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A Novel In Vitro Disease Model for Systemic Sclerosis Using

Polyisocyanide Hydrogels
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Systemic sclerosis (SSc) is a rare autoimmune disease with limited treatment
options that is characterized by fibrosis in various organs. To screen the
effectiveness of new therapies, there is an urgent need for reliable in vitro
models. Key is that diseased cells’ characteristics are maintained, which is
challenging in currently used setups. In this study, an in vitro 3D culture
system is described using the biocompatible polyisocyanide (PIC-RGD)
hydrogel and SSc patient-derived fibroblasts from affected (lesional cells) and
from healthy-skin (healthy cells). In contrast to the standard collagen-coated
2D cultures, the cells in the 3D PIC-RGD gels maintain the native phenotype
and functionality of the primary cells. The functionality of the model is studied
in the presence of the fibrosis stimulator transforming growth factor g1
(TGFB1) and the suppressor tumor necrosis factor (TNFa). In this study, it is
observed that lesional cells have a stronger fibrotic character with increased
contraction, proliferation, and expression of collagen, and myofibroblast
markers a-smooth muscle actin and fibroblast activation protein. The high
tunability of the hydrogel, which can maintain the native functionality of
fibroblasts in in vitro cultures, delivers a crucial step in developing these
materials into an effective tool for personalized medicine approaches of SSc

1. Introduction

Systemic sclerosis (SSc) is an autoimmune
disease characterized by inflammation, vas-
culopathy, and severe fibrosis of connective
tissues affecting first the extremities and ul-
timately internal organs. SSc is associated
with an estimated loss of life-expectancy of
more than 15 years(!! and a severely reduced
quality of life.l!l The disease is rare, with
an estimated incidence of 13 people per
1 million every year, but severe with high
morbidities.[}] The leading cause of death
is pulmonary complications that start when
the disease reaches the lungs. To date, there
is a lack of treatment options for SSc pa-
tients, creating a high unmet medical need.

Major contributors to the lack of treat-
ment options are the poor understanding
of SSc pathophysiology and the large dis-
ease heterogeneity, that is, it manifests dif-
ferently in many patients. Consequently,
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there is an urgent need for personalized
disease models that can examine patient-
specific pathogenesis, predict disease pro-
gression, and screen for new treatment
strategies and targets.[*] In vitro models are preferred over in vivo
models, because they are more cost-effective, faster, and reduce
the use of animals.l’) The most commonly used in vitro mod-
els are based on 2D monolayer cultures, however, they poorly
resemble the in vivo disease microenvironment in terms of to-
pography, stiffness, and viscoelasticity. Although 2D cultures are
experimentally readily accessible and easily studied, they lack in-
terconnected cell networks. Moreover, interactions between the
cells and their extracellular matrix (ECM) and subsequent sig-
naling pathways are not modeled in 2D.I%8] To close the knowl-
edge gap between oversimplified 2D experiments and the na-
tive tissue,”! 3D disease models are needed that mimic the tis-
sue microenvironment.[' A key challenge is that the 3D models
should maintain the phenotypes of different cells for example,
healthy and disease-affected or lesional cells, often fibroblasts.
Recently, progress has been made to use the third dimension
for in vitro SSc disease models. Collagen gels have been used as
a 3D cell culture matrix,['! which showed that collagen synthesis
in lesional cells is increased compared to healthy cells. However,
collagen-based gels, like other gels of biological origin, face disad-
vantages of poor control and batch-to-batch variations. As such,
synthetic gels are more interesting since they provide a highly
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reproducible cell environment.l"!l Polyacrylamide-based hydro-
gels with varying stiffness have been used to culture healthy and
SSc-derived human dermal fibroblasts.>12] The studied stiffness
regime was, however, relatively high compared to native ECM
and the cells were seeded on top of the gel instead of inside the
gel. As such, the hydrogel was not used to maintain cell function
but rather to study the effect of substrate stiffness on the cell be-
havior. Another group used a composite hydrogel of polyethylene
glycol, combined with carboxymethyl chitosan, to culture mes-
enchymal stem cells in order to study SSc treatment.['*] Beyond
these experiments, a direct comparison between healthy and SSc-
derived fibroblasts is rare.

Our group developed a synthetic temperature-sensitive poly-
isocyanide (PIC) hydrogel that closely resembles the fibrous,
porous architecture and mechanical properties of structural ECM
proteins, such as collagen and fibrin.['*!>] The mechanical prop-
erties of the gel are readily modified by changing the polymer
concentration (like any hydrogel) and molecular weight,[*®! but,
more importantly, also by external stimuli such as temperaturel!’]
and magnetic fields('#1°] that exploit the strain-stiffing character
of the material. Once decorated with cell-adhesive peptides, such
as the commonly used arginine-glycine-aspartic acid motive (ab-
breviated RGD), the gel turns into a versatile and signal-lean 3D
cell culture platform for a wide variety of cells, including stem
cells,[2-21 fibroblasts, ! kidney cells,!?)] and many others, 2430
as well as organoids.?'**) Additionally, initial studies also show
potential for PIC gels for in vivol3*33] applications. Over the past
years, PIC gels matured as a matrix that is highly tailorable in
physical and biochemical properties, which is potentially advan-
tageous when developing a simple screening approach for SSc
models or, in fact, any other disease model that is characterized
by a large heterogeneity.

