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Abstract

Systemic sclerosis (SSc) is a complex multisystem disease with the highest case-specific mortality
among all autoimmune rheumatic diseases, yet without any available curative therapy. Therefore,
the development of novel therapeutic antifibrotic strategies that effectively decrease skin and organ
fibrosis is needed. Existing animal models are cost-intensive, laborious and do not recapitulate the
full spectrum of the disease and thus commonly fail to predict human efficacy. Advanced in vitro
models, which closely mimic critical aspects of the pathology, have emerged as valuable platforms
to investigate novel pharmaceutical therapies for the treatment of SSc. This review focuses on
recent advancements in the development of SSc in vitro models, sheds light onto biological (e.g.,
growth factors, cytokines, coculture systems), biochemical (e.g., hypoxia, reactive oxygen species)
and biophysical (e.g., stiffness, topography, dimensionality) cues that have been utilized for the in
vitro recapitulation of the SSc microenvironment, and highlights future perspectives for effective
drug discovery and validation.
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1. Introduction

Systemic sclerosis (SSc; also termed scleroderma) is an autoimmune disease that

is characterized by the distinctive pathogenetic triad of microvascular dysfunction,
dysregulation of innate and adaptive immunity, and generalized fibrosis in multiple organs.
[1] SSc has the highest case-specific mortality of any of the autoimmune rheumatic diseases,
with more than half of patients dying as a direct consequence of the pathology.[?] For this
reason, SSc is a disease with a high unmet clinical need. Although intensive research in the
last years has improved the understanding of the disease, only one drug, nintedanib, has thus
far been approved by the Food and Drug Administration (FDA) for the treatment of SSc-
associated interstitial lung disease.[3] Furthermore, there are no generally accepted therapies
for skin and organ fibrosis, which are known to be key manifestations of SSc, leaving the
need for novel antifibrotic therapeutic strategies in SSc.[4l Although significant strides have
been achieved using various animal models, these systems are expensive for the purposes

of routine drug development/screening studies and have limited replicability due to different
physiology and genetics in comparison to the human disease.[®! These shortcomings of
animal models impose the need for standardize protocols to increase reproducibility(®! and
development of more reliable, clinically relevant in silico and in vitro models.[]

In vitro cell-based studies have been proven to be valuable tools in drug discovery programs,
especially due to their low cost and high speed of testing compounds. Cell cultures
represents an immense value in the investigation of cellular and functional aspects of disease
processes for improved therapeutic interventions.[®] The most commonly utilized model
systems are based on conventional 2D monolayer cultures exposed to exogenous profibrotic
stimuli, commonly transforming growth factor-B (TGF-B).[°] However, customarily used
cell-based models frequently fail to give predictable and reliable data for in vivo responses.
A critical component of this failure results from the lack of recapitulating the native in

vivo microenvironment. In the SSc scenario, the histopathological and physicochemical
cues of the disease microenvironment are critical for the stimulation of biological functions
mediated by cell signaling.[2%] Multiple cytokines, chemokines, and signal transduction
pathways are implicated in the progression of SSc as well as structural features of the
extracellular matrix (ECM) such as stiffness, viscoelasticity, and topography. Moreover,
although 2D culture systems are simple and economical, they do not consider the spatial
organization of cells within the 3D architecture of organs and do not replicate native cell—
cell and cell-ECM interactions and signaling pathways.[1] Recent advancements in 3D cell
culture technologies and tissue engineering strategies have made it possible to engineer
advanced physiologically relevant 3D in vitro models not only to study disease mechanism
and progression, but also to use as a platform to design new therapeutic compounds and to
screen for drug efficacy and safety.[12]
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This review summarizes the utility and limitations of various animal models of SSc and
focuses on the most recent advances in in vitro SSc models, highlighting the crucial role

of biological, biochemical, and biophysical cues in mimicking SSc microenvironment. The
potential of bioengineered tissues as in vitro models to investigate molecular and cellular
mechanisms involved in the onset and progression of systemic sclerosis and/or to serve as
screening platforms to test novel pharmaceutical therapies for the treatment of the disease,
will be discussed. In addition, we will shed light to the next challenges and future directions
that must be addressed toward an effective 3D in vitro model for SSc.

2. Mechanisms and Pathophysiology of Systemic Sclerosis (SSc)

Systemic sclerosis is a complex chronic and often progressive disease characterized

by vascular alterations, inflammation and autoimmunity, and multisystemic excessive
fibrosis (Figure 1). Although skin fibrosis is the distinguishing hallmark, the pathological
involvement of the viscera including the lungs, gastrointestinal tract, kidneys and heart
determines the clinical outcome.[13] Patients are characterized by subtypes based on the
extent of skin involvement, with limited cutaneous systemic sclerosis (IcSSc) and diffuse
cutaneous systemic sclerosis (dcSSc) subsets delineated on the basis of distal or proximal
skin involvement.[24] The pathogenesis of systemic sclerosis is complex and remains
elusive. An interplay between genetic factors and environmental events, such as job-related
exposures to silica dust, vinyl chloride and organic solvents or viruses and other infectious
agents, is likely to play a part in the origin of the disease.[*>] The onset of vascular

injury in SSc includes endothelial activation and vascular damage, thickening of the vessel
wall due to intimal and smooth muscle cell proliferation, and finally vessel narrowing

and obliteration, which lead to tissue ischemia, oxidative stress and ultimately organ
dysfunction.18] Infiltration of inflammatory cell within the lesions is common in patients
with early-stage disease, and inflammatory and immune cells are an important source of
profibrotic mediators such as TGF-, platelet-derived growth factor (PDGF), interleukin 1
(IL-1) and interleukin 6 (IL-6). Figure 2 depicts these multiple pathologic processes.

Dysregulation of both innate and adaptive immunity is also a prominent factor that
contributes to systemic sclerosis pathogenesis. Antinuclear antibodies are present in

up to 95% of SSc patients and specific autoantibodies, such as antitopoisomerase 1,
anticentromere, and anti-RNA polymerase 111 antibodies, directed against intracellular
nuclear components, are present in over 75% of patients.[17] Besides the presence

of autoantibodies, evidence of dysregulated immune responses are represented by
inflammatory cells and inflammatory molecules in target tissues such as the skin and

lungs and a prominent type I interferon (IFN) signature in circulating and tissue-infiltrating
immune cells.[8]

The pathologic hallmark of SSc is extensive fibrosis involving multiple organs, which can
lead to significant organ failure.[1% Fibrosis is characterized by replacement of normal
tissue architecture with rigid and mechanically stressed connective tissue rich in collagen
and other ECM macromolecules, such as elastin, glycosaminoglycan, and fibronectin.
[20] The abnormal accumulation of ECM results from increased synthesis by activated
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fibroblasts, enhanced assembly and deposition catalyzed by prolyl and lysyl-oxidase and
transglutaminase 2 and aberrant ECM degradation.[2]

The differentiation of fibroblasts into myofibroblasts is a critical step in the onset of
fibrosis. Myofibroblasts are specialized fibroblasts that acquire characteristics of smooth
muscle cells, including the expression of a-SMA. In contrast to physiological wound
healing, where myofibroblasts are present only transiently within granulation tissue before
undergoing apoptosis, myofibroblasts in SSc are persistent. These contractile cells secrete
not only matrix proteins, but also TGF-p and other profibrotic components, and thus further
promote ECM deposition and remodeling.[22] In addition to activation and proliferation

of resident fibroblasts, other sources of activated fibroblasts include recruitment of
circulating fibrocytes and the differentiation from epithelial cells.[23] Epithelial cells have
been demonstrated to trans differentiate into fibroblasts and myofibroblasts, undergoing
an epithelial to mesenchymal transition (EMT) in response to TGF-p and other growth
factors and/or cytokines during the development of fibrosis.[24] In addition to epithelial
cells, endothelial cells have also been shown to transdifferentiate into fibroblasts through
endothelial to mesenchymal transition (EndMT).[23] Other sources of fibroblasts include
trans differentiation of pericytes and adipocytes.[26] Scientific advances have considerably
augmented the understanding of the pathophysiological mechanism of SSc. The antifibrotic
drugs nintedanib and pirfenidone have been approved for the treatment of patients with
idiopathic pulmonary fibrosis, and nintedanib recently received approval for SSc-ILD,

but there are still a dearth of effective anti-fibrotic agents for the full array of SSc
manifestations.[2”] There is therefore an urgent unmet need to develop new anti-fibrotic
therapies for use in SSc.

3. Animal Models of SSc

Animals models have been extensively used to study the complex mechanisms involved
in the pathogenesis of SSc and ultimately to bring new insight for the development of
therapeutic strategies.

Recent years have seen a plethora of genetic, transgenics and induced animal models that
have contributed to our knowledge of the initiating events of systemic sclerosis (Table 1).[28]

Genetic animal models spontaneously develop mutations to the genome with manifestations
similar to those of SSc. One of the best-characterized genetic animal models of SSc

are tight skin-1 (Tsk-1) mice, in which a tandem duplication in the gene for fibrillin 1
(Fbnl), a mediator of elastic fibers assembly, is responsible for the pathogenic phenotype.
In heterozygous mice, this mutation leads to thickening of the subcutaneous tissue
(hypodermis) and endothelial cell apoptosis. Fibrosis in these mice develops from excessive
production of ECM by activated fibroblasts upon activation of the TGF-p pathway.[2°]

A related genetic model of SSc is tight skin 2 (Tsk-2) mouse, which presents mutations

in the gene for type 111 collagen alpha.[3%] Tsk-2 mice demonstrate increased type |

and 111 collagen, which lead to abnormal ECM deposition, and an inflammatory dermal
mononuclear cell infiltrate.[31]
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Transgenic mouse models with the pathological cascade of SSc have been established to
further understand the process of the disease. The transgenic mouse model overexpressing
the Fos-related antigen-2 (FRA-2) gene showed many of the important factors resulting

in the vascular damage and progressive skin and lung fibrosis of systemic sclerosis as
well as pulmonary hypertension.[321 A TNF-transgenic model was recently shown to
develop spontaneous and severe pulmonary hypertension and have genomic overlap with
SSc-PAH but to lack systemic fibrosis.[33] Another model is represented by urokinase-
type plasminogen activator receptor (UPAR)-deficient mice. Urokinase-type plasminogen
activator receptor is a glycosylphosphatidylinositol-anchored cell surface receptor which
concentrates its ligand, urokinase-type plasminogen activator (UPA), at the cell-matrix
interface. The uPA/uUPAR complex promotes the fibrinolysis and the degradation of other
ECM, serving as a key regulator of ECM homeostasis and angiogenesis. uPAR deficient
mice reproduce the fibrotic and vascular features of SSc, such as increase collagen content
and perivascular inflammatory cells infiltration in skin and lungs.[34]

Inducible animal models are quicker and easier to evaluate than genetic models and

offer valuable clues to study the role of selected target molecules in the developmental
process of SSc. The bleomycin model of fibrosis is probably the most utilized model of
SSc. Bleomycin was originally isolated from the fungus streptomyces verticillus, and is
often used as an anti-tumor medication for the treatment of various kinds of malignancy.
Bleomycin hydrolase inactivates bleomycin by hydrolyzing the amide bond in the p-
aminoalanineamide moiety. Bleomycin-induced toxicity occurs predominantly in the lungs
and the skin, due to the deficiency of the enzyme in these organs.[3%] For this reason, the
bleomycin mouse model of fibrosis has been frequently used to replicate common features
of SSc such as dermal or pulmonary fibrosis. Local dermal injections of bleomycin in

mice induced collagen synthesis at the injection site over 4 weeks. The overall effects were
found to be systemic because the lung similarly showed increased collagen synthesis.[36]
Bleomycin can also be delivered via the intratracheal route, resulting in severe pulmonary
fibrosis.[37] Although the bleomycin model replicates critical aspects observed in SSc,

this model lacks the typical autoantibody patterns present in the pathology and bleomycin
induced fibrosis was found to be strain specific.[38] Another inducible animal models of SSc
is represented by the hypochlorous mouse model (HOCI). Repeated intradermal injections of
hypochlorous acid generates hydroxyl radicals, which lead to enhanced synthesis of collagen
in the lung and skin tissues. In addition, this model mimics the pathological damages
observed in the systemic sclerosis kidneys and induces antitopoisomerase antibodies.[3%
The mechanism of action of hypochlorous acid-induced fibrosis is not fully understood,
thus restricting its commonality of use. Another model is represented by the angiotensin
I1-inducible model of fibrosis. Angiotensin Il (Ang Il) is a vasoactive peptide that induces
vascular constriction, water and salt retention, and high blood pressure.[4%] Subcutaneous
injection of Ang Il

induced both inflammation and fibrosis in the skin by accumulating activated fibroblasts and
promoting EndMT of circulating blood cells. However, it is hot known whether these animal
models developed autoantibodies specific for systemic sclerosis.[4]
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These animal models offer essential clues for the improved knowledge of the molecular
mechanisms of SSc pathology and the identification of potential therapeutic targets for the
treatment of this disease.

