be processed with one kit and the unsolved issue of serum components interfering with
the assay due to unspecific binding, other disadvantages include narrow detection range
and extra acidic or enzymatic lysing steps, which elongate assay time (86, 87).
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For the optimization of total collagen quantification in vitro, we chose to
investigate Sirius Red staining. The Picrosirius staining method that traditionally
combines Sirius Red and picric acid has a long history in histology, starting as a potential
staining for amyloid plaques, but being mostly utilised later for collagen labelling (88,
89). The elongated dye molecule has four anionic azo groups under acidic conditions that
form ionic bonds with the cationic amino acid residues of collagen, allowing the dye to
associate along the triple helix. This enables Sirius Red to bind to water-soluble and
insoluble collagen forms as well, verified in various mature and pro-collagen types
(fibrillary 1, 11, 11, V or network forming 1V) (89-91). Upon microscopic observation,
thick fibres of collagens I and I11 show increased birefringence under polarized light when
stained with Sirius Red due to the highly organized crystalline-like structure (92). In
addition to tissue samples, collagen can be visualized in adherent cell cultures as well, as
seen in Figure 10.

Sirius Red-stained slides are usually evaluated by experienced pathologist based
on a scoring system, however, the staining method is not only suitable for visualization
(93, 94). Taking advantage of the dye’s chemical properties, after removing the unbound
dye from the system, the bound molecules can be eluted with alkaline solution to quantify
collagen amount based on optical density (95). This approach of labelling fixed cells and
releasing the dye offers a simpler and less time-consuming solution compared to the
above-mentioned kits that require sample digestion.

Upon treatment with the profibrotic TGF-p, fibroblasts have shown more intense
labelling (Figure 10c), however, even after 7 days of culturing, there was no significant
fibre alignment, as it is visible on the microscopic images (Figure 10a). Supporting these
findings, immunostaining showed mainly intracellular and perinuclear localization of
pro-collagen | and collagen | (Figure 10b). Collagen biosynthesis is a complex process
including several intra- and extracellular steps, in the course of which the singular
collagen strands go through various post-translational modifications and form triple
helical procollagen molecules that are transported to the extracellular space in a soluble
form. The maturation involves the cleavage of terminal peptides, after which the resulting
insoluble tropocollagens align in a quarter-staggered structure and crosslinks are formed
(58, 96). The presence of ECM elements, like fibronectins and integrins is crucial in the

maturation and organization of the final reticular or fibrillary structure (97). Therefore,
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the development of in vitro models to investigate collagen biosynthesis and maturation is
challenging, because due to lack of tissue environment, cell-attached collagen fibres fail
to form, leaving high amount of soluble precursors in the supernatant that are usually
discarded at the beginning of the assays (14, 98). To simulate the in vivo tissue
environment, the culture medium was supplemented in previous studies with
macromolecules for their volume exclusion effect (99, 100). The reduction of the
available aqueous environment facilitates the optimal alignment of collagen precursors
and enzymes to perform the modifications required for collagen maturation (101, 102).
However, these studies lasted for several weeks to reach a significant elevation in the
level of cell-attached collagens (101). In line with these findings, in our experiments, after
the addition of dextran, polyethylene glycol or Ficoll and culturing for 7 days, we could
not detect increased collagen deposition (Figure 10d).

Since assay time is an important feature in high-throughput drug development,
instead of extending the duration of the assay, we optimized the detection of soluble
precursors in the cell supernatant. After mixing with the staining solution, the precipitates
of soluble collagens and Sirius Red dye (Figure 1la) can be pelleted down by
centrifugation, allowing the removal of the excess dye with acidic wash solution.
Subsequently, the bound dye can be eluted to measure the optical density.

First, we examined the effect of staining environment on Sirius Red binding using
collagen solution. The dye showed strong, stable signal at the concentration described in
the original protocol used in the literature for histological staining (Figure 11b) (89). The
elevation of acetic acid concentration in the staining solution from 1% to 3% improved
the signal intensity. This may be due to the pH shift caused by the buffer capacity of the
cell culture medium (Figure 11c) (89). As mentioned above, acidity is important in the
formation of ionic groups necessary for dye binding (95). It has been shown previously
that lowering the temperature of the reagents and transferring the incubation to 4°C could
increase binding capacity (103). Similarly, we experienced higher sensitivity compared
to performing the assay at room temperature, which may be useful at samples with low
collagen concentration (Figure 11d). Meanwhile, the lower temperature did not cause any
technical difficulties. We investigated the effect of incubation time as well, where stable
signal was reached at 15 minutes and did not improve with further incubation (Figure

11e). Studies suggest that longer incubation time in fixed tissue samples is required due
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to the slow dye diffusion between the tightly packed collagen fibres (89, 104). As the in
vitro assays were performed in 96-well plate, we tested different types of plates to perform
multiple staining and washing steps on the cell supernatant. The transparent V-bottom
plate proved to be the most suitable due to its small bottom surface that allowed firm
attachment of the collagen-dye precipitates (Figure 11f). When testing the performance
of the optimized staining process, we found that the efficacy and sensitivity were similar
to the commercially available assay Kits (Figure 12).

As a next step, we aimed to adjust the conditions of the in vitro experiments to
determine the total collagen production of fibroblast cells. Collagen production is mostly
investigated on prolonged or hyper-confluent fibroblast cultures stimulated by TGF-
treatment (100). Therefore, in our experiments, fibroblasts were cultured in medium
containing high amount FBS to facilitate proliferation due to its nutrient and growth factor
content (71). Nevertheless, FBS is rich in albumin that is known to have multiple basic
amino acid residues with high non-specific binding ability towards various
macromolecules including Sirius Red, which was well supported by our findings on FBS
containing medium stained with Sirius Red (Figure 13a-b) (86, 95). Based on our
findings, FBS supplementation only had a moderate effect on the amount of cell-attached
collagen production of TGF-f stimulated fibroblasts, meanwhile masking the specific
signal of soluble collagens completely in the supernatant (Figure 13c). Moreover,
previous studies achieved to increase collagen production in highly confluent fibroblast
cultures under serum deprivation (105, 106). Taken together, we recommend the
application of FBS-free media during cell treatment for the accurate determination of
collagen content in both cells and their supernatant.

Lastly, the effect of ascorbic acid (ascorbate, vitamin C) supplementation was
investigated. Ascorbate is a well-known cofactor of prolyl and lysyl hydroxylase enzymes
that perform post-translational modifications crucial for triple helix formation (107). It
was shown to stabilize the collagen mRNA, thereby increasing collagen production on
the transcriptional level as well (108, 109). The significance of ascorbate is further
highlighted by the symptoms of scurvy, the nutritional deficiency of ascorbate, where a
systemic weakening and abnormality of connective tissue is observable (110). The
addition of ascorbate to the culture media increased collagen production in a dose-

dependent manner without the formation of non-specific aggregates (Figure 14).
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Therefore, we recommend supplementation with 200 pM ascorbate in the culture media
for the in vitro experiments.

To demonstrate the applicability of the screening system for the investigation of
cell proliferation, cytotoxicity, collagen production and migration, we performed
representative measurements on fibroblast and cancer cells. The effect of three kinase
inhibitor compounds with different targets was tested. Nintedanib exhibited dose-
dependent inhibitory effect on all the examined functions of lung fibroblasts due to its
diverse targets (Figure 15a-c). The general inhibition of fibroblast activity by nintedanib
has been reported in numerous fibrosis- (111, 112) and cancer-related (113, 114) studies.
Sorafenib acts as a multikinase inhibitor as well, which is reflected in our results. In
accordance with the literary data obtained using various cancer cell types including A549
(115-117), the compound decreased proliferation and migration (Figure 15d, f). The A549
lung adenocarcinoma epithelial cell line was shown to expresses different collagen
isoforms (118, 119), therefore, we investigated the effect of sorafenib on collagen levels
and experienced decreased secretion (Figure 15e). In contrast with the preceding
compounds, gefitinib acts predominantly as an EGFR inhibitor. While it’s being used to
inhibit the migration and proliferation of cancer cells in vitro (120, 121), its single
molecular target might explain the limited effect observed in our experiments.
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6. Conclusions

Despite the increasing number of patients affected by fibrosis or cancer, numerous
difficulties arise regarding their effective long-term treatment, therefore, there is a
constant demand for new therapeutic options. Fibroblasts and cancer cells have similar
functional characteristics, namely proliferation, migration and the production of
extracellular matrix proteins, like collagen. Monitoring these cellular functions
simultaneously enables us to assess the effect of novel potential antifibrotic and
anticancer compounds in a manner that meets the advantages of phenotypic drug
discovery.

The near-high throughput in vitro screening system built by our research group is
optimized for 96-well plates, thereby allowing the examination of multiple compounds
utilizing low amounts of cells and compounds. The assays were designed to require
relatively short time and minimal manual work, as well as low material requirements,
maintaining high reproducibility, linearity and low intra- and inter-assay variability. Their
simplicity, cost-effectiveness and reliability make them available not only for a wide
range of research laboratories, but they might also meet the requirements of industrial
circumstances.

In conclusion, we obtained the following findings regarding the main objectives:
1) The execution of the agarose placement and removal during TAS assay on a 96-
well plate did not damage the surface or the cells, therefore it did not interfere with the
subsequent cell migration, ensuring thereby that the evaluation of factors influencing the
migration rate remained unbiased.

2) The thorough and systematic comparison of the TAS assay to the current gold
standard scratch assay prove that TAS assay was a considerable alternative in many
aspects including a low variability in gap size leading to recognition of changes in
migration at earlier time points.

3) Transferring the detection and evaluation in a new generation microplate reader
for automation resulted in a significant decrease of assay time and manual work,
maintaining the performance meanwhile.

4) The selection of the most suitable labelling technique and the optimization of
Hoechst staining showed not only the applicability of Hoechst in a wide range of cell
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types and experimental setups, but it also presented a systematic method that may help
the development of other staining protocols.
5) The optimization of Sirius Red staining for the detection of total collagen
production in vitro resulted in a time-efficient protocol that could assess the cell-attached
and soluble forms of collagen in parallel, overcoming the difficulties of modelling
collagen biosynthesis in vitro and providing more information about the changes in
collagen production.

6) Along the assessment of the major influencing factors, the elimination of fetal
bovine serum from the cell culture before the experiments could prevent the high false
positive signal due to nonspecific binding, while during the adjustment of the

experimental conditions, the addition of ascorbic acid increased collagen production.
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7. Summary
Fibrotic processes become activated in several acute tissue injuries and chronic

diseases, resulting in organ failure over time and contributing significantly to death cases
worldwide. Similarly, cancer is another leading cause of mortality in most developed
regions. Moreover, fibroblast and cancer cells share similar functional characteristics of
proliferation, collective migration and production of extracellular matrix elements. In
order to alleviate the medical burden imposed by these diseases, we aimed to develop an
efficient screening system for the investigation of new therapeutic options.

Following induction with different growth factors playing central role in fibrosis
and cancer progression, the effect of kinase inhibitors on proliferation, a crucial
phenomenon in the course of these diseases was examined with the well-known enzyme
activity-based MTT assay with optimized conditions for our experimental setup. To
distinguish between proliferation inhibition and cytotoxicity, it was paired with LDH test.

To overcome the disadvantages of the current gold standard assay for collective
cell migration, the scratch assay, we developed a novel migration test called TAS assay.
Instead of creating gap in an already formed monolayer of cells, TAS assay applies
agarose spot as a removable physical barrier prior to cell seeding to avoid the modifying
effect of physical damage on cell migration and ensure a uniform, small, easily traceable
initial gap, resulting in a cost-effective, precise migration assay. The implementation of
cell staining even allowed the transfer of the detection and evaluation into a microplate
reader, resulting in a highly automated test and a significant shortening of assay time.

Finally, to address the challenges of modelling and measuring collagen production
in vitro, we established a Sirius Red collagen stain-based assay. Since the non-
polymerized soluble collagens in the supernatant represent an important fraction of total
collagens and are usually discarded, the aim was to optimize the staining procedure for
their labelling as well. Furthermore, the cell culture conditions were also adjusted to
minimize the effect of interfering factors and achieve maximal collagen production.

The resulting near-high throughput in vitro screening system consists of cost-
effective, simple, relatively fast assays that enable the simultaneous measurement of the
main fibroblast and cancer cell functions to obtain comprehensive understanding about

the effect of the tested compounds.
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Abstract: Fibroblasts play a central role in diseases associated with excessive deposition of extracellu-
lar matrix (ECM), including idiopathic pulmonary fibrosis. Investigation of different properties of
fibroblasts, such as migration, proliferation, and collagen-rich ECM production is unavoidable both
in basic research and in the development of antifibrotic drugs. In the present study we developed a
cost-effective, 96-well plate-based method to examine the migration of fibroblasts, as an alternative
approach to the gold standard scratch assay, which has numerous limitations. This article presents
a detailed description of our transient agarose spot (TAS) assay, with instructions for its routine
application. Advantages of combined use of different functional assays for fibroblast activation in
drug development are also discussed by examining the effect of nintedanib—an FDA approved drug
against IPF—on lung fibroblasts.

Keywords: fibroblast; migration; agarose; proliferation; collagen deposition; high throughput; assay

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is an aggressive form of interstitial pneumonias
characterized by excessive accumulation of fibroblasts and scar tissue formation, resulting
in severe respiratory failure and high mortality rate [1,2]. Fibrosis independently from the
etiology of the primary disease can virtually affect any organ, making this a key determinant
of health [3]. Indeed, according to certain estimates tissue fibrosis is responsible for 45% of
all death in the developed world [4].

Fibroblasts comprise the main cellular components of scar tissue. These cells can be
described by their typical molecular biological and functional properties (Figure 1) [5,6]
including enhanced migration due to their contractile stress fiber system, increased prolifer-
ation, and decreased apoptosis rate, resulting significant cell accumulation [7-10]. Activated
fibroblasts are also responsible for the production of extracellular matrix (ECM), the struc-
tural element of the scar tissue, mainly composed of collagens and fibronectins [11,12].
These processes lead to excessive deposition of ECM which displaces native cells, leading
finally to decreased organ function [13,14].

