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Abstract: Fibroblasts are the prevalent cell type and main source for extracellular matrix (ECM) in
connective tissue. Depending on their origin, fibroblasts play a central role in non-pathological tissue
remodeling and disease like fibrosis. This study examined the effect of established culture conditions
of primary human fibroblasts, from different origins on the myofibroblast-like phenotype formation.
We isolated primary human fibroblasts from aortic adventitia, lung, juvenile- and adult skin and
investigated the expression levels of CD90, alpha smooth muscle actin (xXSMA) and procollagen I
under different concentrations of fetal calf serum (FCS) and ascorbic acid (AA) in culture media by
immunoblot and immunofluorescence assays. Furthermore, we determined the viability using XTT
and migration/wound healing in scratch assays. Collagen 1 secretion was quantified by specific ELISA.
Primary human fibroblasts show in part a myofibroblast-like phenotype even without addition of
FCS. Supplemented AA reduces migration of cultured fibroblasts with no or low concentrations of
FCS. Furthermore, AA and higher concentrations of FCS in culture media lead to higher levels of
collagen 1 secretion instead of procollagen I accumulation. This study provides evidence for a partial
switch of primary human fibroblasts of different origin to a myofibroblast-like phenotype under
common culture conditions.

Keywords: fibroblast; myofibroblast phenotype; alpha smooth muscle actin; CD90; ascorbic acid;
procollagen I

1. Introduction

Fibroblasts represent a complex and versatile group of cells involved in many cellular processes
in connective tissue and are derived from embryonic mesoderm. As such, they can be found in almost
every tissue and organ of the body [1].

Fibroblasts are the primary cells that produce and maintain the extracellular matrix (ECM) in
connective tissues [2]. Beyond production of ECM (e.g., different collagen types) and ground substance
(e.g., glycosaminoglycans), fibroblasts play various roles in health and disease. Fibroblasts are involved
in key processes such as tissue remodeling and wound healing [3]. Furthermore, fibroblasts are
central mediators in inflammation, angiogenesis, cancer, and in physiological and pathological tissue
fibrosis [4]. Fibrosis can affect almost every tissue of the body and is a frequent pathological feature of
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chronic inflammatory diseases. During fibrosis many cellular processes and different cell types are
involved, specifically fibroblasts, who become activated and change their phenotype. One critical
pathway in fibrosis is the transforming growth factor beta (TGF-f3)-pathway [5,6].

The term myofibroblast was first described for granulation tissue in wound healing and was
characterized by fibroblast induction of microfilaments and bundles similar to smooth muscle cells
(SMCs) [7,8]. Later on, the involvement of myofibroblasts became recognized in different organ
disorders and organ remodeling [9].

The fibroblast to myofibroblast transition involves stress fiber formation, consisting of alpha
smooth muscle actin (xXSMA), an actin isoform, usually expressed in vascular SMCs (VSMCs), further
leading to migration, proliferation, and production of ECM, such as collagen type 1 [10]. Additional to
regulators such as TGF-f3, the secreted SPARC related modula calcium-binding protein 2 (SMOC2) was
described to be an important element of myofibroblast transition in kidney fibrosis [11]. Increasing
matrix stiffness, a phenomenon observed in aging tissue, can also drive myofibroblast activation [12,13].
Alpha SMA was demonstrated to be upregulated in rodent fibroblasts when they become activated and
change their contractibility and migration pattern [14,15]. Although fibroblasts are the principal effector
cells in fibrosis, macrophages and other inflammatory cells, epithelial cells, cytokines, and growth
factors constitute an intricate network, which regulates myofibroblast differentiation [16].

Initiation of myofibroblast differentiation is regulated mainly by TGF-$1 and beside xSMA, also
collagen type I is induced [3,16-18]. The addition of AA to human dermal fibroblast culture together
with TGF-31 was reported to induce a switch to a myofibroblast phenotype independently of Smad?2/3
signaling [19]. AA was demonstrated to be necessary for procollagen processing and secretion in
rodent cardiac fibroblasts and is connected to fibrosis [6,20].

CD90 (Thy-1) is expressed on the surface of several fibroblast subsets. The role of CD90
in myofibroblast differentiation is unclear, but CD90 may play a role in wound repair and
fibrosis [21]. CD90 is a small surface glycoprotein, which was demonstrated to control proliferation
and differentiation in fibroblasts. As such, activated fibroblasts express CD90. Serum as a supplement
added to cell culture media is important for growth and viability of various cells and cell lines.
Although serum is mostly heat inactivated, it contains many different growth factors, chemokines,
cytokines, and proteins [22].

Aortic adventitial fibroblasts (AoAF) may be involved in the development of aortic diseases
like aortic aneurysms and atherosclerotic vessel remodeling [23-25]. Therefore, to study AoAF into
detail, the culture and comparison of primary human fibroblasts from various organs is of interest.
In this study, we investigated the influence of usual supplements to cell culture, fetal calf serum
(FCS) and the antioxidant AA on the fibroblast-to-myofibroblast differentiation of cultured primary
human fibroblasts.

2. Material and Methods

2.1. Isolation of Primary Fibroblasts

Fibroblasts were isolated from the following tissues: aortic fibroblast from the ascending aorta of
recipients of heart transplantation [26], lung fibroblasts from tumor-free lung tissue specimens [27],
juvenile skin fibroblasts from foreskin [28], and dermal skin from tissue from healthy individuals [29].
All subjects gave written informed consent. The studies were approved by the ethics committee of
the Medical University of Vienna and the General Hospital Vienna (EK 957/2011, EK 1123/2009, EK07
176-VK, EK 1280/2015).