As explained above, none of the currently available models encompasses all aspects of
SSc in humans. Therefore, multiple models should be utilized when studying drug efficacy
to account for deficiencies and limitations of single models, resulting however in high
costs while not guaranteeing clinical translatability. In addition, although animal models
predict biological relevant pharmacokinetic responses to drug administration, their different
physiology and genetics from humans hamper the exact recapitulation of the human
diseases.[282] There have been numerous drugs which have been successful in animal
models which have not performed well in clinical trials given the complexity of SSc

and imperfection of each of the models.[42] The high number of animals required during
preclinical studies remain an ethical issue, besides being cost-intensive and laborious.[43]
Thus, it is becoming imperative the need to develop more predictable in vitro models that
can mimic aspects of human in vivo cellular behavior.

4. SSc: the Need for Advanced In Vitro Models

In the last few years, progress in the understanding of the pathogenesis of SSc energized
the design of numerous promising clinical studies. Several recent reviews have summarized
therapies for SSc that are currently in clinical trials and shed light on novel potential
therapeutic targets for the management of the disease.[44a.44b.4,44c,44d] For example,
tocilizumab, a humanized monoclonal antibody against the human IL-6 receptor-a.,

has shown encouraging results by improving both skin and lung fibrosis[4°] and has
reached phase Il clinical trials. Another novel promising therapy is seen in trials of the
endocannabinoid receptor type 2 agonist lenabasum. This synthetic molecule has emerged
as a potent modulator both of skin and lung inflammation have antifibrotic potential as
well.[48] Nevertheless, despite the positive signs of clinical response in subsets of patients,
these two clinical trials have been unsuccessful in meeting their endpoints and failed to
gain regulatory approval.[47:46] Furthermore, considering the emerging of new potential
therapeutics, along with the repurposing of existing drugs, clinical trials in SSc are more
active than ever. However, the limited numbers of patients available for trials poses the need
to refine pre-clinical research in order to select the optimal drug candidates with the best
chance of clinical success.

In light of the limitations associated with animal models, cell systems and in vitro tissue
equivalents represents precious tools to investigate the disease’s molecular pathways and to
generate a platform for drug screening for early-phase studies.

In vitro cell-based models are an important element of the drug discovery process. In
contrast to cost-intensive animal models, assays using cultured cells are simple, fast, and
cost-effective as well as versatile and easily reproducible.[48] The efficacy of an in vitro
model is determined by its capacity to closely replicate relevant characteristics of the in
vivo microenvironment.[49] Different approaches can be utilized to develop in vitro models
that recapitulate the SSc phenotype. One approach comprises the use of cells isolated from
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healthy donors, which are converted into a disease-specific phenotype by the addition of
profibrotic modulators during the culture time to induce the expression and secretion of
fibrotic markers and increase the deposition of ECM. Nevertheless, the use of exogenous
stimuli does not result in a disease-activating mechanism. Due to short culture periods that
do not model disease progression, cells do not acquire the full disease-specific patterns of
gene expression and are fundamentally limited in representing the complexity of the disease.
[50] For this reason, cells derived from SSc patients have become one of the most important
materials in the study of the pathology. For example, fibroblasts derived from SSc skin
lesions have been demonstrated to secrete an abnormal amount of ECM proteins (collagens,
fibronectin) and fibrogenic modulators (TGF-B, CTGF) and fibrotic markers (a-SMA) in
vitro.[31] Despite the tremendous utility of patient-derived cells, in vitro studies are limited
by challenges including availability of patient donor cells, particularly in a rare disease such
as SSc. In vitro expansion of scleroderma fibroblasts has been associated with loss of the
SSc phenotype over time in culture, showing a marked decrease in collagen production in
fibroblasts cultured for up to ten passages,[52] and a reduction of the disease transcriptional
signature after four passages.[>3] Moreover, patient-derived cells showed high heterogeneity
with regard to inflammatory as well as fibrotic signatures, which can be lost during cell
proliferation into any daughter lineage, leading to cell pools that do not recapitulate the
variety of cells in vivo.[54] Therefore, especially given the complexity of SSc, it is imperative
to achieve a system that allows for spatiotemporal control over the biological, biochemical,
and biophysical cues of the in vitro extracellular microenvironment to properly mimic the
pathological condition of SSc (Figure 3).

5. Biological Cues

5.1. Growth Factors Supplementation

A multitude of soluble growth factors are implicated in systemic sclerosis (Table 2) and
TGF-B is commonly recognized as the master regulator of fibrosis.[5® TGF-g belongs

to a superfamily of proteins that includes bone morphogenetic proteins (BMPs), growth
differentiation factors (GDFs) activins, inhibins, myostatin, nodal and anti-Mullerian
hormone (AMH) proteins.[8] There are three isoforms of TGF- (TGF-B1, TGF-B2, and
TGF-B3), which contain highly conserved regions but diverge in several amino acid regions.
The three TGF-p isoforms function through the same receptor heterodimers, TGF-p receptor
type 1(TGFR-1) and TGF-p receptor type 2 (TGFR2) and activate the same canonical
mothers against decapentaplegic homologue (SMAD)-2-SMAD?3 signaling pathway.[37] In
this review we refer solely to the TGF-p family, and in particular to the TGF-p1 isoform,
unless otherwise stated.

The bioavailability of TGF- is regulated by its secretion from macrophages and other cells
as an inactive precursor, which is then converted to its biologically active matrix-bound
latent form via integrin-mediated processes.[®8] TGF-B is a master regulator of fibroblast
phenotype and function. Upon TGF-p stimulation, fibroblasts are become activated

and undergo phenotypic transition into myofibroblasts, which leads to excessive matrix
deposition and unbalance between matrix synthesis/degradation signals.[®%] Furthermore
TGF- plays an important role in the EMT of epithelial cells to myofibroblasts.[24.60] |n
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addition, TGF-B can play a role in the vasculopathy observed in SSc. TGF-p stimulates
the expression of vascular endothelial growth factor (VEGF) and endothelin-1 (ET-1) in
endothelial cells,[62] thereby mediating the vasoconstriction seen in patients with SSc.[62]
Thus, the complex effects of TGF-p on proangiogenic and antiangiogenic factors partially
explain the complex vascular phenotype seen in patients with SSc. The delivery of TGF-p
to in vitro fibrosis platforms is a critical element in studying fibrotic mechanisms. The
delivery in vitro is generally performed by simple addition of soluble TGF-p to the culture
medium. For instance, studies proved that the supplementation of TGF-p to human skin
fibroblasts increased the deposition of collagen type 1.163] In response to the need for an
effective therapeutic for dermal fibrosis, a plethora of TGF-p stimulated in vitro models
have been used as screening platform for antifibrotic molecules. As one example of many,
human dermal fibroblasts stimulated with TGF-f1 to induce differentiation into profibrotic
myofibroblast cells were used to assess the antifibrotic potential of Pirfenidone (PFD),

a synthetic molecule already FDA-approved for the treatment of idiopathic pulmonary
fibrosis. It was shown that PFD inhibited fibrogenic signals of TGF-p by abrogating p38-
mediated MAPK activation, downregulating the transcription of profibrotic genes, such as
type | and type 111 collagen, and blocking myofibroblast differentiation.[84] One of the
limitations of this approach consists in the fact that the bioavailability of TGF-p in vivo

is controlled by ECM-mediated integrins and mechanosensing mechanisms that inhibit or
activate its binding to the corresponding receptors. Therefore, the development of culture
conditions with tailored (patho-) physiological substrate stiffness could better mimic TGF-p
in vivo bioavailability and may advance the relevance of its use in vitro culture models.[6°]

Another critical growth factor involved in the pathogenesis of SSc is connective tissue
growth factor (CTGF). CTGF is a cysteine-rich matricellular protein that functions in
combination with TGF-f to enhance fibrotic responses. CTGF is not normally expressed
in dermal fibroblasts, but is constitutively overexpressed by fibroblasts present in skin and
pulmonary fibrotic lesions of scleroderma patients. The overexpression of CTGF promotes
fibroblast proliferation, myofibroblast differentiation, and matrix deposition.[66] Moreover,
CTFG plays a role in leading endothelial cells to transdifferentiate toward myofibroblasts.
[67] Supplementation of CTGF in the culture media was showed to stimulate fibroblastic
cell proliferation and ECM synthesis.[88] A recent study demonstrated that knockdown

of CTGF using a mesoporous silica nanoparticle-based small interfering RNA (siRNA)

delivery system prevented collagen deposition, activation and differentiation of fibroblast.
[69]

Platelet-derived growth factors (PDGFs) have been demonstrated to have a critical role in
fibrosis. PDGF is secreted by platelets, endothelial cells, macrophages, and fibroblasts that
function as potent mitogens and chemoattractants for mesenchymal progenitor cells.[662]
Elevated expression of PDGF and its receptors has been found in scleroderma skin and lung
tissues, and contributes to persistent fibrosis by the generation of reactive oxygen species
and consequent fibroblast activation.l[’% The supplementation of PDGF to normal human
dermal fibroblasts in vitro has been shown to increase the mRNA and protein levels of
matrix metalloproteinase 1 (MMP-1) and tissue inhibitor of metalloproteinase (TIMP)-1, but
not type I collagen, fibronectin, or TIMP-2. Additionally, PDGF induced the mitogenic and
migratory activity of human dermal fibroblasts in a dose-dependent manner.[71]
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Another important mediator involved in the pathogenesis of SSc is endothelin 1

(ET-1). Endothelins are potent vasomodulatory peptides produced by endothelial cells,
macrophages, fibroblasts and other cell types and can function as downstream mediators of
TGF-B responses.[72] ET-1 signaling via endothelin receptors A (ETRA) and B (ETRB) on
fibroblasts induces fibroblast migration and myofibroblast differentiation. Primary cultured
dermal fibroblasts from SSc patients and healthy controls treated with ET-1 upregulated
collagen type I, CTGF, type | plasminogen activator inhibitor (PAI-1) and pAkt in a time-
dependent manner within 72 h.[73] In addition, the synergistic treatment of endothelial cells
isolated from patients with SSc with ET-1 and TGF-p induced activation of the endothelial
to mesenchymal transition (EndMT) process. Treatment with macitentan (MAC), an ET-1
receptor antagonist which is clinically used in pulmonary hypertension, prevented EndMT
and fibroblast accumulation.[74]

It is worth to note that, due to the multifactorial nature of SSc, a multitude of interconnected
growth factor-activated molecular pathways occur across multiple tissues, leading to
aberrant signaling crosstalk (which includes also cytokines, chemokines, adipokines,
neurotrophins, and metabolites) and ultimately to organ alterations. For this reason, results
obtained in vitro from individual cell populations exposed to single growth factors need to
be treated with caution, representing only a minimal fraction of SSc complexity.

5.2. Cytokines Supplementation

A wide range of cytokines have been found to be potent regulators of tissue fibrosis and
endothelial damage.[”®! The interleukin (IL)-1 family is a group of 11 proinflammatory and
anti-inflammatory cytokines that have been reported to be involved in the pathogenesis in
SSc. For example endogenous IL-1a expression by SSc fibroblasts has been demonstrated
to increase the expression of IL-6 and PDGF, determining the abnormal function of SSc
fibroblasts.[78] 1L-6 is a pleiotropic and pro-inflammatory cytokine that is produced by
activated immune cells and stromal cells, including T cells, macrophages, endothelial cells
and fibroblasts, and is associated with a wide range of biological functions.[’”] In particular,
IL-6 is a potent inducer of matrix production in fibroblasts by increasing TGF-p expression,
TIMP-1 synthesis and myofibroblast differentiation, resulting in collagen accumulation.[7®]
Treatment with anti-1L-6 therapy (tocilizumab) modified the biological characteristics of
dermal fibroblasts derived from SSc patients, restoring functional properties, and reversing
TGF-B-activated molecular pathways which were present prior to treatment.[7%] IL-4 is

a type 2 cytokine activated by CD4* and CD8* T cells and mast cells.[8% IL-4 has

been demonstrated to be a profibrotic cytokine participating in cutaneous, cardiac fibrosis,
pulmonary fibrosis, and hepatic fibrosis. IL-4 supplementation was shown to induce
fibroblasts proliferation, myofibroblasts differentiation and collagen production in vitro.[81]
IL-13 is another type 2 cytokine that is increased in the serum and lesional tissue of patient
affect by SSc.[82] Supplementation of primary dermal fibroblasts with IL-13 stimulated

cell proliferation and ECM synthesis.[83] 1L-17 has been reported to be increased in the
peripheral blood and target organs, including skin. It amplifies inflammatory responses by
inducing the production of 1L-6, CCL2 and CXCL8 (IL-8), MMPs and the expression

of adhesion molecules in stromal cells including fibroblasts and endothelial cells.[84]
Supplementation of IL-17 enhanced the proliferation of dermal fibroblasts and induced the
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expression of adhesion molecules and IL-1 production in endothelial cells in vitro.[85] TNF-
a is a proinflammatory cytokine which has been reported to be elevated in patients with SSc
and favors the development of pulmonary fibrosis and pulmonary arterial hypertension.[86]
TNF-a supplementation induced high levels of IL-6 in SSc-derived fibroblasts, participating
in the self-perpetuation of inflammation during SSc.[87]

In summary, a myriad of soluble mediators is involved in the pathogenesis and progression
of SSc, which are secreted by several cell populations according to the stage of the disease.
In order to properly supplement these molecules in vitro, continued efforts to understand
native pathophysiological signaling pathways will be necessary. This requirement will

help to recapitulate the concentrations and spatial and temporal distributions of bioactive
factors during these processes. To date, biomaterial-based GF delivery systems have been
optimized to provide differential immobilization efficiency and release kinetics.[88] While
these systems have been extensively used in regenerative medicine, we also foresee their
utility for the design of in vitro SSc models.