Here, we use RGD-decorated PIC (PIC-RGD) to culture pri-
mary fibroblasts retrieved from SSc patients from lesional and
disease unaffected areas. In our 3D in vitro model, we focus
on maintaining the native cell functionality of both fibroblast
strains. For benchmarking, we compare our results to those from
a collagen-coated 2D model, which is a preferred substrate as un-
treated tissue culture plastic strongly affects cell behavior.['!] The
efficacy of the model was studied by treating it with different sol-
uble biological cues: stimulation (transforming growth factor 1,
TGFp1) and suppression (tumor necrosis factor, TNFa) toward
developing fibrotic phenotypes, respectively. The functionality of
these cells was characterized by determining the expression of al-
pha smooth muscle actin (¢SMA), fibroblasts activation protein
(FAP), and collagen 1 (COL1) as well as, at a more macroscopic
scale, measuring contractile properties of both the lesional and
disease unaffected cells in the PIC-RGD hydrogel.

2. Experimental Section

2.1. Synthesis of PIC-RGD Hydrogel

PIC hydrogel was synthesized as reported earlier in two
steps.[% First, azide-decorated PIC was made using the com-
mercially available isocyanide monomer isocyano-(D)-alanyl-
(L)-alanine-tri(ethylene glycol) and the corresponding azide-
appended monomer (prepared in our lab) in the presence of a
Ni(ClO,),*6H,O0 catalyst. The ratio of isocyanide monomer: azide
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monomer was 30:1 (3.3%) and the total monomer:catalyst ra-
tio was 1000:1. Monomers and catalysts were mixed together in
toluene and the reaction mixture was stirred overnight at room
temperature. Fourier transform infrared (FTIR) confirmed the
completion of the reaction by the disappearance of isocyanide ab-
sorption at 2140 cm™!. The PIC polymer was then precipitated
in diisopropyl ether under vigorous stirring and isolated by cen-
trifugation. The polymer was dissolved in dichloromethane and
precipitated in diisopropyl ether two more times.

The cell-adhesive peptide H-Gly-Arg-Gly-Asp-Ser-OH
(GRGDS or RGD, Bachem Germany) was conjugated to the
PIC polymer using DBCO-PEG,-NHS (Bioconjugate technolo-
gies, Scottsdale, US) spacer as described earlier.[?*33] Briefly, the
peptide dissolved in borate buffer (6 mg mL™") and the spacer
in dimethylsulfoxide (6 mg mL™!) were stirred in a molar ratio
1:1.1 peptide:spacer at room temperature. Completion of the
reaction was confirmed using mass spectrometry. The azide
functionalized PIC polymer (2.5 mg mL™!) was dissolved in
acetonitrile and added to the DBCO-RGD mixture (ratio of azide
to DBCO 1:1). After 24 h of reaction, PIC conjugated GRGDS
(PIC-RGD) was precipitated in diisopropyl ether, collected by
centrifugation, dried, and stored in the form of a pellet. Before
use in the cell culture experiments, PIC-RGD pellets were
subjected to UV sterilization (254 nm, 10 min) and dissolved in
sterile PBS at a concentration of 8 mg mL™! at 4 °C overnight.
The dissolved polymer was stored at —20 °C to be used at the
time of cell seeding.

2.2. Physical Characterization of the Hydrogel

The porosity of PIC-RGD hydrogel was visualized using confo-
cal microscopy as described earlier.*®l DBCO-Cy3 (20 um, 1:10,
Sigma (St. Louis, MO, USA) was mixed with the PIC-RGD stock
solution and incubated for 30 min at 4 °C. The mixed solution
was then added to a microplate and heated to 37 °C, after which
the formed gel was left to equilibrate for 1 h. The microstructure
of the hydrogel was then visualized using the Leica SP8x confo-
cal microscope. Rheological experiments were carried out using a
steel parallel plate geometry (20 mm) on a rheometer (Discovery
HR-1, TA instruments). On the pre-cooled (5 °C) bottom plate,
the PIC-RGD solution was added and the top plate was lowered.
The protocol started with a temperature ramp to 37 °C at a rate
of 8 °C min~! and a time sweep of 15 min. Data was recorded in
the linear viscoelastic regime at 1% strain with a 1 Hz frequency.

2.3. Primary Cell Isolation

Primary skin fibroblasts were isolated as described earlier.’’!
Skin biopsies of size 4 mm were taken from the unaffected part
and the lesional fibrotic part of the forearm of systemic sclero-
sis patients; in this manuscript, the cells are named healthy and
lesional cells, respectively. The study protocol was approved by
the local ethics committee (study number: NL57997.091.16). All
patients provided written informed consent prior to the proce-
dure. Biopsies were then cultured in a 24 well plate in the pres-
ence of complete DMEM Glutamax medium /(Gibco,Waltham,
MA, USA) containing 20% fetal calf serum (FCS), 100 mg mL™!
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streptomycin, 100 U mL~! penicillin, and 100 mg L' pyruvate
in normal culture conditions (37 °C, 5% CO,) until spontaneous
outgrowth of the fibroblasts occurred. The medium was replaced
twice in a week.