2.2. Purification of Aortic Adventitial Fibroblasts and Juvenile Dermal Fibroblasts

AoAF were isolated by separating the adventitia from the media of aortic tissue. Then, adventitial
tissue was incubated with collagenase/elastase mixture for 3 h at 37 °C, centrifuged and re-suspended
in DMEM media (Lonza) containing 10% FCS. Isolated cells were cultured on gelatin (0.2%) coated
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cell culture flasks. Cells were further purified using anti-CD90 antibody-(AS02, DIA 100, Dianova,
Hamburg, Germany) loaded magnetic beads (Cellection Pan mouse IgG kit Dynal, Invitrogen, Carlsbad,
CA, USA) as described in [28]. Briefly, cells were treated with trypsin and incubated with CD90 beads
in RPMI (containing antibiotics and 0.1% FCS). Beads bound cells were isolated with a magnetic
particle concentrator (Dynal MPC-S, Dynal Invitrogen) and cultured for further analysis.

2.3. Culture of Primary Fibroblasts

For analysis, all primary fibroblast types were used at passages 5 to 10 and cell culture plates
were coated with 0.2% gelatin (Sigma Aldrich, St. Louis, MO, USA) in PBS. Fibroblasts were grown in
DMEM with 4.5 g/L glucose and glutamine (Lonza), 25 mM HEPES (Sigma Aldrich, pH 7.4), 100 ug/mL
streptomycin, 100 U/mL penicillin (Pen/Strep), and 10% FCS (Linaris, LaborChemie, Vienna, Austria).
After serum starvation, cells were incubated with different concentrations of heat inactivated FCS.
AA (Sigma Aldrich) was added to cell culture at a final concentration of 100uM as described in [30].
Different concentrations of human serum albumin (HSA; Kedrion, Lucca, Italy) or bovine serum
albumin (BSA; Sigma) were used for culture. Albumin was used in increasing concentrations of
0.0115%, 0.023%, 0.046%, 0.092%, 0.23% and 0.46% (corresponding to 0.5%, 1%, 2%, 4%, 10% and 20%
FCS) Albumin concentrations used were calculated by using the albumin content in serum which is
described at an amount of 23 g/L [31]. Cells were incubated for 48h before analysis and media was
changed after 24 h. All experiments were repeated at least 4 times. One cell line was used for each
source, with the exception of the AoAFs, which came from four different donors.

2.4. Scratch Assays

The wound scratch or migration assay was performed with different fibroblast types according
to [32]. Cells were FCS starved for 24 h (as described above). Briefly, the cell monolayer was scraped
in a straight line with a 200 uL pipet tip. Along the scratch prefixed points were selected for taking
representative images using a phase-contrast microscope (Olympus, Tokyo, Japan) or using a TECAN
SPARK 20M (TECAN, Morrisville, NC, USA). Wound closure or cell migration was calculated as the
percentage of newly by fibroblasts covered area (3—4images per sample) in relation to the untreated
control (taken as 100%). Alternatively, the cell migration was calculated by measuring cell confluence
using TECAN SPARK 20M in relation to the untreated control as described above. After scratching,
the medium was replaced with fresh media containing different concentrations of FCS or albumin or
FCS and AA (100 uM) and cells were incubated for 18-48 h before analysis.

2.5. Immunofluorescence Microscopy

Fibroblasts (10* per well) were seeded on 0.2% gelatin-coated 8 well glass chamber slides (Corning,
Thermo Scientific, Waltham, MA, USA) and cultured in DMEM with 25 mM HEPES and Pen/Strep.
Cells were incubated with different concentrations of FCS or albumin as described above. Cells were
fixed with 4% paraformaldehyde, permeabilized with 0.5% saponine and unspecific binding sites were
blocked using goat serum. Monoclonal antibodies were incubated at 4 °C. The following antibodies
were used: anti-human fibroblast surface protein clone (FSP1) mIgM (Sigma Aldrich 1B10; 1:500),
mouse-anti-human CD90 (Dianova AS02; 1:200), rabbit anti human «SMA (Abcam, Cambridge, UK,
1:100), rabbit anti-human vimentin (Santa Cruz, Dallas, TX, USA, 1:100). As secondary antibodies,
goat anti-mouse Alexa 488 goat anti-rabbit, Alexa 546 at (dilution 1:500, Thermo Fisher Scientific,
Waltham, MA, USA )) and goat anti-mouse IgM Alexa Fluor 546 at (dilution 1:500, Thermo Fisher
Scientific) were used. As isotype control, rabbit (Abcam) at a final concentration of 5 pg/mL or mouse
IgG (BD Pharmingen) at a final concentration of 1 pg/mL, as well as rabbit polyclonal IgG (Abcam)
at a final concentration of 2 pg/mL were used. Nuclei were stained with TO-PRO-3 (Thermo Fisher
Scientific 1:500) or HOECHST (10 ng/mL). After a final washing step, the glass slides were dried and
mounted with ProLong® Gold antifade reagent (Invitrogen). Image acquisition was conducted using
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an LSM 510 Meta attached to an Axioplan 2 imaging MOT using ZEN software 2008 (LSM 710, Zeiss,
Oberkochen, Germany) or a NIKON Ti Eclipse confocal microscope (Nikon, Tokyo, Japan).