5.3. Serum Supplementation

The beneficial effect of animal sera has long been recognized as means to promote in vitro
cell attachment, expansion, maintenance, and proliferation by providing essentials nutrients
and growth factors.[89] However, animal derived sera, such as fetal bovine serum (FBS)

or fetal calf serum (FCS), have several technical disadvantages associated with to batch-to-
batch variation, xenoimmunization, and possible contamination with mycoplasma, viruses,
endotoxins, and prions.[%] These limitations can affect the phenotype and the behavior of
cells expanded in culture, preventing a quality-by-design approach.[92] Human-derived sera
can replace FBS and FCS supplemented media and can create an in vitro microenvironment
that more accurately resembles the human environment.[92! It has been demonstrated that
human dermal fibroblasts viability cultured in human serum (HS) supplementation was
much higher compared to FBS supplementation. Furthermore, gene expression analysis
showed that fibroblasts cultured with HS supplementation maintained expression of collagen
type |, increased expression of collagen type Il and fibronectin, and reduced expression of
a-smooth muscle actin (a-SMA) compared to FBS.[%3] Serum derived from patients affected
by SSc has been demonstrated to contain characteristic serum autoantibodies, profibrotic
chemokines and growth factors such as IL-4, IL-17, and CTGF, and sonic hedgehog (SHH),
which stimulate fibroblast-to-myofibroblast transition and promote dermal fibrosis.[9! In
addition, a recent study identified a discriminant metabolic profile between the serum
derived from patients affected by SSc and healthy patients, suggesting the importance

of SSc serum not only as a diagnostic tool for the diagnosis and classification of the
disease.[9%] Very few studies have thus far investigated the effect of SSc sera in vitro. In
particular, immune complexes containing scleroderma-specific autoantibodies derived from
patients’ serum, have been showed to elicit proinflammatory and profibrotic effects in skin
fibroblasts.[9€] Another study demonstrated that autoantibodies purified from SSc-patient
sera directed to platelet-derived growth factor receptor (PDGFR) were able to induce growth
and a pro-fibrotic state in vascular smooth muscle cells through the epidermal growth factor
receptor (EGFR).[97] Another study showed that H,O, production by endothelial cells and
fibroblasts was higher after incubation with SSc sera than with healthy sera. Moreover, this
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model allowed to test the efficacy of bosentan and N-acetylcystein potentiated 5-fluorouracil
(5FU) on the inhibition of oxidative stress.[9] Treatment with SSc sera has been reported

to induce EndoMT of dermal microvascular endothelial cells by reducing the expression

of endothelial markers such as CD31 and VE-cadherin, and upregulating of mesenchymal
markers, including a.-SMA and collagen type 1.[99]

Despite these interesting results on the use of patient-derived serum in cell culture, a limited
number of investigations have assessed the potential of SSc serum as a tool to recreate the
pathological microenvironment in vitro.

5.4. Cocultures

In the native tissue milieu, various cell populations interact between each other, stimulating
different signaling pathways, and thus influencing numerous aspects of cell function. In
vitro coculture models have been developed to recapitulate the in vivo physical contact

and paracrine signaling between cell types. Coculture systems can be carried out either by
directly seeding different cell types together in the same culture dish, or indirectly, using
transwell inserts, whereby cells are located in the same media, without being in contact.
[100] Mmultiple cell types, including epithelial cells, fibroblasts, endothelial cells, pericytes
and leukocytes respond to noxious stimuli in the pathogenesis of SSc. Several in vitro
models have been established to investigate the effect of complex intracellular interactions
during pathogenic events. For example, in order to elucidate the influence of SSc epidermal
keratinocytes on dermal fibroblasts, dispase-dissociated epidermal layers were directly
cocultured within a collagen-embedded fibroblast gel. Results showed that SSc epidermal
sheets strongly stimulated fibroblast activation, causing gel contraction and induction of
CTGF via IL-1, ET-1, and TGF-B. The addition of exogenous IL-1 receptor antagonist
(IL-1ra) blocked gel contraction by SSc epidermis, suggesting a potential therapeutic
implication.[101]

Another study investigated the effect of dermal fibroblasts in the impairment of angiogenesis
in SSc. By oversecreting pigment epithelium-derived factor (PEDF), a major antiangiogenic
factor, SSc-derived fibroblast suppressed tube formation when cocultured with human
dermal microvascular endothelial cells (MVECS) in an angiogenesis in vitro assay. PEDF
knockdown in SSc fibroblasts reversed this process and rescued the number of tubule formed
by MVECs. This pathway may present a promising target for new therapeutic interventions
in $Sc.[102]

6. Biochemical Cues

6.1. Hypoxia

Tissue hypoxia is a characteristic feature of SSc and contributes directly to the progression
of the disease.[203] It was demonstrated that fibrotic lesions in the skin of SSc patients
exhibit significantly decreased oxygen levels in comparison to SSc nonfibrotic skin

and the skin of healthy individuals.[204] Molecular responses to hypoxia are regulated

by the transcription factor hypoxia-inducible factor 1 (HIF-1). While HIF-1 is rapidly
degraded after translation under normoxic conditions, its activity increases exponentially
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after exposure to low oxygen levels. The activation of HIF-1 thus plays a critical role

in the transcriptional activation of downstream signaling involved in cell proliferation,
angiogenesis and fibrogenesis.[10%] Tissue oxygenation in SSc is impaired by microvascular
alterations and reduced capillary density, which result in a decrease of the blood flow

and poor oxygen supply.[104.106] Oxygen supply is further reduced by accumulation of
ECM, which impairs diffusion from blood vessels to cells.[197] Chronic tissue hypoxia
causes a vicious cycle by overexpression of VEGF, which in turn leads to aberrant vessel
formation and TGF-p activation, thereby increasing tissue fibrosis.[198] Hypoxia induces
multiple ECM proteins in dermal fibroblasts in vitro, such as thrombospondin 1, collagens,
fibronectins, insulin-like growth factor binding proteins, and transforming growth factor
B-induced protein, in a time-dependent manner.[109]

Numerous studies have contributed to the understanding of the role of hypoxia on the
molecular mechanism of SSc. For instance, it has been showed that dermal fibroblasts
stimulated with hypoxia (1% oxygen tension) showed increased CTGF expression via
activation of HIF-1a, contributing to the progression of fibrosis.[11%] Hypoxia can also

drive epithelial-mesenchymal transition (EMT). It was demonstrated that severe hypoxia
(1.5% oxygen tension) as well as moderate hypoxia (3% oxygen tension) induced the
expression of a-smooth muscle actin (a-SMA) and vimentin and decreased the expression
of E-cadherin in alveolar epithelial cells (AEC). In addition, hypoxia increased the levels

of TGF-p, and preincubation of cells with an inhibitor of the TGF-type I receptor kinase
prevented the hypoxia-induced EMT, suggesting that the process was TGF- dependent.[111]
Therapeutic strategies targeting hypoxia have been tested in vitro. 2-Methoxyestradiol (2-
ME), a potent inhibitor of HIF-1a., inhibited the fibrotic effect of hypoxia on SSc fibroblasts
by down-regulating CTGF and collagen I through the PI3K/Akt/mTOR/HIF-1a signaling
pathway. In addition, 2-ME induced apoptosis and inhibited proliferation of SSc fibroblasts.
[112] Despite the importance of hypoxia in SSc, conventional in vitro conditions expose the
cells to a non-physiological hyperoxic environment (20% oxygen tension) that is far from
recapitulating the pathological microenvironment.

6.2. Reactive Oxygen Species

Oxidative stress, as defined by an imbalance between oxidants (reactive oxygen and nitrogen
species (ROS/RNS) and antioxidants, is consistently observed in patients with SSc.[113]
Unpaired electrons make free radicals highly reactive and among them, the superoxide
radical (-O»"), hydrogen peroxide (H,05), hydroxyl radical (-OH™), hypochlorous acid
(HOCI) and peroxynitrite (ONOO™) are key oxidative molecules within the ROS family.
[114] Several oxidative stress biomarkers, such as nitric oxide, malondialdehyde (MDA-a
marker of lipid peroxydation), asymmetric dimethylarginine (ADMA) and hydroperoxides
are elevated in the blood of SSc patients compared to healthy controls.[11%] Oxidative stress
has been demonstrated to cause the activation and damage of ECs, leading to vascular
hyperreactivity, apoptosis and impaired angiogenesis.[*16] Increased ROS generation has
been reported to mediate TGF-B-induced EndMT.[117] ROS have been shown to support
chronic inflammation and autoimmunity through the genesis of neoepitopes and the
activation of T and B lymphocytes and macrophages.[!18] Permanent overproduction of ROS
stimulates the proliferation and activation of fibroblasts and their synthesis of ECM.[119]
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Also, fibroblasts from SSc have been shown to maintain an overproduction of ROS in SSc
through the upregulation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX)-2 and NOX-4 proteins.[120] NOX is a family of enzymes involved in the generation
of ROS, acting via the transfer of a single electron from NADPH to oxygen.[121] The
activation of NOX has been demonstrated to trigger fibroblast proliferation and expression
of type I collagen genes in SSc cells, thereby maintaining an autocrine feedback mechanism
of ROS generation.[119]

As oxidative stress impacts many aspects of the pathophysiology of SSc, several in

vitro studies assessed the potential of natural and synthetic antioxidants in the supportive
treatment of SSc. The antioxidant epigallocatechin-3-gallate (EGCG), a polyphenol present
in green tea extracts, has been shown to reduce oxidative stress and the fibrotic effects on
activated dermal fibroblasts from SSc patients.[122] The antioxidant effect of kaempferol, a
natural flavonoid, was investigated on H,O,-induced intracellular ROS accumulation in SSc
fibroblasts and suppressed the intracellular accumulation of ROS and reduced H,05-induced
apoptosis.[123] N-acetylcysteine (NAC), a scavenger of free radicals and a precursor of the
major antioxidant glutathione, inhibits fibroblast proliferation and collagen synthesis!119]
and reduces peroxynitrite (ONOQ™) synthesis by activated lung macrophages from SSc
patients in vitro.[124]

Although ROS seem to have an important role in fibrosis, a therapeutic strategy utilizing
antioxidants is not yet clear and further investigations are needed to further elucidate the
mechanisms linking ROS dynamics and SSc pathogenesis.

7. Biophysical Cues

7.1. Substrate Stiffness

In addition to biological and biochemical signals, the dysregulation of biophysical properties
of the tissue microenvironment in skin, lung, and other organs have been associated with the
progression of fibrosis in $Sc.[125] Excessive deposition of ECM increases tissue stiffness
and reduces the elasticity of affected organs, leading to mechanical stress (Table 3).[126]
Tissue stiffness can be measured as the elastic modulus, defined as the resistance to
deformation, and expressed as the magnitude of a stress (compression, elongation, or shear
force, normalized to area) divided by the strain (deformation) induced by the stress.[127]
Increased matrix stiffness anticipates the development of fibrosis, which suggests that tissue
stiffening may induce the early activation of myofibroblasts.[*] Matrix stiffness orchestrates
fibrosis by controlling fundamental profibrotic mechanisms including mechano-activation

of myofibroblasts via mechano-transduction pathways. Mechano-transduction involves cell
surface integrins and changes in cytoskeletal tension mediated by focal adhesion kinase
(FAK) and RHO-associated kinase (ROCK). These signals activate the downstream effectors
YAP (Yes-associated protein), TAZ (transcriptional coactivator with PDZ-binding motif)
and myocardin-related transcription factor (MRTF) which increase fibroblast activation and
further perpetuate the fibrotic process (Figure 4).[128] Lung fibroblasts cultured on stiff
substrates showed an increase in proliferation and differentiation into myofibroblasts in
comparison to soft substrates.[12%] Moreover, high substrate stiffness increased the synthesis
of ECM and the expression of a-SMA and decreased the expression of matrix proteolytic

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

De Pieri et al.