2.4. Cell Culture

The primary fibroblasts were cultured in complete DMEM con-
taining 10% FCS and 1% penicillin/streptomycin 100 mg L
pyruvate until 80-90% confluency using collagen-coated T-flasks.
The flasks or the plates were coated with collagen R solution
0.2%, 1:20 in PBS (Serva electrophoresis, Heidelberg, Germany)
for 1 h at room temperature. For all the experiments, the passage
number was between 4 and 9. For seeding, cells were harvested
using trypsin-EDTA and resuspended in medium after centrifu-
gation. For the 3D cultures, cells were mixed with cold PIC gel
(final concentration 2 mg mL™!) at a final concentration of 10°
cells mL~. A hydrogel volume of 10, 100, or 300 uL was used for
uncoated u-Slide angiogenesis dishes (Ibidi, Munich, Germany),
96 well plates or 48 well plates, respectively. The hydrogel was
allowed to equilibrate at 37 °C for 45 min. After the gel had so-
lidified, the medium with three different conditions was added:
1) without supplement (untreated), 2) with TGFp1 (Sigma, St.
Louis, MO, USA, 10 ng mL™!), and 3) with TNFa (Abcam ltd,
Cambridge, UK, 10 ng mL™"). All experiments were performed
in triplicate for each cell strain. Time points used for experiments
were day 3 and day 5, for the latter the medium was changed at
day 3. During the medium change and different assays process-
ing the 3D plates were kept on a hot plate at 37 °C. For the 2D
cultures, before seeding, the plates were coated with collagen R
solution 0.2%, 1:20 in PBS (Serva electrophoresis, Heidelberg,
Germany) for 1 h at room temperature. Cells were seeded at a
density of 10* cells mL~!. The same concentration for the stimu-
lants was used as in the 3D cultures.

2.5. Cell Spreading 3D and 2D Culture

To determine the cell spreading and physiology of the lesional
and healthy cell strains in both 3D and 2D cultures, a phalloidin
staining was performed. The cells were fixed with 10% forma-
lin for 10 min on day 3 or 5. After fixation, the cells were in-
cubated with Triton X (0.5% in PBS) for 20 min. A phalloidin
solution (400X stock solution, 1:400, Molecular Probes Life tech-
nologies) was added to the cells for 1 h, followed by washing with
0.05% Tween-20/PBS and counterstaining with 4’,6-diamidino-
2-phenylindole (DAPI, 1 mg mL™!, 1:100, Sigma, St. Louis, MO,
USA) for 15 min. Finally, the cells were quickly rinsed with PBS
and imaged under the SP8x AOBS-WLL confocal microscope
(Leica Microsystems, Mannheim, Germany). The laser was set
at a wavelength of 591 nm and UV-light.

2.6. Contraction Assay of Fibroblasts in PIC-RGD Hydrogel
The contraction of the gel was determined at day 3 and 5 in a y-

Slide. The bright field images of the hydrogel were taken at 2.5x
objective and the images were analyzed using Image | software
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version 1.51 (NIH, MD, USA). The percentage of contraction was
determined by Equation (1):

(A4 - 4A,)

0

contraction = x 100% (1)

where A, is the area of the plate and A, is the area occupied by
the hydrogel at day 3 or 5.

2.7. Live-Dead Assay

A live-dead staining was performed to determine if the cells re-
mained viable after 5 days of culturing in both the 2D and 3D
experiments. A solution of Calcein (2 mu; Invitrogen, Waltham,
USA) and TOTO-3 (1 mu; Invitrogen, Waltham, USA) at a con-
centration of 1:1000 were prepared in medium and added to cells
in both 3D and 2D culture for 1 h. After the incubation, the
medium was removed and PBS was added. The cells were im-
aged under the SP8x AOBS-WLL confocal microscope (Leica Mi-
crosystems, Mannheim, Germany). The laser was set at a wave-
length of 488 nm and 647 nm for Calcein and TOTO-3, respec-
tively.

2.8. Quantifluor DNA Assay

QuantiFluor dsDNA assay kit (Promega, Madison, USA) was
used to analyze the DNA concentration in a 96 well plate. The
culture medium was removed from the plate and the cells were
washed with PBS followed by addition of 500 uL of deionized
water (MilliQ, MQ). After mixing the cell lysates were stored at
—20 °C. In case of 3D culture, before adding MQ the plate was
placed on ice for 20 min to make the hydrogel liquid. The quan-
tification was subsequently performed according to the manufac-
turer’s instruction. Briefly, quantifluor dye was prepared (1:200)
in 1XTE buffer. The diluted sample (50 uL) was then mixed with
dye (50 pL) and added to 96 well plate (flat bottom, black) and
incubated at room temperature for 5 min in dark. The fluores-
cence was measured using a UV-vis spectrometry (Tecan Spark
M10 plate reader) (Aeiration = 485 M, A icsion = 530 nm). The
fluorescence was normalized with day 0 value.