2.6. Immunoblot Assay

Three to 5 X 10° fibroblasts were seeded on gelatin-coated 10cm petri dishes in DMEM (Lonza,
Szabo Scandic) and incubated with different concentrations of FCS, BSA or HSA and FCS + AA. Cells
were washed with PBS and collected using a cell scraper, centrifuged and re-suspended in TDLP (triple
detergent lysis buffer; 0.1% SDS, 1% NP-40; 0.5% sodium deoxycholate (Sigma Aldrich)) containing
protease inhibitors. Extracts were treated with ultrasound (Hielscher) and protein content was
determined using a BCA kit (Pierce) and calculated using a BSA standard curve (Biorad). 10 to 30 ug of
protein extracts were separated on 12% PAA or 8% PAA gels and blotted onto nitrocellulose membranes
(G&E Healthcare, Amersham, UK), blocked with 5% non-fat milk powder (Biorad, Hercules, CA,
USA) or 5% BSA (Sigma Aldrich) and incubated with the following primary antibodies: Anti-CD90
polyclonal antibody rabbit (Abcam) or Dianova mAb (AS02) or anti-aSMA (Abcam) or DAKO (1A4),
anti-fibroblast surface protein (1B10, Sigma Aldrich), polyclonal anti-vimentin (Santa Cruz), Col1Al
(3G3; Santa Cruz):, -tubulin rabbit mAb (3F3 Cell Signaling), GAPDH rabbit mAb (14C10; Cell
Signaling). Incubation of first antibodies was carried out ON. Secondary antibodies coupled with
HRP (Cell Signaling) were incubated for at 1h RT. Blots were incubated with HRP substrate (LiteAblot,
Euroclone) and detected by X-ray film (Thermo Fisher Scientific, Waltham, MA, USA). Specific signals
were normalized to GAPDH or tubulin using the Image Quant software TL 8.1(GE Healthcare Life
Sciences, Marlborough, MA, USA).

2.7. XTT Assay for Determination of Cell Viability

Cells were grown for 24 h on gelatin-coated 96 well plates. XTT sodium salt powder (Biomol,
Hamburg, Germany) was dissolved in medium according to the manufacturer’s instructions and
phenazine methosulfate (PMS) (at 5 uM) was added. The plates were incubated for an additional
4 h and the optical density was measured at 450 nm (reference wavelength -595 nm) using a Victor?
ELISA reader (Perkin Elmer, Waltham, MA, USA). For quantifications, the background levels of media
without cultured cells were subtracted.

2.8. Sirius Red staining of Fibroblasts

Fibroblasts were grown on glass chamber slides (Corning) for 24 h. Afterwards cells were FCS
starved. Cells were incubated with different amounts or no FCS (0, 0.5, 1, 2, 4, and 10%), with or
without 100 uM AA. Supernatants were frozen at —80 °C until further use. Cells were stained with
Sirius Red (SR) according to [33]. Briefly, cells were fixed with methanol ON at —20 °C and carefully
washed with PBS and stained with 1% picro-Sirius red solution (Sigma) for 1h at RT. Cells were washed
with 0.1% acidic acid, treated with ethanol followed by xylene and mounted with Entellan (Merck,
Darmstadt, Germany). Image acquisition was conducted using a Nikon C2 Eclipse microscope.

2.9. Collagen 1 ELISA

Supernatants of cell culture (48 h) after incubation with different concentrations of FCS as described
above and with AA (100 uM), were frozen at —80° prior to further analysis. Supernatants were diluted
1:20 and collagen 1 was quantified with human procollagen I alpha 1 (COLIA1) ELISA according to the
manufacturer’s instructions (R&D Systems). The optical density was measured using a TECAN Spark
reader and results were calculated by subtraction of 450-540nm values.
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2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6-software (GraphPad, San DiegoLa
Jolla, CA, USA). Groups were compared using one-way ANOVA and Tukey’s multiple comparison
test. p values < 0.05 were considered as statistically significant.

3. Results

3.1. CD90 + Cultured Primary Human Fibroblasts Express aSMA

To assess if different concentrations of heat inactivated FCS influence primary human fibroblasts
in vitro, CD90+ cells were isolated from the adventitial layer of ascending aortic tissue and then
cultured in medium with increasing FCS concentrations for 48 h. For comparison, fibroblasts from
dermal fat tissue, from juvenile fore skin and from adult lung were isolated. Cells were cultured at early
passages with different amounts of FCS supplemented to media (without FCS up to 10% as indicated).
Additionally, the effect of AA on fibroblasts of different origin in combination with increasing amounts
of FCS was studied. We observed a decrease in the CD90 expression only in human adventitial aortic
fibroblasts (AoAF) with increasing amounts of FCS (Figure 1). CD90 expression levels seems to be
lower with none or low amounts of FCS and AA, but increases with higher concentrations of FCS
(Figure 1) in human adventitial fibroblasts.
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Figure 1. Expression levels of CD90 with different concentrations of fetal calf syndrome (FCS) and
FCS plus 100 pM ascorbic acid (AA) within the culture medium of different fibroblast types. (A)
Expression levels of CD90 are illustrated by immunoblots as indicated. For normalization, protein
levels of GAPDH are demonstrated. (B) Quantification of CD90 is present as ratio of CD90/GAPDH
signal. Data are the mean of at least 2—4 experiments with polyclonal and monoclonal Abs for CD90.
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Pulmonary CD90+ fibroblasts did only slightly change their CD90 expression, while adult dermal
fibroblasts showed increased CD90 expression levels in response to higher amounts of FCS and AA
(Figure 1B).

The expression of XSMA, an early feature for myofibroblast phenotype switching under certain
conditions [10,14] was additionally determined in cultured CD90+ fibroblasts. We observed expression
of ’SMA in all primary cultures of fibroblasts, however the amount of xSMA expression varied with
increasing concentrations of FCS (Figure 2). In AoAF, the expression of «SMA was elevated with
concentrations of 2% FCS while in pulmonary and skin fibroblasts 0.5% of FCS showed elevated levels
of xSMA expression (Figure 2). Interestingly, all fibroblast cultures expressed aSMA without FCS as
a supplement. Addition of AA did not reverse the effect of myofibroblast differentiation in primary
fibroblasts, however in AoAF and juvenile skin fibroblasts without FCS protein levels of xSMA were
reduced and did not change with different amounts of FCS in combination with AA.
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Figure 2. Expression levels of alpha SMA with different concentrations of FCS and FCS plus 100 uM
Ascorbic acid in culture medium in fibroblasts. (A) Expression levels of xSMA are illustrated by
immunoblots as indicated. For normalization, protein levels of GAPDH are demonstrated. (B)
Quantification of xXSMA is present as ratio of xXSMA/GAPDH signal. Data are the mean of at least 24
experiments with polyclonal and monoclonal Abs for xSMA.
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To further investigate the frequency of aSMA-expressing fibroblasts, we performed
immunofluorescence staining and confocal microscopy for the different types of fibroblasts. While all
cells expressed CD90, only some cells within the same culture and mainly AoAF co-expressed «SMA.
Furthermore, the XSMA expression was increased at higher FCS levels = AA as illustrated for AoAF
(Figure 3).