Nintedanib is one of the two approved drugs against IPE. Several preclinical and
clinical studies have confirmed that multikinase inhibitors significantly slow progression
of fibrosis by suppressing fibroblasts activation [15]. However, there is no approved
pharmaceutical treatment available for other fibroproliferative diseases. Therefore, there
is still a clear medical demand to develop antifibrotic drugs and targeting fibroblasts is a
promising opportunity.
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Figure 1. Different processes of fibroblast activation. (a) Schematic figure about the typical properties
of activated fibroblasts. (b) Venn diagram presenting the number of human genes involved in the
various fibroblast related biological processes based on the Gene Ontology database (detailed in
Table S1).

Several microplate-based assays have been described to investigate the different
aspects of fibroblast activation. There are various well-constructed assays to investigate
the proliferation (e.g., thiazolyl blue tetrazolium bromide—MTT; bromodeoxyuridine—
BrdU) [16] or ECM production (e.g., SiriusRed staining) [17] of fibroblasts, however, the
situation is different regarding their migration. The gold standard method is the scratch
assay, which is based on graphical analysis of cell-free area created mechanically on a
cell monolayer [18]. Despite its simplicity and cost-effectiveness, the scratch assay has
significant limitations, including low reproducibility or high intra-assay variability [19-22].

In this article we describe our newly developed in vitro TAS assay, developed primarily
for investigating fibroblast migration in a near high-throughput manner. Moreover, we also
show how the set of microplate-based assays can be used to determine the main properties
of fibroblasts, including migration, proliferation, and collagen deposition.

Beside the huge importance of fibroblast-related experiments, studying cell migration
emerges also in other fields of research. Indeed, the adequate re-epithelization requires a
proper balance in the migration and proliferation of epithelial cells during the repair process
of injured lung, skin, or intestine [23-25]. In addition, the migration and proliferation of
cancer cells determine the tumor progression and metastasis [26,27]. Therefore, in the
present study we also examined the possible application of TAS assay for investigating the
cellular mechanism of re-epithelization or tumor cell migration.

2. Results
2.1. Basic Settings of TAS Assay: Agarose Spot Stability and Optimal Cell Density

The stability of agarose gel spots was investigated over several consecutive days using
MRC-5 lung fibroblasts. In ‘transient” group, gel spots were removed 24 h after cell seeding,
thereafter the rapid reduction in cell-free gap area was observed.

However, when the agarose gel spots were not removed (‘permanent’ group), the
covered area remained cell-free for days, without any signs of under-agarose cell migration,
allowing to change the medium and initiate the examination of migration at any time after
optional pre-treatment steps (Figure 2).

The effect of cell confluence on the gap closure was also investigated using MRC-
5 cells. The higher the cell count we used, the higher the confluence reached before gel
removal, reaching the plateau phase at about 20,000 cell/well count (Figure 3a). Similarly,
the increasing cell number resulted in accelerated gap closure, which was maximized at
about 20,000 cell /well (Figure 3b). Based on the above-mentioned results, the confluency
and the kinetics of gap closure showed a strongly positive correlation (Figure S1).
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Figure 2. Gap closure in case of permanent and transient agarose spots. To investigate the stability of
agarose gel spots, TAS migration assay was performed on MRC-5 cells. (a) Cell-free zone areas were
analyzed graphically after brightfield microscopy. Lines in representative images indicate the gap
edges at 0 (white) and 48 (black) hours after gel removal. Pictures taken with 20 x objectives show
the edges of cell-free zones. (b) The gap closure was monitored for 72 h after cell seeding. Results are
presented as mean + SD (n = 6).
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Figure 3. Effect of cell density on gap closure. To determine optimal cell count, TAS migration assay
was performed on MRC-5 cells. (a) The resulting confluencies and the (b) kinetics of gap closure in
the case of various cell counts were determined graphically. Results are presented as mean £ SD
(n=>5).

2.2. TAS Assay as Fibroblast Migration Assay

Cell migration of MRC-5 lung fibroblasts was investigated by TAS assay following
various treatments. We found that addition of FBS into the culture media increased the rate
of gap closure in a dose-dependent manner (Figure 4). Moreover, treatment with EGF also
increased the extent of gap closure of MRC-5 cells (Figure 5).
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Figure 4. Effect of FBS treatment on gap closure. To determine the effect of serum addition, TAS
migration assay was performed on MRC-5 cells. (a) Cell-free zone areas were analyzed graphically
after brightfield microscopy. Lines in representative images indicate the gap edges at 0 (white) and 48
(black) hours after gel removal. (b) The gap closure was monitored for 72 h after gel removal. Results
are presented as mean + SD (1 = 8). * p < 0.05 vs. 0% FBS at the concerning time (two-way ANOVA).
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Figure 5. Effect of growth factor treatment on gap closure. To determine the effect of EGF treat-
ment, TAS migration assay was performed on MRC-5 cells. (a) Cell-free zone areas were analyzed
graphically after brightfield microscopy. Lines in representative images indicate the gap edges at 0
(white) and 48 (black) hours after gel removal. (b) The gap closure was monitored for 72 h after gel
removal. Results are presented as mean & SD (1 = 8). * p < 0.05 vs. 0% control at the concerning time
(two-way ANOVA).

2.3. Comparison of Different Gap Annotation Methods

To investigate the accuracy and reproducibility of the different methods, the size of the
same gaps was determined by manual (Figure 6a) and automatic annotations (Figure 6b).
In the case of brightfield or fluorescence images of MRC-5 cells, the manual or automatic
annotation of the gap area showed a very high positive correlation (Figure 6¢). While
the brightfield images of NRK-49F cells were not suitable for the automatic annotation,
because the software could not define the edge of the cell-free area, fluorescent images were
appropriate for evaluation (Figure 6b).

Comparing the speed of the annotation methods, we found that although the manual
annotation can be significantly accelerated by the use of a digitizer board or tablet, the
automatic annotation of the images takes considerably fewer orders of magnitude of
evaluation time (Figure 6d).
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Figure 6. Comparison of data evaluation methods in TAS migration assay. (a) Brightfield and
(b) fluorescence images were taken of Dil stained MRC-5 and NRK-49F cells. The same images
(n = 40) of MRC-5 cells were analyzed after manual and automatic annotation, then the (c) resulting
gap areas and the (d) required evaluation times were compared. Correlation was determined by
Pearson’s coefficients (r).

2.4. Comparison of Scratch and TAS Migration Assays

To compare their sensitivity and reproducibility, scratch and TAS migration assays
were performed in parallel using MRC-5 cells.

Based on several independent experiments we found that while the confidence interval
of initial gap size varied between 23 and 30% in the case of the scratch assay, it was
only about 9% in the case of the TAS assay (Figure 7a). We found similar consistency
while measuring directly the agarose spots without cell seeding (Figure S8). Beside the
inconsistent size, the gap closure of scratched area is uneven and can only be documented
by a series of images. In the case of TAS, the entire cell-free area can be investigated in one
single field of view (Figure 7b).

The gap closure of MRC-5 cells showed similar kinetics comparing scratch (Figure 8a,c)
and TAS (Figure 8b,d) migration assays. However, the intra-group variance determined
by the coefficient of variation of group means was on average 3-fold higher in the scratch
assay compared to the TAS assay, in the case of both relative (Figure 8a,b) and absolute
(Figure 8c,d) gap size values.
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Figure 7. Reproducibility of scratch and TAS migration assays. (a) Consistency of initial gap sizes
was determined in independent experiments performed on MRC-5 cells (1 = 24-30 in each 3-3 experi-
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of gap closure was investigated on control and EGF-treated cells, as demonstrated in representative
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hours after gel removal.
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Figure 8. Fibroblast migration determined by different methods. Gap closure kinetics of control
and EGF-activated MRC-5 cells were investigated by (a,c) scratch and (b,d) TAS migration assays.
Alteration in gap size was determined by (a,b) relative (percentage of initial size) or (c,d) absolute
(Apixel?) values. Results are presented as mean =+ deviation, where line widths and percentage
values indicate the coefficient of variation of the concerning groups (1 = 6).

2.5. Antifibrotic Effect of Nintedanib

Using a complex in vitro experimental setup, we investigated the effect of nintedanib
on the main properties of MRC-5 lung fibroblasts including migration, viability, prolif-
eration, and ECM production. To describe the migration ability of MRC-5 cells, the TAS
assay was performed on EGF-treated fibroblasts in the absence or presence of nintedanib.
We found that nintedanib significantly decreased the gap closure kinetics of both con-
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Figure 9. Effect of nintedanib on fibroblast migration. The gap closure kinetics of (a,b) control
and (a,c) EGF-activated MRC-5 cells were determined by TAS assay in the absence or presence of
nintedanib (Nint). Lines in section (a) indicate the gap edges at 0 (white) and 48 (black) hours after gel
removal. (d) Dose-dependence was investigated on data derived from 24 h after gel removal. (e) To
monitor cytotoxicity, LDH assay was performed on cell supernatants. (f) Relative mRNA expressions
were determined by comparison with RN18S ribosomal RNA as internal control and normalized as
the ratio of the control group. Results are presented as mean £ SD (1 = 6). * p < 0.05 ‘Nint (10 pM)’ vs.
‘control’, # p < 0.05 "EGF + Nint (10 uM)’ vs. ‘EGF’ (two-way ANOVA).

EGF-treated MRC-5 cells (Figure 9f).

At the end of the experiment cells were harvested and further analyzed by real-time
PCR. Nintedanib decreased the mRNA expression of PCNA and MKI67 in both control and
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The proliferation of MRC-5 was investigated by MTT assay. Co-treatment with
nintedanib decreased the PDGF-B-induced proliferation of fibroblasts in a dose-dependent
manner (Figure 10a). Collagen deposition was determined by SiriusRed assay. Co-treatment
with nintedanib decreased the TGF-£8 induced collagen deposition of MRC-5 cells in a dose-
dependent manner (Figure 10c).
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Figure 10. Effect of nintedanib on fibroblast proliferation and collagen deposition. (a,b) PDGF-B-
induced cell proliferation and (c¢,d) TGF-8-induced collagen deposition of MRC-5 cells in the absence
or presence of nintedanib was investigated by (a) MTT and (c) SiriusRed assays. (b,d) To monitor
cytotoxicity, LDH analysis was performed on cell supernatants. Results are presented as mean + SD
(n=6).* p <0.05vs. control, # p < 0.05 vs. TGF-8.

Viability of cells was monitored by LDH cytotoxicity assay, performed on cell super-
natants derived from TAS (Figure 9¢), MTT (Figure 10b), and SiriusRed (Figure 10d) assays
as well. We found no sign of cell death even at the highest dose of nintedanib during
the experiments.

3. Discussion

IPF is one of the most aggressive forms of interstitial lung disease associated with
high mortality rate and the lack of effective therapy. Although the etiology of IPF is
unknown, the molecular and cellular mechanisms leading to tissue fibrosis are relatively
well described revealing the crucial role of fibroblast activation [28]. Therefore, investigating
the key features of fibroblasts, including their migratory capacity [29], proliferation [30],
and ECM production [31], is inevitable to identify novel therapeutic targets and develop
new antifibrotic compounds.

In the investigation of cell migration on two-dimensional monolayers, the scratch
assay is the most commonly used method [32]. Although this assay has many advantages,
including its simplicity or affordability, it also has serious limitations, which make its use
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as a high-throughput tool difficult [18]. Indeed, during the scratch assay, the cell-free gap is
manually generated by scratching the surface of a confluent cell monolayer with a pipette
tip on 6 or 12-well plates. Thereafter the migration of the cells and the kinetics of the
gap closure is determined by graphical analysis. The main disadvantages of the scratch
assay originate from the mechanical scratching itself, which causes damage of the cells,
and also that of the plate surface, which has a significant impact on cell motility [33]. In
addition, scratching with a pipette tip results in inconsistent initial gap sizes, which is
reflected in the high intra- and inter-assay variability of the assay [32]. Therefore, alternative
methods have been described to replace scratching recently. Among others, the cell-free
zone can be created by heat stamp, laser, electricity, enzymatic digestion, or vacuum [20,34].
However, most of these methods have similar handicaps, including injured cells and
surfaces, or resulting in gaps with irregular edges and sizes. From this point of view,
a promising version could be the use of pre-installed physical barriers, where the cell-
free zone is generated by plastic equipment or biocompatible gels [20-22]. Nevertheless,
these commercially available kits are very expensive, and similarly to the scratch assay,
work mostly with large surfaces (24 or 6-well plate) and thereby with large amounts of
cells, reagents, and compounds, resulting in a low-throughput technique instead of a
high-throughput one [20].

Therefore, in this study we aimed to develop a new assay eliminating the disad-
vantages of the above-mentioned techniques, using a simple, cost-effective, and high-
throughput approach. In this method, which was termed as transient agarose spot (TAS)
assay (Video S1), liquid agarose hydrogel drops were placed in the middle of the wells on
a 96-well plate to exclude the fibroblasts from a consistent, circular area (Figure 2). Until
the hydrogel drops were removed by pipetting, they remained stable in the middle of
the wells for several days despite manipulating the cells (e.g., medium change, serum
starvation, or even performing transfection). Agarose is a widely used biocompatible
gel with non-toxic, non-immunogenic properties [35,36]. However, after eliminating the
hydrogel drop, fibroblasts started to migrate toward the cell-free surface of the gap, as
revealed by the reduction in the initial size of gap areas (Figure 2).

In the first set of experiments, we investigated the impact of the cell density on
the kinetics of gap closure in TAS assay. Not surprisingly, we found that cell number
significantly influences the rate of gap closure (Figure 3). Based on our experiments we
suggest the use of a nearly confluent (~90%) initial cell culture in order to receive sensitive
measurement, but avoid formation of overlapping cell layers, which can cause inaccuracy
during the experiments. The presence of BSA in the cell culture media further accelerates
the gap closure of the investigated cells (Figure 4). Moreover, fibroblast migration can also
be stimulated by adding different profibrotic growth factors [37-39], as demonstrated by
our experiments on EGF-treated lung fibroblasts (Figure 5). In summary, varying with the
initial cell count, the amount of BSA, and other optional stimulants, our TAS assay can be
easily fine-tuned to examine the effect of various factors on cell migration.