2.9. Viability Assay CCK8

The proliferation and cell viability of the lesional and healthy
cell strains were performed using a Cell Counting Kit-8 (CCKS;
Sigma,St. Louis, MO, USA) according to manufacturer’s instruc-
tions in a 96 well plate. Briefly, in both 2D and 3D culture the
medium was removed from the wells followed by a PBS wash.
CCK8 solution (1:10) was prepared in plain medium (DMEM
GlutaMAX) and added to the cells followed by incubation for
2 h at 37 °C. After incubation, the absorbance was measured at
460 nm using a Tecan Spark M10 plate reader (Tecan Group Ltd.,
Minnedorf, Switzerland). The absorbance was normalized with
the day 0 value.
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2.10. Immunostaining

Immunostaining was done for aSMA, FAP, and COL-1 in mi-
cro plates. The cells were fixed with 10% formalin for 10 min,
and permeabilized with TritonX-100 (0.5% in phosphate-buffered
saline, PBS) for 20 min. After washing, the cells were incubated
in a blocking buffer (2% w/v bovine serum albumin, BSA, 2%
normal donkey serum, 0.05% Tween-20, 0.025% v/v Triton-X)
with 100 mwm glycine for 30 min. The primary antibodies, mouse
anti human aSMA (1:800, Sigma (St. Louis, MO, USA) or rabbit
anti human FAP (1:250, LN031634, LabNed, The Netherlands)
or rabbit anti human COL-1 (1:200, Cedarlane labs (Burlington,
Canada)) were added separately to the plate and placed in incu-
bator overnight at 37 °C (3D) or 4 °C (2D).The next day, after
washing with Tween-20, secondary antibodies (aSMA: Gt-aMo-
Af594 (1:200); FAP and COL-1: Gt-aRb-Af488 (1:200)) were added
for 1 h followed by washing with Tween-20 and counterstaining
with DAPI (1 mg mL™!, 1:100) for 15 min. The cells were quickly
rinsed with PBS and imaged under the SP8x AOBS-WLL confocal
microscope using 405, Alexa fluor 594 and 488 (Leica Microsys-
tems, Mannheim, Germany).

2.11. Total Collagen Production

To analyze total collagen production, both the lesional and
healthy cells were cultured in the presence of ascorbic acid
(170 pmM, Sigma Sigma, St. Louis, MO, USA) in 3D culture on
a u-Slide. The cells were fixed with 10% formalin for 10 min.
CNA-OG488 collagen dye (Department of Biomedical engineer-
ing, TU/e Eindhoven, The Netherlands) solution (1:50 in PBS)
was added to the fixed cells, and incubated overnight at 37 °C.
After incubation the cells were washed with PBS and incubated
with DAPI (1 mg mL™?, 1:100) for 15 min. The cells were quickly
rinsed with PBS and imaged under the SP8x AOBS-WLL confo-
cal microscope (Leica Microsystems, Mannheim, Germany). The
laser was set at a wavelength of 488 nm for CNA and UV-light for
DAPI.

2.12. RT-qPCR

Gene expression was analyzed using RT-qPCR. The cells were ex-
tracted using different 3D and 2D study protocols. For the 3D cul-
tures, the hydrogels were washed with warm PBS after removing
the excess medium. Then, cold PBS was added to hydrogel for 5
mins and the solutions were collected by centrifugation at 400 x g
for 5 min at 4 °C. Cold PBS facilitates the liquification of the hy-
drogel and provides easy isolation of the cell pellet. For the 2D
cultures, after removing the culture medium and washing, the
cells were harvested with TE followed by centrifuge at 400 x g
for 5 min at 4 °C. The collected cell pellet was then used to iso-
late total RNA using RNeasy Micro Kit (Qiagen) according to the
manufacturer’s instructions. cDNA was made from the RNA us-
ing the iSCRIPT c¢DNA synthesis kit (BIO RAD, CA, USA). RT-
qPCR was performed using SYBR green supermix (BIO RAD)
with forward and reverse primers for GAPDH, ACTA2, FAP, and
COLIA1 (Table 1). The reaction conditions used were 3 min at
95 °C, followed by 39 cycles of 95 °C for 15 s and 60 °C for 30 s.
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Table 1. Primer sequences for real time PCR.

Gene Forward primer Reverse primer
GAPDH ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC
ACTA2 CTGACCCTGAAGTACCCGATA GAGTGGTGCCAGATCTTTTCC
FAP GCTTTGAAAAATATCCAGCTGCC ACCACCATACACTTGAATTAGCA
COL1A1 AGATCGAGAACATCCGGAG AGTACTCTCCACTCTTCCAG

The average C, value of the experimental control and reference
(GAPDH) genes were used to calculate AC, and AAC, using the
following equations:

AC, = C, (targetgene) — C, (referencegene) (2)
AAC, = AC, (experimental) — AC, (control) (3)

The gene expression is represented in terms of fold change ( =
Z—AA C t) .

2.13. Image Analysis

Image ] was used to analyze all the images as described earlier.l*®]
Briefly, area, mean gray value and integrated density were calcu-
lated randomly in different area of interest as well as for back-
ground regions (areas with no fluorescence). Furthermore, in the
area of interest the total number of cells was counted to normalize
the fluorescence intensities. Data represented as CTCF normal-
ized with total cell number. The intensities were quantified using
Equation (4):

CTCF = IntDen— (area X mean) (4)

where CTCF is the corrected total cell fluorescence, IntDen is the
Integrated density, area is the area of selected cell and mean is the
mean fluorescence of background readings.