0% 0.5% 1% 2% 4% 10% FCS

merge

aSMA

CD90

0% 0.5% 1% 4% 10% FCS + AA

merge

aSMA

CD90

1% 2% 4% 10 % FCS

0% 0.5%

Figure 3. Expression levels of CD90 (green), FSP1 (red), vimentin (green) and aSMA (green) in
AoAFs shown by immunofluorescence staining and confocal microscopy pictures. CD90 (Thy-1), FSP1,

FSP1 +aoSMA

- - vimentn

and vimentin are expressed in all fibroblasts, while xSMA is expressed only in individual cells. Nuclei
were stained with TOPRO-3 or Hoechst-stain and are shown in blue.

Vimentin expression was demonstrated in all cells and expression levels were not changed
under different FCS concentrations. Additionally, fibroblast surface protein (FSP1) did not show
any differential expression patterns in immunofluorescence-based analysis (Figure 3). In contrast,
in confocal microscopy pulmonary fibroblasts showed only marginal expression of xXSMA at low levels
of FCS which was not further induced by high dose FCS (data not shown). Fibroblasts of adult and
juvenile skin showed an FCS independent xSMA expression pattern of only few cells and a constant
vimentin and FSP1 expression pattern (data not shown).
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3.2. Increasing FCS Concentration in addition with AA Changes the Viability and Reduces the Migration

Capability of AoAF and Other Fibroblast Types

To determine the viability of fibroblasts we performed a metabolic activity assay (XTT assay)

(Figure 4A).
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Figure 4. Determination of viability in different fibroblast types with increasing FCS concentrations with
or without AA. (A) Incubation of AoAF, lung, adult dermal and juvenile skin fibroblasts with different
concentrations of FCS increases viability, with the exception of AoAFs. (B) in contrast incubation of cells
with AA without FCS reduces the cell viability, but addition of FCS increases viability to normal levels.
Columns and error bars represent the mean and SD of optical density. * p < 0.05, ** p < 0.01, *** p < 0.001.
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AoAF showed no change in viability with increasing concentrations of FCS (Figure 4A). In contrast,
dermal fibroblasts (both juvenile and adult skin fibroblasts) showed an optimal metabolic activity at
2-4% FCS while pulmonary fibroblasts exhibited increased viability at 0.5% FCS (Figure 4A). Addition
of AA to low amounts of FCS or no FCS, reduced the viability especially in AoAF, however higher
doses of FCS resulted in similar viability as with FCS alone (Figure 4B).

Migration was determined in all fibroblast types using a wound healing assay (in vitro scratch
assay) (Figure 5). Pulmonary and juvenile skin fibroblasts had improved migration properties than
AoAF and adult dermal fibroblasts without addition of FCS to culture media. Interestingly, juvenile
skin fibroblast showed a significant increase in migration only with an FCS concentration of 2%. AoAF
showed improved migration at higher concentrations of FCS (4 and 10% of FCS). Pulmonary fibroblasts,
however, migrated best at 1% and 0.5% FCS concentration in cell culture media. Furthermore,
adult dermal fibroblasts had the best migratory properties with 4% FCS added to cell culture media
(Figure 5A). Addition of AA to different concentrations of FCS resulted in a reduced migration capability
(Figure 5B).

3.3. Minor Effects of Bovine or Human Serum Albumin on the Myofibroblast Phenotype Switch in Primary
Human Fibroblasts

TGF-f31 was described to be detectable in an inactive form in FCS [34]. Therefore, we hypothesized
that TGF-f1 is not responsible for myofibroblast transition in cell culture in this setting. Since bovine
albumin (BSA) is the most abundant protein in FCS [31] and human albumin (HSA) in human serum,
we investigated if different amounts of albumin could influence the myofibroblast phenotype of
cultured fibroblasts in vitro. Albumin levels were adapted to the different amounts of FCS and added
to media at increasing concentrations. Expression levels of xSMA did not differ when BSA or HSA
were added to cell culture media (Figure S1). In XTT assays, the cell viability did not change with HSA
and BSA as a supplement (Figure 52). Additionally, in migration assays only AoAF improved their
migration ability in response to higher albumin concentrations whereas other fibroblast types showed
non-significant fluctuations in migration with increasing amounts of albumin (Figure S3). Therefore,
albumin does not seem to promote the myofibroblast-like phenotype in primary fibroblast cultures
in vitro.

3.4. Intracellular Procollagen I Accumulation Differs with AA and Varying FCS Concentrations

Additionally to xSMA, type I and type 3 collagens were described to be expressed in cells of
myofibroblast phenotype after TGF-f31 stimulation of rodent kidney fibroblasts [17,35]. To estimate the
collagen content within the different primary fibroblasts from different organs, we performed Sirius
red staining (Figure 54). Intracellular collagen seemed to be accumulated in AoAF with increasing
amounts of FCS and AA. This was also visible in the pulmonary and skin fibroblasts. In fibroblasts
growing in media with higher amounts of FCS however, characteristic nodules were visible indicating
secretion of collagen (Figure S4 black arrows).