Page 14

genes and prostaglandin E2 (PGE-2).[12%] The increase in myofibroblasts’ contractility
leads to further matrix remodeling and stiffening and activation of TGF-B, amplifying the
signal and leading to a positive feedback loop.[13%] TGF-B1 is secreted and stored in the
ECM in a latent multiprotein complex with latency associated peptide (LAP) and latent
TGF-B1 binding proteins (LTBPs).[131] The activation of TGF-B1 first requires the binding
of av integrin to arginine-glycine-aspartic acid (RGD) sequences in LAP.[132] Mechanical
forces exerted by cells on LAP via integrin-based adhesions then lead to changes in the
conformational state of this complex, which ultimately release and activate TGF-p1 for
receptor binding.[133]

Culture systems with tailored mechanical properties have been engineered to mimic aspects
of diseased tissues and investigate the mechanism of myofibroblast activation. For instance,
stiff collagen hydrogels promoted stress fibers formation, smooth muscle actin (SMA)
expression and TGF-B1-induced response in human fibroblasts.[134] Another study identified
that a stiff polyacrylamide substrate induced lung myofibroblast differentiation through
actin cytoskeletal remodeling-mediated activation of megakaryoblastic leukemia factor-1
(MKLZY), which transduces mechanical stimuli from the ECM, leading to the induction

of a fibrogenic program.[135] A recent study showed that the activity of the transient
receptor potential vanilloid 4 (TRPV4) channel was increased when cells were plated

on stiff collagen-coated polyacrylamide gel matrices within the pathophysiological range
seen in diseased/fibrotic dermal tissue. Genetic ablation or pharmacological antagonism

of the TRPV4 channel abrogated Ca2* influx and matrix stiffness-induced myofibroblast
differentiation, evidencing that therapeutic inhibition of TRPV4 activity may provide a
targeted approach to the treatment of scleroderma.[13¢]

Given the increasing recognition that ECM stiffness is a major factor contributing to the
progression of SSc, it has become evident that the identification of optimal substrate
stiffness which replicates pathological fibrotic conditions will enable the development of
more precise mechano-therapeutic interventions for tissue stiffening. Therapeutic strategies
targeting mechanotransduction signaling mediated by integrins,[1320] FAK[137]1 ROCK, [138]
or YAP/TAZ[13%] have been promisingly tested in preclinical and clinical studies.

7.2. Substrate Topography

The topographical organization of the ECM significantly influences cell morphology and
behavior, including growth, adhesion, and migration.[4%] Cells sense their underlying
topography via focal adhesion interactions, pushing and pulling against the matrix and
activating a cascade of cellular and molecular events, which ultimately influence gene
and protein expression.[141] Morphological changes to the dermal collagen organization
and focal adhesion complexes have been reported in skin biopsies from SSc patients.
These changes are characterized by the presence of highly aligned collagen bundles,

and a loss of normal “basket-weave” collagen organization that is characteristic of the
healthy dermis.[242] The alteration of the stiffness of the ECM significantly contributes
to the alignment of the collagen fibrils, and further amplifies the fibrotic process.[143]
The ability of cells to mechanically sense these changes may be due to the deposition
and realignment of new collagen fibrils in which cells generate myosin-generated tensile
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forces applied through cell-matrix adhesions.[*44] In vitro studies have demonstrated that
increasing stress fiber formation and ECM alignment increase the elastic modulus of the
fibroblast-populated collagen gels over a culture period of 21 d.[245] Moreover, several
studies have reported that mechanical strength of anisotropic nanofibers is significantly
higher than that of the disordered nanofibers.[248] The anisotropic ECM ultrastructure within
the fibrotic microenvironment is a critical cue in maintaining the myofibroblasts phenotypes
in SSc. This was demonstrated by using a 3D model of either randomly oriented or aligned
electrospun poly-caprolactone (PCL) nanofibers with adsorbed type | collagen. Guidance
cues from aligned collagen fibers enhanced the fibrogenic potential of dermal fibroblasts

by increasing cell migration, adhesion, and guidance signaling pathways. Arhgdib (Rho
GDP-dissociation inhibitor 2) was one of the most upregulated genes following fibroblast
culture on aligned fiber substrates, and siRNA knockdown of Arhgdib significantly reduced
directed cell migration under aligned fiber culture conditions.[247] Another study utilized
glass slides coated with aligned fibers to investigate alignment and migration of lung
fibroblasts isolated from SSc patients. The results indicated that migration took place when
lung fibroblasts were cultured on aligned collagen following stimulation with PDGF, but
was not induced on the woven, randomly orientated collagen substrates.[148] In addition,
heparin, which binds ligands including PDGF and stem cell factor (SCF), and imatinib,
which blocks downstream tyrosine kinase receptors, both inhibited lung fibroblast migration
individually. Importantly, the two drugs showed synergistic effect in SSc cells, supporting

a possible pilot evaluation of combination therapy.[148] A recent study investigated the
effect of collagen microarchitecture on myofibroblast differentiation and fibrosis. Adipose
stromal cells (ASCs) were cultured on collagen gels consisting of networks with thin fibers
and low porosity, or scaffolds with thicker collagen fibers with larger pores. Interestingly,
ASCs contractility on collagen matrices with thicker fibers and larger pores resulted in
collagen fiber densification and alignment in the direction of cell polarization and migration,
increasing stiffness in a physiologically relevant regime of strain. The stiffening of local
matrix, in turn, stimulated a contractile phenotype via a positive feedback loop, thereby
modulating myofibroblast differentiation and fibrosis.[14%] Due to the interaction between
increased ECM alignment and the formation of fibrotic lesions, it is of considerable interest
to further investigate the influence of patterned cell culture substrates on tissue mechanics
and collagen alignment.

7.3. Macromolecular Crowding

The recapitulation of collagen matrix formation in vitro has proven challenging, partly
due to the omission of important cofactors in the culture media and partially because of
sub-optimal cell culture conditions. The omission of ascorbate in cell culture results in
minimal production and deposition of collagen within the cell layer. Ascorbic acid is a
crucial cosubstrate for the enzymes prolyl hydroxylase and lysyl hydroxylase, which are
responsible for the posttranslational hydroxylation of prolyl and lysyl residues on collagen
fibers. Hydroxylation of the prolyl residues renders the collagen triple helix thermostable
and hydroxylation of the lysyl residues is responsible for the extracellular cross-linking
of collagen fibers.[150] However, even with ascorbate supplementation, cells deposit only
subphysiological amounts of secreted collagen | into their matrices. Indeed, in standard
cell culture settings, the conversion of water-soluble procollagen to insoluble collagen is
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relatively slow, since the proteinases required for the enzymatic cleavage of procollagen
are dispersed in dilute culture media.[*5] To overcome this limitation, macromolecular
crowding (MMC) has been introduced as a means to accelerate ECM deposition in vitro.
The addition of macromolecules into the culture media emulates the naturally crowded

in vivo milieu, and thus amplifies deposition of cell-secreted ECM.[152] The addition of
macromolecules to the culture media also results in a more efficient volume occupancy,
preventing the dispersion of active molecules, consequently accelerating the conversion
of procollagen to collagen and ultimately deposition of the latter.[153] Moreover, use of
MMC has been demonstrated to drive the molecular assembly of collagen fibrils in vitro
and to stabilize the formed matrix through enzymatic crosslinking.[*>41 One application
of MMC to produce the full deposition of collagen in fibroblast cultures has been the
development of a valuable screening tool, the so-called “Scar in a Jar”, for antifibrotic
compound screening.[*5%] The original scar in a jar model consisted of human fibroblasts
cultured in the presence either of 500 kDa dextran sulphate (DxS) or a mixture of neutral
70 and 400 kDa Ficoll (Fc). Crowding of culture medium with dextran sulphate served
as the rapid deposition mode as it yielded maximum granular deposition of collagen | by
48 h, whereas neutral mixed Ficoll served as the accelerated mode (Fc), which resulted
in the deposition of a fibrillar collagen meshwork after 6 d of culture in comparison

with non-crowded cultures.[t56] This system has been used to evaluate the potential of
antifibrotic compounds effective at the epigenetic, post-transcriptional/translational level.
Another study utilized the principle of macromolecular crowding to create an ECM-rich
in vitro hypertrophic scar model that more closely recapitulates “in vivo-like” conditions
than customarily used monolayer culture systems.[157] This model was used to test the
antifibrotic effect of a series of naphthalene derivatives derived from medicinal herbs on
human dermal fibroblasts. Interestingly, shikonin and naphthazarin were shown to inhibit
the transcription and translation of collagen in human scar-derived fibroblasts and induced
apoptosis via the mitochondrial apoptosis pathways, suggesting their potential therapeutic
value for the treatment of dermal fibrosis and scarring.[*57] A similar study, combined
macromolecular crowding with TGF-B to develop a robust, high throughput, phenotypic
screening assay using pulmonary fibroblasts derived from patients affected by idiopathic
pulmonary fibrosis.[158] The Scar-in-a-Jar offers a novel pathophysiologically relevant
screening and evaluation tool for antifibrotic compounds interfering with different key steps
in the collagen biosynthesis pathway.

Overall, despite all these progresses in the modeling of fibrosis using MMC in vitro, the
importance of the crowded extracellular niche is still underestimated,[*5%] likely due to the
fact that optimal crowding agents remain still elusive and further studies are required to
reveal and unravel their diverse effects on cell behavior and phenotype. Optimization of
MMC protocols will contribute to the generation of models with high levels of biomimicry
which can be used as an instrument to recreate SSc conditions.

7.4. Dimensionality and 3D Architecture

Cell-based assays have been crucial in drug discovery and provide a simple, rapid, and
cost-effective tool to support screening of therapeutics before large-scale and cost-intensive
animal testing. To date, the majority of cell-based assays are based on traditional 2D
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monolayer cultures grown on flat dishes optimized for cell attachment and growth.[160]
However, 2D culture systems have multiple limitations, including loss of tissue-specific
architecture, non-physiological mechanical and biochemical signals, and non-physiologic
cell-to-cell and cell-to-matrix interactions.[161] The standard 2D environment may therefore
provide misleading results regarding the predicted responses of cells to drug treatments
(Figure 5).[162] To overcome these important limitations, there has been tremendous progress
in tissue engineering and regenerative medicine over the past few decades that has led to

the development of a wide range of 3D cell culture systems. Indeed, multicellular organisms
reside within a complex 3D environment, rich with multiple ECM components, several cell
populations and soluble factors, which not only provide structural support to tissues and
organs, but also physiological conditions that allow for optimal functionality and delineate
specific microenvironments.[163] Table 4 summarizes several 3D scaffold-free and scaffold-
based SSc models, including the therapeutic approaches used to evaluate each model’s
feasibility for drug development and screening.