2.14. Statistical Analysis

All data is presented as mean + standard deviation. The signif-
icance differences were assessed between the mean values of
two groups using student t-test or one-way analysis of variance
(ANOVA) between multiple groups, where p < 0.05 was consid-
ered statistically significant. Type of statics test, sample sizes, and
significance are given in the captions of the figures.

3. Results and Discussion

3.1. 3D PIC-RGD Hydrogel Physical Properties

For our studies, we used the adhesive peptide-decorated polymer
PIC-RGD (Figure 1A). The synthesis is a two-step process: first
an azide decorated PIC polymer is prepared by copolymeriza-
tion. Secondly, a post-modification step introduces a cyclooctyne-
modified peptide using the highly efficient strain-promoted
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Figure 1. PIC-RGD structure and physical properties. A) Molecular structure of PIC-RGD, B) confocal fluorescence image of Cy3-labeled PIC-RGD gel
(2 mg mL~" in deionized water). Scale bar is 20 um; C) Storage modulus G’ and loss modulus G’ of PIC-RGD hydrogel. Left panel: heating ramp show
gelation starts at ~25 °C, after 10 min of equilibration, a soft gel with G’ ~ 100 Pa is formed.

azide-alkyne cycloaddition (SPAAC) reaction.l?*] The synthe-
sis is described in detail beforel*”) and summarized in Figure
S1, Supporting Information. An aqueous PIC-RGD solution is
temperature-sensitive; it is a low viscous liquid at 4 °C and forms
an elastic hydrogel at 37 °C. For this study, we have used a poly-
mer concentration of 2 mg mL~}, which is based on our earlier
work where we showed that these gels recapitulate the natural
environment of fibroblasts well.[??] At this concentration, we can
easily discriminate between fibroblasts and myofibroblasts as the
more robust contractile properties of the latter induces a strong
macroscopic contraction of the gel.

During gelation the polymer forms an interconnected net-
work of fibers that yields a heterogenous fibrous and porous
architecture.®®! The network structure was visualized by con-
jugating a cyclooctyne-equipped fluorescent dye (DBCO-Cy3) to
the hydrogel using the same SPAAC reaction, and mapping tak-
ing confocal fluorescence microscopy images (Figure 1B). Previ-
ously, our group determined the pore size of PIC gels with lower
concentrations (0.25-1 mg mL™!) from fluorescence measure-
ments and subsequent quantitative analysis and found that aver-
age pore sizes varied in the micrometer range.l**! We also found
that, as the concentration increases further the pore size will de-
crease and, as a result, we did not measure pore sizes during the
cell culture experiments.

The mechanical properties of the hydrogel were evaluated by
oscillatory shear rheology experiments (Figure 1C). The result
shows that hydrogel gelation is thermally induced. At 37 °C, the
hydrogel is soft and elastic in nature when storage modulus G’ =
91 Pa is much larger than the loss modulus G”. As expected for
a mostly elastic hydrogel, both G’ and G” were constant in the
frequency range from 0.1 to 10 Hz (Figure S2, Supporting Infor-
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mation). These results are in line with the previous studies on
PIC hydrogels.[*®]

3.2. Fibroblasts form Interconnected Networks in 3D PIC-RGD
Gels

For cell culture experiments, fibroblasts from healthy tissue and
from affected tissue (lesional cells) of SSc patients were dispersed
in a cold PIC solution in the appropriate medium, pipetted in
the well and the plate was placed in an incubator at 37 °C (where
gelation occurs within a minute). As a control, cells were cultured
in 2D on collagen-coated tissue culture plastic. All cell cultures
were studied on day 3 and 5 after seeding.

F-actin staining (phalloidin, Figure 2A and Figure S3A, Sup-
porting Information) clearly shows a spread-out morphology of
the fibroblasts, both in the 2D and the 3D experiments. In 3D,
the PIG-RGD hydrogel allows both lesional and healthy cells to
form a 3D interconnected network in an in vitro cell construct.
The F-actin density was quantified by calculating the CTCF (Fig-
ure 2B and Figure S3B, Supporting Information) normalized to
the cell density, obtained by nuclear staining (DAPI). The analysis
shows a significant difference between healthy and lesional cells,
where the latter show more spreading. The addition of TGFp1
further enhanced cell spreading in both groups compared to the
untreated samples (at day 5: lesional 1.7- fold; healthy 1.5-fold).
Conversely, spreading of the cells incubated with TNFa is sim-
ilar to the untreated group. In the 2D cultures, we find no sig-
nificant differences between lesional and healthy fibroblasts in
the untreated or in the TGFpA1 of TNFa« treated cells. It is im-
portant to consider that the initial cell concentration is ~#100-fold

© 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 2. Cell spreading and contraction analysis. A) Confocal images showing cell spreading in 3D (left column) and 2D cultures (right column) in
untreated, TGFA1 and TNFa incubated groups of both lesional and healthy cells; B) quantitative analysis of confocal images: the corrected total cell
fluorescence (CTCF) of the phalloidin channel normalized to the cell number in the DAPI channel; number of images: n = 8; C) Brightfield images
showing contraction in PIC-RGD hydrogel encapsulated with lesional and healthy cells at day 3 (left column) and day 5 (right column) in all groups; D)
quantitative image analysis of bright field images showing extent of contraction (in% of the sample at seeding) of the PIC-RGD hydrogel at day 3 and
day 5; n = 3. Scale bar (panels (A) and (C)): 100 um. Statistical analysis: unpaired t-test; p-values > 0.05 are not significant; significant differences: *, p