To elucidate differences in procollagen I expression, indicating a myofibroblast-phenotype,
we performed immunoblots with procollagen I-specific antibody. In whole cell extracts of AoAFs
high amounts of procollagen I were detectable with increasing doses of FCS (Figure 6). Additionally
procollagen I expression was decreased in AoAF with increasing amounts of FCS and AA, suggesting
that higher amounts of collagen might be secreted (Figure 6).
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Figure 6. Procollagen I accumulates with increasing amounts of FCS in AoAF and skin fibroblasts,
but is secreted after addition of AA. (A) Procollagen I (Col 1A1) expression after incubation with
different amounts of FCS or without FCS is demonstrated in immunoblots. Tubulin is demonstrated as
loading control. (B) Procollagen I expression in the presence of AA and with different amounts of FCS

is demonstrated in immunoblots.

The same effect was visible in dermal fibroblasts (Figure 6). Pulmonary fibroblasts, however
reacted differently and showed less intracellular procollagen I expression at higher serum levels
(Figure 6). In cell culture conditions with FCS and AA, intracellular procollagen I accumulation also
decreased with increasing doses of FCS (Figure 6). In adult and juvenile skin fibroblasts, an additional
band of about 130kDa was detectable in lysates of cells incubated with higher amounts of FCS and AA.
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This indicates that all three forms of procollagen necessary for conversion of procollagen into collagen
are detectable [19]. Since we found accumulation of collagen in Sirius red stained fibroblasts and
high expression levels of Col1Al in cell lysates, we investigated secretion of procollagen 1 of different
fibroblasts under different conditions using a procollagen I ELISA. All cell lines released substantial
amounts of ColIA1l, although the collagen levels secreted were lower in cell cultures without serum.
Significantly higher amounts of soluble procollagen 1 were detectable in AoAF and juvenile skin

fibroblasts without serum and AA compared to cultures without FCS (Figure 7).
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(=1
1

N
o
1

20

x% T - = e
aortic adventitial
fibroblasts
-+ - + - 4+ - 4+ - + - + 100uM ascorbic acid
0 0.5 1 2 4 10 % FCS
T T T
- -

pulmonary fibroblasts

-4+ - 4+ - + -+ -+ - + 100uM ascorbic acid
0 0.5 1 2 4 10 % FCS

dermal fibroblasts

60+

20+

-+ -+ - + -+ -+ - + 100uM ascorbic acid
0 0.5 1 2 4 10 % FCS

juvenile skin fibroblasts

-+ - + - + -+ -+ - + 100uM ascorbic acid
0 0.5 1 2 4 10 % FCS

Figure 7. Ascorbic Acid enhances secretion of collagen IA1 in primary fibroblasts with different
concentrations of FCS or without FCS. Secretion of collagen IA1 was quantified by ColIA1 specific
ELISA: Amounts are demonstrated in ng/mL as columns with standard deviation. ** p < 0.01.
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Additionally, cells incubated with FCS and AA mostly showed higher amounts of secreted Col
1A1 in contrast to cells supplemented with FCS alone.

4. Discussion

Culture conditions, especially the presence of TGF-3, were demonstrated in several studies to
promote transition of fibroblasts to a myofibroblast phenotype. As an additional supplement AA seems
to enhance the effect and lead to an increase of collagen type 1 production. Indeed, in cell culture media
commercially available and in usual media, FCS as well as other supplements are added in different
concentrations, therefore transition of primary fibroblasts to a myofibroblast-like phenotype may vary.

We found that CD90 (Thy 1) expression is differentially regulated in primary fibroblasts with
different concentrations of FCS and AA, while addition of TGF-f1 to cardiac fibroblasts was described
not to change CD90 expression but myofibroblast contractile markers [36]. Nevertheless, variations in
expression levels of CD90 seems not to correlate with the myofibroblast marker «aSMA.

The vascular adventitia is a critical mediator in vessel remodeling and arterial disease progression
as well as after vascular intervention and in vascular inflammation initiation. Consequently, adventitial
fibroblasts (AF) become activated. Excessive collagen deposition leads to thickening and stiffening of
vessel wall and supports vascular fibrosis, which influences the AF phenotype [37,38]. Additionally,
AF play an important role in vessel remodeling through their increased migration ability [39,40].
Therefore, to obtain optimal secretion of collagen 1 the addition of FCS and AA seems to be more
efficient than with FCS alone. Secretion of procollagen I especially with moderate or higher amounts
of FCS seems to be more efficient in all primary fibroblasts tested.

Albumin is often used as a serum replacement for different cell culture conditions. Since the
most abundant protein in serum is albumin, we challenged cultured fibroblasts of different origin
with increasing amounts of BSA, as a xeno-protein, and HSA, the human albumin. Purified albumin,
independently if bovine or human albumin was used, however had only minor effects on myofibroblast
differentiation. In our study, higher amounts of BSA even showed reduction of viability in some
primary fibroblast lines. Notably, purified albumin is a supplement often used in serum-free media
commercially available [41].

Medium supplements have an important influence on growth performance as exemplified for
the proliferation and differentiation of mesenchymal stem cells [42]. Cultured primary fibroblasts
behave differently depending on their origin. Interestingly, only a part of the cells differentiates to
a myofibroblast-like phenotype depending on the culture conditions. This effect can partially be
suppressed with addition of AA. Additionally, AA supplemented to primary fibroblasts in culture
leads to secretion of procollagen I rather than intracellular accumulation with higher amounts of FCS
Furthermore, even though not addressed in this study; it is highly feasible that fibroblasts isolated
from diseased tissue may also have disorder-associated features in culture compared to primary cells
from healthy donors. Differences in age of the original tissue should also be considered in cultured
primary cells. All these parameters have to be evaluated regarding in vitro model systems based on
cell culture. Most striking, the mere in vitro culture of fibroblasts (irrespective of media composition,
serum inclusion) seems to trigger the differentiation to the myofibroblast phenotype.