7.4.1. Self-Assembled Models—Tissues are formed by building blocks that self-
assemble into highly organized structures that enable and regulate their functions.[164]
Tissue engineering by self-assembly (TESA) relies on the inherent capacity of cells to
self-assemble into highly organized 3D tissue-like constructs and to produce their own
ECM, without the need of an external scaffold. These assemblies can be created through
self-assembled aggregation, cell sheets, tissue strands or direct bioprinting.[165]

3D cell aggregates allow for the fabrication of organotypic microtissues due to their
multidimensional cell-cell interactions and communication. Multicellular spheroids are
scaffold-free cellular models based on the spontaneous aggregation of cells into spherical
compact clusters on nonadherent substrates. The complex cell interactions recapitulate
spatial and functional characteristics of the native tissue modulating cell activities and
signaling.[168] For this reasons, 3D multicellular spheroids have been utilized as in vitro
models of fibrosis. Recently, 3D human fibroblasts spheroids have been created for

the development of an in vitro fibrogenesis model. Fibroblast-based spheroids showed
significantly higher expression levels of fibrotic genes (aSMA and collagen I) compared

to 2D monolayer culture. Furthermore, since the absence of immune cell mediators was
recognized as a likely limit to physiologic model behavior, hybrid spheroids were fabricated
with fibroblasts and macrophages. The addition of macrophages to the fibroblasts spheroids
at a ratio of 1:16 (macrophages-fibroblasts) resulted in an increase of fibroblast activation
and myofibroblast differentiation. Similarly, more macrophages were polarized toward

an inflammatory type M1 in this group with greater CCR7 and pSTAT1 expression. In
addition, hybrid spheroids demonstrated high expression of fibrosis-related genes (collagen
I, collagen 11l and TGF-B) and inflammatory genes (TNF, IL-1f and IL-6). This system thus
represents a valuable in vitro fibrogenesis model for high-throughput antifibrosis therapy
screening.[*87] Building on the success of spheroids, researchers have also focused on
organoids, which generally better replicate tissue morphology and organization, and embed
multiple cell populations that are distributed physiologically.[168] Organoids are in vitro
self-assembling 3D organ-like architectures grown from tissue-specific adult stem cells or
pluripotent stem cells, such as embryonic stem cells (ESCs) and induced pluripotent stem
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cells (iPSCs).[16%] Organoids have been engineered to model pathogenetic mechanisms that
affect lung homeostasis and involve complex interactions between different cell types, such
as those occurring in interstitial lung diseases, which is a frequent complication of systemic
sclerosis.[170] For instance, lung organoids composed of iPSC-derived mesenchymal cells,
treated with exogenous TGF-B1, demonstrated increased contraction and the development of
fibroblastic foci by expressing of collagen 1 and a-SMA.[171] Organoids represent valuable
tools for the screening of compounds with pro-regenerative, antifibrotic or tissue protective
capabilities for precision medicine. However future applications of organoids may be limited
by the fact that they lack mechanical cues, vasculature, and immune components, and may
be prone to tumorigenicity in case of IPSCs.

Another strategy to fabricate cellular 3D constructs consists of stacking of multiple

cell sheets, which takes advantage of the cell-deposited ECM network that intertwines

the different cell sheets.[172] Self-assembled reconstructed dermis equivalents have been
created to study the fibrotic phenotype of SSc fibroblasts. Fibroblasts isolated from

lesional or nonlesional skin of early- and late-stage SSc patients were grown for 35

d to form sheets and two fibroblast sheets were layered and maturated to generate a

thick dermal-like layer.[173] The study showed that in this system, development of skin
fibrosis resulted in progressive changes at the fibroblast level, from a normal phenotype

to a sustained and autonomous fibrotic phenotype. Based on these results, the authors
suggested that antifibrotic treatments of SSc could gain efficacy if they were tailored

to disease duration and severity. Another study developed a tissue-engineered model of
self-assembled reconstructed skin to mimic interactions between dermal and epidermal
cells.l74] Four dermal fibroblasts layers were superimposed to form a reconstructed dermis
and undifferentiated, differentiated and unsorted keratinocytes were seeded onto the dermal
sheets. Results showed that undifferentiated keratinocytes inhibited dermal fibrosis through
downregulation of TGF-B, induction of FGF- (fibroblasts growth factor p) and initiation
of desmosome formation, indicating that undifferentiated keratinocytes may be a promising
option for fibrotic scar prevention. Despite the utility of self-assembled skin models for
disease modeling, these systems lack the presence of critical components such as hair
follicles, glands, tactile corpuscles, and subcutaneous adipose tissue, which play a critical
role in physiological functioning. However, progress in biofabrication techniques will likely
address the incorporation of such appendages.[17%]

7.4.2. Scaffold-Based Models—Scaffold-based models of 3D tissues consist of
cells grown in the presence of support scaffolds consisting of either hydrogel-based or
polymeric fiber-based materials. These scaffolds can be composed of natural, synthetic,
or combinations of different polymers, and represent a 3D construct that is structurally,
mechanically and functionally similar to the biological tissue.[176:175]

For the fabrication of human skin equivalents, dermal fibroblasts are generally cultured

in collagen matrices to recreate a dermal-like layer, whereas keratinocytes are cultured

on top of these dermal equivalents, followed by air-liquid interface culture to promote
full epidermal maturation.[*77] For example, bioengineered human skin equivalents were
fabricated using both SSc-derived dermal fibroblasts and normal dermal fibroblasts.[178]
Stromal equivalents were assembled by embedding dermal fibroblasts into collagen type I
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hydrogels. Full skin equivalents were fabricated by adding keratinocytes onto the collagen
gel, after the maturation of the dermal layer. Results evidenced that SSc fibroblasts altered
collagen architecture, as seen by a more mature and aligned fibrillar structure, enhanced
stromal rigidity with increased collagen crosslinking, and upregulated LOXL-4 expression
and innate immune signaling genes. Interestingly, knockdown of LOXL-4 suppressed
rigidity, contraction and a-SMA expression in the SSc skin equivalents and TGF-B-induced
ECM aggregation and collagen crosslinking in the stromal compartment. This skin-like
tissue platform provided a suitable tool to test mechanisms that mediate skin fibrosis.
Nevertheless, the lack of vascular and immune cells into the 3D skin-like tissues limits its
potential.

Bioengineered skin equivalents have also been utilized to develop skin-humanized mouse
models to test the progression of SSc and to monitor the response to antifibrotic

drugs in vivo. For instance, 3D bioengineered skin, based on plasma-derived hydrogels
and containing human SSc-derived keratinocytes and fibroblasts, were grafted onto
immunodeficient (SCID) mice. Results showed that the human skin-SCID mouse models
closely replicate the SSc fibrotic phenotype in vivo up to 16 weeks.[179]

Despite the relevance of cell populations derived from SSc patients, the fabrication of 3D
tissue equivalents is limited by the availability of donor cells. In this regard, human iPSCs
offer great potential to generate relevant cell types and can provide an alternative source

of cells for tissue engineering purposes.[18%] Currently, patient-specific iPSCs are generated
by reprogramming of adult somatic cells by ectopic expression of pluripotency-associated
transcription factors including OCT4, SOX2, KLF4, and c-MYC.[181]

Cord blood mononuclear cells (CBMCs)-derived iPSCs have been used to generate dermal
fibroblasts, which have been used to create 3D dermal equivalents. Treatment with TGF-R1
activated iPSC-fibroblasts and increased their proliferation rate and ECM production. In
addition, TGF-B1 treatment increased the thickness of the 3D iPSC-fibroblasts construct.
Treatment with pirfenidone, a drug used to treat idiopathic pulmonary fibrosis, elicited an
antifibrotic effect, attenuating the increase in dermal thickness and expression of fibrosis
genes. These results suggest that the use of iPSC-derived fibroblasts in skin equivalents
could be utilized for drug screening purposes.[182]

A simple and versatile technique used for the fabrication of ECM-mimicking fibrous
scaffolds is electrospinning. Electrospun fibrous scaffolds create nano- to microscale fibrillar
network with interconnecting pores, resembling natural ECM in tissues, and facilitating the
formation of artificial tissues in vitro.[183] poly-caprolactone (PCL) electrospun scaffolds
coated with bleomycin treated lung extracts, obtained from solubilization with a glass
homogenizer, have been used as a model of idiopathic pulmonary fibrosis (IPF) to induce
bone marrow-derived cells to differentiate into myofibroblast-like cells.[184] This approach
combines biological extracts isolated from fibrotic lungs with synthetic nanofibers that
serve as an ECM-like substrate to determine the effect of biochemical signals present in
the fibrotic microenvironment. This model has the potential to help identify compounds
that either mitigate or reverse the fibrotic differentiation of bone marrow -derived cells.
Moreover, bone marrow-derived cells cultured on electrospun fibers with higher elastic
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modulus displayed increased fibrotic gene expression, demonstrating the importance of
matrix modulus in cell differentiation.[184]

The design of electrospun scaffolds with appropriate topographical features is critical to
determine cell function and to foster desired cell differentiation. For example, a recent
study showed that nanometer scale electrospun fibers upregulated the expression of a-SMA,
TGF-B, and vimentin filaments in comparison to micrometer scale fibers. The size change
of the electrospun fibers (from micrometers to nanometers) altered fibroblast differentiation
and led to higher a-SMA expression and more contractile myofibroblasts.[185] Another
study demonstrated that electrospun fiber diameter can modulate epithelial to mesenchymal
transition (EMT). Indeed, epithelial cells grown on fibers with an average diameter of

5um exhibited a downregulation of epithelial markers such E-cadherin and upregulation of
mesenchymal markers such as vimentin. However, cells grown on fibers with an average
diameter of 0.5 pm grew as compact colonies with a stable epithelial phenotype.[186]

Despite considerable advances in biomaterials design and development for the engineering
of physiological-relevant tissue models, several challenges hinder the applicability of such
models as part of daily pharmaceutical research. One such limitation is the scalability

and manufacturing of complex, bio-mimetic and reproducible scaffold-based models in
compliance with current good manufacturing practices (cGMPs), which result in cost-
intensive processes, not comparable to 2D and self-assembled models.

7.4.3. Decellularized Matrix Bioscaffolds—Given the complexity of ECM
composition and structure, designing and fabricating a biomaterial-based scaffold that

fully mimics the biochemical and structural properties of native tissue ECM is currently
challenging. However, decellularization of whole tissues and organs by removing cellular
components provides a useful method for harvesting an ECM which retains tissue-specific
3D morphology, biochemical, and biomechanical cues.[187.163a1 A 3D model of the fibrotic
lung microenvironment created from decellularized lung explants was used to determine
whether the lung ECM of patients with scleroderma leads to the development of fibrocytes
from peripheral blood mononuclear cells. Fibrocytes are collagen-producing leukocytes
abundantly present in patients with SSc-related interstitial lung disease (ILD) via unknown
mechanisms that have been associated with altered expression of neuroimmune proteins.
Culture of control cells and patient-derived cells in lung scaffolds from patients with SSc-
related ILD increased production of procollagen I, which was stimulated by enhanced
stiffness and abnormal ECM composition. Moreover, enhanced detection of netrin-1

(a laminin-like protein that regulates cell-matrix interactions) expression in cells from
patients with SSc-related ILD was observed, and antibody-mediated netrin-1 neutralization
attenuated detection of collagen-producing leukocytes in all settings.[188] This study
demonstrated the utility of decellularized platforms for disease modeling and potential drug
discovery. Other studies provided insights into ECM-mediated positive-feedback loops using
decellularized lung scaffold from patients with IPF.[189] |n the absence of exogenous factors,
IPF ECM alone can promote normal lung fibroblasts to become activated myofibroblasts,
and once fibroblasts are activated, IPF ECM sets up a positive feedback loop capable of
sustaining progressive fibrosis. Although successful decellularization has been achieved
for many organs, standardized decellularization protocols still need to be defined with the
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final goal of advancing the creation of in vitro models.[1%] Moreover, the development of
decellularized skin matrices will allow further exploration in the pathogenesis of SSc dermal
fibrosis.

7.4.4. Organ on Chip—Recent advances in microfabrication and microfluidics have
enabled the development of microengineered models of human organs—known as organs-
on-chips—that have the potential to provide platforms to model organ level responses for
drug discovery in an in vitro setting.[291] Important cues involved in the pathogenesis

of fibrosis, such as mechanical strain, fluid flow, and hydrostatic pressures, can be
integrated in such models. Recently, a 3D-bioengineered pulmonary fibrotic (Eng-PF)
tissue was developed utilizing silk collagen-I hydrogels seeded with pulmonary fibroblasts,
airway epithelial cells, and microvascular endothelial cells. Eng-PF tissue was cultured
under tension, tethered along the longitudinal axis of a bioreactor plate, and had the
capacity to be cyclically strained with perfusion ability. Eng-PF tissues were able to

model myofibroblast differentiation and permit evaluation of antifibrotic drugs, such as
pirfenidone and nintedanib. Further, Eng-PF tissues were used to model epithelial injury
with the addition of bleomycin and cellular recruitment by perfusion of cells through a
hydrogel microchannel.l192] Unlike other 3D tissue systems, lung-on-chip platforms are
standalone devices, therefore scaling these devices for high throughput antifibrotic drug
screening could be challenging. Organ-on-chip technologies have also been advanced in

the production of skin equivalents. The main advantages supported by microfluidics are

the presence of fluid flow and fine control of the microenvironment, which yield improved
epidermal morphogenesis and differentiation, and enhanced barrier function.[193] Although a
skin-on-a-chip model consisting of epidermal, dermal and endothelial cells has been used to
stimulate skin inflammation and edema,[194] a skin chip-model that replicate dermal fibrosis
still needs to be developed.

8. Missing Players: Vasculature and Hematopoietic Immune Cells

Recent research has enabled the development of in vitro models which recapitulate different
aspects of SSc, which could significantly contribute to early-stage drug discovery. However,
current bioengineered systems often lack the presence of perfusable (micro-) vasculature and
organ-specific immune responses, which need to be incorporated into the tissue models to
achieve patho-physiologically relevant levels of function.