<0.05; %, p < 0.07; *+%, p < 0.001, ¥*%%, p < 0.0001.

lower in 2D experiments compared to the 3D cultures. The cells
seeded on the collagen-coated plate were mostly on top of each
other, crowded, flat, and stretched, whereas in 3D culture cells
were spread in a large surface area. This makes it difficult to iden-
tify differences between different 2D cell cultures after extended
incubation times.['%]

3.3. Macroscopic Contraction of 3D PIC-RGD Gels as a Tool to
Study Fibroblast Activation

Scar tissue is rich in myofibroblasts, which play a leading role in
wound contraction. As a functional assay, we analyzed the con-
traction of lesional and healthy cells in our 3D hydrogel, an assay
that is not possible for 2D cultures. Figure 2C shows the con-
traction of the cell cultures of the healthy and lesional cells, un-
treated as well as TGFf1 and TNFa treated. Quantification (Fig-
ure 2D) shows that healthy fibroblasts contract less than lesional

Adv. Therap. 2023, 6, 2200180 2200180 (6 of 12)

cells on day 3: 0% versus 8%, day 5: 31 vs 65%), which is most
prominent on day 5. The higher contractility of lesional cells in-
dicates their fibrotic nature compared to healthy, non-stimulated
fibroblasts.*! The PIC-RGD hydrogel is able to maintain the (ab-
sence of) fibrotic properties of both cell strains in vitro.

With the distinct difference in contraction between the two
fibroblast strains, we anticipated that treatment of the cultures
with TGFf1 would increase the contraction of the healthy cells
much stronger than the already activated lesional cells. Indeed,
the effect of TGFf1 is particularly evident on day 5 where both
cultures of healthy and lesional cells contracted ~75%. These
findings are in line with other studies that demonstrated that
the addition of TGFA1 enhances the contraction of myofibrob-
lasts and simultaneously converts quiescent fibroblasts to acti-
vated (myo)fibroblasts. [“?! In contrast, upon TNFa addition con-
traction was reduced, most significant for the lesional cells. After
5 days in culture, the differences between the two cell strains are
much smaller than in the non-treated group. Again, our results fit
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Figure 3. Cell viability and proliferation results in 3D and 2D cultures. A) Confocal images showing alive and dead cells at day 5. Living cells (green)
and dead cells (red) were stained with Calcein-AM and TOTO-3, respectively; B) quantitative analysis of the confocal images of live and dead cells,
expressed as the fluorescence intensity ratio Live/Dead, n = 8. C) Mitochondrial activity (CCK8) assay results for cell viability at day 5, n = 3; D) Total
DNA quantification assay (QuantiFIuor) results at day 5, n= 3. Scale bar (panel A): 100 um. Statistical analysis: unpaired t-test; P-values > 0.05 are not

significant; significant differences: *, p < 0.05; **, p < 0.01; *

earlier findings that indicate that TNFa inhibits the contraction
of myofibroblasts.[*}] As the 3D hydrogel showed more contrac-
tion and a more interconnected network on day 5 than on day 3,
we focused in other experiments more on the day 5 cell culture
results.

3.4. Biocompatibility of Fibroblasts in 3D PIC-RGD Gels and 2D
Culture

Cell survival, proliferation, and mitochondrial function in 3D ma-
trix and 2D experiments are crucial characteristics for in vitro
assays.[*/l Here, we performed a Live-Dead assay, a total DNA
quantification assay and a mitochondrial activity assay and to
assess the applicability of the material as a suitable matrix and
to compare the results from the 3D studies compare to those
from the previous 2D work. The Live-Dead assay was carried
out for both the 3D and 2D cultures at day 5. Live cells stain
green (calcein-AM) and dead cells stain red (TOTO-3). The results
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%, p < 0.007, %k

,p <0.0001.

(Figure 3A) show that in all cultures, 2D and 3D, the cells were
highly viable and only a few cells were dead. Quantification by
taking the ratio of the green and red CTCF channels (Figure 3B)
shows that differences between lesional and healthy fibroblasts
are small and that viability was not impacted much by TGFp1
or TNFa treatment. Further, image analysis showed a decrease
in live cell ratio of lesional cells compared to healthy cells in un-
treated and TNFa 3D groups. Moreover, quantitative DNA anal-
ysis confirmed the results.