Although in this study we focused on lung fibroblasts, the TAS assay can be performed
on other fibroblasts (Figures S2 and S3) or even other cell types, as well. For example,
using epithelial cells (Figures S4 and S5), the mechanism of reepithelization and wound
healing can be properly investigated. In the case of cancer cells (Figures S6 and S7), TAS
can be interpreted as an useful assay of invasion, which is a determining process in tumor
metastasis [37].

During the data evaluation of the TAS assay, the cell migration is determined after
taking serial photographs of the cell-free area at certain intervals. Thereafter, the gaps can
be easily assigned using graphical software (e.g., Image]) without any previous experience,
and then the size of the gap area can be determined using a single measurement command.
Nevertheless, this technique is quite time-consuming and monotonous, therefore, we inves-
tigated whether manual annotation using a standard computer mouse can be accelerated by
a digitizer board (without display) or tablet (with display), or can be replaced by automatic
assignment (Figure 6), using macros (described in the methods section). The automatic
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annotation resulted in significantly shorter evaluation time per image (Figure 6d), however,
optimal macro-options and setups should be previously adjusted in order to enable ade-
quate recognition of gap edges. The automatic analysis proved to be well-applicable in the
case of many cell types, including MRC-5 lung fibroblasts, but there are some cells, such
as the more flattened NRK-49F renal fibroblasts, with their brightfield images showing
lower contrast, causing difficulties in the software-driven automatic annotation of the gaps.
To avoid this problem, the flattened cells can be labeled with various non-toxic stains. In
our experiments, Dil membrane-dye was used to generate a stable fluorescence signal
making it possible to take images with adequate contrast (Figure 6a). In this case, after a
small modification in the macros, the automatic annotation became feasible with perfect
correlation compared to manual ones (Figure 6b,c).

After setting up the TAS assay, we compared its laboratory use and sensitivity
with that of the gold standard scratch assay on EGF-stimulated MRC-5 lung fibroblasts
(Figures 7 and 8). The benefits of the 96-well plate-based TAS assay, beside the requirement
of fewer raw materials, were immediately conspicuous. Indeed, in the case of TAS the
whole gap area fits into a single field-of view of the microscope, which makes the easy au-
tomated documentation of the entire gap possible, reducing the need for human resources
(Figure 7b). On the contrary, in the case of the scratch assay the process is more complex
and the identification of the same area at the different investigated time points is a real
challenge [20].

In accordance with the literature, the standard deviation of the initial gap area was
about 3-fold higher in the case of the scratch compared to the TAS assay (Figure 7a) [37].
This is a serious limitation since the higher standard deviation of the initial gap area may
later result in an even higher standard deviation of the remaining cell-free gap area. Indeed,
in line with this consideration, we found that although the kinetics of gap closure is similar
in both assays, the TAS assay seemed to have a significantly higher resolution, revealed
by the 3-fold smaller deviation of the corresponding gap closure values compared to the
scratch assay (Figure 8). To avoid the distortion due to the inconsistent initial gap size,
which can appear in case of relative percentage values normalized to the cell-free area at O h
(Figure 8a,b), the gap closure was also determined by absolute, pixel® values (Figure 8c,d).
Nevertheless, we found the same difference in the intra-assay variability of the two methods
in favor of the TAS assay.

The high accuracy of the TAS assay allows to detect the migration differences even
in the early phase of the experiment, such as 3 h after the onset of treatments (Figure 5b).
In summary, our results confirmed that the TAS assay is an improved alternative to the
scratch assay, retaining its advantages and eliminating most of its limitations (Table 1).
However, it should be noted that gap closure-based migration assays, including scratch
or TAS assays are dedicated to investigating the collective cell migration, rather than
individual single-cell motility. However, this type of cell migration is a hallmark of the
tissue remodeling processes, including fibrosis, reepithelization, wound healing, and cancer
invasion [40,41]. At this point it had to be noted that, despite their similar elements, the
TAS assay should not be confused with the under-agarose method. In the TAS assay
the agarose spot represents a mold, which excludes the cells from a certain area during
their attachment to the surface of the plate. In contrast, during the under-agarose assay
chemotaxis is induced by chemoattractant molecules dissolved in agarose [42—44]. Via the
latter method, the individual movement of sperm cells or leukocytes can be modeled and
quantified by determining the number of cells that migrated under the permanent agarose.

Finally, we demonstrated the usability of the combination of the TAS migration assay
with other assays to investigate the main properties of activated fibroblasts in vitro. In these
experiments, although there are commercially available kits, we used our self-optimized,
96-well plate based, cost-effective in vitro assays to determine cell migration, proliferation,
and collagen deposition (for more detailed information please see the corresponding section
of the methods).
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Table 1. Comparison of the advantages (+) and limitations (—) of scratch and TAS migration assays.

Assay Characteristics Scratch Assay TAS Assay

Cost-effective +
Minimal equipment +
Easy to perform +
Consistent gap size —
Well reproducible -
Easy gap relocation during repetitive imaging -
Intact cells and plate surface -
Small surface and volumes (96-well plate based) —
Low intra- and inter-assay deviation —
Automatable -

+

+ 4+ o+ o+

First, we demonstrated that nintedanib, one of the approved drugs against lung
fibrosis in IPF, decreases the migration of fibroblast in a dose-dependent manner (Figure 9a—
d). As fibroblast migration can be continuously monitored during the TAS assay, even
at short, hourly intervals, the experiment can be terminated at any time when significant
migration is detected and both the cells, and also their supernatants, can be further analyzed.
Indeed, in our present study, at the end of the TAS assay a decreasing effect of nintedanib
on the expression of cell cycle regulators was demonstrated by PCR analysis (Figure 9f),
revealing its effect on fibroblast proliferation and accumulation [45-47]. We confirmed
the antiproliferative effect of nintedanib independently using an MTT assay on PDGF-B-
stimulated cells as well (Figure 10a).

Moreover, the SiriusRed assay was also performed to determine the extent of col-
lagen deposition of fibroblasts after their activation with TGF-8. In this experiment we
demonstrated that nintedanib decreases the ECM production of the fibroblasts (Figure 10c).

In addition to the previously described experiments, investigating the activation
of fibroblasts, LDH assay was performed to gain further information. Since LDH is an
intracellular enzyme, its presence in the supernatant of the cells suggests that the experi-
mental conditions were toxic for the cells, which can significantly influence the result of the
discussed assays.

Therefore, during our experiments we measured the LDH activity in the cellular
supernatants derived from TAS (Figure 9¢), MTT (Figure 10b) and also from SiriusRed
(Figure 10d) assays. Thereby, we demonstrated that the observed inhibitory effects of
nintedanib were not due to its cytotoxic effect but to its specific effects on fibroblast activation.

Taken together, these simple and cost-effective assays, including TAS, MTT, SiriusRed,
and LDH are complementary and have the ability to describe the different aspects of
fibroblast activation, including migration, proliferation, and ECM production of the main
effector cells of fibrosis.

4. Materials and Methods
4.1. Cell Lines

MRC-5 (#CCL-171) human lung fibroblast, NRK-49F (#CRL-1570) rat kidney fibroblast,
A549 (#CRM-CCL-185) human lung epithelial cell, and Caco-2 (#HTB-37) human colon
carcinoma cell lines (American Type Culture Collection (ATCC), Manassas, VA, USA) were
cultured in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, Waltham, MA,
USA), HT-29 (#HTB-38) human colon carcinoma cell line (ATCC) was cultured in McCoy’s
5A Medium (Thermo Fisher Scientific) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Invitrogen, Waltham, MA, USA) and 1% penicillin and streptomycin (Merck,
Kenilworth, NJ, USA) mixture under standard cell culture conditions (37 °C, humidified, 5%
COy). During in vitro experiments, recombinant epidermal growth factor (EGF, 10 ng/mL,
#236-EG, R&D Systems, Minneapolis, MN, USA), recombinant platelet-derived growth
factor B (PDGEF-B, 10 ng/mL, #520-BB, R&D Systems), recombinant transforming growth
factor beta 1 (TGB-£3, 1 nM, #PHG9204, Thermo Fisher Scientific), and nintedanib (Nint,
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0.01-10 uM, Vichem Chemie Research, Budapest, Hungary) were used. Control cells were
treated only with the corresponding solvents (EGF, PDGF-B: phosphate buffered saline
(PBS), Nint: DMSO, TGF-3: 4 mM HCl) in equal volumes.

4.2. Transient Agarose Spot (TAS) Migration Assay

To perform TAS assay, 2 pL of hot 0.1% agarose (Merck) solution (in sterile H,O)
was placed in the middle of each well of a 96-well tissue culture plate (Sarstedt, Newton,
MA, USA), then gel droplets were allowed to polymerize for 15 min at room temperature.
Thereafter, cells were seeded (1 = 5-8 well/treatment group) at a density to reach near
full confluence (2 x 10* cells/well (otherwise indicated) MRC-5, 10* cells/well NRK-49F,
2 x 10% cells/well A549, 6 x 10* cells/well Caco-2, 4 x 10* cells/well HT-29). After 24 h of
plating, media was removed from cells and the agarose spots were gently aspirated by a
100 pL pipette from above, without touching the cell monolayer (further instruction can be
found in Video S1 and in the section “Tips and tricks’). To remove debris and unattached
cells, wells were washed three times with 200 uL sterile PBS. Then, cells were treated with
recombinant cytokines and/or compounds diluted in 100 pL culture medium containing
0.1% FBS, unless otherwise indicated. In certain experiments, as an additional part of
TAS assay, MRC-5 cells were incubated in 0.1 mg/mL Dil solution (#D282, Thermo Fisher
Scientific) for 2 h before the agarose removal and treatments. The main steps of TAS assay
are illustrated in Video S1.

4.3. Scratch Assay

To perform scratch assay [18], MRC-5 cells were seeded (1 = 6 well/treatment group)
into 12-well tissue culture plates (Sarstedt) at a density of 4 x 10° cells/well. After 24 h
of plating, media were aspired from cells and the monolayer was scratched with a single
decisive movement using a 200 pL pipette tip. To remove debris and unattached cells, wells
were washed three times with 2 mL sterile PBS. Then, cells were treated with recombinant
EGF diluted in 1 mL culture medium containing 0.1% FBS.

4.4. Data Acquisition

Brightfield or fluorescence images of each well were taken using an Olympus IX81 mi-
croscope system (Olympus Corporation, Tokyo, Japan) at various time points after the
treatments. Cell-free gap areas were annotated manually by standard computer mouse,
digitizer board without display or tablet or automatically and measured using Image]J 1.48v
software (National Institutes of Health, Bethesda, Rockville, MD, USA), finally determined
as a ratio (%) of initial gap area at 0 h:

actual gap area

gap area [%] = 100 1)

initial gap area
In some cases, the gap closure was described by the absolute value decrease in cell-
free area:
Agap area [pixelﬂ = initial gap area — actual gap area (2)

During automatic data analysis, the following macros were used. Highlighted param-
eters were set up and verified in each individual experiment.

e  Brightfield images:

run(“Find Edges”);

setAutoThreshold(“Default”);

/ /run(“Threshold...”);

setThreshold(0, 20);

run(“Analyze Particles...”, “size=2,000,000-Infinity show=Outlines summarize”);
close();
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e  Fluorescence images:

run(“RGB Stack”);

run(“Next Slice [>]");
run(“Delete Slice”);
run(“Next Slice [>]");
run(“Delete Slice”);
run(“Find Edges”, “slice”);
setAutoThreshold(“Default”);
/ /run(“Threshold...”);
setThreshold(0, 20);
run(”Analyze Particles...”, “size=2,000,000-Infinity show=Outlines display clear
summarize slice”);

close();

4.5. Cell Confluency

To determine the cell confluency, cells were labeled with Dil as described above in
the section “Transient agarose spot (TAS) migration assay’. Thereafter fluorescent images
were taken with wide field of view and analyzed using Image] software. During the data
acquisition, the extent of black pixels was measured using ‘color threshold” and ‘measure’
commands, the gel spot area was determined by annotation, and the confluency was
calculated based on the following equation:

®)

1 ixel —gel
confluency [%] — ( 1— black pixel area — gel spot area) « 100

total area — gel spot area

4.6. LDH Cytotoxicity Assay

The extent of cell death was determined by a colorimetric method, based on the lactate
dehydrogenase (LDH) enzyme activity in the supernatant, released from damaged cells [48].
Equal volumes (40 pL) of aspired media were mixed in a sterile 96-well plate with LDH
reagent, containing 109 mM lactate, 3.3 mM f-nicotinamide-adenine-dinucleotide-hydrate
(#N7004), 2.2 U/mL diaphorase (#D2197), 3 mM TRIS, 30 mM HEPES, 10 mM NacCl, 350
uM thiazolyl blue tetrazolium bromide (all reagents were purchased from Merck), then
incubated at 37 °C for 1 h. Absorbance was recorded at 570 nm and at 690 nm as background
in a SPECTROstar Nano microplate reader using SPECTROstar Nano MARS v3.32 software
(BMG Labtech, Ortenberg, Germany).

4.7. MTT Cell Proliferation Assay

To perform MTT assay, MRC-5 cells were seeded (1 = 6 well/treatment group) into
96-well tissue culture plates at a density of 4 x 10% cells/well. After 24 h of plating, cells
were treated for 24 h with recombinant PDGF-B in the absence or presence of nintedanib
diluted in culture medium containing 0.1% FBS.

The rate of cell proliferation was determined by a colorimetric method, based on the
intracellular mitochondrial dehydrogenase activity of the attached cells [49]. Then, 10 uL
of MTT reagent, containing 5 mg/mL thiazolyl blue tetrazolium bromide (diluted in sterile
H,0) was added into each well including cells and 100 pL of supernatant as well, then
incubated at 37 °C for 4 h. Thereafter, the supernatants were removed from cells using a
pipette, and the intracellular MTT crystals were dissolved by adding 100 uL 1:1 mixture of
DMSO and ethanol (all reagents were purchased from Merck). Absorbance was recorded
at 570 nm and at 690 nm as background in a SPECTROstar Nano microplate reader using
SPECTROstar Nano MARS v3.32 software.

4.8. SiriusRed Collagen Detection Assay

To perform SiriusRed assay, MRC-5 cells were seeded (1 = 6 well/treatment group)
into 96-well tissue culture plates at a density of 10 cells/well. After 24 h of plating, cells
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were treated for 48 h with recombinant TGF-8 in the absence or presence of nintedanib
diluted in culture medium containing 0.1% FBS and 100 uM ascorbate (Merck).

