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Abstract

Adipose-derived stem cells (ADSCs) residing in the stromal vascular fraction
(SVF) of white adipose tissue are recently emerging as an alternative tool for stem
cell-based therapy in systemic sclerosis (SSc), a complex connective tissue
disorder affecting the skin and internal organs with fibrotic and vascular lesions.
Several preclinical and clinical studies have reported promising therapeutic
effects of fat grafting and autologous SVF/ADSC-based local treatment for facial
and hand cutaneous manifestations of SSc patients. However, currently available
data indicate that ADSCs may represent a double-edged sword in SSc, as they
may exhibit a pro-fibrotic and anti-adipogenic phenotype, possibly behaving as
an additional pathogenic source of pro-fibrotic myofibroblasts through the
adipocyte-to-myofibroblast transition process. Thus, in the perspective of a larger
employ of SSc-ADSCs for further therapeutic applications, it is important to
definitely unravel whether these cells present a comparable phenotype and
similar immunosuppressive, anti-inflammatory, anti-fibrotic and pro-angiogenic
properties in respect to healthy ADSCs. In light of the dual role that ADSCs seem
to play in SSc, this review will provide a summary of the most recent insights into
the preclinical and clinical studies employing SVF and ADSCs for the treatment of
the disease and, at the same time, will focus on the main findings highlighting the
possible involvement of these stem cells in SSc-related fibrosis pathogenesis.

Key Words: Systemic sclerosis; Adipose-derived stromal vascular fraction; Adipose-
derived stem cells; Therapeutic approaches; Pathogenesis; Adipocyte-to-myofibroblast
transition
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Core Tip: Adipose-derived stem cells (ADSCs) represent a promising cell source for
cell-based therapy in the treatment of systemic sclerosis (SSc), but at the same time,
they may be involved in the disease pathogenesis. In this review, the current status of
fat grafting and autologous stromal vascular fraction/ADSC-based therapeutic
applications as well as SSc-ADSC functional characterization and possible implication
in disease-related fibrosis are discussed.

Citation: Rosa I, Romano E, Fioretto BS, Matucci-Cerinic M, Manetti M. Adipose-derived stem
cells: Pathophysiologic implications vs therapeutic potential in systemic sclerosis. World J Stem
Cells 2021; 13(1): 30-48

URL: https://www.wjgnet.com/1948-0210/full/v13/i1/30.htm

DOI: https://dx.doi.org/10.4252/wjsc.v13.i1.30

INTRODUCTION

Systemic sclerosis (SSc, scleroderma) is a rare multisystem disease characterized by
microvascular dysfunction, abnormal immune system activation and progressive
cutaneous and visceral fibrosis resulting from an increase in extracellular matrix
(ECM) synthesis and deposition driven by pro-fibrotic myofibroblasts!'?. SSc has a
chronic course and significantly affects patient’s length and quality of life, with
internal organ complications being mainly responsible for the high mortality rate.
Furthermore, the disease represents a real burden due to its heavy impact on facial
appearance, orofacial functions and everyday life activitiest’. Indeed, if hardening of
facial skin is associated with disappearance of mimic folds, thinning of lips and
presence of deep wrinkles in the upper and lower face, with consequent loss of
expressivity, the sclerosis of the extremities results in significant dysfunction and
becomes highly disabling!’.. Since the causes of SSc remain unknown, the treatment of
this disease is mostly symptomatic and based on the extent of skin and organ
involvement!. Over the last two decades, several researchers investigated the
potential of cellular therapies with autologous stem cells in the attempt to find new
treatments for SSc. In this regard, multipotent mesenchymal stem cells (MSCs) seem to
represent a promising therapeutic approach thanks to the number of trophic and
pleiotropic properties that they exert. MSCs are a heterogeneous population of cells
that have been first identified in the bone marrow (BM) and then isolated from several
tissues, including umbilical cord, placenta, dental pulp and adipose tissue”. MSCs
present a multilineage differentiation potential and are able to home to the sites of
damage, where they secrete a number of soluble mediators with anti-fibrotic, anti-
apoptotic, pro-angiogenic, immunomodulatory and anti-inflammatory effects”. In SSc,
the therapeutic potential of BM-derived MSCs (BM-MSCs) has been extensively
investigated in different preclinical and clinical studies, but the benefit/risk on the use
of such multipotent cells has not yet been fully clarified®”. Among MSCs, adipose-
derived stem cells (ADSCs) residing in the so-called stromal vascular fraction (SVF),
i.e., the heterogeneous cellular product obtained after adipose tissue digestion and
containing several populations of stromal and immune cells, are recently emerging as
an alternative tool for stem cell-based therapies™'?. Indeed, both the SVF and culture
expanded ADSCs, which present similar characteristics to BM-MSCs but can be more
easily and less invasively isolated, have the potential to be therapeutic in the field of
regenerative medicine as well as in different autoimmune diseases?®'?. As far as SSc is
concerned, increasing literature is rising about the possible efficacy of autologous fat
grafting for the treatment of skin fibrosis, together with the characterization of the
phenotype and differentiation potential of autologous ADSCs from SSc patientst*®*'1,
On the other side, several studies support the idea that ADSCs might directly
contribute to SSc fibrosis by reprogramming to pro-fibrotic myofibroblasts(’l. In fact,
an important source of myofibroblasts is represented not only by fibroblast activation,
but also by the transdifferentiation of other cell types, including pericytes, endothelial
cells, epithelial cells and adipocytic precursors, including ADSCs!"". In this regard, the
recently described adipocyte-to-myofibroblast transition (AMT) process could largely
explain the evidence that, in SSc, skin fibrosis is accompanied by the loss of
subcutaneous adipose tissue, a phenomenon which has also been observed in different
mouse models of dermal fibrosis'**.
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In light of the dual role that ADSCs seem to play in SSc, this review will provide a
summary of the most recent insights into the preclinical and clinical studies employing
SVF and ADSCs for the treatment of the disease and, at the same time, will focus on
the main findings highlighting the possible involvement of these stem cells in SSc
pathogenesis.