It is known that patients affected by SSc present a series of vascular abnormalities.

Among them are direct damage of vascular and perivascular cells, abnormal vasoreactivity,
hypoxia, impaired angiogenesis, and platelet dysfunction. These vascular changes result

in decreased capillary blood flow, and subsequently in clinically overt symptoms such as
Raynaud’s syndrome and fingertip ulcers.[195] In addition, vascular damage contributes to
the production of a cascade of soluble mediators that ultimately influence the onset and
progression of tissue fibrosis.[19]

Given the importance of the vasculature in SSc, the integration of vascular structures into
in vitro cultured tissues is of paramount importance to provide realistic models of complex
interactions, which modulates tissue remodeling and fibrosis in the tissue of interest.
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One common strategy relies on the spontaneous organization of endothelial cells to form
vascular networks within biomaterials scaffold or in multicellular assemblies.[1971 Initially,
endothelial cells form a primitive network within an avascular tissue, which is similar

to vasculogenesis. In order to maturate into a functional vascular network with sufficient
vascular cell viability and function, perfusion bioreactors are required to mimic in vivo
like flow rate.[198] For example, a recent study focused on the development of vascularized
skin equivalents as an advanced model of human skin with a fully polarized epidermal
layer, a stratified dermis and a functional vascular system with physiological perfusion
pressures.[199] These models were induced to undergo fibrotic transformation and resembled
key features of SSc skin, with accumulation of ECM, fibroblast to myofibroblast transition
and aberrant activation of TGF-p signaling. In addition, treatment with nintedanib in a
pharmacologically relevant dose exerted antifibrotic effects in vascularized human skin
equivalents by attenuating TGF- signaling, reducing fibroblast to myofibroblast transition
and decreasing ECM deposition.[199] By incorporating a mature vascular network, this
platform provided a pathophysiologically relevant human setting for the evaluation of
antifibrotic drugs, potentially improving predictive value.

Considering that the immune system plays a pivotal role in this disease,[290 another key
element which is generally missing during the development of in vitro tissue analogues

is the presence of relevant immune cells. Activation of both innate and adaptive immune
responses leads to activation of fibroblasts, differentiation into myofibroblasts, ECM
deposition and finally fibrosis. Monocytes, macrophages and dendritic cells all release
soluble mediators that can directly affect fibroblast activation and tissue remodeling, or
indirectly affect it by inducing the release of profibrotic factors by other cell types, including
T cells and B cells.[18]

Using cocultures of immune cells with fibroblasts, a number of valuable in vitro models
have tried to approximate the role of innate/adaptive immunity activation in fibroblasts
differentiation and organ fibrosis. For example, it was demonstrated that coculture of SSc
fibroblasts and SSc plasma-differentiated macrophages (expressing high levels of CCL2,
IL-6, and TGF-B) using transwell plates resulted in activation of signaling pathways
involved in the regulation of inflammation and fibrosis, suggesting that therapeutic targeting
of these cells may be beneficial in ameliorating SSc progression.[201] Another study
demonstrated that B cells cocultured with human dermal fibroblasts (HDFs) derived from
SSc patients are potent inducers of IL-6, CCL2, and TGF-B1, which enhance collagen
production by fibroblasts.[202] The integration of key immune cell subsets is likely a needed
strategy to improve the relevance of SSc in vitro models. However, the complex mechanisms
by which the immune system orchestrates organs and tissues are challenging to replicate,
especially in prolonged culture conditions. New approaches such as “on-a-chip” platforms
can incorporate multiple cell types under controlled biochemical and biophysical conditions
contributing to the formation and progression of SSc.[203]

9. Challenges and Future Directions

Among autoimmune diseases, SSc is one of the most devastating pathologies, and its
heterogeneity and complexity pose unique challenges for the discovery and development
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of effective therapeutic strategies. Although tremendous scientific progress has significantly
increased the knowledge of the biological and molecular mechanism at the basis of SSc,
numerous unanswered questions remain in the field of SSc therapeutics. Animal models
represent indispensable for preclinical drug testing, even though none of these models
faithfully recapitulates the full spectrum of SSc. For this reason, the development of in

vitro models that replicate the complex and dynamic SSc milieu are essential to overcome
some of the in vivo disease models’ shortcomings. As herein reviewed, a variety of
biological, biochemical, and biophysical cues have integrated into in vitro platforms to
mimic the pathophysiological signals typical of SSc, thereby improving their suitability for
the identification and screening of effective drugs. However, in vitro models have not yet
fully recovered the SSc phenotype to a level comparable with the human disease. Due to the
complexity of SSc, it is likely unrealistic to create models that fully embrace all aspect of the
pathology, including vascular component, immune system and organ fibrosis. Multifactorial
approaches combining synergistic microenvironmental cues are one way forward to develop
more complex in vitro systems. Advancements in biomaterial science will contribute to

the development of new platforms that not only give structural dimensionality to the
models, but will also modulate cell behavior by providing heterogeneous spatial organization
and spatiotemporal controlled biological and mechanical signals.[204] Progress in iPSCs
technologies have the potential to provide disease-relevant cells in a personalized manner
and could facilitate the development of patient-specific SSc models for personalized
medicine without requiring multiple tissue collections.[20°]

Emerging technologies that go beyond well-established ex vivo assays for the
characterization of fibrotic hallmarks (SDS-PAGE,[20¢] quantification of hydroxyproline
content,[208] Sircol collagen assay,[27] histological and immunohistological analysis), not
only help to better understand the biology of the disease, but also lead to improved
assessment of the therapeutic effects of potential drug candidates. Examples include
assessment of ECM structure and stiffness by second harmonic generation (SHG)
microscopy!298] and atomic force microscopy,[14%] as well as noninvasive imaging of tissue
and organ damagel20%] by magnetic resonance imaging (MRI),[20] computed tomography
(CT),[21 yltrasound (US),[212] and positron emission tomography (PET).[213] These
imaging techniques can be readily utilized to measure treatment responses over time without
the need to sacrifice experimental animals, thereby facilitating the clinical translation of
antifibrotic therapies.

Overall, despite the wide recognition of the utility and potential of 3D models in the drug
development pipeline, there is not substantial evidence that such systems outweigh the
data obtained from 2D models or the cost of testing in animals. Indeed, drug discovery
programs are still far from being driven by primary screens in 3D and it is still premature
to claim that 3D models improve the clinical success rates of drug candidates. In addition,
the majority of models are conventionally not designed for automated analyses, being
incompatible with high-content screening platforms, and thus are held back by routine
applications into industrial settings. Therefore, future efforts should be directed not only to
the standardization and validation of such models, but also to their miniaturization in order
to enhance experimental efficiency with automation.
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While further advances are needed, in vitro models of SSc represent promising platforms for
disease modeling and for drug discovery, increasing our understanding of the mechanisms
underlying this devastating disease.
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Figurel.
Pathophysiology of SSc. Genetic and environmental factors trigger the onset of SSc. SSc

is characterized by vascular alterations, inflammation and autoimmunity, and multisystemic
excessive fibrosis, which ultimately lead to severe and life-threatening organ complications.
Created with BioRender.com.
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Figure 2.
Molecular mechanisms of SSc. 1) Preclinical stage. Vascular injury is the earliest event

in SSc which leads to endothelial cell activation and entrapment of peripheral blood
mononuclear cells. 2) Inflammatory stage. Progressive vascular damage causes endothelial
cell apoptosis, which in turn secrete ET-1 and PDGF that stimulate smooth muscle cell
proliferation, leading to luminal narrowing, and inflammatory cells recruitment. Plasma
cells secrete autoantibodies (anti-Scl-70, anticentromere, anti-RNA-polymerase I11) and
IL-6. Type 2 T helper (Ty2) cells secrete TGF-p and IL-13. Polarized M2 macrophages
secrete TGF-B. These soluble mediators contribute to fibroblasts activation and increase
ECM deposition. 3) Late stage. Progressive endothelial cells apoptosis, smooth muscle
cells proliferation and vessel narrowing lead to tissue hypoxia and oxidative stress which
contribute to the maintenance of fibrosis. Fibroblasts undergo complete myofibroblasts
differentiation and increase ECM deposition leading to mechanical stress and perpetuating
the fibrotic process. M2 polarized macrophages infiltration further increases TGF-f
secretion. Created with BioRender.com.
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Figure 3.

Overview of biological, biochemical, and biophysical cues used in vitro to recapitulate the
SSc microenvironment. Created with BioRender.com.
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Figure 4.
Matrix stiffness and mechanotransduction in fibrosis. Mechanotransduction pathways

mediate matrix stiffness-induced myofibroblast activation. Stiffness-mediated traction forces
are transmitted across integrins, which induce actomyosin cell contractility mediated by
focal adhesion kinase (FAK) and RHO-associated kinase (ROCK). These signals activate the
downstream effectors YAP (Yes-associated protein), TAZ (transcriptional coactivator with
PDZ-binding motif) and myocardin-related transcription factor (MRTF), which increase

the expression of profibrotic markers such as a-SMA and collagen type I. Increased
collagen deposition and crosslinking further increases ECM stiffening, creating a profibrotic
positive feedback loop between matrix stiffness and myofibroblast activation. Created with
BioRender.com.
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Advantages and limitations of in silico, in vitro, and in vivo models utilized to replicate
complex pathophysiologies. Created with BioRender.com.

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.


http://BioRender.com

Page 41

De Pieri et al.

aen|ipul Jopow asnow (QHAD)
[vzzl palinbai sjj1s [ea1uyda) pareansiydos Alojrewiwrejul Jo 82ussald ‘Areuowind pue sisoiqly jewlsq 3SeasIp 1S0U-Snsian-1yelf snojewIapoIs|ds
[ezz] uol1eZ119)9RIRYD 100d ‘salpognue asedawosiodoiiue ‘sisolqi Areuownd pue jewlsq (1IDOH) 18pow asnow snoiojydodAH
juasge Ajjensn aJe euawouayd Jejnasen asuodsal (uonoaful
[2€] ‘21Wa1SAS 10U pue ayis Bunj ayy 03 paywi| SI SIS0JqI4 AJojewwreyul ‘Salpogiiue Jeajonuiiue ‘sisoiqy Areuowind Buons [eayoeJyeIIUL) SISOIQIY JO [3pOW Jed uIdAwoa|g
juasqe Ajjensn aJe euawouayd JejnaseA ‘o1waisAs asuodsal Alojewiwejul (uonoalul
[og] 10U pue 8)Is uondalul ay) 01 panwij si s1solqi4 ‘salpognue Jeajonunue ‘sisoiqiy Areuownd Jo jewssg |ewape.ul) SISoJqly JO [8pOW asnow UdAWos|g paanpul
[zzz] Alunwwio)ne Jo 82uasqe ‘UoNez1IaIdeIeYd J00d SISOJQIY UIYS ‘aSeasip JejnaseA asnow O T-114
[tzz] Alunwiwiolne Jo auasge pue uolewweul pliIA 85easIp JenaseA ‘sisolqiy Bun| pue uys |apow asnow O T-Ulj0aAeD 1N0XI0UY
uonanpoid Apognueoine pue (-+G471) § J0308) 1|-Jaddnud|
[ozzl uoIeWWRUI PlIW ‘UoIleZ148)deIeyd 100d uoleAnloe [189-g ‘Bun| pue umis ay} Jo AyredojnaseA pue sisoiqi- 1 (L+T-114) T-1010B} UONERIBEIUI BIWLSYNS| PUBLIS
s1INagNs Ul sanssi asodipe 4o ssoj ‘Buluuiy [ewJapida
[6T2] s10adse AlojewiWeul pue aUNWWIOINE JO 30UaSqY ‘sjassaA Aseuow|nd pue siwIap Ul uole|nwnade usbe|jod Japouw asnow d1uabsuesy | 101dsdal g-49 1
[812] Alunwwione Jo aoussqy SISOJQIY [BI}13SIBIUI PUE SISOJ3]ISO|NIBWO|D |apow asnow T-uljayiopug
9SS
[212] Alunwwioine Jo aouasqe ‘Uolrezlialoeleyd J00d uewiny 03 Je[iwis asin0d aseasip ‘AyredoiBbueo.oiw ‘sisoiquy UlS Japow asnow (z-elH) z-usbiue parejal-so4 oluabsuel ]
saipoqnue Jeaponunue ‘Ainfur [erjayiopus suaxaIyd (002-aoN)
[9Tz] 1509 ybiy ‘saipnis Jendajow SHWI| punoibyoeq ueiny ‘uoiresn|iyul 9anAdoydwA| Jejnaseatsad ‘sisoiqly ueblo pue us 00g 3ul] SiAeq 1e elulol[eD Jo Alsianiun
Apognue Jesjonunue ‘sanssiy asodipe
[s12] Ayredojnasen o ubis oN pue SIWIBP 3Y} Ul UOIRL[IJUI [[39 Je3JONUOUOW ‘SISOIqL UIYS Japow asnow (z-MS1) z ums b
UoIeWWESUI JO 3dUaSqR
[#Tz]  ‘Ayredojnasen jo ubis ou ‘Buisoej I SIS04BJIS [ewIad salpogueoIne T-asesawosiodolue ‘sisolqly US Jepow asnowl (T-MS1) T umys biL PINENTELS)
'sjod suolelw| Jofe N S3.njesy [edifiojoyred PO N uolyeolyisse|o