5. Conclusions

Primary cell types are rare and important for disease-related in vitro studies as opposed to
immortalized cell lines. However, cell culture conditions, in particular the addition of supplements to
media can change the phenotype of primary cells in vitro.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/7/721/s1,
Figure S1 to Figure S3: Additional data with different amounts of BSA and HSA respectively. Figure S4: Sirius red
staining for estimation of collagen with different culture conditions in primary human fibroblasts.


http://www.mdpi.com/2073-4409/8/7/721/s1

Cells 2019, 8, 721 14 of 16

Author Contributions: Conceptualization, B.M. and U.B. Methology: U.B., B.W., C.B., A.G. B.H. B.M. Resources:
C.B., B.H., G.L. Writing-Original Draft Preparation, U.B.; Writing-Review & Editing, C.B. and B.M. All authors
approved the final version of the work.

Funding: This research was supported by institutional funding.

Acknowledgments: The authors would like to thank Daniela Scheinig and Eva Eichmair for excellent technical
assistance and Lukas Unger for providing additional material.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sorrell, ].M.; Caplan, A.IL Fibroblasts-a diverse population at the center of it all. Int. Rev. Cell Mol. Biol. 2009,
276,161-214. [CrossRef] [PubMed]

2. Humphrey, ].D.; Dufresne, E.R.; Schwartz, M.A. Mechanotransduction and extracellular matrix homeostasis.
Nat. Rev. Mol. Cell Biol. 2014, 15, 802-812. [CrossRef] [PubMed]

3.  Tomasek, ].J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano-regulation of
connective tissue remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349-363. [CrossRef] [PubMed]

4. Kendall, R.T.; Feghali-Bostwick, C.A. Fibroblasts in fibrosis: Novel roles and mediators. Front. Pharmacol.
2014, 5, 123. [CrossRef] [PubMed]

5. Wynn, T.A;; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med.
2012, 18, 1028-1040. [CrossRef] [PubMed]

6. Rockey, D.C.; Bell, P.D.; Hill, J.A. Fibrosis—A Common Pathway to Organ Injury and Failure. N. Engl. ]. Med.
2015, 373, 96. [CrossRef] [PubMed]

7. Gabbiani, G.; Ryan, G.B.; Majne, G. Presence of modified fibroblasts in granulation tissue and their possible
role in wound contraction. Experientia 1971, 27, 549-550. [CrossRef] [PubMed]

8. Majno, G.; Gabbiani, G.; Hirschel, B.J.; Ryan, G.B.; Statkov, PR. Contraction of granulation tissue in vitro:
Similarity to smooth muscle. Science 1971, 173, 548-550. [CrossRef] [PubMed]

9.  Zalewski, A.; Shi, Y. Vascular myofibroblasts. Lessons from coronary repair and remodeling.
Arterioscler. Thromb. Vasc. Biol. 1997, 17, 417-422. [CrossRef]

10. Hinz, B.; Celetta, G.; Tomasek, ]J.J.; Gabbiani, G.; Chaponnier, C. Alpha-smooth muscle actin expression
upregulates fibroblast contractile activity. Mol. Biol. Cell 2001, 12, 2730-2741. [CrossRef]

11.  Gerarduzzi, C.; Kumar, RK,; Trivedi, P; Ajay, AK,; Iyer, A.; Boswell, S.; Hutchinson, J.N.; Waikar, S.S.;
Vaidya, V.S. Silencing SMOC2 ameliorates kidney fibrosis by inhibiting fibroblast to myofibroblast
transformation. JCI Insight 2017, 2. [CrossRef] [PubMed]

12.  Van Putten, S.; Shafieyan, Y.; Hinz, B. Mechanical control of cardiac myofibroblasts. J. Mol. Cell Cardiol. 2016,
93, 133-142. [CrossRef] [PubMed]

13.  Wang, J.; Zohar, R.; McCulloch, C.A. Multiple roles of alpha-smooth muscle actin in mechanotransduction.
Exp. Cell Res. 2006, 312, 205-214. [CrossRef] [PubMed]

14. Xu, G.; Redard, M.; Gabbiani, G.; Neuville, P. Cellular retinol-binding protein-1 is transiently expressed
in granulation tissue fibroblasts and differentially expressed in fibroblasts cultured from different organs.
Am. ]. Pathol. 1997, 151, 1741-1749. [PubMed]

15. Li, G.; Chen, Y.E; Greene, G.L.; Oparil, S.; Thompson, J.A. Estrogen inhibits vascular smooth muscle
cell-dependent adventitial fibroblast migration in vitro. Circulation 1999, 100, 1639-1645. [CrossRef]
[PubMed]

16. Kis, K.; Liu, X.; Hagood, J.S. Myofibroblast differentiation and survival in fibrotic disease. Expert Rev.
Mol. Med. 2011, 13, e27. [CrossRef]

17.  Desmouliere, A.; Geinoz, A.; Gabbiani, F; Gabbiani, G. Transforming growth factor-beta 1 induces
alpha-smooth muscle actin expression in granulation tissue myofibroblasts and in quiescent and growing
cultured fibroblasts. J. Cell Biol. 1993, 122, 103-111. [CrossRef]

18.  Van der Rest, M.; Garrone, R. Collagen family of proteins. FASEB. ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 1991,
5,2814-2823. [CrossRef]