The collagen deposition was determined based on a basic histological dye SiriusRed,
incorporating into the triple helical collagen molecules [50]. After removing supernatants,
cells were incubated in a fixative solution containing 26% EtOH, 3.7% formaldehyde, 2%
glacial acetic acid for 15 min at room temperature. Samples were stained for 1 h at room
temperature with 0.1% solution of SiriusRed (DirectRed80) dissolved in 1% acetic acid, then
washed three times with 200 uL of 0.1 M HCI, and finally the bounded dye was dissolved
by adding 100 uL of 0.1 M NaOH (all reagents were purchased from Merck). Absorbance
was recorded at 544 nm and at 690 nm as background in a SPECTROstar Nano microplate
reader using SPECTROstar Nano MARS v3.32 software.

4.9. RNA Isolation and cDNA Synthesis

Total RNA was isolated from MRC-5 cells by Geneaid Total RNA Mini Kit (Geneaid
Biotech, New Taipei City, Taiwan). Equal RNA was reverse-transcribed using Maxima
First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific) to generate first-
stranded cDNA. The mRNA expressions were determined by real-time PCR using Light-
Cycler 480 SYBR Green I Master enzyme mix on a LightCycler 96 system (Roche Di-
agnostics, Indianapolis, IN, USA). PCR primers (Table 2) were designed as previously
described [51,52] and synthetized by Integrated DNA Technologies (IDT, Coralville, IA,
USA). Results were analyzed using LightCycler 96 software v1.1.0.1320 (Roche Diagnostics).
Relative mRNA expression was determined by comparison with RN18S as internal control
using the AACt method [53]. Data were normalized and presented as the ratio of their
control group values.

Table 2. Nucleotide sequences of primer pairs applied for the real-time PCR detection.

Gene NCBI Ref. Seq. Primer Pairs
F: 5'-CCC CTA CGG ATT ATA CTC AAC TTA-3'

MKi67 NM_0024174 ¢ 5/ TGT AAT ATT GCC TCC TGC TCA T-3'
F: 5-GCG GTC TGA GGG CTT CGA CAC CTA-3'
PCNA NM_002592.2 R 5.CCG CGT TAT CTT CGG CCC TTA GTG-3'
e _nl
RN1SS Q3870081 F: 5-GGC GGC GAC GAC CCA TTC-3

R: 5'-TGG ATG TGG TAG CCG TTT CTC AGG-3’

Abbreviations: ref. seq.: reference sequence; F: forward; R: reverse.

4.10. Statistical Analysis

Statistical evaluation of data was performed using GraphPad Prism 8.01 software
(GraphPad Software Inc., San Diego, CA, USA) using an ordinary one-way or two-way
ANOVAs with Dunnett’s tests for multiple comparisons and Pearson’s correlation for
correlation analyses. p < 0.05 was considered as statistically significant. Unless otherwise
indicated, results are illustrated as mean =+ SD of the corresponding treatment groups. The
applied tests, significances, and number of elements (n) are indicated in each figure legend.

5. Conclusions

In summary, in the present study we presented a new 96-well plate based TAS assay,
developed to investigate fibroblast migration. We also demonstrated the combined use
of a set of in vitro assays, which can be used in fibrosis-related basic research, and even
in high-throughput drug screenings. These functional assays together widely describe
the main properties of fibroblasts, including migration, proliferation, viability, and col-
lagen deposition, thereby contributing to an increasingly urgent understanding of the
scarring process.
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6. Tips and Tricks for TAS Assay

e  Working with hot fluids may cause pipetting inaccuracies — after boiling, agarose
solution should be left for about 10 min to cool down.

e  Electrostatic charging may cause difficulties in agarose dropping — static electricity
should be eliminated by a grounded device or ionizing bar.

e  Drop size can be decreased in order to achieve more spectacular relative values <——
however, 2 pL droplets are optimal for microscopy using a 4x objective, and the
smaller the volume is, the harder it is to ensure pipetting accuracy.

The pipetting of agarose spots can be accelerated by using multichannel pipettes.
Drying-up of agarose spots results in improper cell-free area-making — plates should
be kept covered during gel polymerization phase.

e  Some cell types (e.g., large, flat fibroblasts) may attach in a shorter amount of time —
the cell seeding step can be shortened to 34 h instead of overnight.

e  Some cell types (e.g., small, rounded carcinoma cells) may attach less strongly — the
washing step should be gentle but thorough to eliminate floating cells, which could
form colonies in the cell-free area.

e  During the removal of agarose spots, the pipette tip should be carefully approached to
the top of the gel. At the moment of contact, the refraction of the gel will change, and
it can be sucked by a single movement.
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Abstract: Collective cell migration is crucial in various biological processes, including tumor
progression and metastasis. The widely used scratch assay (wound healing assay) has
limitations in throughput, reproducibility, and data analysis. To overcome these challenges,
we previously developed the Transient Agarose Spot (TAS) assay, which enhanced assay
precision and reproducibility. In this study, we present an improved microplate-based TAS
assay. By using a microplate reader, we automated data acquisition, enabling the detection
of cell migration in a 96-well plate format with greater throughput and accuracy. The new
method applies Hoechst staining to label viable cells, providing a stable signal for kinetic
analysis without compromising cell viability. We validated this approach with fluorophore-
expressing cancer cells and demonstrated its ability to monitor dose-dependent effects of
fetal bovine serum on cell migration. Additionally, we applied the microplate-based TAS
assay to assess the anti-migratory effects of kinase inhibitors and mesenchymal stem cell-
derived extracellular vesicles (EVs) on lung cancer cells. The assay accurately quantified
migration inhibition and revealed the concentration-dependent effects of EVs, highlighting
their potential as therapeutic agents. This microplate-based TAS assay provides a scalable,
efficient, and cost-effective platform for high-throughput screening of cell migration and
drug discovery, offering a robust alternative to traditional microscopy-based methods.

Keywords: cell migration; TAS assay; microplate reader; Hoechst

1. Introduction

Collective cell migration is a fundamental biological process that plays a crucial role
in various physiological and pathological conditions, including tumor progression [1].
The ability of cancer cells to migrate and invade surrounding tissues is a hallmark of
malignancy and a major determinant of prognosis [2]. Understanding the mechanisms
of cancer cell migration is essential for identifying therapeutic targets and developing
novel treatment strategies aimed at limiting metastasis. While traditional microscopy-
based methods, particularly the widely used scratch assay, have been extensively used
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to study cell migration, their inherent limitations, such as low throughput and labor-
intensive protocols, restrict their utility in both basic and applied cancer research [3-5]. In
our previous work, we developed the Transient Agarose Spot (TAS) cell migration assay,
which offered enhanced analytical precision and reproducibility compared to the gold-
standard scratch assay [4]. Although most limitations of the scratch assay were eliminated,
data acquisition still relied on microscopy, requiring expensive equipment systems and
time-consuming manual work for high-throughput screening.

As phenotypic readouts such as cell migration offer integrative biological insight,
phenotype-based cellular assays have gained prominence in early-stage drug discovery.
These assays are increasingly recognized as valuable tools in preclinical drug development,
particularly for their ability to capture complex biological responses beyond single-target
effects. These assays support untargeted screening, enabling the discovery of novel mech-
anisms of action and phenotypic effects that might be overlooked by target-based ap-
proaches [6,7]. They are widely used for hit identification, triaging, and lead optimization,
and their effectiveness depends on thoughtful assay design, the use of appropriate chemical
libraries, and robust strategies for hit validation [8].

Here, we present an improved version of the TAS assay, transitioning from microscopy-
based detection to a microplate-based system. This new approach significantly enhances
the throughput and efficiency of the cell migration assay while preserving its sensitivity,
reliability, and accuracy.

2. Results
2.1. Data Acquisition by Microplate Reader

To determine the area of cell-free zones, the wells of the TAS assay containing stained
cells were detected using the "well scanning" mode of the microplate reader. The resulting
heatmap comprised 708 scanning points, capturing a data range of absorbance or fluores-
cence that transitions sharply from the cell-free area to full confluency. The area of cell-free
zones was determined by setting a threshold value to define the edge of the examined area
and by quantifying the points below this threshold (Figure 1a). The optimal threshold was
between 10 and 25% of the maximal intensity values, within which the resulting cell-free
areas exhibited a perfect correlation with each other (Figure 1b).

To validate the detection method, an entire TAS assay plate containing RFP- and
GFP-expressing HCT-116 cells was scanned using both a microplate reader and microscopy
(Figure 1c,d). The calculated areas showed perfect correlation between the two methods.
Furthermore, microplate-based detection of RFP- and GFP-expressing HCT-116 cells stim-
ulated with a dilution series of FBS yielded linear dose-response relationships with very
high correlation coefficients (Figure le).

Non-fluorescent cells were first scanned in their native, unstained state using a mi-
croplate reader by measuring absorbance in the UV range. However, detection was only
reliable in a medium-free environment, requiring the replacement of the culture medium
with PBS. To enhance visualization, various colorimetric and fluorescent staining methods
were applied, all of which were detectable with a microplate reader (Figure 1f). These
methods provided clear visualization, allowing the edge of the cell-free area to be pre-
cisely defined.
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Figure 1. Data acquisition of transient agarose spot (TAS) assay using microplate reader. The well-
scanning mode of the microplate reader generates an intensity heatmap of a whole well, where the
cell-free area can be defined by setting a threshold value (a). The accuracy of threshold selection was
evaluated using TAS assay wells containing GFP-expressing HCT-116 cells (n = 50) (b). Based on
the intensity distribution of heatmap pixels, different threshold values were selected to determine
cell-free areas, and a correlation matrix was generated. A nearly perfect correlation was observed
for threshold values between 10 and 25% of the maximal intensity (highlighted with white outline).
Validation of the microplate-based detection was carried out by correlating gap sizes with microscopy-
based measurements for RFP- (c) and GFP-expressing (d) HCT-116 cells (n = 50). The applicability of
microplate reader-based quantification was investigated on RFP- and GFP-expressing HCT-116 cells
after their stimulation with a dilution series of fetal bovine serum (FBS) for 72 h (n = 10/group) (e).
Various colorimetric and fluorescent stains were tested on non-fluorescent HCT-116 cells (f). The same
wells were captured by microscopy (top, using 4 x magnification) and microplate reader (bottom).
Heatmaps represent well-scanning fluorescence intensity data, where color gradients correlate with
signal strength across the scanned area. Significance values (p) and Pearson’s correlation coefficients
(r) are indicated.

2.2. Optimization of Hoechst Staining

The applicability of Hoechst staining for microplate-based detection was verified on
RFP-, GFP-expressing, and native HCT-116 colon cancer cells. The gap areas determined
based on the Hoechst fluorescence signal detected by the microplate reader showed a high
correlation with RFP or GFP signals, as well as the gap size quantified by microscopy
(Figure 2a).
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Figure 2. Optimization of Hoechst-staining. Validation of Hoechst staining for microplate-based
detection was carried out in fluorescent and native HCT-116 cells (a). Gap areas determined by
Hoechst fluorescence intensity (pre-stained cells for 4 h at 1:10,000 concentration) were correlated
with RFP and GFP signals, as well as microscopy-based quantification (n = 50, using 4 x magnification).
Staining kinetics with various Hoechst concentrations were investigated on A549 and LCLC-103H
cells (n = 5/group) with two-minute interval detection (b). The stability of Hoechst fluorescence
signal and its detection with microscope (top) or microplate reader (bottom) was investigated for 72 h
(c). The cytotoxicity of Hoechst staining was investigated on A549 and LCLC-103H cells using MTT
cell viability assay following a 4 h prestaining or continuous staining for 72 h at 1:10,000 concentration
(d). The applicability of microplate reader-based quantification was investigated on Hoechst-stained
A549 and LCLC-103H cells after their stimulation with a dilution series of fetal bovine serum (FBS)
for 72 h (n = 10/group) (e). Heatmaps represent well-scanning fluorescence intensity data, where
color gradients correlate with signal strength across the scanned area. Results are presented as
mean =+ SD. Significance values (p) and Pearson’s correlation coefficients (r) are indicated.

The Hoechst staining of living cells was optimized on A549 and LCLC-103H lung
cancer cells. We found that even very low dye concentrations (1:20,000, 1:10,000) resulted
in a stable fluorescence signal, whereas higher concentrations initially produced higher
intensity, which decreased over time before finally settling at a similar value (Figure 2b).
Fluorescence was detectable even 72 h after staining the cells with Hoechst at a 1:10,000 di-
lution for 4 h (Figure 2c). Cytotoxic effects of Hoechst staining were observed only at high
concentrations, specifically when the dye-containing culture medium was not replaced
after the 4 h incubation period (Figure 2d). The microplate-based detection of Hoechst-
stained cells stimulated with a dilution series of FBS for 72 h yielded linear dose-response
relationships with very high correlation coefficients (Figure 2e).
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2.3. Representative Experiments

Representative experiments were conducted on Hoechst-stained A549 lung cancer
cells stimulated with 10% FBS, with data acquisition performed using a microplate reader.
Kinase inhibitors, including gefitinib, nintedanib, and sorafenib, reduced cell migration in a
dose-dependent manner (Figure 3a). Similarly, EV1 and EV2 extracellular vesicles, isolated
from the supernatant of MSCs, inhibited the migration of A549 cells. However, this effect
was diminished at high nanoparticle concentrations (Figure 3b,c). The properties of EV1
(Figure 3d) and EV2 (Figure 3e) were characterized using various analyses. Based on NTA
measurements, the average particle sizes for both samples were approximately 150 nm,
with a concentration of 1-2 x 1010 particles/mL. After buffer subtraction, surface-enhanced
IR spectra of the samples revealed characteristic absorption bands of EVs, indicating a
typical protein-to-lipid ratio. TEM imaging demonstrated a typical morphology of a small
EV fraction. The presence of ALIX and CD81, labeled with 5 nm and 10 nm gold particles,
respectively, was detectable on the surface of the EVs.
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Figure 3. Representative experiments of microplate-based transient agarose spot (TAS) cell migration
assay. Hoechst-stained A549 cells were stimulated with 10% FBS and the antimigratory effect of
gefitinib, nintedanib, and sorafenib kinase inhibitors, (a) as well as EV1 (b) and EV2 (c) MSC-derived
extracellular vesicles, was investigated after 72 h via microplate-based quantification (n = 10/group).
Results are presented as mean + SD. * p < 0.05; ** p < 0.01; *** p < 0.001; (Brown—Forsythe and Welch
ANOVA with Dunnett’s T3 test). Characterization of EV1 (d) and EV2 (e) samples was carried out by
determining nanoparticle size distribution using nanoparticle tracking analysis, measuring protein
and lipid content using surface-enhanced Fourier transform infrared spectroscopy, investigating
morphology and structure using transmission electron microscopy (TEM), and demonstrating the
presence of ALIX1 and CD81 markers by immuno-TEM using 5 and 10 nm gold labeled antibodies.
Scale bar: 100 nm.
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3. Discussion

Collective cell migration plays a crucial role in various diseases and biological pro-
cesses, including embryonic development, wound healing, tumor progression, and metas-
tasis or tissue fibrosis [9]. The scratch assay, widely considered the gold standard for
studying cell migration, has several limitations, including intra- and inter-assay variability
and labor-intensive data analysis [10-12]. To overcome these challenges, our research group
previously developed the TAS cell migration assay, which eliminates the adverse effects of
scratching the cell monolayer by using removable agarose droplets as physical barriers to
create cell-free areas [4]. This innovation significantly improved assay efficiency and en-
abled its adaptation to a 96-well plate format, reducing material (both reagents and plastic)
consumption and increasing assay accuracy and throughput. Although the TAS assay was
developed on fibroblasts, its usability on cancer cells was also demonstrated. However, the
detection method remained microscopy-based, which continued to face challenges due to
its time and equipment requirements, thereby limiting overall efficiency [12].