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

"0GS JO S[9POW [ewiue aAeIuasaiday

Author Manuscript

PMC 2021 December 30.

available in

1

ipt

kinh). Author manuscri

Adv Biol (We



Page 42

De Pieri et al.

uononpoJd unosuoIqly pue usbe)joo paonpul

uolresayljoid sisejgoaquy Bunoaye noyum ‘uonisodsp

[sez]  -11-491>40019 0} 3|qe 319M HNC Pue 3seu E1d J0 sIougIyuj unosuoiqy pue | usbe|jod paanpu (;_Tw Bu 00z Jo ¢ TW Bu 00T) 11-491 sisejqouqyy Bun| panLIdp-0SS 491
Jauuew Juapuadap-asop e Ul 490d JO S1oays sisejqoiqy
[pez]l  Aiorejnwins syl paxoolq (Jo1giyul aseury| aulsolAl) qiuirew| | uabief |00 Jo sisapuAs sy pareinwins (;_w Bu o) 99-49ad |ewJap uewny paALIBp-9SS
uonelbiw pue uoieiaijosd |99 uonsodap INO3 pue Sisejqoiqy
[eez]l  panqiyur (Buijeubis 01dedas 49Ad Jo Jongiyur) giuejoussy  Uoneiapoad [139 paseasoul (;_ 1w bu 0T) G9-49ad 10 (;-w Bu 0T) Vv-49ad [eLUIap UeWNY PaALIap-0SS
SIS8|q04qLY. 9SS JO ANANIR SUOIS3| UIYS 9SS Ul Sajelijipul Alojewiweyul Jo aoussald syl Yim pajeroosse si s1se|qouqLy
[zez] 213910WAY 3y} pasealdsap T-dOIN Buyaolq seipognuy YaIYM ‘T-dOIN 0 uoissaidxa ays arejnwns (;_w Bu oy Jo (_Jw Bu 0T) 49ad |ewap uewny paAlIdp-9Ss
suigyoid
IND3 JO S|aAs) u1slold pue WYNYW ay) paanpai (s103dadas Sisejqoiqy
[t1sz]  49Qd pue saseun| |qe JO SI0)qIyuI) qroJIu pue qiuneseq I uabef|02 Jo sisaupuAs ayy parenwis (;_Tw Bu o) 49ad [eWLIap UBWINY PBALIBP-0SS 49ad
uoisodap urvsuoIqly pue | ushe)jod sise|qo.qy Buny
[ogz] - pasealoul pue uoiesay1joid |19 ansejqolquy pajeinwins (;_w bu oy) 4910 pue [ewIap Uewny PaALIap-9SS
uonenBaidn WwINS-D Juspuadap-4919 1132
[62z]  Pax201q *MEld Pue (H4S) Seseury Ajiwey-01S Jo sioNqiyuj S|9A9] VINS-D pajuswbne pamoys (;_Tw Bu 0T) 4910 sisejqo.qy Bun| ge-1M uewnH 4910
uLsypea-3A pue TeQ Bunenfaiumop pue S[199 [e1]3Y10pUB Je|NISEA0IDIW
[66] _ VINS-e pue | uabejjoa-oid Buneinbaidn 1 npu3 paanpur (;_w Bu 0T) g-491 Jewap uewny paALIdP-9SS
Aunqe
UOIYBWLIOY 3N} PUE UOISSaJdXa TEAD Paiolsal pue sidpew  g-491 pue ‘| uafefjod ‘WINS-D se yons sisew [ewAyousssw BuienBaidn pue
JewAyouasaw Jo uoissaidxa ay1 paonpal (QVIAl) Uelusioew ‘uolssaldxe -493A pue TEAD ‘AMige uorewioy aqn Buronpai ‘sisejqoiqy (s03AW)
[8zZ] pue (SOg) ur)Uasoq SisiuoBeue J0ydadas fenp T-13 P3ALIBP-0SS UM AjjeansiBisuAs LApu3 pasonpul (;_w Bu 0T) g-49L S1189 [e1[3Y10pua JB[NISeAoIdIIN
univauo.qgly pue unuawiA Bunejnbaidn sa1ko0uIIRIeN
122l 1IN3 paysi|qeIse pasianal (ZySTEES) 401gIyul pews pue T-OZ pue uliaypea-3 BuireinBal-umop LINT paonpul (;_w Bu 0T) g-491 JewJapida uewnH
uoissaldxa 4912 pue T-dININ ‘| usbe]jod
uo g-491 Jo 1098 Alore|nwins ayy pasianal (200zzd) urgjoid WINS-D JO UoIssaidxa psanpul pue 4919 (cg) aun
[ Yad| Jonquyul (HHW'S) asejoJpAy au1a)sAaowoy-|-|Asouspe-S pue T-dIAIIAl ‘| Uabe[|02 Uo 4o uoissaidxa ayy pasealout (;_w Bu 6z) 1d-491 1189 152|qOJqL [eWIap UBWNH
sise|qoquy upis ul Auanoe
1ds Buissaiddns Aq sisayiuAs | usbejoo psanpul-g-491 ayr sise|qoiquy d-149
[Gzz]  pauquyul (WS.L) v uneisoysts Jougiyul asejA1aoesp suoisiH uonisodap | uafe|jod pasealoul gd-491 |ewuap uewny Arewid (e 491
Joreipowl
sipY sonnade sy | indino evewiedx3 adA1 [pD a|gnjos

‘ursro4d T-suapn|a20

©|NUOZ ‘T-OZ ‘10198) YIMOIB [eI[3YI0PUS JeINISeA ‘49T A {|BI]ayIopua JeJndseA ‘JA ‘aseury aulsolAl ‘1M1 ‘g-1019e) yimolb Buiwioysuel ‘g-491 ‘saseury-g
apnisouloydsoyd ‘Mgld :10198) Yimoib panLiap-1aa1eld ‘49Qd (T-aseulsioidojjeial X1ew ‘T-dINIA T-uls104d Jueloriieowayd a1Aoouow ‘T-dJIN ‘aseuly
[eUILLIB)-N UNC-0 ‘YN[ ‘do1dadal T 1019e) YIMoIB ax1j-uljnsul ‘*4T49)]| T 10198} Yymolb ayjij-ulnsul ‘49| ‘101dsdal 1019e) Yyimoib 1sejqoiqly ‘4494 ‘1ooe)
ymoJb 1sejgoaqly ‘494 (T Uljaylopus ‘T-13 ‘uonisuel) [ewAyduasaw-[el[aylopus ‘I INPUT ‘uonisuel) [ewAyauasaw-[eljayiids ‘| AT XL1ew Jejn||adeixa
‘INDT 1101984 Y1Moah anssI) aAII23UU09 ‘91D ‘U119 3]9Sh YIoowWws-P ‘WIAS-P) Bunssl Bnip pue adAjouayd 2SS uo s1019e) Yyimolh Jo asuanjjul

Author Manuscript

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.



Page 43

De Pieri et al.

'sa|dwexa aAleIuasaldal Se 9IS SaoUBI)eY

(¢

uolssaldxa ||| pue | uabejjooold sisejqoiquy

[8z] _ Buirenbaidn Ag s10aye onoiquoad 10811 pamoys (;_w Bu 0z 40 0T) 493A |ewap uewny paALIdP-9SS 493A
UoMeAIde 1se|qoIqly Padnpul-6494 Pax0]|q
pue ‘sauab 1961 an0Iq10Id EY494 U0 6494 0 S10818 Bureubis 4494 Buneande Ag ‘uonenualayip
Asoreinwins sy parebolge WNYIS Ag £H494 40 UMOPXI0UN 1521q0.q1J0AW 01-1SB|QOIqIY JO SI8XJew Se ‘SIaqly SS8.1S JO UOHeWIo) 8y pue
[2€2] 10 $20£.TAd JOUGIYUI £ SAIBIBS AU UIM JUSWIeal | VINS- pue | 8dA) uabe||od Jo uoissaidxa sy pajowold (;_Jw Bu 0T) 6494 $1521q04q1) [ewsp Uewny 6494
sise|qoiqy 9ss
un23u.qIy. pue uabe||0d Jejn|jade.ul PAdNPal U1 101dadal ulnsul pue $103dadal-49)| 0 UoIssaIdXa ay} pasealdsp pue INS-D sise|qoqy
[ogz]  ‘I>L ¥T4O1 au} JO Joygyul d14123ds e ‘ges OV unsoydiAL pue uabe||0d ‘undauo.quy Jo uoissaidxa auab pareinwis (;_w Bu 00z) 11-491 Bunj panLiap-2Ss pue AuieaH

Joreipow
'SPy sonnede oy | indino eyvswiedxgy adA1 [pD a|gn|os

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.



Page 44

ssauyns
1189 Ul 8sealosp pue | Uabe]|0d pue YINS-B
10 uoissaldxa uajoid pue auab parejnbaiumop

d-491 pue "vINS-e ‘| uabeyjoo Jo uoissaldxa

SOSd! WOy parelaush

B £T JO SSaUlNS

[evz] G-V 9|n23j0W |[ews d10IqNUY ualoid pue auah pasealoul Buimoys ‘annresasijosd Alubiy asem sjja0 S]199 AM1]-[eWAYIUISIN B YlIm s|ab Wy//d paleod-une|an
196 B Z UO S]190 Uey) JayBIy Sem sajensqns s (ed)
uonelbiw |99 uo s1se|qouqy Jo uoneiBIN 196 edy Z 1OS 8y uo ueyy (dDL pue [ab edy sisejqoiqy 0G 10 ‘GZ ‘8 ‘Z ‘T) SSSauUKIIS SNOLIEA
[zvz] palqgIyul WINS- Joj WNY Buiapiaul Loys GZ) Sa1eA1SqNS JaNs ayl uo Jaybiy sem suslold WINS-D JO uoissaldxg Bun| uewny ewioN 10 s]96 Wyd pareod-| uabejjon
sajensgns (edy /i) 411S UO UOISSAIAXa WINS-D pasealou| ‘sajesisqns (edy
1JOS Bd-G UO 198443 OU pey INg S83es1sgns BdX-/—6 U0 UOITeAIIde (s4IN) /—G) snjnpow s,BunoA ajqeun}
[oeT] - T9-49.1 1Usle] PasUBYUS UIGUIOIY] YIIM UOIIBIIUOD A JO UOIINPU| sisejqoiquyoAw Bun| ey Y)IM S818.1SgNS 31N} |N2 3U0d1|IS
sa|dwies pajealiun 0} ajqeedwod
99ue!|dWOoD puUe SSAUIS aNSSI) paulejurew sbun|
pue Buluayns anssiy paonpul-1g-491 2110.q 14 JO 3SOY} Paydrew pue (ed) 8'Z F G'S) SANSSI0IDIW pajesun ueyy sisejqolquy 301Aap Je|[idoioiw
[tvz] paqiyui Ajbuouns suopiuaiid pue giuepajuiN (edX 0'8 F 0'%72) Jaybiy sem sanssnooIw payean TY-49 1 JO SSaulNS Bun| uewny [ewioN UO paseq anssnoJolw palsauibug
S9I1ITeW PAUBYNS (anssn
Ajreaibojoyred uo Ajjenuaiagaid ‘uoiresayijosd Xujew Bunj| ono.quy) edy Gz pue (anssin
pUE ‘UONIRIUOI ‘SISBLIUAS XLijew d1j0iqiyoid 1J0S U0 UO11eZ1[ed0] J83JoNnu 10unsIp Buiigiyxs s|199 Jamay Jey pue xijew sise|qolquy panLisp Bun| Ayyjeay) edy ¥°0 1INpow onise|s
[egzT] S31BNUSIIE UMOPXI0UY WNYIS ZV.L PUB dVA IS U0 ZV1/dVA JO UONEeZI[ed0] Jesjanu Jueuiwopaid pa)giyxa s|jed Areuow|nd -4d| [ewloN 10 s]8b wyd pareod-| uabejjon
suiaoid 771 pue d/A J0 uoissaldxa
paonpui-g-491 pue pasnpui-ssauylls Xiew X1JJew 1Jos 01 patedwod [aAd] uolssaidxa ulsyold saoLIrew (edy
urog pax20|q (6TZHS9) Isiuobelue (yAdH1) ZV1 8y} pajuawibine XLjew Yns "Xupew Jus uo umoib sjso uey vINS M3 ZT) 41s 10 (e G'0) uerdwiod ynm
[ovz] ¥ p1oj1ueA [enualod J01dadal Juaisuel ] -D $S3| PUB ULIBYPLI-T 340W Passaldxa Xujew Jos uo umolb sSHIHN Arewnd uewny fewioN s|aboIpAy Wyd pareod-usbie|jodn
siwlap
S13 SS2.11S 9ANISOU-WINS-D ey dO L U0 pue BdX O U0 (edX 05-GT) n0Jqy pue (e
umolB s||aD "sauab pale10sse-SIsouqiy JO S|aA3] YNYW Mo| pake|dsip s4a 0T-T) Aypjeay d1WIwW 0) SSAUYNS
[spT] - pue aAebau-INS-D 249M SAUO: 1JOS-UIYS U0 painyjnd s|jad uewiny ynpe Alewtid ButAren yum sayensqns SINAd
sise|qoiqy 9SS ui siabiey SI1JTBW JAYIIS UO S3SeaIoul SISaYIUAS