ADSC-BASED CELL THERAPIES IN SSc, FROM PRECLINICAL MODELS
TO CLINICAL APPLICATIONS

The clinical hallmark of SSc is represented by connective tissue fibrosis, which
predominantly affects the skin and the vessel wall and, to a lesser extent, the
gastrointestinal tract, heart, lungs, and kidneys!'”. Whereas life-threatening internal
organ lesions only occur in a minority of patients, cutaneous manifestations are almost
always present and usually represent early clinical signs of the disease™. Loss of
elasticity and sclerosis of the skin begin at acral areas, particularly at the fingers and
hands, where they develop in sclerodactyly. In addition, progressive capillary
rarefaction frequently occurs in the periungueal areas, generating painful digital ulcers
(DUs) potentially leading to gangrene, atrophy, and eventual amputation™!. Skin
sclerosis usually affects also the face, mainly determining disappearance of mimic
folds, sharpening of the nose, thinning of the lips (microcheilia), narrowness of the
mouth opening (microstomia), reduction in the size of the tongue (microglossia), loss
of cutaneous wrinkles and developing of vertical furrows around the lips?*1. Other
skin manifestations are represented by changes in skin pigmentation, hair loss and loss
of sebaceous glands; fibrosis of the salivary and lacrimal glands can also lead to
xerostomia and xerophthalmia®*.. Although not life-threatening, cutaneous
manifestations are very hard to conceal and, since they cause a relevant worsening of
patients’ quality of life, they represent a very high disease burden. The evolution of
sclerodactyly and DUs is often accompanied by intense disabling pain and great
difficulty in performing daily activities, while facial involvement and oral
complications cause esthetic changes, limiting expression and leading to a mask-like
stiffness of the face, and difficulties with oral hygiene, speeching and eating. As a
consequence, SSc cutaneous manifestations determine significant social disability,
isolation and psychological distress and are considered by the majority of SSc patients
as the most worrying aspects of the condition, being much more important than any
other internal organ involvement™ 1. Since to date SSc therapy is only symptomatic
and focused on alleviating pain or improving organ function, the treatment of
cutaneous defects or lesions represents an important challenge for healthcare
professionals.

Among the novel therapeutic strategies that are currently being contemplated, the
most promising seems to be the MSC-based therapy, which is actually under
evaluation in the clinics. MSCs consist of a heterogeneous population of cells
possessing multilineage differentiation potential, low immunogenicity, and the ability
to home to the sites of damage, where they secrete various cytokines and growth
factors with pro-angiogenic, anti-inflammatory and immunomodulatory properties™!.
MSCs can have multiple origins, but those derived from the BM are the first and the
most extensively characterized™.. In SSc, the therapeutic potential of BM-MSCs has
been extensively investigated, but their clinical use is limited by the extremely invasive
nature of BM harvest and the delay and quality management issues associated with
cell culture?. Besides from the BM, MSCs have been isolated from several other tissues
including umbilical cord, placenta, dental pulp and the adipose stromal
compartment™. As far as ADSCs, even if they share many biological features with
BM-MSCs such as multilineage differentiation potential (i.e., adipogenic, osteogenic,
and chondrogenic) and expression of non-specific markers like CD105, CD73, and
CD90, they present several advantages, including ease of isolation, less donor
morbidity, abundance and rapidity of expansion™. In addition, in respect to BM-
MSCs, ADSCs display higher proliferative rate, lower senescence, greater genetic
stability, faster culture expandability and higher retaining of stem cell phenotypes and
mesenchymal multipotency at higher passages in culture**. ADSCs also exhibit
higher immunosuppressive propertiest™"! and a strong pro-angiogenic activity,
primarily through the paracrine release of vascular endothelial growth factor and basic
fibroblast growth factor**?. Finally, the therapeutic use of ADSCs associates with
fewer ethical problems and a lower immunogenicity than that of other stem cell
types’l. For all these reasons, ADSCs are currently considered one of the most
attractive and promising sources of adult stem cells for cell therapy.
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ADSCs are present in any type of white adipose tissue (WAT) (i.e.,, dermal,
subcutaneous and omental) and, together with vascular endothelial cells, pericytes and
different numbers of circulating blood-derived cells including leucocytes,
macrophages and erythrocytes, constitute a heterogeneous cell population that, after
isolation, is termed SVF™*! (Figure 1). The most widely used technique for the
extraction of SVF, from which ADSCs can be subsequently isolated, is enzymatic and
involves several steps: fat harvesting by liposuction, washing with phosphate-buffered
saline in order to remove cellular debris, enzymatic digestion with collagenases at 37
°C to release the cell mixture embedded in the ECM between adipocytes, and
centrifugation to separate the SVF (lower cellular pellet) from the floating mature
adipocyte fraction (Figure 1). Erythrocytes, the major contaminants present in the SVF
pellet, can be lysed in order to isolate a purer population of ADSCs*l. Recently,
Tonnard et al*! have defined a novel method of mechanical SVF isolation called
nanofat grafting technique, consisting in rapidly transferring the adipose tissue from
one syringe to another in order to break down the ECM and extract the SVF.