In this study, we aimed to transfer data acquisition and analysis from microscopy to a
microplate reader. New-generation microplate readers (e.g., devices of BMG LABTECH (Or-
tenberg, Germany), Tecan (Madnnedorf, Switzerland), and Molecular Devices (San Jose, CA,
USA)) feature a well-scanning mode specifically designed to address non-homogeneous
data from cell-based assays, where an uneven cell distribution across the well renders a
single central measurement insufficient. This advanced scanning approach ensures more
accurate and representative data acquisition by capturing multiple measurements within
individual wells.

We utilized the CLARIOstar Plus microplate reader (BMG LABTECH, Ortenberg,
Germany) combined with MARS software to scan a 4 mm diameter region at the center of
each well in a 96-well plate. The area was scanned in a 30 x 30 matrix mode, generating
absorbance or fluorescence intensity heatmaps with several hundred data points within the
region of interest. The scanning points derived from TAS assay heatmaps clustered into
two distinct groups: high absorbance or fluorescence values representing cell-rich regions,
and near-blank values indicating cell-free zones. The border between these two groups
was well-defined, enabling the establishment of a precise threshold value to demarcate and
accurately measure the area of cell-free zones (Figure 1a,b). Although most limitations of
the scratch assay were eliminated, data acquisition still relied on microscopy, requiring
expensive equipment systems and time-consuming manual work, while the risk of bias
from manual evaluation remained minimal.

The accuracy of data evaluation by the microplate reader was verified using
fluorophore-expressing cancer cells (Figure 1c—e), where area quantification yielded identi-
cal gap sizes compared to the graphical analysis of the microscopic images from the same
samples. The microplate reader-based evaluation has proven to be capable of tracking
the dose-dependent effect of FBS on the migration of fluorescent cancer cells. FBS is an
optimal inducer of cell migration due to the fact that it contains growth factors and chemoat-
tractants [13,14]. In addition, as a general nutrient, it enhances overall metabolic activity,
thereby promoting autocrine signalling, which leads to sustained receptor tyrosine kinase
activation and cell proliferation, both of which are driving forces for cell migration [15,16].
However, genetically modified fluorophore-expressing cells are not always applicable.
Although the UV absorbance of unlabeled cells could also be detected, this approach is im-
practical due to the high background signal originating from culture medium components
such as phenol red, amino acids, and FBS [17]. A clear border of the cell-free area can only
be detected in PBS. Therefore, various colorimetric and fluorescence staining methods were
investigated to assess their suitability for microplate reader-based detection (Figure 1f).
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The applied dyes, targeting intracellular proteins, cell membrane, and DNA, as well as
those activated by intracellular esterase activity, yielded a satisfactory signal-to-noise ratio.

Of all the options we tested, Hoechst staining proved to be the most suitable approach
for performing the TAS cell migration assay. Hoechst is a cost-effective, cell-permeable dye
that allows the labeling of viable cells without fixation or permeabilization, unlike other
approaches, such as colorimetric staining or using the DNA stain propidium iodide [18].
Compared to cell fixation, which converts the assay into an end-point measurement, using a
non-toxic dye that labels live cells allows for multiple detections in kinetic assays. Hoechst
intensity is amplified upon DNA binding; therefore, the potential leakage of free dye
molecules over time does not increase the background signal, a phenomenon commonly
observed in esterase-dependent approaches [19]. The use of membrane dyes can be a
good alternative; however, as they are lipophilic molecules, they can be challenging to
handle in water-based cellular media, and their cost is relatively higher [20]. In addition
to precise area detection after Hoechst staining, a stable signal was obtained even at low
concentrations, leading to high contrast at the edges of the cell-free zones for several days,
while no signs of cytotoxicity were detected (Figure 2). In summary, the migration of
Hoechst-stained cancer cells following FBS induction can be reliably monitored using
microplate-based detection. However, it should be noted that Hoechst may interfere
with drug transporters (e.g., several ATP-binding cassette (ABC) transporters, including
ABCG2/BCRP, ABCB1/P-glycoprotein/MDR1, and ABCC1/MRP1), which is an important
consideration when using the TAS assay for drug screening [21-23]. Since these proteins
are frequently implicated in multidrug resistance, particularly in cancer cells, it is advisable
to evaluate whether the compound of interest interacts with the same transport pathways
as Hoechst. This can be explored using public databases such as DrugBank (for known
substrates or inhibitors), via in vitro transporter-binding assays, or by comparing the
compound’s effective concentration in parallel experiments conducted in the absence or
presence of Hoechst staining. If the tested compounds are likely to compete with Hoechst
for transporter binding, using a membrane dye may be a more suitable alternative. This is
supported by our previous study describing the original TAS method, where the membrane
dye Dil was successfully used to label viable cells under similar experimental conditions [4].
While these offered staining procedures are generally applicable across various cell types,
the intensity and kinetics of dye uptake may vary depending on the specific characteristics
of each cell line. Therefore, we recommend that users perform initial optimization steps—
similar to those presented here—tailored to their own experimental systems to ensure
accurate and reproducible results.

Finally, in representative experiments, we demonstrated the applicability of the
microplate-based TAS assay on Hoechst-stained lung cancer cells (Figure 3). Gefitinib,
nintedanib, and sorafenib are kinase inhibitors widely used in the treatment of non-small-
cell lung cancer [24-26]. As these drugs target receptor tyrosine kinases and other signal
transduction pathways involved in cancer cell migration and proliferation, they serve as
appropriate candidates for demonstration. In our experiment, these compounds exhibited a
dose-dependent inhibitory effect on FBS-induced migration of A549 cancer cells (Figure 3a).

In recent years, the potential therapeutic role of MSC-derived EVs has emerged in
various diseases, particularly in different cancers [27]. Although the reported data are
not entirely consistent, several studies have demonstrated the anticancer effect of stem
cell-derived EVs, particularly their ability to reduce the collective migration of cancer cells
in vitro [28,29]. Similarly, we observed a significant anti-migratory effect of EVs isolated
from the supernatant of MSCs (Figure 3b—e), which, surprisingly, was diminished at higher
particle concentrations. The loss of the biological effect of EVs at elevated numbers has
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also been described previously [30]. One possible explanation for this is that an increased
particle concentration promotes the aggregation of extracellular vesicles [31].

In this study, we successfully developed a microplate reader-based detection method
for the TAS cell migration assay, further enhancing its efficiency and applicability. Our
research group previously developed the TAS assay to overcome the limitations of the
widely used scratch assay, introducing advantages such as increased reproducibility, higher
throughput, and reduced material consumption. By integrating microplate-based detection
and Hoechst staining, we have now optimized the method for automated, high-throughput
analysis, eliminating the need for a labor-intensive microscopy system. We also demon-
strated its utility in assessing the effects of kinase inhibitors and MSC-derived EVs on
cancer cell migration. These advancements position the TAS assay as a powerful and
scalable tool for drug screening and cell migration studies, offering a robust alternative to
conventional imaging techniques.

4. Materials and Methods

4.1. Cell Lines and Treatments

A549 (#CRM-CCL-185) human lung cancer cells were cultured in Dulbecco’s Modified
Eagle Medium (Thermo Fisher Scientific, Waltham, MA, USA), LCLC-103H (#ACC-384)
human lung cancer cells, HCT-116 (#CCL-247), green fluorescent protein (GFP)-expressing
HCT-116, red fluorescent protein (RFP)-expressing HCT-116 (obtained from J6zsef Tovari,
National Institute of Oncology, Budapest, Hungary), and human colon cancer cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific)
supplemented with a 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen, Waltham,
MA, USA) and a 1% penicillin and streptomycin (Merck, Kenilworth, NJ, USA) mixture
under standard cell culture conditions (37 °C, humidified, 5% CO;). Mesenchymal stem
cells (MSCs) were isolated from peritoneal dialysate of two individual pediatric patients
treated with peritoneal dialysis at the Pediatric Center, Semmelweis University (31224~
5/2017/EKU), as described previously [32,33], and cultured in Dulbecco’s modified Eagle’s
medium /Nutrient Mixture F-12 (DMEM-F12, Thermo Fisher Scientific).

During the in vitro experiments, a dilution series (0-10 uM) of kinase inhibitors,
including gefitinib, nintedanib, or sorafenib (Vichem Chemie Research Ltd., Budapest,
Hungary), was used. Control cells were treated with an equivalent volume of DMSO
(Merck). In addition, an alternative experimental setup involved treating the cells with
extracellular vesicles (EVs; 0-7 x 10 particles/mL) dissolved in phosphate-buffered saline
(PBS). In both experiments, the cell culture medium contained 10% FBS.

4.2. Transient Agarose Spot (TAS) Assay

TAS assay was performed according to our previously described protocol [4]. Briefly,
a 0.1% agarose (Merck) solution was prepared by boiling and stirring thoroughly, then
stored at 70 °C in a thermoblock until use. Subsequently, 2 uL droplets were placed in the
middle of the wells of a 96-well tissue culture plate (Sarstedt, Newton, MA, USA) and left
at room temperature for 15 min to polymerise. Cells were seeded (n = 6-10 well/treatment
group) at a density sufficient to reach near-full confluence (1.5 x 10* cells/well A549,
7.5 x 103 cells/well LCLC-103H, 2 x 10* cells/well HCT-116), and incubated overnight to
ensure proper attachment. Thereafter, the culture medium was removed, the agarose spots
were gently aspirated from the bottom of the wells, and the cells were washed with sterile
PBS. Finally, the treatment in question was applied for 72 h.
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4.3. Cell Staining

Before data acquisition, various colorimetric and fluorescence-based cell staining
methods were tested, with detailed staining protocols provided in Table 1. Kahle’s solution
was prepared using 26% ethanol, 3.7% formaldehyde, and 2% glacial acetic acid.

Table 1. Staining protocols.

Fixation Dye Staining
o o Sulforodamine B sodium salt 0.4% SRB in 1% AA for
SRB 10% TCA at4 °C for 1 h (#51402, Merck) 30 min
FastGreen Kahle’s solution at RT FastGreen FCF 0.1% FastGreen in 1% AA for
for 15 min (#F7252, Merck) 5 min
Methylene blue solution acc. To
methvlene blue Kahle’s solution at RT Loeffler 1% methylene blue in H,O
y for 15 min (#42335, Molar Chemicals, for 5 min

Hélasztelek, Hungary)

0.14 mg/mL in 6.8 mM

. Kahle’s solution at RT Cresyl Fast Violet—Certistain .
Cresyl Violet for 15 min (#K2247947, Merck) sodium a.cetate + 83. mM AA
mix for 20 min
1,1"-Dioctadecyl-3,3,3',3'-
Dil ) Tetramethylindocarbocyanine 0.1 mg/mL in cell culture
Perchlorate medium for 24 h
(#D282, Thermo Fisher Scientific)
WGA ) Wheat GerrZSg%ig)lrgzg;rtleAlexa Fluor 0.01 mg/mL in cell culture
(#W11261, Thermo Fisher Scientific) medium for 4 h
. Calcein AM 10 uM in cell culture
Calcein AM ) (#C3099, Thermo Fisher Scientific) medium for 1 h
Cell Tracker . Cell Tracker Green CMFDA 5 uM in cell culture medium
(#C7025, Thermo Fisher Scientific) for1h
Hoechst ) Hoechst 33,342 trihydrochloride 0.5 pg/mL (1:10 000) in cell
(#B2261, Merck) culture medium for 4 h
, . Propidium Iodide Staining Solution .
PI Kahle’s solution at RT (#51-66211E, BD Pharmingen, 0.5 uM in cell culture

for 15 min medium for 5 min

San Diego, CA, USA)

Abbreviations: TCA: trichloroacetic acid; AA: acetid acid; RT: room temperature.

4.4. Data Acquisition by Microscopy

Brightfield or fluorescence images of each well were captured at 0 and 72 h following
the treatments using an Olympus IX81 microscope system (Olympus Corporation, Tokyo,
Japan). Cell-free gap areas were manually annotated using a digitizer board and measured
with Image] 1.48v software (National Institutes of Health, Bethesda, Rockville, MD, USA).
The gap areas were finally calculated and presented as the percentage ratio (%) of the initial
gap area.