19. Piersma, B.; Wouters, O.Y.; de Rond, S.; Boersema, M.; Gjaltema, R.A.F.; Bank, R.A. Ascorbic acid promotes a

TGF betal-induced myofibroblast phenotype switch. Physiol. Rep. 2017, 5. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1937-6448(09)76004-6
http://www.ncbi.nlm.nih.gov/pubmed/19584013
http://dx.doi.org/10.1038/nrm3896
http://www.ncbi.nlm.nih.gov/pubmed/25355505
http://dx.doi.org/10.1038/nrm809
http://www.ncbi.nlm.nih.gov/pubmed/11988769
http://dx.doi.org/10.3389/fphar.2014.00123
http://www.ncbi.nlm.nih.gov/pubmed/24904424
http://dx.doi.org/10.1038/nm.2807
http://www.ncbi.nlm.nih.gov/pubmed/22772564
http://dx.doi.org/10.1056/NEJMra1300575
http://www.ncbi.nlm.nih.gov/pubmed/26132959
http://dx.doi.org/10.1007/BF02147594
http://www.ncbi.nlm.nih.gov/pubmed/5132594
http://dx.doi.org/10.1126/science.173.3996.548
http://www.ncbi.nlm.nih.gov/pubmed/4327529
http://dx.doi.org/10.1161/01.ATV.17.3.417
http://dx.doi.org/10.1091/mbc.12.9.2730
http://dx.doi.org/10.1172/jci.insight.90299
http://www.ncbi.nlm.nih.gov/pubmed/28422762
http://dx.doi.org/10.1016/j.yjmcc.2015.11.025
http://www.ncbi.nlm.nih.gov/pubmed/26620422
http://dx.doi.org/10.1016/j.yexcr.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16325810
http://www.ncbi.nlm.nih.gov/pubmed/9403724
http://dx.doi.org/10.1161/01.CIR.100.15.1639
http://www.ncbi.nlm.nih.gov/pubmed/10517736
http://dx.doi.org/10.1017/S1462399411001967
http://dx.doi.org/10.1083/jcb.122.1.103
http://dx.doi.org/10.1096/fasebj.5.13.1916105
http://dx.doi.org/10.14814/phy2.13324
http://www.ncbi.nlm.nih.gov/pubmed/28904079

Cells 2019, 8, 721 150f 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cowling, R.T,; Park, J.I; Sotimehin, A.E.; Greenberg, B.H. Ascorbate starvation alters endoplasmic
reticulum-resident enzymes in cardiac fibroblasts, priming them for increased procollagen secretion. J. Mol.
Cell. Cardiol. 2017, 113, 1-8. [CrossRef] [PubMed]

Rege, T.A.; Hagood, ].S. Thy-1, a versatile modulator of signaling affecting cellular adhesion, proliferation,
survival, and cytokine/growth factor responses. Biochim. Biophys. Acta 2006, 1763, 991-999. [CrossRef]
[PubMed]

Ayache, S.; Panelli, M.C.; Byrne, K.M.; Slezak, S.; Leitman, S.F.; Marincola, EM.; Stroncek, D.F. Comparison of
proteomic profiles of serum, plasma, and modified media supplements used for cell culture and expansion.
J. Transl. Med. 2006, 4, 40. [CrossRef] [PubMed]

Tieu, B.C.; Lee, C.; Sun, H.; Lejeune, W.; Recinos, A., 3rd; Ju, X.; Spratt, H.; Guo, D.C.; Milewicz, D.; Tilton, R.G.;
et al. An adventitial IL-6/MCP1 amplification loop accelerates macrophage-mediated vascular inflammation
leading to aortic dissection in mice. J. Clin. Investig. 2009, 119, 3637-3651. [CrossRef] [PubMed]

Kessler, K.; Borges, L.F.; Ho-Tin-Noe, B.; Jondeau, G.; Michel, ].B.; Vranckx, R. Angiogenesis and remodelling
in human thoracic aortic aneurysms. Cardiovasc. Res. 2014, 104, 147-159. [CrossRef] [PubMed]

Yu, B; Liu, Z; Fu, Y,; Wang, Y.; Zhang, L.; Cai, Z; Yu, F; Wang, X.; Zhou, J.; Kong, W. CYLD
Deubiquitinates Nicotinamide Adenine Dinucleotide Phosphate Oxidase 4 Contributing to Adventitial
Remodeling. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1698-1709. [CrossRef] [PubMed]

Baranyi, U.; Stern, C.; Winter, B.; Turkcan, A.; Scharinger, B.; Stelzmuller, M.E.; Aschacher, T.; Andreas, M.;
Ehrlich, M.; Laufer, G.; et al. The megaaortic syndrome: Progression of ascending aortic aneurysm or a
disease of distinct origin? Int. ]. Cardiol. 2017, 227, 717-726. [CrossRef] [PubMed]

Haigl, B.; Vanas, V.; Setinek, U.; Hegedus, B.; Gsur, A.; Sutterluty-Fall, H. Expression of microRNA-21 in
non-small cell lung cancer tissue increases with disease progression and is likely caused by growth conditional
changes during malignant transformation. Int. J. Oncol. 2014, 44, 1325-1334. [CrossRef] [PubMed]
Buchberger, E.; El Harchi, M.; Payrhuber, D.; Zommer, A.; Schauer, D.; Simonitsch-Klupp, I.; Bilban, M.;
Brostjan, C. Overexpression of the transcriptional repressor complex BCL-6/BCoR leads to nuclear aggregates
distinct from classical aggresomes. PLoS ONE 2013, 8, e76845. [CrossRef] [PubMed]

Kober, J.; Gugerell, A.; Schmid, M.; Kamolz, L.P.; Keck, M. Generation of a Fibrin Based Three-Layered Skin
Substitute. Biomed. Res. Int. 2015, 2015, 170427. [CrossRef]

Kishimoto, Y.; Saito, N.; Kurita, K.; Shimokado, K.; Maruyama, N.; Ishigami, A. Ascorbic acid enhances the
expression of type 1 and type 4 collagen and SVCT?2 in cultured human skin fibroblasts. Biochem. Biophys.
Res. Commun. 2013, 430, 579-584. [CrossRef]

Lindl, T. Zell-und Gewebekultur; Spektrum Akademischer Verlag: Heidelberg, Germany, 2002.