Therapeutic effects of adipose fat grafting and SVF/ADSCs in preclinical models of
SSc

Before their application in clinical studies, ADSC-based treatments have been proved
to be beneficial in different preclinical models of SSc-like pulmonary and cutaneous
fibrosis. Indeed, the administration of human ADSCs in the bleomycin-induced lung
fibrosis mouse model ameliorated hyperplasia of cuboidal alveolar epithelial cells,
infiltration of the alveolar ducts by inflammatory cells, septal thickening and extensive
tissue fibrosistl. Furthermore, treatment with ADSCs led to the suppression of
epithelial cell apoptosis and reduced the expression of pro-fibrotic transforming
growth factor-p (TGF-fB)[. Of note, in a study relying on the use of an established
aged mouse model of bleomycin-induced lung fibrosis that was also demonstrated to
present skin fibrosis, a single intravenous injection of allogeneic ADSCs was able to
attenuate both pulmonary and skin fibrosis™l. In a rat model of bleomycin-induced
lung injury, intratracheal administration of autologous ADSCs at day 15 after disease
induction did not improve the severity of lung injury, but prevented further
aggravation of lung damage, suggesting that the time of cell injection may represent
an important factor to control for better efficacy of cell therapy!*l. Another parameter
that might influence the therapeutic potential of ADSCs may be the age of the stem cell
donors. Indeed, in one study comparing ADSCs from aged (> 22 mo) and young (4
mo) mice, only animals receiving young ADSCs at day 21 after bleomycin instillation
exhibited decreased pulmonary fibrosis, oxidative stress and markers of apoptosis
compared to untreated controlsl. In a different bleomycin-induced model of
scleroderma-like skin sclerosis in nude mice, local subcutaneous injections of human
aspirated fat enriched with SVF or isolated ADSCs into the lesions of bleomycin-
treated mice significantly decreased the established dermal fibrosis, increased local
vascularization, and improved skin texturel”“?. Moreover, in the bleomycin-induced
dermal fibrosis mouse model, subcutaneous injection of autologous ADSCs was able
to significantly reduce skin thickness and the total content of hydroxyproline as a
measure of collagen deposition and fibrosis®™. In another study, intravenous
administration of allogeneic ADSCs was able to attenuate skin and lung fibrosis in
both bleomycin-induced skin scleroderma and sclerodermatous chronic graft-versus-
host disease (Scl-cGVHD) models™. In addition, in mice with bleomycin-induced skin
fibrosis, provision of dendritic cell-derived signals could improve survival and,
therefore, effectiveness of therapeutically delivered allogeneic ADSCs™. The
protective and reparative effects of ADSCs were finally demonstrated in the murine
model of hypochlorous acid (HOCI)-induced SSc, consisting in daily intradermal
injections of HOCI into Balb/c mice for 6 wk. In particular, in this preclinical SSc
model, healthy murine and human ADSCs exhibited higher anti-fibrotic and anti-
inflammatory effects respect to corresponding BM-MSCs, leading to a greater decrease
in skin and lung fibrotic and pro-inflammatory markers®. Table 1 briefly recapitulates
the main experimental models of SSc-like pulmonary and skin fibrosis in which
therapeutic effects of fat grafting and SVF/ ADSCs have been demonstrated.

Clinical data on adipose fat grafting and SVF/ADSC-based treatment in SSc

Several clinical studies demonstrated the potential benefits of fat grafting and
SVEF/ADSC-based treatments for SSc patients and, in particular, for disease-related
face and hand skin lesionst*!%>%1,

Face: Although usually disregarded, facial handicap in patients with SSc is extremely
important for their quality of life. Since in the last decades autologous fat grafting (also
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Table 1 Summary of the main therapeutic effects of fat grafting and stromal vascular fraction/adipose-derived stem cells in preclinical

models of systemic sclerosis-like pulmonary and skin fibrosis

Animal model Treatment Results Ref.
Bleomycin-induced lung Human ADSC administration ~ Amelioration of cuboidal alveolar epithelial cell hyperplasia, alveolar Lee et all*’],
fibrosis mouse model duct infiltration, septal thickening and tissue fibrosis. Suppression of 2014

epithelial cell apoptosis and reduction of TGF-f expression

Aged mouse model of Single intravenous injection of ~ Attenuation of lung and skin fibrosis Rubio
bleomycin-induced lung allogeneic ADSCs et all*™, 2018
fibrosis
Bleomycin-induced lung Intratracheal administration of ~ Prevention of further aggravation of lung damage at day 15 after disease  Uji et all*”],
injury rat model autologous ADSCs induction 2015
Bleomycin-induced lung Administration of ADSCs from  Decreased pulmonary fibrosis, oxidative stress, and markers of apoptosis ~ Tashiro
fibrosis mouse model aged and young mice only in animals receiving young ADSCs at day 21 after bleomycin et al™, 2015
instillation
Bleomycin-induced skin Local subcutaneous injections of Decrease in the established dermal fibrosis and increase in local Serratrice
sclerosis model in nude mice human micro-fat enriched with  vascularization et al[ﬂ], 2014
SVF
Bleomycin-induced skin Human ADSC-assisted local Reduced TGF-B1 and type III collagen expression Chen et all™?,
sclerosis model in nude mice subcutaneous lipotransfer 2018
Bleomycin-induced skin Subcutaneous injection of Amelioration of dermal fibrosis Chen et all™,
fibrosis mouse model autologous ADSCs 2017
Bleomycin-induced Intravenous administration of ~ Attenuation of skin and lung fibrosis Okamura
scleroderma and Scl-cGVHD  allogeneic ADSCs et all® '], 2020
mouse models
Bleomycin-induced skin Intradermal injection of Provision of dendritic cell-derived signals improved survival and Chia et al®”,
fibrosis mouse model allogeneic ADSCs effectiveness of therapeutically delivered ADSCs 2016
HOCl-induced mouse Intravenous injection of healthy ~Decrease in skin and lung fibrotic and pro-inflammatory markers Maria
model of diffuse SSc murine and human ADSCs et all™ 2016