The number of cells was assessed quantitatively by determin-
ing total DNA levels through a QuantiFluor assay. For the 3D cul-
tures, higher numbers of lesional fibroblasts were observed than
healthy fibroblasts, which was more pronounced at day 5 (Fig-
ure 3C) than at day 3 (Figure S4A, Supporting Information). Fur-
thermore, we observed only limited significant differences for the
2D cultures. The DNA assay results show that the lesional cells
are proliferating more than healthy cells in our 3D culture. This
result fits with previous studies that showed that myofibroblasts
grow faster than quiescent fibroblasts.[*!]
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The mitochondrial activity of the cells was measured through a
CCK8 assay. The CCK8 results were represented as absorbances
normalized to the values at day 0. For the 3D cultures, as ex-
pected we observed a significantly stronger mitochondrial activity
of the lesional cells compared to the healthy cells at day 3 (Fig-
ure S4B, Supporting Information) and at day 5 (Figure 3D). In-
terestingly, the results were in line with proliferation assay but
contradict the live-dead assay in case of 3D untreated and TNFa
group. Normally more viability means a greater number of liv-
ing cells, which corresponds to more mitochondrial activity. But
here, we did not find this correlation between live cell image anal-
ysis and CCKS8 assay results. One may rationalize the discrepancy
by an increased number of mitochondria per cell. TGF f-induced
myofibroblast formation results in mitochondrial biogenesis and
glycolysis,[*! which may explain why lesional cells exert more mi-
tochondrial activity as shown by the CCK8 assay. Note that the
number of mitochondria per cell are preferentially increased in
the lesional cells when grown under 3D but not under 2D con-
ditions. Additionally, at day 5, both TGFf1 and TNFa enhanced
the proliferation (1.5 and 1.2-fold in lesional cells; 1.9 and 1.7-
fold in healthy cells), although the increase was not significant
for TNFa treatment of lesional cells. Our results are in line with
previous findings, where myofibroblasts proliferate faster than
resting fibroblasts and TGFf1land TNFa enhanced the prolifera-
tion of myofibroblasts.[**#¢] Also, it has been shown that TGFf1
can cause cells to inhibit apoptotic pathways, increasing their
survival.’] Interestingly, in the 2D cultures, we did not observe
significant differences in absorbance of lesional and healthy cells
except day 5 for the TGFp1-treated cell (1.1-fold increase in le-
sional cells), see Figure 3D and Figure S4B, Supporting Infor-
mation. These results are consistent with the cell spreading data
(Figure 2B).

3.5. PIC-RGD Hydrogels Can Discriminate between Lesional and
Healthy Cells for the Expression of Functional Fibrosis Markers

The fibrotic nature of cells can be assessed by characterizing the
production of proteins such as aSMA, FAP, and collagen (type
1).48-501 We stained the 2D and 3D cultures for aSMA (Figure 4A)
and FAP (Figure 4C) and quantified the fluorescence images with
CTCF (Figure 4B,D). Col-1 (Figure 4E) and total collagen (Fig-
ure 4G) were determined and quantified (Figure 4F,H) for the 3D
cultures only as the collagen coating of the tissue culture plastic
of the 2D cultures interferes with the analysis.

A key marker for fibrosis is aSMA. In the 3D culture, 5 days
after seeding, lesional cells produced more aSMA than healthy
cells for all growth conditions, which could not be confirmed
in the 2D cultures. Compared to untreated groups, addition of
TGFp1 enhanced aSMA production while TNFa reduced aSMA
production. Although the effect of TGFf1 and TNFa on aSMA
production is seen in both the 2D and 3D cultures, the difference
in aSMA expression between lesional and healthy fibroblasts is
only observed in the 3D culture, which suggests that the hydro-
gel is able to provide a native environment to both lesional and
healthy cells.

FAP-positive fibroblasts are present in areas of ongoing tissue
remodeling, including wound healing, fibrosis and in the mi-
croenvironment of solid tumors,°!) which makes FAP a good in-
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dicator of fibrosis. We hypothesize that FAP is also overexpressed
in the lesional regions of SSc patients. The staining results and
the quantification (Figure 4C,D) show differences in FAP expres-
sion between lesional and healthy cells for all conditions in 3D
and 2D (besides the 2D TGFp1 treated group). In 3D cultures,
FAP production was increased in the presence of TGFA1 (2.1-
fold) and reduced with TNFa treatment (0.6-fold) compared to
untreated group for both lesional and healthy cells. A similar
effect was observed in 2D culture, where TGFf1 treatment en-
hanced the FAP production for lesions (3.3-fold) and healthy (2.4-
fold) cells. However, the inhibitory effect of TNFa treatment on
FAP production was seen only in healthy cells (0.7-fold).

Collagen production is an important hallmark of myofibrob-
lasts function. Among various types of collagen, COL-1 has the
highest abundance and we analyzed its production by lesional
and healthy cells in our 3D hydrogel (Figure 4E,F). Compared
to the non-treated fibroblasts, the presence of TGFf1 increases
COL-1 production 3.0 and 1.4-fold for lesional and healthy cells,
respectively. Conversely, TNFa treatment reduces COL-1 produc-
tion by 0.6 and 0.7-fold, respectively. Qualitatively, we find the
same trend in total collagen production, which is higher in le-
sional cells (Figure 4G,H and Figure S5A,B, Supporting Infor-
mation). Incubation with TGFf1 further enhanced the produc-
tion by 3.2- and 2.5-fold and TNFa group reduced the production
by 0.8- and 0.9-fold in lesional and healthy cells, respectively.

In short, all markers show a similar picture confirming that
lesional fibroblasts of SSc patients have a stronger fibrotic char-
acter than their healthy counterparts. This difference is more pro-
nounced in the 3D cell cultures compared to 2D culture. More-
over, for all tested fibrosis markers it was found that the addition
of TGFp1 increases and TNFa decreases production.