4.5. Data Acquisition by Microplate Reader

Absorbance or fluorescence signal of each well was measured at 0 and 72 h, following
the treatments using a CLARIOstar Plus microplate reader equipped with MARS v4.01
software (BMG Labtech, Ortenberg, Germany). During the measurements, matrix scanning
mode was employed with a 30 x 30 matrix dimension focusing on a 4 mm diameter
circular area in the center of each well, with a focal height set to 3.2 mm, choosing bottom
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optic for fluorescence detection. The optical settings for the various staining methods
are provided in Table 2. The gain parameters were manually adjusted to ensure that
the resulting fluorescence data fell within the upper third of the measurement range,
allowing clear distinction between cell-covered and cell-free areas. Cell-free gap areas
were annotated by excluding scan points above a manually defined threshold, followed by
counting the number of scan points. The gap areas were finally calculated and presented as
the percentage ratio (%) of the initial gap area.

Table 2. Optical settings for data acquisition by microplate reader using various staining methods.

Staining Measurement Method  Excitation [nm] Emission [nm]
- Absorbance 285 -
Absorbance 565 -
SRB Fluorescence 550 605
FastGreen Absorbance 624 -
methylene blue Absorbance 668 -
Cresyl Violet Absorbance 590 -
Fluorescence 583 627
Dil Fluorescence 538 582
WGA Fluorescence 470 515
Calcein AM Fluorescence 490 533
Cell Tracker Fluorescence 470 515
Hoechst Fluorescence 355 455
PI Fluorescence 550 605

4.6. Cell Viability Assay

Cell viability was assessed using MTT assay. At the end of the in vitro experiment,
10 puL of 5 mg/mL thiazolyl blue tetrazolium bromide (Merck), diluted in H,O, was
added to each well (containing 100 pL culture medium) and incubated at 37 °C for 4 h.
Subsequently, the supernatants were aspirated from the cells, and the intracellular crystals
were dissolved with 100 puL. of a DMSO-ethanol (1:1) mixture. The absorbance was recorded
at 570 nm, with 690 nm used as the background in a CLARIOStar Plus microplate reader
using MARS v4.01 software (BMG Labtech). The results were finally normalized and
presented as the percentage ratio (%) of the control group values.

4.7. Mesenchymal Stem Cell-Derived Extracellular Vesicle Isolation and Characterization

EV1 and EV2 extracellular vesicles were isolated from the medium of the two primary
MSC cultures derived from different patients on peritoneal dialysis. Cells were grown in
T-175 cell culture flasks (Sarstedt) until reaching full confluence. The medium was then
replaced with serum-free DMEM-F12 and incubated for 24 h. Afterward, the supernatant
was separated, and cells and large EVs were removed by centrifugation at 400x g for
30 min and subsequent filtration using Filtropur S syringe filter (polyethersulfone, 0.2 um
pore size, Sarstedt). EVs were then purified using tangential flow filtration (polysulfone
hollow fibers, 20 nm pore size, HansaBioMed Life Sciences Ltd., Tallinn, Estonia), followed
by size-exclusion chromatography (70 nm qEV columns, Izon Science, Lyon, France).

EV characterization was performed in accordance with the current guidelines from
the International Society for Extracellular Vesicles (ISEV) [34]. The nanoparticle size distri-
bution was determined by nanoparticle tracking analysis (NTA) using ZetaView PMX-120
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(Particle Metrix GmbH, Meersbush, Germany) with ZetaVIEW software 8.05.12 SP2 [35].
Surface-enhanced Fourier Transform Infrared Spectroscopy (SEIRS) measurements with
in-house developed gold nanoparticles were carried out to analyze the protein and lipid con-
tent, employing a Varian 2000 spectrometer (Scimitar Series, Coral Springs, FL, USA) fitted
with a diamond-attenuated total reflection cell (“Golden Gate” single-reflection attenuated
total reflectance (ATR) unit, Specac, Orpington, UK) [36]. The morphology and structure of
nanoparticles were analyzed using transmission electron microscopy (TEM), where samples
were prepared on formvar-coated copper grids, stained with uranyl acetate, and examined
using a Morgagni 268D electron microscope (FEI, Eindhoven, The Netherlands) [37,38].
The presence of specific exosome markers was investigated via immune-TEM, using anti-
ALIX (#5AB4200477, Merck) and anti-CD81 (#SAB3500454, Merck) primary antibodies
and anti-rabbit IgG gold-conjugated secondary antibodies (5 nm gold, #G7652, and 10 nm
gold, #G7277, Merck). The images were captured with a JEOL 1011 microscope (Tokyo,
Japan) [39].

4.8. Statistics

Statistical evaluation of the data was performed using GraphPad Prism 9.1.2 software
(GraphPad Software Inc., San Diego, CA, USA). Pearson’s correlation was used for cor-
relation analyses, and Brown—Forsythe and Welch ANOVA with Dunnett’s T3 test were
applied for multiple comparisons. p < 0.05 was considered statistically significant. Unless
otherwise indicated, results are illustrated as mean =+ SD of the corresponding groups. The
applied tests, significances, and number of elements (n) are indicated in each figure legend.
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GFP  green fluorescent protein

MSC  mesenchymal stem cell

NTA nanoparticle tracking analysis
RFP  red fluorescent protein
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O N I

Abstract: Tissue fibrosis is characterized by chronic fibroblast activation and consequently excessive
accumulation of collagen-rich extracellular matrix. In vitro microplate-based assays are essential to
investigate the underlying mechanism and the effect of antifibrotic drugs. In this study, in the absence
of a gold-standard method, we optimized a simple, cost-effective, Sirius Red-based colorimetric
measurement to determine the collagen production of fibroblasts grown on 96-well tissue culture
plates. Based on our findings, the use of a serum-free medium is recommended to avoid aspecific
signals, while ascorbate supplementation increases the collagen production of fibroblasts. The cell-
associated collagens can be quantified by Sirius Red staining in acidic conditions followed by alkaline
elution. Immature collagens can be precipitated from the culture medium by acidic Sirius Red
solution, and after subsequent centrifugation and washing steps, their amount can be also measured.
Increased attention has been paid to optimizing the assay procedure, including incubation time,
temperature, and solution concentrations. The resulting assay shows high linearity and sensitivity and
could serve as a useful tool in fibrosis-related basic research as well as in preclinical drug screening.

Keywords: fibroblast; collagen; extracellular matrix; Sirius Red; functional; microplate; assay

1. Introduction

Fibrosis is an uncontrolled, pathological process, where constant profibrotic signals
promote excessive fibroblast proliferation and overproduction of extracellular matrix
(ECM), mainly collagen, which displaces the functional parenchyma and eventually leads
to organ dysfunction. It can affect almost every organ and plays an important role in
various disorders, such as chronic autoimmune and inflammatory diseases, graft loss after
transplantation, or atherosclerotic plaque formation, making fibrosis a contributor to 45% of
deaths worldwide [1,2]. Currently, the only approved antifibrotic therapeutic opportunities
are the multikinase inhibitors nintedanib or pirfenidone, both targeting the activation and
collagen production of fibroblasts. These drugs are used to treat idiopathic pulmonary
fibrosis and have been shown to reduce disease progression rate, but they cannot prevent,
stop, or reverse fibrosis; moreover, they have significant, mainly gastrointestinal, side
effects that lead to therapy discontinuation [3]. Although a recent study has shown that
the mean survival was significantly higher among patients receiving antifibrotic treatment,
it still remained for approximately 5 years [4]. This global burden makes it imperative to
reveal the exact pathomechanism of fibrosis, identify potential therapeutic targets, and
develop effective antifibrotic compounds.

Fibroblasts are the main executor cells in fibrotic processes. Upon activation by cy-
tokines, chemokines, and growth factors, they migrate to the site of tissue injury, start to
proliferate, and produce ECM to form the mass of scar tissue, whose primary role is to en-
sure tissue integrity [5]. High-throughput microplate-based in vitro systems are essential to
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explore the exact pathomechanism and test the effect of antifibrotic compounds on different
fibroblast functions. Cell viability or proliferation assays are used to monitor the increase in
cell number through their enzyme activity, ATP production, or DNA replication [6]. Methyl
thiazole tetrazolium (MTT) assay, a widely used method to investigate cell proliferation,
belongs to the colorimetric assays and is based on the formation of the purple end-product
formazan by mitochondrial succinate dehydrogenase enzyme in viable cells [7]. The reduc-
tion of apoptosis rate, also a sign of fibroblast activation, can be examined with the MTT
dye-based lactate dehydrogenase (LDH) assay, referring to intracellular enzymes released
from dead cells to the supernatant [8]. Recently, to substitute the scratch assay to evaluate
the migration capacity of fibroblasts, our research group has developed a transient agarose
spot (TAS) assay. This method is based on using agarose droplets as a temporary physical
barrier to create a cell-free zone on the culture plate. The kinetics of gap closure and thereby
the migration capacity of the examined cells can be determined by subsequent graphical
analysis [9].

Although there are a variety of methods available to investigate collagen production
in cell cultures, a simple, cost-effective, high-throughput assay is still lacking. Molecular
biology techniques, such as immunocytochemistry, enzyme-linked immunosorbent assay,
Western blot, polymerase chain reaction, or hydroxyproline assay, are expensive and often
time-consuming methods that do not allow the simultaneous investigation of large numbers
of samples. Of the traditional histological staining methods of collagen-rich ECM, Sirius
Red has been proven to be the most specific and sensitive, compared to Masson’s trichrome
or Van Gieson’s [10,11].

In addition to the above-mentioned difficulties in labeling and quantifying total col-
lagen, another factor complicates the development of a biologically relevant functional
cellular assay. Collagen biosynthesis is a very complex procedure, consisting of multiple
intra- and extracellular steps (Figure 1). After their transcription and translation, pro-
line and glycine-rich pre-procollagen x-chains enter the endoplasmic reticulum, where
post-translation modifications, including signal peptide cleavage, prolyl, and lysyl hy-
droxylation and glycosylation, result in the formation of triple helix pro-collagens. These
water-soluble molecules leave the intracellular space by exocytosis through the Golgi ap-
paratus, and then the N’ and C’ terminal propeptides are enzymatically removed. This
modification allows the supramolecular organization of water-insoluble tropocollagen
molecules into collagen fibrils by a quarter-staggered assembly, mediated by cellular inte-
grins and fibronectin [12-14]. Further maturation and intra- and intermolecular crosslink
formation result in a network of collagen fibers that are attached to the cell surface and
surrounding tissue elements to support their organization [14]. These conditions are dif-
ficult to reproduce in vitro in order to ensure the uninterrupted maturation of collagens,
and it must be considered when developing an appropriate functional assay based on a
two-dimensional cell culture [1,15].
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Figure 1. Collagen biosynthesis and maturation process. The top middle section of the figure shows
the cell organelles with distinct shades of blue, involved in the post-translation modifications of
collagen. Below, the schematic figure illustrates the intra- and extracellular steps of collagen fiber
formation. Based on Veres-Székely et al. [16]. N: nucleus, ER: endoplasmic reticulum; CP: cytoplasm;
GA: Golgi apparatus; ES: extracellular space.

Currently, there are two Sirius Red-based commercial kits for collagen detection.
Despite their relatively high prices, Sircol Collagen Assay (Biocolor, Carrickfergus, UK) and
Sirius Red Total Collagen Detection Assay Kit (Chondrex, Woodinville, WA, USA) have
several limitations. The original Sircol Collagen Assay was designed for the quantification
of insoluble forms of collagens after collagen extraction by acid-pepsin digestion of tissue
samples. This method, including the time-consuming sample preparation, takes a whole
working day, and attention is drawn to certain interfering factors, such as albumin. Indeed,
several studies warn of the shortcomings of the Sircol assay, recommending additional
digestion and separation steps to improve its accuracy and usability [17,18]. A new version
of Sircol was released at the time of the present study, dedicated to measuring soluble
collagens. Although the manufacturer promises improved specificity, no reference is yet
available. However, determination of total collagen production in vitro still requires a
combination of different kits and overnight sample preparation and digestion. Chondrex
provides a Sirius Red Total Collagen Detection Assay Kit for detecting collagen content in
tissue and cell homogenate or cell culture medium. This method is very similar to Sircol,
still requiring solubilization of solid samples by acidic or enzymatic digestion and also a
concentration of a high amount of culture medium (1 mL)—in which the presence of serum
causes high background values.
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The aim of the present study was to develop a simple, fast, cost-effective in vitro
microplate-based method to quantify the amount of mature collagens attached to the
cell surface and that of immature, water-soluble or floating collagens secreted by the
fibroblast into the culture medium, using the collagen-specific Sirius Red dye. In addition
to developing staining procedures, we also optimized the setup of experiments, including
potential adjuvants during the cell treatment. The resulting method is suitable for screening
the efficacy of antifibrotic drugs on the collagen production of fibroblasts.

2. Results
2.1. Detection of Cell-Associated Collagens by Sirius Red Staining

To visualize collagens in fibrotic lung tissue and cell culture, sections were stained with
Sirius Red following the standard histological procedure, and then microscopic images
were taken using bright-field and polarized light illumination techniques (Figure 2a).
Large amounts of collagen deposition were detected in lung tissue samples, shown as
red areas in bright-field images. Polarized light microscopy showed that the majority
of collagens formed a complex system of fibers. In the case of adherent cell culture, the
cytoplasm of fibroblasts showed Sirius Red positivity of which only a small fraction showed
light scattering. Thin fibrils were mostly attached to the cell edges. Similarly, we found
predominantly perinuclear and intracellular immunopositivity in fibroblasts, labeled with
antibodies against pro-collagen or total collagen I (Figure 2b).

Figure 2. Detection of collagens in tissue and cell samples. (a) To visualize Sirius Red-stained fibrotic
mouse lung tissue sections and CCD-19Lu lung fibroblasts, images were taken by bright-field and
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control

polarized light illumination microscopy. (b) To visualize immunostained CCD-19Lu lung fibroblasts
using antibodies raised against pro-collagen I and collagen I, images were taken by fluorescence
microscopy. Scale bar: 50 um.

To investigate collagen production of fibroblasts, unstimulated and TGF-f3-treated
CCD-19Lu cells, grown in 96-well plates were stained with Sirius Red (Figure 3a). The
amount of dye bound to cell-associated collagens was quantified by measuring the ab-
sorbance of their eluates. Treatment with TGF-3, however, resulted in increased Sirius
Red positivity of fibroblasts, and the volume exclusion effect of macromolecular crowd-
ing, investigated by the addition of various polymers (dextran, dextran sulfate sodium,
polyethylene glycol, or ficoll) to the cell medium had no impact on cellular collagen deposi-
tion (Figure 3b).