SVF: Stromal vascular fraction; ADSCs: Adipose-derived stem cells; SSc: Systemic sclerosis; TGF-p: Transforming growth factor-f; Scl-cGVHD:
Sclerodermatous chronic graft-versus-host disease; HOCI: Hypochlorous acid.

known as lipotransfer or lipofilling) has been successfully used to treat clinical
conditions characterized by skin atrophy or fibrosis, the efficacy of both autologous fat
grafting and isolated ADSCs for the treatment of cutaneous manifestations in the lips
and perioral region of SSc patients has been intensively investigated. In one of the first
case reports, the upper lip of a 41-year-old female patient with SSc was treated by fat
injection in order to improve the perioral aesthetic appearance, and this allowed the
patient to obtain a satisfactory recovery™. In the following years, autologous fat
grafting was shown to ameliorate aesthetic and functional outcomes of SSc patients by
improving perioral fullness, facial expression, mastication, oral hygiene and
interincisal distance, with a positive effect on speech and food intakel. Similarly, the
application of autologous fat graft in the perioral region of 20 patients with diffuse
cutaneous SSc (dcSSc) significantly increased both the interincisional distance and oral
perimeter and led to a consistent skin neovascularization, suggesting that lipotransfer-
induced local tissue amelioration might occur via a pro-angiogenic processl. An
additional surgical method in the treatment of SSc facial handicap was assessed by
Sautereau et all"! through autologous adipose tissue subcutaneous microinjections.
Even this microsurgical technique has proved to be beneficial in the treatment of
mouth opening limitation, as demonstrated by the evidence that all SSc patients
showed an improvement in perioral skin sclerosis, facial pain, mouth opening and
sicca syndromel*’l. Satisfying functional and aesthetic results of autologous fat grafting
for the treatment of facial scleroderma were finally reported in SSc patients with
microstomia and microcheilia®“l. In order to increase the survival rate of the
autologous adipose tissue graft and to improve the cutaneous trophicity in the grafted
areas, a step forward was made by enriching the autologous fat graft with platelet-rich
plasma (PRP), which is able to provide nutrients and enhance ADSC proliferation
through the release of several growth factors and cytokines!". In this regard, the
combined use of autologous lipoaspirate and PRP was proved to be effective in the
improvement of the buccal rhyme, skin elasticity, and vascularization of the perioral
and malar areas of SSc patients*.
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Figure 1 Technique for the extraction of the stromal vascular fraction from white adipose tissue and subsequent adipose-derived stem
cell isolation. The most widely used technique for the extraction of stromal vascular fraction (SVF), from which adipose-derived stem cells (ADSCs) can be
subsequently isolated, is enzymatic and involves the following steps: fat harvesting by liposuction, washing with phosphate-buffered saline, enzymatic digestion with
collagenases at 37 °C to release the cell mixture embedded in the extracellular matrix between adipocytes, and centrifugation to separate the SVF (lower cellular
pellet) from the floating mature adipocyte fraction. Both SVF and in vitro-expanded ADSCs can be injected for the local treatment of facial and hand cutaneous
lesions of systemic sclerosis patients. ADSC: Adipose-derived stem cell; SVF: Stromal vascular fraction.

As far as ADSCs are concerned, it has been investigated whether, thanks to their
regenerative properties, direct injection of these multipotent stem cells could offer
increased benefits compared to lipotransfer alone. Local infiltration of autologous
ADSCs in combination with a hyaluronic acid solution was firstly tested in both the
face and other body areas (i.e., trunk, upper and lower extremities) of a small number
of patients, where it was found to considerably improve skin fibrosis*l. In particular,
treated patients manifested an arrest of local disease progression and improvements in
skin manifestations, such as regression of dyschromia, better sensitivity, increase in
skin softening, and erythema reduction™!. Of note, the cohort of patients enrolled in
this study consisted only in cutaneous local forms of scleroderma (i.e., generalized
morphea, linear and/or plaque scleroderma)®. Interestingly, the same group
subsequently carried out a prospective study comparing autologous fat grafting and
injection of an autologous ADSC-enriched hyaluronic acid gel in two different groups
of SSc patients, in order to evaluate clinical improvement of mouth opening!®!. At one-
year follow-up, both procedures provided significant results but neither technique
emerged as a superior option!®l. It is important to consider that all the abovementioned
studies were limited by the small number of patients enrolled, few outcome measures
and short follow-up. In a very recent study, the effect of autologous ADSC-enriched
lipotransfer on the orofacial fibrosis outcomes was analyzed in a larger cohort of SSc
patients, using multiple validated outcome measures and a longer follow-uptl.
Notably, the authors demonstrated that injection of autologous ADSC-enriched
lipotransfer into the perioral and facial tissue of SSc patients significantly improved
mouth function, facial volumetric appearance and psychological outcome!’. In the
same study, ADSCs were co-cultured with SSc fibroblasts and were shown to
determine an attenuation of SSc fibroblast pro-fibrotic properties, thus providing a
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potential mechanism for the clinical benefit observed after autologous ADSC-enriched
lipotransfer in SScl’l.