3.6. Differentiation between Lesional and Healthy Cells at the
Gene Level of Fibrotic Markers

In addition to immunostaining we performed qRT-PCR for dif-
ferent fibrotic marker genes at day 5 for both cell cultures. The
gene expression is represented as the fold change in expression
of lesional cells with respect to healthy cells, normalized to the
housekeeping gene (GAPDH) expression. For both the 3D cul-
tures (Figure 5A) and the 2D experiments (Figure 5B), the ex-
pression of ACTA2 and COL1A1 is enhanced in untreated and
TGFp1-treated cells and reduced in TNFa stimulated cells. The
result is in line with previous studies that found that myofibrob-
lasts express more ACTA2 and COL1A1 and that expression is
further enhanced by TGFf1 and reduced by TNFa addition.[52-%¢!
We note that differences in ACTA2 expression for the different
conditions were significant for the 3D hydrogel cultures but not
for the 2D studies. In contrast, gene expression of FAP is not
upregulated in untreated cells in both 3D and 2D cultures. Treat-
ment with TGFA1 and TNFa does induce some increased and
decreased expression in lesional cells compared to healthy cells,
parallel to the expression of ACTA2 and COLIAL.

4, Conclusions

In summary, this study shows that the 3D PIC-RGD hydrogel can
be used to culture lesional SSc-derived fibroblasts in vitro, which
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Figure 4. Immunostaining and total collagen production. A,C,E,G) Confocal fluorescence images of immunostaining of aSMA (red, A), FAP (green, C),
COL-1 (green, E), and total collagen (green, G). All samples were counterstained with DAPI for the nuclei (blue). Images taken at day 5, for 3D cultures
(all samples) and 2D cultures («SMA and FAP). Scale bars: 100 um. B,D,F,H) Quantitative image analysis of a-SMA (B), FAP (D), COL-1 (F), and total
collagen (H) production, normalized to the number of cells; n = 16. Statistical analysis: unpaired t-test; p-values > 0.05 are not significant; significant
differences: *, p < 0.05; **, p < 0.01; ***, p < 0.001, **** p <0.00071.
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Figure 5. Gene expression analysis in 3D and 2D cultures. A,B) Increase of
mRNA gene-expression of ACTA2, Colla1, and FAP of lesional cells com-
pared to healthy cells in PIC-RGD hydrogel (A) and 2D culture (B) at day 5,
n = 3. Statistical analysis with one-way ANOVA. p-values > 0.05 are con-
sidered not significant (ns); significant differences: *, p < 0.05; **, p <
0.01.

maintain their native functionality (i.e., the fibrotic nature) in
comparison to healthy cells. In contrast, we find that primary cells
cultured under standard 2D cell culture conditions, quickly lose
their phenotype, which is in line with earlier work. To the best
of our knowledge, this is the first study directed at maintaining
fibroblast functionality in vitro; other hydrogel studies focused
on the cells’ response toward the matrix’s mechanical properties.
To mimic and further the understanding of SSc, it is crucial that
the functionality of the SSc-affected fibroblast is maintained and
clearly distinct from that of the healthy, nonaffected cells within
the same patient. Furthermore, we found that the fibroblasts in
the 3D PIC-RGD hydrogel respond to stimulation (TGFp1) and
inhibition (TNFa) analogously to what has been described previ-
ously in the field of SSc research.

More specifically, we observed that fibroblasts inside the PIC-
RGD hydrogel form an interconnected network that ultimately
displays macroscopic gel contraction, characteristics that are
challenging to reproduce in 2D culture. Additionally, the hydro-
gel reproduces the increased growth rate of lesional cells over
healthy cells better than the 2D culture, including the effects of
TGFp1 and TNFa on proliferation. The increased production of
myofibroblast markers in lesional cells at protein and gene level
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Figure 6. Schematic overview of cell culture results for the different
groups. Increased (M) or decreased (W) expression of lesional cells com-
pared to healthy cells, or no observable change (). Collagen excretion
could not be determined on the collagen-coated 2D plates.

was found to be more pronounced in 3D than 2D cultures. A
schematic overview of the results in all groups (Figure 6) clearly
indicates that the 3D cultures are much more sensitive towards
induced fibrotic or nonfibrotics conditions than the 2D cultures,
which also shows that in the 3D PIC-RGD culture, the lesional
cells maintain their fibrotic nature much better.

The synthetic nature of PIC-RGD hydrogel makes it a par-
ticularly versatile in vitro drug testing model for the following
reasons: it is i) highly reproducible; ii) well controlled; and iii)
allows for tailoring of the complexity of the model by addition
of growth factors or other components to form composites.!!>1]
Moreover, the matrix supports easy-to-use 3D co-cultures of fi-
broblasts with other cells of many different disorders.l”! Further-
more, due to the reversible gelation of the matrix, one can use
this 3D model for downstream cell analysis, including gene anal-
ysis of lesional and healthy cells.[??) Lastly, the model is readily
expanded by introducing soluble factors implicated in different
disorders. In short, the developed 3D PIC-RGD model offers an
attractive route towards high-throughput drug screening and de-
velopment of personalized medicine treatment strategies.
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