TGF-$ control  Dx DSS PEG Fc

treatment macromolecule

Figure 3. Detection of cell-associated collagens by Sirius Red staining on TGF-f-treated CCD-
19Lu lung fibroblasts. (a) To visualize Sirius Red-stained cells, images were taken by bright-field
microscopy. Scale bar: 200 um. (b) The effect of macromolecular crowding on collagen production was
investigated in the absence or presence of dextran (Dx), dextran sulfate sodium (DSS), polyethylene
glycol (PEG), and ficoll (Fc). The amount of cell-associated collagens in Sirius Red-stained samples
was determined by the optical density (OD) of their eluates. Results are presented as mean =+ SD,
dots represent individual values (1 = 6). **** p < 0.0001 (two-way ANOVA with Dunnett’s test).

2.2. Detection of Collagens in Cell Culture Medium by Sirius Red Staining

To establish the staining method for the determination of soluble collagen amount in
the cell media, collagen solutions were incubated with Sirius Red and the collagen-dye
precipitates were separated by centrifugation. Microscopic observations revealed strong
and specific labeling of fibrillar collagens (Figure 4a).

An increase in Sirius Red concentration in the staining solution resulted in higher
absorbance of the eluates derived from the centrifuged collagen-dye pellets, but meanwhile,
the intraassay variability was also multiplied (Figure 4b). The high deviation could be
the consequence of auto-precipitation and the instability of dye crystals observed in the
supersaturated solution. The impact of the acetic acid concentration of Sirius Red dye
solution on the labeling efficiency was investigated in collagen solutions diluted with water
or cell culture medium (Figure 4c). Low acid concentration resulted in decreased binding
capacity of Sirius Red, presumably due to the buffer capacity of the medium, resulting in
an alkalic pH shift of the solution mix from the optimal range.

We found that performing the staining and washing procedures at room temperature
resulted in reliable and accurate data; however, the sensitivity of the Sirius Red assay can
be further increased by cooling the reagents, thereby increasing the read signal (Figure 4d).
Stable collagen-dye formation was detected at 15 min of staining of collagen solution, which
could not be further increased by the elongation of incubation time (Figure 4e). When we
compared the different microplate types used in the washing process, V-bottom plates gave
the best results, whereas filters or flat-bottom plates with relatively large surfaces resulted
in a loss of collagen-dye precipitates (Figure 4f).
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Figure 4. Detection of collagens in solution by Sirius Red staining. (a) To visualize Sirius Red stained
collagen I solution (200 pg/mL diluted in culture medium), images were taken with a bright-field
and polarized light illumination microscopy. Scale bar: 200 pm. The effect of (b) dye and (c) acetic
acid concentration of the Sirius Red solution on its collagen labeling efficiency was investigated
on collagen solution diluted with distilled water (H,O) or culture medium (DMEM). The pH of
the resulting mixtures was also determined. The gray bar shows the optimal binding pH range of
Sirius Red on tissue sections based on literary data. The effects of (d) temperature and (e) incubation
time on the labeling efficiency were investigated on collagen solution diluted in a culture medium.
(f) Different microplate types used during the washing steps were also compared. The labeling
efficiency of Sirius Red-stained samples was determined by the optical density (OD) of their eluates.
Results are presented as mean + SD (1 = 6). ns: non-significant, * p < 0.05 (linear regression).

To validate the Sirius Red staining procedure of cell culture supernatants based on
our results and impressions described above, a wide range of collagen dilution series were
stained according to the chosen setup: 0.1% Sirius Red in 3% acetic acid, incubated at room
temperature for 30 min, washed in V-bottom plate. The data obtained confirmed the good

quality of our assay, characterized by a wide range of detection, high sensitivity, and very
low (below 10%) intra- and inter-assay variability (Figure 5).
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Figure 5. Validation of the established assay for collagen detection in solution by Sirius Red staining.
To describe the efficacy of the method, collagen I solution series (0-600 ng/mL) diluted in cell culture
medium (DMEM) were stained with 0.1% Sirius Red in 3% acetic acid, incubated at room temperature
for 30 min, washed in V-bottom plate. The amount of collagens in Sirius Red-stained samples was
determined by the optical density (OD) of their eluates. The efficiency of the method was described
by determining linearity, sensitivity, and precision. Results are presented as mean + SD (1 = 6).

2.3. Optimization of In Vitro Experimental Setup to Detect Collagen Production of Fibroblasts

The effect of FBS concentration on collagen production of CCD-19Lu fibroblasts was
investigated by simultaneous Sirius Red staining of the cells and their culture medium.
We found that FBS itself formed flake-like precipitation with Sirius Red dye, resulting in a
potential non-specific signal in cell culture medium samples (Figure 6a,b). Although the
addition of FBS slightly increased the amount of cell-associated collagens, it also caused
a high aspecific signal during the Sirius Red staining of cell culture medium samples
(Figure 6¢).

(b)

U U.£ Ut VWU VoL R c R o -

FBS [%]

su

0.05 0.1 0.5 1 0 0.05 0.1 0.5 1
FBS [%] FBS [%]

Figure 6. Effect of fetal bovine serum (FBS) on the detection of collagens in cell culture medium.
(a) The non-specific binding of Sirius Red was investigated on FBS solution diluted in a culture
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medium. (b) To visualize Sirius Red precipitates in 1% FBS solution, images were taken by bright-
field and polarized light illumination microscopy. Scale bar: 200 um. (c) To investigate the effect
of FBS on the detection of collagens, TGF-f3-treated CCD-19Lu lung fibroblasts, and their culture
supernatant were stained with Sirius Red. The amount of collagens in Sirius Red-stained samples
was determined by the optical density (OD) of their eluates. Results are presented as mean =+ SD,

dots represent individual values (1 = 5). * p < 0.05; *** p < 0.001; **** p < 0.0001 (two-way ANOVA
with Dunnett’s test).

The impact of ascorbate on cellular collagen production was also investigated. Ascor-
bate solution formed no aggregates with Sirius Red dye (Figure 7a). Red precipitates
separated from stained cell culture medium showed light scattering parts in polarized
light (Figure 7b). The addition of ascorbate into the culture medium resulted in a dose-
dependent increase in the collagen production of TGF-f3-stimulated fibroblasts measured
both on attached cells and in their culture medium (Figure 7c).
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Figure 7. Effect of ascorbate on the detection of collagens in cell supernatants. (a) The non-specific
binding of Sirius Red was investigated on an ascorbate solution diluted in a culture medium. (b) To
visualize Sirius Red precipitates in a culture medium (200 uM ascorbate, TGF-f3 treatment), images
were taken by bright-field and polarized light illumination microscopy. Scale bar: 200 pm. (c) To
investigate the effect of ascorbate on the detection of collagens, TGF-p-treated CCD-19Lu lung
fibroblasts and their supernatant were stained with Sirius Red. The amount of collagens in Sirius Red-
stained samples was determined by the optical density (OD) of their eluates. Results are presented as
mean =+ SD, dots represent individual values (n = 5). * p < 0.05; ** p < 0.01; **** p < 0.0001 (two-way
ANOVA with Dunnett’s test).
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2.4. In Vitro Sirius Red Assay to Investigate the Efficacy of Antifibrotic Drugs

In representative experiments, we investigated the effects of nintedanib and pir-
fenidone on the collagen production of TGF-3-stimulated CCD-19Lu fibroblasts by si-
multaneous Sirius Red staining of the cells and their culture medium. We found that,
although, treatment with nintedanib also reduced the amount of cell-associated collagens
in a dose-dependent manner, with the effect of collagen levels being strong in culture
supernatants, where it completely neutralized the inducing effect of TGE-f3 (Figure 8a).
This difference was even more spectacular in the case of pirfenidone, which had little effect
on cell-associated collagens, but even more so on those in cell culture medium (Figure 8b).
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Figure 8. Sirius Red assay to screen the efficiency of antifibrotic drugs. To investigate the effect of
(a) nintedanib or (b) pirfenidone, TGF-3-treated CCD-19Lu lung fibroblasts and their culture medium
were stained with Sirius Red. The amount of collagens in Sirius Red-stained samples was determined
by the optical density (OD) of their eluates. Results are presented as mean & SD, dots represent
individual values (n = 5). * p < 0.05; **** p < 0.0001 (two-way ANOVA with Dunnett’s test).

3. Discussion

To complete the assay arsenal that can be effectively used in fibrosis-related research,
there is a need to develop a suitable method for the measurement of collagen production
in a near high-throughput manner, in addition to fibroblast proliferation and migration
assays [9]. In this study, we used lung fibroblasts to optimize the in vitro experimental
setup to quantify collagens while considering the related challenges described above.

The collagen-detection method of our choice was based on Sirius Red dye. This
traditional histological staining method has been used since the late 1960s as a potential
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substitution for Van Gieson’s picrofuchsin to detect connective tissue [19]. Initially, the
labeling specificity of Sirius Red was investigated on amyloid plaques, but its usability
proved to be inferior to its rivals [20,21]. In contrast, when Sirius Red was used in com-
bination with picric acid, its specific collagen-binding affinity was found to be excellent;
furthermore, the labeled collagen fibers showed intensely positive birefringence under po-
larized light [11]. There has been a debate about whether Sirius Red is able to differentiate
between collagen types based on their color changes under polarized light, but this is more
likely to be due to the orientation and thickness of the labeled fibers [10,22]. Indeed, it has
been shown in several studies that Sirius Red stains various types (fibrillar I, IL, III, V or
network forming IV) of mature and pro-collagens with similar efficiency and also their
native and digested forms [23-25]. Thanks to its above-mentioned properties, Sirius Red
has become one of the most widely used histological staining techniques to detect fibrotic
areas on certain tissue types [22,26-29]. As shown in Figure 2, Sirius Red staining can also
be used to stain cellular collagens, not only on tissue sections.

The traditional analysis of Sirius Red-stained tissue samples is based on a scoring
system and is evaluated by an experienced pathologist, where digitization and subsequent
graphical analysis of sections is a well-established method that provides reliable and
trustworthy results [30-32]. Data acquisition approaches for Sirius Red can be further
extended to include its chemical properties. The dye molecule is characterized by an
elongated structure with multiple anionic azo (sulfonic acid) groups, which allow Sirius
Red to bind parallelly to the collagen triple helix, which contains mostly cationic amino acid
residues [11]. By the way, this orientation of Sirius Red molecules arranged by the parallelly
connected tropocollagens ensures the birefringence of fibrillar collagens, including type I
and IIT [22,33]. As acidic conditions are required for the positive charge of collagen residues,
the bound dye can be eluted with an alkaline solution, allowing its quantification based on
optical density [18,25]. This approach of staining the fixed cells and then releasing the dye
is much simpler and faster than the commercial kits discussed in the introduction, which
require overnight sample preparation and solubilization.

In this study, we propose Sirius Red staining of fibroblast to determine the amount of
cell-associated collagens. As shown in Figure 3a, fibroblast activation by treatment with
profibrotic growth factor resulted in more intense staining and, consequently, higher ab-
sorbance of the eluted solution. However, as mentioned in the introduction, the maturation
of collagens, which results in the cell-associated fiber form, is a complex multistep process,
which is challenging to model in vitro. Indeed, due to the insufficient tropocollagen con-
version, fiber arrangement, and cell linkage, a significant part of the biologically relevant
collagen fractions cannot be measured as the cell culture medium is usually discarded dur-
ing the staining procedure [1,15]. This is well illustrated by our microscopic images, which
show that even after 7 days of culture, no significant collagen fiber alignment is found
(Figure 2). Previously, it has been shown that the supplementation of cell culture medium
with large macromolecules accelerated the mature collagen deposition in fibroblasts, which
originally required several weeks under standard experimental conditions [34-36]. This
phenomenon is known as the volume exclusion effect, based on the fact that in vivo both
intra- and extracellular proteins are surrounded by other macromolecules, thereby reducing
the actual, available volume of the aqueous environment [34,37]. Molecular crowding medi-
ates protein interactions, including conformational changes, enzymatic reactions, and other
biological processes. In spite of all these, we found no beneficial effect on the deposition of
cell-associated collagens when large polymers (e.g., dextran, polyethylene glycol, ficoll)
are added to the cell culture medium (Figure 3b), most probably due to the duration of the
experiment. As time saving is also an important feature of the high-throughput in vitro
assays, we looked for an alternative solution instead of extending the treatment from 48 h
to 1-2 weeks.

Therefore, we preferred an alternative option to detect non-cell-associated collagens.
As Sirius Red dye molecules bind to the collagen triple helix via ionic interactions, solu-
ble pro-collagen, tropocollagen, and floating mature collagen forms can also be labeled
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(Figure 4a) [25]. The collagen-dye precipitates can be separated by centrifugation, and
similarly to stained cells, pellets can be washed with an acid solution, thereby removing
the excess dye, and then the bound dye can be eluted with an alkaline solution and its
absorbance can be recorded. In the following, the optimization of collagen staining in a cell
culture medium by Sirius Red will be discussed.

In the first step of our experiments, we investigated the effect of the staining envi-
ronment on Sirius Red binding using a collagen solution. We found that the Sirius Red
concentration we selected based on the original histological staining protocols [11] resulted
in a stable, strong signal and that its enhancement was not expedient (Figure 4b). In contrast,
a small modification of the acidity of the staining solution needed to be made, increasing
the acetic acid concentration up to 3% (Figure 4c). This is most likely due to a pH shift of the
sample-staining solution from the optimal range [11], caused by the buffer capacity of the
cell culture medium. As previously discussed, an acidic environment is required for ionic
interaction between Sirius Red and collagen molecules [25]. It has been previously shown
that cooling staining reagents can improve the binding capacity of Sirius Red dye [38].
Similarly, we obtained higher absorbance values when collagen solutions were stained
at 4 °C than at room temperature (Figure 4d). We found that providing low temperature
during the implementation of the Sirius Red assay did not cause any difficulties in the
treatment, and thus it was feasible to increase the sensitivity even for samples with low col-
lagen concentration. We also examined the optimal incubation time of samples with Sirius
Red solution. A stable signal was observed already at 15 min, which was not improved
by longer staining (Figure 4e). On the basis of the literary data, long incubation times
(usually 60 min) of fixed tissue samples are required due to the time-consuming diffusion
of dye molecules into the tightly arranged collagen fibers, attached to the cells [11,24,39].
As the present assay is performed on 96-well culture plates, we compared different types of
microplates to find the optimal one for multiple staining, centrifugation, and washing steps
of cell culture supernatants. We found that the transparent V-bottomed plate was the most
suitable for Sirius Red staining of solutions due to its small bottom surface, which results in
well-formed precipitates, firmly attached to the bottom of the wells (Figure 4f). The efficacy
and sensitivity of the final, optimized staining process is comparable to commercially
available kits (Figure 5).