Hands: The regenerative, anti-inflammatory, immunomodulating, and pro-angiogenic
effects of autologous fat grafting and ADSC-containing SVF have been exploited also
for the treatment of SSc lesions at the fingers, including Raynaud’s phenomenon and
painful and recurring DUs. In particular, management of DUs consisting mainly in
pharmacologic and local therapy represents a major clinical burden in SSc, as the
healing process is usually slow and ulcers can become infected or evolve to
gangrenel'l. Autologous fat implantation in the hands of 13 patients with either
primary or secondary Raynaud’s phenomenon associated with SSc led to significant
pain relief and decrease in the number, duration, and severity of Raynaud’s
phenomenon cold attacks!*!. Similarly, autologous fat grafting performed from 2 to 8
mo after ulcer onset and injected at the finger base for smaller DUs or at the border of
larger DUs of SSc patients has been shown to be effective in accelerating the healing
process, with 80% of DUs completely healed within 8-12 wk!*l. Moreover, the majority
of the SSc patients enrolled in this study have also experienced a significant reduction
in hand pain and need of pharmacological therapy as early as 2 wk post-
operatively!l. As far as ADSC-containing SVF is concerned, encouraging results on the
safety, tolerability and potential efficacy of its injection to treat hand disability in SSc
patients have emerged from several clinical trials and subsequent follow-up analyses.
In a pilot study, regional injections of autologous SVF in 15 SSc patients with long-
lasting DUs showing no tendency to improvement or healing led to good outcomes,
with prompt disappearance of local ischemic pain, rapid DU healing and
improvement in nailfold capillaroscopy abnormalities®]. Of note, a subsequent
randomized controlled trial performed by the same group further confirmed the
abovementioned preliminary datal'l. Similar results were reported in another pilot
study where injection of autologous SVF into the fingers of 12 SSc patients proved to
be safe, well tolerated and beneficial in terms of pain, grasping capacity, finger edema,
Raynaud’s phenomenon, DU outcome and quality of life, as recorded at the 6-month
study-completion visit®*’). Interestingly, such documented positive effects proved to
be long lasting, as they persisted 1 year after SVF injection”*’"! and were still very
encouraging even at 22 and 30 mo after treatment”. Finally, the beneficial effects of
autologous SVF subcutaneous injection were also demonstrated in a case report of a
62-year-old woman affected by SSc who presented progressive digital necrosis,
ulceration, gangrene, impaired wound healing and was not responsive to conventional
therapy with vasodilator drugs.

The main clinical studies reporting the beneficial effects of fat grafting and
SVF/ADSC-based treatment in SSc are summarized in Tables 2 and 3.

Collectively, these clinical studies demonstrate the efficacy and safety of all types of
autologous fat grafting procedures in the treatment of SSc-related skin fibrotic and
vasculopathic lesions, regardless of the type of fat preparation and/or purification.
However, an important question that should be addressed is whether ADSCs isolated
from SSc patients are able to maintain their ability to exert beneficial immunosu-
ppressive, anti-inflammatory, anti-fibrotic and pro-angiogenic activities. In this regard,
conflicting results are currently available. Indeed, while some authors did not notice
any significant differences in proliferative capacities and pro-angiogenic and anti-
fibrotic properties between ADSCs from SSc patients and healthy donors*”*”], other
studies reported opposite resultsl**’*”’l. In particular, adipose-derived SVF from SSc
patients was shown to display an altered cell composition (i.e., reduced number of cells
with a stem-like phenotype, high content of pro-inflammatory cytokines and a
shortage of angiogenic factors) and SVF-derived ADSCs, though retaining high
multipotency, failed in differentiating into fully mature adipocytes, osteocytes and
chondrocytes. In another study, when compared to healthy ADSCs, ADSCs isolated
from SSc patients were found to display reduced proliferative rate, metabolic activity
and migration capacity, even if showing similar surface phenotype, differentiation
potential and pro-angiogenic effects’. In addition, a differential cellular and
molecular signature reflecting a deregulation of angiogenesis, endothelial activation
and fibrosis was detected in SSc SVF when compared with healthy SVF”l. Moreover, it
was recently reported that both ADSCs isolated from the abdominal fat of SSc patients
and ADSCs harvested from bleomycin-treated mice present a pro-fibrotic and anti-
adipogenic phenotype characterized by high levels of the myofibroblast marker a-
smooth muscle actin (a-SMA) and low expression of both anti-fibrotic caveolin-1 and
the adipogenic marker fatty acid binding protein 4 (FABP4)/"l. Through a comparative
analysis of microRNA (miRNA) profiles, it was also demonstrated that both BM-MSCs
and ADSCs of SSc patients display an upregulation of pathways promoting their
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Table 2 Summary of fat grafting and adipose-derived stem cell-based treatments in systemic sclerosis