Liang, C.C; Park, A.Y.; Guan, J.L. In vitro scratch assay: A convenient and inexpensive method for analysis
of cell migration in vitro. Nat. Protoc. 2007, 2, 329-333. [CrossRef] [PubMed]

Xu, Q.; Norman, J.T.; Shrivastav, S.; Lucio-Cazana, J.; Kopp, ].B. In vitro models of TGF-beta-induced fibrosis
suitable for high-throughput screening of antifibrotic agents. Am. ]. Physiol. Renal. Physiol. 2007, 293,
F631-F640. [CrossRef] [PubMed]

Oida, T.; Weiner, H.L. Depletion of TGF-beta from fetal bovine serum. J. Immunol. Methods 2010, 362, 195-198.
[CrossRef] [PubMed]

Roberts, A.B.; Sporn, M.B.; Assoian, R K.; Smith, ].M.; Roche, N.S.; Wakefield, L.M.; Heine, U.L; Liotta, L.A.;
Falanga, V.; Kehrl, J.H.; et al. Transforming growth factor type beta: Rapid induction of fibrosis and
angiogenesis in vivo and stimulation of collagen formation in vitro. Proc. Natl. Acad. Sci. USA 1986, 83,
4167-4171. [CrossRef] [PubMed]

Hudon-David, E; Bouzeghrane, F.; Couture, P.; Thibault, G. Thy-1 expression by cardiac fibroblasts: Lack
of association with myofibroblast contractile markers. J. Mol. Cell. Cardiol. 2007, 42, 991-1000. [CrossRef]
[PubMed]

Maiellaro, K.; Taylor, W.R. The role of the adventitia in vascular inflammation. Cardiovasc. Res. 2007, 75,
640-648. [CrossRef] [PubMed]

Scott, R.A.; Kharkar, PM.; Kiick, K.L.; Akins, R.E. Aortic adventitial fibroblast sensitivity to mitogen activated
protein kinase inhibitors depends on substrate stiffness. Biomaterials 2017, 137, 1-10. [CrossRef] [PubMed]
Strauss, B.H.; Rabinovitch, M. Adventitial fibroblasts: Defining a role in vessel wall remodeling. Am. ].
Respir. Cell Mol. Biol. 2000, 22, 1-3. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.yjmcc.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28923350
http://dx.doi.org/10.1016/j.bbamcr.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16996153
http://dx.doi.org/10.1186/1479-5876-4-40
http://www.ncbi.nlm.nih.gov/pubmed/17020621
http://dx.doi.org/10.1172/JCI38308
http://www.ncbi.nlm.nih.gov/pubmed/19920349
http://dx.doi.org/10.1093/cvr/cvu196
http://www.ncbi.nlm.nih.gov/pubmed/25139748
http://dx.doi.org/10.1161/ATVBAHA.117.309859
http://www.ncbi.nlm.nih.gov/pubmed/28751569
http://dx.doi.org/10.1016/j.ijcard.2016.10.072
http://www.ncbi.nlm.nih.gov/pubmed/27836291
http://dx.doi.org/10.3892/ijo.2014.2272
http://www.ncbi.nlm.nih.gov/pubmed/24452750
http://dx.doi.org/10.1371/journal.pone.0076845
http://www.ncbi.nlm.nih.gov/pubmed/24146931
http://dx.doi.org/10.1155/2015/170427
http://dx.doi.org/10.1016/j.bbrc.2012.11.110
http://dx.doi.org/10.1038/nprot.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/17406593
http://dx.doi.org/10.1152/ajprenal.00379.2006
http://www.ncbi.nlm.nih.gov/pubmed/17494090
http://dx.doi.org/10.1016/j.jim.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20837018
http://dx.doi.org/10.1073/pnas.83.12.4167
http://www.ncbi.nlm.nih.gov/pubmed/2424019
http://dx.doi.org/10.1016/j.yjmcc.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17395197
http://dx.doi.org/10.1016/j.cardiores.2007.06.023
http://www.ncbi.nlm.nih.gov/pubmed/17662969
http://dx.doi.org/10.1016/j.biomaterials.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28527302
http://dx.doi.org/10.1165/ajrcmb.22.1.f172
http://www.ncbi.nlm.nih.gov/pubmed/10615057

Cells 2019, 8, 721 16 of 16

40. Sartore, S.; Chiavegato, A.; Faggin, E.; Franch, R.; Puato, M.; Ausoni, S.; Pauletto, P. Contribution of adventitial
fibroblasts to neointima formation and vascular remodeling: From innocent bystander to active participant.
Circ. Res. 2001, 89, 1111-1121. [CrossRef]

41. Iwata,K.; Asawa, Y,; Nishizawa, S.; Mori, Y.; Nagata, S.; Takato, T.; Hoshi, K. The development of a serum-free
medium utilizing the interaction between growth factors and biomaterials. Biomaterials 2012, 33, 444-454.
[CrossRef]

42.  Gharibi, B.; Hughes, EJ. Effects of medium supplements on proliferation, differentiation potential, and
in vitro expansion of mesenchymal stem cells. Stem. Cells Transl. Med. 2012, 1,771-782. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1161/hh2401.100844
http://dx.doi.org/10.1016/j.biomaterials.2011.09.056
http://dx.doi.org/10.5966/sctm.2010-0031
http://www.ncbi.nlm.nih.gov/pubmed/23197689
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Isolation of Primary Fibroblasts 
	Purification of Aortic Adventitial Fibroblasts and Juvenile Dermal Fibroblasts 
	Culture of Primary Fibroblasts 
	Scratch Assays 
	Immunofluorescence Microscopy 
	Immunoblot Assay 
	XTT Assay for Determination of Cell Viability 
	Sirius Red staining of Fibroblasts 
	Collagen 1 ELISA 
	Statistical Analysis 

	Results 
	CD90 + Cultured Primary Human Fibroblasts Express SMA 
	Increasing FCS Concentration in addition with AA Changes the Viability and Reduces the Migration Capability of AoAF and Other Fibroblast Types 
	Minor Effects of Bovine or Human Serum Albumin on the Myofibroblast Phenotype Switch in Primary Human Fibroblasts 
	Intracellular Procollagen I Accumulation Differs with AA and Varying FCS Concentrations 

	Discussion 
	Conclusions 
	References