In the next step of the study, we optimized the in vitro experimental setup to in-
vestigate the collagen production of fibroblasts by Sirius Red staining on both cells and
their culture medium, as described above. The majority of fibroblast-based methods to
investigate collagen production is performed on prolonged or hyperconfluent cell cul-
ture, stimulated by TGF-p-treatment [35]. Therefore, in our experiments, cell seeding
was followed by a proliferation phase triggered by high FBS concentration, which is one
of the main components of the culture medium, containing large amounts of nutrients,
ensuring cell growth [40]. However, it is known that FBS contains high amounts of al-
bumin, a well-known carrier protein, rich in basic amino acid residues, which results in
non-specific binding with various macromolecules, including Sirius Red [18,25,38]. Indeed,
this was supported by our findings when staining culture media containing FBS with Sirius
Red (Figure 6a,b). Meanwhile, our results showed that FBS supplementation during the
fibroblast activation by TGF-f3 treatment had only a moderate effect on the amount of
cell-associated collagens, but at the same time, it masked the specific signal detected in
the culture medium (Figure 6b). Moreover, previously, it has been shown that collagen
production can be increased by cultivating fibroblasts at high confluency and serum de-
privation [41-43]. Therefore, we recommend the use of 0% FBS supplementation in cell
treatments, in which case collagen production can be measured in a specific and sensitive
manner in both cells and their medium by Sirius Red staining.

Finally, we investigated the effect of ascorbate supplementation on the collagen pro-
duction of fibroblasts. Ascorbate, also known as ascorbic acid or vitamin C, is an essential
cofactor of prolyl- and lysyl hydroxylase enzymes that perform the post-translational
modification of collagen & chains, thereby ensuring their formation into triple helixes [44].
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In addition, ascorbate has also been shown to affect collagen production and the tran-
scriptional level by increasing the translation and the stability of collagen mRNAs [45-47].
The essential role of ascorbate on collagen biosynthesis is well illustrated by the typical
symptoms of scurvy, a disease of ascorbate deficiency, affecting skin, gums, and joints
among others due to collagen underproduction, leading to abnormal extracellular matrix
formation in connective tissue [48,49]. We found that ascorbate increased the collagen
production of fibroblasts in a dose-dependent manner, measured both on cells and in their
culture medium (Figure 7). As ascorbate does not form precipitates with Sirius Red dye, we
recommend 200 uM of ascorbate as a culture medium supplement during cell treatments.

As a result, we established an in vitro experimental system that allowed us to investi-
gate the effects of various factors on collagen production. Our assay is based on a similar
principle as commercially available Sirius Red-based kits; however, due to our specific
recommendations for experimental setup, it finally provides more specific and sensitive
results with a fraction of the cost (approx. 1/100) and time (approx. 2 h instead of a whole
workday) required.

Our representative measurements on lung fibroblasts showing the antifibrotic effect of
the two FDA-approved drugs nintedanib and pirfenidone demonstrate the applicability
of Sirius Red assay as an in vitro screening method (Figure 8). The combination of these
two staining methods together provides biologically relevant and reliable data on cellular
collagen production, simultaneously determining the amount of cell-attached and soluble
form of collagens (Figure 9). The simplicity and cost-effectiveness of this microplate-based
method further support its applicability in fibrosis-related research both in basic science
and in preclinical drug development.

nbroblasts 0% FBS
200 uM ascorbate |48 h
+ treatment

cells supernatant

Figure 9. Schematic illustration of Sirius Red-based microplate assay to investigate collagen produc-
tion in vitro. The figure shows the simultaneous staining and detection process of cell-attached and
soluble collagens. FBS: fetal bovine serum; h: hours; CF: centrifugation.
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4. Materials and Methods
4.1. Cell Lines and Treatments

CCD-19Lu (#CCL-210, American Type Culture Collection, Manassas, VA, USA) human
lung fibroblast cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with a 10% heat-inactivated fetal
bovine serum (FBS) (Invitrogen, Waltham, MA, USA) and a 1% penicillin and streptomycin
(Merck, Kenilworth, NJ, USA) mixture under standard cell culture conditions (37 °C,
humidified, 5% CO5).

For in vitro experiments, CCD-19Lu cells were seeded into 96-well tissue culture
plates (Sarstedt, Newton, MA, USA) at a density of 10* cells/well (n = 5-6 wells/treatment
group) and grown in DMEM with 10% FBS for 24 h, followed by 1% FBS in DMEM for an
additional 24 h to achieve full confluence. Cells were then treated with 1 nM recombinant
transforming growth factor beta 1 (TGF-f3, #PHG9204, Thermo Fisher Scientific) diluted in
FBS-free DMEM containing 200 uM ascorbate (Merck) for 48 h unless otherwise indicated.

To investigate the effect of volume exclusion, co-treatment with dextran 40 (Dx)
(40 kDa, 50 mg/mL, Reanal Ltd., Budapest, Hungary), dextran sulfate sodium salt (DSS)
(40 kDa, 100 ng/mL, MP Biomedicals, LLC, Irvine, CA, USA), polyethylene glycol (PEG)
(20 kDa, 50 mg/mL, Merck) or ficoll 400 (Fc) (400 kDa, 50 mg/mL, Pharmacia Fine Chemi-
cals, Uppsala, Sweden) were applied.

In representative experiments, co-treatment with 0.01-1 uM of nintedanib or pir-
fenidone (Vichem Chemie Research, Budapest, Hungary) was also investigated. Control
cells were treated only with the respective solvents in equal volumes (TGF-3: 4 mM HC],
nintedanib, pirfenidone: DMSO).

4.2. Sirius Red Collagen Detection Assay for Cells

At the end of the in vitro experiments, after the removal of the culture medium, the
cells were washed with 200 pL of phosphate-buffered saline (PBS) and fixed with 50 uL of
Kahle’s solution, containing 26% ethanol, 3.7% formaldehyde, and 2% glacial acetic acid, at
room temperature for 15 min. After another washing step with 200 uL of PBS, cells were
stained by adding 50 uL of 0.1% Sirius Red (Direct Red 80) solution dissolved in 1% acetic.
The plates were incubated at room temperature for 1 h, then wells were washed with 400 uL
of 0.1 M HCI. Next, 100 uL of 0.1 M NaOH solution was added to each well to eluate the
bound dye from the cell-associated collagens. Microscopic images were taken from Sirius
Red-stained cells right before the elution step. All reagents were purchased from Merck.
The absorbance of solutions was determined as optical density (OD) on 540 nm wavelength
using a CLARIOstar microplate reader with MARS Data Analysis Software v4.01 (BMG
Labtech, Ortenberg, Germany).

4.3. Sirius Red Collagen Detection Assay for Cell Culture Medium

A series of dilutions of rat tail-derived collagen type I (#A10483-01; Thermo Fisher Sci-
entific) in distilled water or DMEM was used in the optimization steps of collagen staining
in the culture medium. Centrifugation and washing steps were performed and com-
pared in various 96-well microplates, including flat-bottom (Sarstedt), V-bottom (Thermo
Fisher Scientific), or 0.45 um low-binding hydrophilic polytetrafluoroethylene (PTFE) filter
plate (Merck).

At the end of the in vitro experiments, cell culture medium with a volume of 100 uL
was transferred into a V-bottom 96-well microplate (Sarstedt) and was stained by adding
50 uL of 0.1% Sirius Red solution dissolved in 3% acetic acid. The samples were mixed
thoroughly and incubated at room temperature for 30 min. To separate the collagen-dye
precipitates, the plates were centrifuged at 3000 x g for 6 min. The unbound dye solution
was aspirated with a multichannel pipette; thereafter, the wells were washed with 150 pL
of 0.1 M HCl solution and subsequent centrifugation. To each well, 100 pL of 0.1 M NaOH
solution was added to eluate the bound dye, thereafter samples were transferred into a
transparent flat-bottom 96-well plate and their absorbance was measured as previously
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described. Microscopic images were taken from Sirius Red-stained collagen solutions or
cell culture medium right before the elution step when collagen-dye precipitates were
resuspended in an HCl solution and dripped onto a slide and covered by a glass coverslip.

4.4. Immunofluorescence Staining

CCD-19Lu cells were seeded into 4-well chambers (Sarstedt) at a density of 6 x 10* cells/well
and cultured in DMEM containing 10% FBS for 7 days. Subsequently, cells were rinsed with
500 uL of PBS, fixed and permeabilized with 300 pL of BD Cytofix/Cytoperm™ (BD Bio-
sciences, Franklin Lakes, NJ, USA) at room temperature for 15 min, then rinsed with 500 pL
of BD Perm/Wash™ (BD Biosciences). Cells were incubated with primary antibodies spe-
cific for either procollagen 1«2 (sc-166572; mouse, 1:100, Santa Cruz Biotechnology, Dallas,
TX, USA) or collagen type I alpha 1 (sc-293182; mouse, 1:100, Santa Cruz Biotechnology)
at room temperature for 1 h, washed with 500 pL. BD Perm/ Wash™ for 2 min, incubated
with goat anti-mouse Alexa Fluor® 568-conjugated IgG secondary antibody (A11004; 1:500,
Thermo Fischer Scientific) at room temperature for 1 h and washed again with 500 uL of
BD Perm/Wash™ for 2 min. Appropriate controls were performed omitting the primary
antibodies to ensure their specificity and to avoid autofluorescence. Finally, slides were
cover slipped using ProLong™ Gold Antifade Mountant (Thermo Fischer Scientific).

4.5. Microscopy

Microscopic images were taken with fluorescence, bright-field, or polarized light
illumination techniques using the Olympus IX81 microscope system (Olympus Corporation,
Tokyo, Japan) with 20x or 100x objectives.

Subsequent merging steps of corresponding image pairs were performed using Image]
1.48v software (National Institutes of Health, Bethesda, Rockville, MD, USA). Briefly, color
images taken with bright-field and polarized light illumination from the same field of view
were transformed into 8-bit format, then merged together using red (bright-field) and green
(polarized) channels to visualize and compare the detected signals.

4.6. Statistical Analysis

Statistical evaluation of the data was performed using GraphPad Prism 9.1.2 software
(GraphPad Software Inc., San Diego, CA, USA). Curves from the dilution series were
compared by linear regression analysis. For the multiple comparisons of data from in vitro
measurements, ordinary two-way ANOVA with Dunnett’s tests were used. Unless other-
wise indicated, results are presented as mean =+ SD of the corresponding groups. The tests
applied, significance (p), and number of elements (1) are indicated in each figure legend.

Descriptive statistics were performed to describe the performance of ‘Sirius Red
Collagen Detection Assay for Cell Culture Medium’. Linearity was determined based
on the range of the collagen concentration for which a linear curve could be fitted, while
regression (R?) < 0.95 was met. The limit of detection was determined based on the minimal
collagen concentration at which the absorbance was significantly different from the baseline.
Accuracy was defined as the mean difference between nominal and measured collagen
concentrations in the linear range. Intra-assay variability was defined based on the average
coefficient of variations from the samples of linear range measured in a single experiment.
Inter-assay variability was determined as the coefficient of variation derived from the mean
values of samples of linear range measured in six independent experiments.

4.7. Step-by-Step Protocol of In Vitro Sirius Red Assay

4.7.1. Preparing Reagents

e  Kahle’s fixative solution: 26% ethanol, 3.7% formaldehyde, and 2% glacial acetic acid
diluted in distilled water

e  Sirius Red solution for cell staining: 0.1% Direct Red 80 dissolved in 1% acetic acid
containing distilled water
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e  Sirius Red solution for cell medium staining: 0.1% Direct Red 80 dissolved in 3% acetic
acid containing distilled water
HCl solution: 0.1 M HCl in distilled water
NaOH solution: 0.1 M NaOH in distilled water

4.7.2. Cell Culture and Treatment

e  seed cells into 96-well plates to reach near-full confluence and culture them for 24 h in
a culture medium containing 10% FBS
change to medium containing 1% FBS for 24 h to reach full confluence
change to medium containing 0% FBS, 200 pM ascorbate, and treat cells with the
examined agents or factors for 48 h

4.7.3. Sirius Red Staining of Cells

transfer the cell culture medium into a V-bottom 96-well microplate
carefully wash cells with 200 uL/well PBS

fix cells with 50 uL/well Kahle’s solution at room temperature for 15 min
wash cells with 200 uL/well PBS

stain cells with 50 pL/well Sirius Red solution at room temperature for 1 h
wash cells with 400 uL /well HCI solution

elute collagen-bound dye with 100 uL./well NaOH solution

4.7.4. Sirius Red Staining of Cell Culture Medium

e add 50 pL/well Sirius Red solution to the previously transferred 100 pL/well medium,
mix thoroughly, and incubate at room temperature for 30 min

e  centrifuge the plates at 3000x g for 6 min to precipitate the collagen-dye complex from

the solution

remove the remaining fluid carefully without touching the precipitates

add 150 pL/well HCI solution, then centrifuge the plates at 3000x g for 6 min

remove the remaining fluid carefully without touching the precipitate

elute collagen-bound dye with 100 uL./well NaOH solution

transfer the eluted solution into transparent flat-bottom 96-well plates for detection

4.7.5. Detection

e  measure the absorbance of the samples in a microplate reader at 540 nm wavelength
either NaOH solution can be used as blank, or samples can be normalized on the
background absorbance at 690 nm wavelength

e this method is applicable for the semi-quantitative comparison of collagen content
between samples, but not for the exact quantification

e  to quantify collagen content, collagen serial dilution in DMEM can be prepared and
stained by the Cell Culture Medium protocol to create the standard curve
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