No. of Follow-u
. . P Results (face) Ref.
patients period
1 - Autologous fat grafting improved perioral aesthetic appearance and mouth opening Ho-Asjoe
et al™,1996
20 3 mo Autologous fat grafting increased interincisal distance, oral perimeter and induced skin neovascularization —Del Papa
et all*"l, 2015
14 6 mo Autologous fat grafting improved perioral skin sclerosis, facial pain, mouth opening and sicca syndrome Sautereau
et all™l, 2016
7 12 mo Autologous fat grafting improved SSc-related microstomia and microcheilia Blezien et all®”],
2017
16 3 mo Autologous fat transfer significantly improved mouth opening capacity Gheisari
et al®, 2018
1 - Autologous fat grafting enriched with PRP improved skin trophicity Daumas
et all™™!, 2020
6 3 mo The combined use of autologous lipoaspirate and PRP improved buccal rhyme, skin elasticity, and Virzi et all®,
vascularization of the perioral and malar areas 2017
6 12 mo Local injection of autologous ADSCs in combination with a hyaluronic acid solution led to arrest of local Scuderi
disease progression, regression of dyschromia, better sensitivity, increase in skin softening and erythema et al™, 2013
reduction
10 12 mo Both autologous fat grafting and ADSC-enriched hyaluronic acid gel improved mouth opening and Onesti et all*”),
interincisal distance 2016
62 6-53 mo Autologous ADSC-enriched lipotransfer significantly improved mouth function, facial volumetric Almadori
appearance and psychological outcome et all™, 2019

ADSCs: Adipose-derived stem cells; SSc: Systemic sclerosis; PRP: Platelet-rich plasma.

Table 3 Summary of fat grafting and stromal vascular fraction-based treatments in systemic sclerosis

No. of Follow-u
. . P Results (hands) Ref.

patients period

13 94t0243mo Autologous fat implantation led to significant pain relief and decrease in the number, duration, and ~ Bank et all*l, 2014
severity of Raynaud’s phenomenon cold attacks

9 12 wk Autologous fat grafting was effective in accelerating the healing process of DUs and led to a Bene et all”’l, 2014
significant reduction in hand pain and need of pharmacological therapy

15 6 mo Autologous SVF injections led to prompt disappearance of local ischemic pain, rapid DU healing Del Papa et all*”],
and improvement in nailfold capillaroscopy abnormalities 2015

38 8 wk Autologous fat grafting induced DU healing, restoration of the capillary bed and a rapid resolution  Del Papa et all'*],
of local ischemic pain 2019

12 6 mo Injection of autologous SVF proved to be safe, well tolerated and beneficial in terms of pain, Granel et al®l, 2015
grasping capacity, finger edema, Raynaud’s phenomenon, DU outcome and quality of life

12 12 mo The effects recorded by Granel et all®’! proved to be long lasting, as they persisted 1 yr after SVF Guillaume-Jugnot
injection etall”, 2016

12 22-30 mo The effects recorded by Granel et all®”! were still very encouraging even at 22 and 30 mo after Daumas et all’?!, 2017
treatment

1 - Autologous SVF subcutaneous injections had beneficial effects on digital necrosis, ulceration, Song et all”®), 2017

gangrene and impaired wound healing

SVF: Stromal vascular fraction; DU: Digital ulcer.
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senescence and pro-fibrotic phenotype with a parallel downregulation of the miRNAs
controlling cell survival-related genes'. Finally, in an attempt to clarify the
controversy over the use of autologous or allogeneic ADSCs in the clinic, a very recent
study has compared the phenotype and secretory potential of ADSCs from different
rheumatic diseases, including SSc, with the corresponding features of ADSCs
originating from healthy donors””. From this comparison, it has emerged that ADSCs
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isolated from SSc patients are characterized by several abnormalities in the expression
of cell surface markers that may modify their biological activities and contribute to
inadequate immunoregulatory functions”.

IMPLICATIONS OF WAT AND RELATED ADSCs AND MATURE
ADIPOCYTES IN SSc PATHOGENESIS

SSc-related fibrosis is characterized by tissue stiffening and impaired function due to
an excessive deposition of ECM proteins and is driven by activated myofibroblasts, a
population of mesenchymal cells displaying increased production of fibrillar type I
and type III collagens, expression and incorporation into stress fibers of a-SMA and
shortage of ECM-degrading enzymes!"**’. The initial events leading to the appearance
of activated myofibroblasts still remain a matter of debate, as these pro-fibrotic cells
can originate from several sources including resident fibroblasts, pericytes, epithelial
and endothelial cells!****l. Increasing evidence also suggests that WAT and related
adipocytes may be involved in the development of SSc fibrosis!l. As previously
discussed, WAT is composed of mature adipocytes with the ability to store energy and
secrete adipokines, and SVF comprising ADSCs with regenerative and reparative
capacity. Two types of WAT can be distinguished at the skin level: the subcutaneous
WAT (sWAT, also called hypoderma) located beneath the skin, and the dermal WAT
(dWAT) located directly under the reticular dermis®l. In rodents, dWAT can be easily
recognized as a discrete layer of fat cells situated between the dermis and the
panniculus carnosus muscle, whereas in humans, who lack panniculus carnosus, it is
located around the pilosebaceous units in the so-called dermal cones, which are
characterized by a portion situated in the dermis and another one passing through the
dermis and infiltrating into the sWAT. AWAT has an independent developmental
origin from sWAT, and during embryogenesis shares common precursors with dermal
fibroblasts!l.