a10Jqly sassaiddns pue A|1o1IU0D S30NPaI pue uoissaldxa uabe||0D "s|[32 [03U0d AUleay Uyl Sadlew Jiis pue
V-4.1HIN 10 Umopyjaouy 10 (€27T-902) V 10S U0 V-4 1IN Jeajonu aiow pey s||8d 9SS 8y "SIse|qoiqiy [euLap s4@ uewny paALisp s|of wyvd pareod ushe)jod
[6e2] -4 1HIN JO UO[IBIO|SUEI} JBS|INU JO J0NgIyu] Ul -4 14\ JO UOITed0|SUBY Jeajonu pasueyua SSauis arensans ybiH -38S pue AyifesH (ed™ 0G) H41s pue (ed G) YOS

S1aqly SSaJIS JO 8ZIS pUE JagquINU ay} pue
raJe pealds |]92 a8y} paonpal 11 ‘uonippe uj ‘sjeb

J1IS UO SISe|qo.qy Ul Z.L PUB dWA Y1og Jo UOIISUBJ} 913011} © JO SAIIRIIPUI S1aqIy (anssn
uolyezijedo| Jeajonu paonpal ‘Aemyred /Ml SS8.1S UI1OE JO 8ZIS pUe Jaguunu ay} Ul 3Seaidul pue UoIezieao| Jeajonu s4@ uewny paAlsp 21103]9S) BdY 9 J0 (anssi Ayyfeay)
[6eT]  aup jo uomaiyur eln ‘(JINQ) srerewny [Ayiawia dVA/ZWVL Ul 8sealoul paounouoid e 0} paj ssauyis areisans ybiH -0SS pue AupesH 9°0 40 IINpoW yum s[sh Wy'vd
spY sonnede sy L indino fejuswiiedx3 adA1 |pD PPON

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.

De Pieri et al.

‘(u19104d pareId0sse-Sah ‘dWA ‘g-1010e) Yol Buliiojsuen

‘d-491 ‘onsejd ainyno anssi ‘4o ‘4now Buipuig-zad Yim Jo1eAnndeod feuonduosuel) ‘zv1 ‘saseuny-g apiisoutoydsoyd ‘Hgld ‘auexojisjAyrswipAjod
‘SINAd ‘apiwrejfioeA|od ‘Wyd ‘v 101984 uondiiosuesy pajelal-ulpedoAw -4 1IN ‘sisoiquy Areuownd aiyredolpl ‘44| ‘se1koounelay [ewsapida
‘S :S1SL]qO.gLY WP ‘sS4 ‘UNI. 3]ISNW YIo0Ws-D ‘YINS-P) Bunisal Bnap pue 9SS ul adAlousyd 21101q14 8yl UO SSaULIIS 31BASYNS JO 3dUaN|u|

‘€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 45

De Pieri et al.

Svs ul
Bunyuijssoso usbejjoa pue uonebalbbe
IND3J paonpul g-49 1 pue syusjeainba
UIys $1se|qoq1-0SS Ul uoissaidxa
VINS- pue uonoenuod ‘Anpibu

sauab Buieubis aunwiwi ayeuul pue uoissaidxa
#-1XO07 40 uorreinBaidn ‘Buryuilssosd uabe|jod paseasoul

S$H3 uewiny pue

[6v2] passalddns - TXOT 40 UMOPXI0UY Yum Alpifi [ewolls pasueyua pajelisuowap sise|qoiqy-9Ss sS4 PaALIaP-ISS Jo AylfesH
siuaeAinba anssi Aipibu arensgns
3y} J0 Juaju02 uabe|joa pue Anpibu pue SdINQ JO uolfe|nwinde ‘uofieziuefios. xiyew ‘uonisodap
paonpal Ajjuediyiubis uoiew.oy uabe]]02 u1 sasealoul Juapuadap-awi} YIM ‘JUSLUUOIIAUBOIDIW
[svz] x31dwod y-Y71.1/2-AIN $0 Slouqiyu] Jewap 118y} |apowal Ajanissaibold sisejqolqly 9SS sS4 PaALIaP-0SS J0 AylfesH
S1se|qoiqy dss
palejnwinisun ul uoissaldxa o10iqi
palenusne pue ‘uonresBiw isejqolquy
J0 uonenwinis ay} pajefoiqe Joydadal sjuajeainba upys Ul INS Y3
[2¥2]  unosuodipe Bunshiey sepndad 1siuoby -D pue u1ldauoIqly ‘| uabe)|od Jo uolssaidxa ayy paonpul g-49 1 pue s4Q [ewJsp uewny AyfesH
UOIRINWINIJE ISB|qoIqIyoAW sjusjeninba unys uewny ui Burjull
pue ‘uonisodap uabey|od ‘sisoiqiy -$5019 UBfE][09 pue SSBUIIS X1iJew Pasealdul ‘UoIeUBISYIP
snoaueINg pajusaid y-y1 Jo 1se]q0.qII0AW ‘uoissaidxa auab uabe]|od uo s1aye Juslod pey
[ovz] 10)IQIYUI pUe 30UaJBLIBIUI WYNY (37w Brl 0T ‘w@3u4) v urewop e11Xa uidauoiqy snouabox3 SH3 pue s4g uewnH
(T-OINH) sul 182 3sew
UOI}0RIIUOD ISB|qOIqLY uewiny 81A%0U11e13) UIYS8.0} sjusjeninba
are[nwins 03 s[[8d T-DIAIH J0 Aujige s|af uabe|]02 0 UOIIIBIIUOI ISB|qOIqL. PaTRINWINS 'S]189 [e1]3YI0PUS JejnISenooIw 18601pAy (suinog unjs uewny
[svz] 3y} pajeulwi|a sionqiyul aserdAs pue sisejqoiquy Aq uoissaidxa WINS-P pasnpul Sj1ad T-ONH |ew.Jap uewny ‘s4Q uewnH fel) | adAy uabeyjod o1dAouebio g
S|apow paseq-pjoyess
uopjelnjew | uafe|jod
pasueyua sprosayds ay) 01 sebeydoioew 0 UORIPPY "8INNd Az
a3 03 pasedwod | uabie||0d pue WIAS P JO S|aA3| Uolssaldxa sabeydouoew uewny
[291] - Jaybiy Apueaiyiubis pey sprosayds g ayp ul sisejqolqi4 pue sisejqoiqiy Arewnid uewnH - sprosayds anssi].
uoissaldxa (sQINgD) SI199 Jesjonuouow
uabie||09 pue SSaUNIIY] By} Ul asealoul 19Ae] S15R]q0IqL-DSd! AE 83 Jo uonisodap uoissaidxa uigioid pO0|q P402 WO} PAALIBP SOSd!
[z8T1] 3y} parenusiie auopluald pue aush usbie|jod pue ssauxdIy} By} paseasoul Juswieal} g-49 1 wouy parelaush sy3 pue s4a - piouebio upis s
$31A00UI1RI9Y PalenualayIpuN Jou Ing ‘uoissaldxa uialoid pue s4a sjuajeninba
vzl - ausb g-491 pue uabe|joo pasesioul salkoouneIay palenualayld pue SH3 uewny [ewIoN - uIys pajquiasse-4|as
sjuaeninba 9SS abels S4Q uewny paALiap-9SS sjuajenInba [ewJsp
[e21] - -A|Jea SSauXDIY} [ewap Ul aseasoul Jueayiubis e paonpul T-g49 1 abes-are| Jo 9SS abels-Alueg - pajquiasse-4|3s
S|opow 9a.14-pjoyeds
sjpd onnade oy L indino feyew i jodx3 Sl Sle) plo}jeds PPON

"(-101d3981 811110}

‘vH11 ‘g-10108) yImolb Bulwlosues) ‘g-49 1 {Sanssil [BLWOS PIJGUISSSE-J|9S ‘SVS ‘Z-UOIRIUBIBLIP PIOJoAW ‘Z-AIN ‘17-9)1]-9SepIX0 |ASA| ‘7-TXO1
‘1199 wals wajodunid pasnpul ‘DSdl ‘XLew Jen|[a9eiIxs ‘DT ‘sa1hdoulielay] [ewlapida ‘syJ {s1se|qolqly [ewlap ‘s4q ‘sulalied Jejnasjow palerdosse
-abewep ‘SqINVQA ‘unae ajasnw Yloows-o INS-0) Bulusaias Bnip ui uonealjdde Jiay) pue 9SS JO S|9pOW Paseq-plojedas pue 9alj-pjoyeds oA ul s

Author Manuscript

‘v alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.



Page 46

De Pieri et al.

uonoalep
| uabejoo0.d pajenusale uorezieLINBU
[osz] T-utu pajelpaw Apogqnuy

uomisodap NO3
pasealdap pue UoISUe.) 1Se|qolgII0AW

S|199 PaALIaP-ISS U0 Uaas

Sem uoissaldxa T-ULIIsN paoueyud ‘uonisodwod D3 [ewlouqe
pue SSaUYIS PaduBYUS Ag PaIRINWINS Sem Yd1ym ‘sQINgd Aq

uononpoud | adAy uabejjoo0id pasealoul SPloYeIS BULIBPOIS|IS

XLITRW Je[Nn||30.1X3 JO UOIISOdap SAISSBOXD
pue uabie||0d Jo asesjal Pasealdul ‘UoNISUR] 1S8|OIqII0AW 0}

sjuejdxa Bun|
©BULIBPO0J3|IS 211041

(songd) sl19o pue Ayyfesy wo.y
Jeajonuouow poojq [essyduad paJedaid spjoyeas
PBALIBP-OSS pue AufeaH paziie|n||30eq

WIRISAS Jejnasen
J31N0 39e3UI Yl Jred
utan-Aiape a|buis e
Aq paijddns wnunfaf

ployess
pazie|n||0sqg

01 1se]qoiqy paanpas ‘Burjeudis 1581904 PaaNpUl g-49 | 01 3INS0dXT "WIISAS [9SSOA [BUOIOUNY  S|[3D [B1]3YI0PUS Je|NISeA0IIW au1a10d 4o JuswBes sjuajeAInba umys
[66T] d-491 perenuaie qiuepajuiN © pawioy ainssaid [ea1bojoisAyd e je pasnyiad siusfeainbs uis pue s4Q ‘sHJ uewnH pazire|n|josg UBWINY PaZLIRINISeA
spy onnede oy L Indino [eruswi ledx3 s|po plojeds PPO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Biol (Weinh). Author manuscript; available in PMC 2021 December 30.



	Abstract
	Introduction
	Mechanisms and Pathophysiology of Systemic Sclerosis (SSc)
	Animal Models of SSc
	SSc: the Need for Advanced In Vitro Models
	Biological Cues
	Growth Factors Supplementation
	Cytokines Supplementation
	Serum Supplementation
	Cocultures

	Biochemical Cues
	Hypoxia
	Reactive Oxygen Species

	Biophysical Cues
	Substrate Stiffness
	Substrate Topography
	Macromolecular Crowding
	Dimensionality and 3D Architecture
	Self-Assembled Models
	Scaffold-Based Models
	Decellularized Matrix Bioscaffolds
	Organ on Chip


	Missing Players: Vasculature and Hematopoietic Immune Cells
	Challenges and Future Directions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