The hypothesis of a possible involvement of WAT in SSc-related fibrosis was firstly
raised in the seventies from the observations of the dermatologist Raul Fleischmajer
who, after describing WAT atrophy and its replacement by collagen-rich fibrotic tissue
as consistent features of SSc, speculated that fat loss could represent a key pathogenic
event of the diseasel**l. During the years, atrophy of WAT accompanying skin fibrosis
has also been highlighted in various animal models of SSc, including the experimental
models of cutaneous fibrosis induced by bleomycin!**1, HOCI", angiotensin II'",
overexpression of constitutively active TGF-P receptor type I (TGF-BRI)P], and in
murine Scl-cGVHD" 1. Mice with heritable cutaneous fibrosis, including Fra-2
transgenic”’, fibrillin-1-mutant®, tight skin 17, and tight skin 2 micel™, also display a
comparable atrophy of WAT. A similar phenotype has been observed in the urokinase
type plasminogen activator receptor (uPAR)-deficient mouse as well. Indeed, uPAR
deficiency attenuated adipocyte differentiation), and uPAR/ mice presented
significant dermal fibrosis accompanied by a parallel reduction of WAT!".
Interestingly, several therapeutic strategies known to ameliorate experimental fibrosis,
such as treatment with TGF-p neutralizing antibodies or the peroxisome proliferator-
activated receptor-y (PPAR-y) agonist rosiglitazone, were found to promote
adipogenesis!”**l. Of note, time-course studies performed both in transgenic mice with
adipocyte-specific expression of Wnt-10b, a well-known fibrogenic regulator, and in
the bleomycin-induced skin fibrosis mouse model established that the loss of dermal
adipocytes precedes the onset of myofibroblast accumulation and consequent dermal
thickening!*>*”. Similarly, by using an adipocyte-specific genetic lineage tracing
analysis, Marangoni and colleagues observed that bleomycin-induced fibrosis in mice
caused WAT involution preceding the onset of dermal fibrosis, with adiponectin-
expressing progenitor cells, normally confined to the intradermal adipose tissue
compartment, downregulating their adipocytic markers, migrating into the dermis
and acquiring the expression of a-SMAM]. By performing additional ex vivo studies, the
same authors reported that whereas healthy ADSCs cultivated for 10 d in adipocytic
differentiation medium acquired a rounded shape, with accumulation of
intracytoplasmic lipid droplets and immunopositivity for both adiponectin and
perilipin, the subsequent application of TGF-f3 determined a rapid modulation of their
cell morphology™™. In particular, after 24 h these cells were in a transition state and
expressed both perilipin and a-SMA, while later they lost their adipogenic markers
and increased a-SMA expression, acquiring the typical features of contractile
myofibroblasts”). Besides ADSCs committed toward adipocytes, other studies
reported that a pro-fibrotic myofibroblastic phenotype can be induced by treatment
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with TGF- also in cultured undifferentiated ADSCs!"*'"’l. Noteworthy, it appears that
an additional source of pro-fibrotic myofibroblasts may be represented even by mature
adipocytes!"”l. This may happen through a two-step process during which mature
adipocytes de-differentiate into the so-called adipose-derived preadipocytes that then
transdifferentiate into myofibroblasts!'™! (Figure 2). Collectively, these findings
strongly support the notion that WAT loss accompanying SSc dermal fibrosis can not
be explained only by adipocyte apoptosis, but also by a direct AMT process of both
mature adipocytes and ADSCs (Figure 2). Besides reflecting a pathophysiologic
process, WAT involution may therefore also play a pivotal pathogenic role in SSc skin
fibrosis. Additional in vitro experiments further demonstrated that the AMT process
can be driven not only by TGF-pI"**], but also by treatment with sera from patients
with early deSSc"™ and by other molecules/signaling pathways such as found in
inflammatory zone 1 (FIZZ1)'""? and Wnt/p-catenin, suggesting that the SSc
pathologic microenvironment might be relevant in determining an unwanted pro-
fibrotic fate of mature adipocytes and ADSCs!"”l. In particular, FIZZ1, whose levels
have been found to be increased in SSc seral'””, has been reported to suppress
adipogenesis and stimulate myofibroblast differentiation in 3T3-L1 preadipocytes via
Notchl signaling!'™”.. In addition, mice lacking FIZZ1 retained more adipose tissue and
developed less fibrosis in response to bleomycin skin injury””. As far as Wnt/ -
catenin signaling is concerned, Wnt-3a was shown to inhibit adipogenesis in healthy
human subcutaneous preadipocytes by repressing the adipogenic master regulator
PPAR-y and promoting the differentiation of these cells into myofibroblasts'*. Of
note, PPAR-y is considered the principal mediator of adipogenic differentiation and its
loss is known to be associated with the transdifferentiation of quiescent ADSCs into
activated myofibroblasts!'”'"l. The involvement of Wnt/p-catenin signaling in WAT
involution and its parallel replacement by fibrotic tissue was further demonstrated in
transgenic mice with FABP4-directed Wnt10b expression””. Moreover, topical
application of C-82, a therapeutic that inhibits canonical Wnt signaling by blocking the
interaction of the cyclic AMP response element-binding protein with B-catenin and
suppressing Wnt-activated genes, was shown to rescue cutaneous adipogenesis in
patients with SScl'™l. It has been recently demonstrated that pro-fibrotic TGF-p induces
the activity of cyclin-dependent kinase 5 (CDK5) and the expression of the CDK5R1
subunit p35, which is essential for CDK5 function!”.. In this regard, markedly elevated
levels of p35 have been detected in the fibrotic skin of both SSc patients and
experimental sclerodermal'”. Moreover, ectopic expression of p35 in 3T3-L1
preadipocytes was found to suppress adipogenic markers and stimulate myofibroblast
markers with consequent collagen production, whereas pharmacological inhibition of
CDKS5 in experimental bleomycin-induced skin fibrosis prevented and reversed
dermal fibrosis!"".. In another study, transgenic mice with platelet-derived growth
factor receptor a+/stem cell antigen 1 (Scal)+ progenitor cells (i.e., lower dermis
reticular fibroblasts with a preadipocyte signature) constitutively expressing active p-
catenin were shown to be characterized by attrition of dWAT paralleled by an increase
in dermal fibrosis!"'"l. Further insights into the fate of ADSCs in skin fibrosis have come
from another study in which the investigators reported a significant decrease in the
dermal murine population of Scal+ ADSCs and a parallel increase in dermal thickness
and accumulation of Scal+ myofibroblastst™. Survival of the remaining Scal+ ADSCs
in fibrotic skin was maintained by CD11b+ dendritic cells via lymphotoxin- and
downstream integrin activation. Moreover, when mice with skin fibrosis were
intradermally injected with ADSCs in combination with stimulation of lymphotoxin-f
receptor, the injected ADSCs showed enhanced engraftment and survival, and both
dAWAT loss and dermal fibrosis were ameliorated™!. Besides cutaneous fibrosis,
lineage-tracing approaches in bleomycin-induced lung fibrosis revealed that
lipofibroblasts (i.e., lipid droplet-containing interstitial fibroblasts resembling
adipocytes) are able to transdifferentiate into myofibroblasts!"'!l. Interestingly, during
fibrosis resolution, myofibroblasts transitioned to a lipofibroblast-like phenotype!''"}, a
phenomenon that has also been observed in mouse skin!'"?.

Finally, it has been recently hypothesized that the local ratio of adipocyte
progenitors/ ADSCs to mature adipocytes in WAT might be of particular importance
in the pathogenesis of SSc skin fibrosis!"’l. In fact, these cells have been proposed to
give rise to different types of fibroblast-like cells, with adipocyte progenitors/ ADSCs
being mainly involved in the production of active synthetic myofibroblasts, while
mature adipocytes being mostly inclined to transform into less active synthetically
fibroblast-like cells!""l.

An additional contribution of WAT to SSc pathogenesis could derive from a
dysregulated production of adipocyte-released adipokines!'*""?l. Among them, serum
levels of adiponectin, an adipokine directly regulated by PPAR-y, were found to be
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Figure 2 Schematic representation of the adipocyte-to-myofibroblast transition process. In a pro-fibrotic microenvironment, both mature adipocytes
de-differentiated into preadipocytes and undifferentiated adipose-derived stem cells (ADSCs) can give rise to pro-fibrotic myofibroblasts through adipocyte-to-
myofibroblast transition. ADSCs: Adipose-derived stem cells; AMT: Adipocyte-to-myofibroblast transition; a-SMA: a-Smooth muscle actin; ECM: Extracellular matrix.
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significantly decreased in SSc patients at the early stages (< 18 mo from the first non-
Raynaud manifestation), when progression of skin fibrosis is thought to be the most
active, in comparison with patients with later stage disease (> 36 mo)!""l. Moreover, a
significant inverse correlation between adiponectin levels and the modified Rodnan
skin score (mRSS) was observed, suggesting that circulating adiponectin levels may
represent a possible biomarker of fibrogenic activity!”l. Adiponectin seems also to
exert anti-fibrotic effects, as mice lacking adiponectin develop exaggerated dermal
fibrosis upon bleomycin treatment, while transgenic mice with constitutively elevated
adiponectin show selective dWAT expansion and protection from skin fibrosis!"!*!*’l.
The anti-fibrotic properties of this adipokine was further confirmed in a murine model
of SSc, where an orally-active adiponectin receptor agonist was able to mitigate dermal
fibrosis, inflammation and microvascular damagel'*”. Leptin is another adipokine that
seems to be involved in SSc pathogenesis. Indeed, it has been found to be significantly
decreased in the sera of patients with the active phase of SSc!'*!l. Since this adipokine
polarizes T lymphocytes into Th1 and suppresses Th2 phenotype, its reduction in the
circulation may contribute to the observed Th2 lymphocyte domination at the early,
active stages of the diseasel'”l. Visfatin is an adipokine predominantly secreted by
visceral adipose tissue whose serum levels were found significantly elevated in late-
stage dcSSc (disease duration > 6 years), a disease phase generally characterized by the
spontaneous resolution of skin sclerosis, compared with healthy controls!*. Moreover,
in vitro experiments showed that visfatin was able to reverse the pro-fibrotic
phenotype of SSc dermal fibroblasts, suggesting a direct anti-fibrotic effect of this
adipokinel”. Vaspin is another adipokine predominantly expressed in visceral
adipose tissue whose circulating levels were found significantly decreased in SSc
patients with DUs compared with those without, suggesting a protective role of this
adipokine to DU development!'”]. As far as adipsin is concerned, since elevated serum
levels of this adipokine were correlated with pulmonary arterial hypertension (PAH)
in SSc patients, it has been proposed as a potential biomarker of this disease-related
complication*!. Apelin is an endogenous ligand of the G protein-coupled receptor
APJ that is widely expressed in the central nervous system and in many peripheral
tissues, including WATU#L. The apelin/ APJ complex was shown to alleviate renal,
myocardial and lung fibrosis in different diseases!*], and to inhibit TGF-p-induced
skin fibrosis in SSc!'*l. Moreover, apelin expression was significantly reduced in SSc
fibroblasts compared to normal fibroblasts, and serum apelin levels negatively

WJSC | https://www.wjgnet.com 40 January 26,2021 | Volume13 | Issuel |



Jaishideng®

Rosa I et al. ADSCs in systemic sclerosis

correlated with mRSS in SSc patients!'”). However, since the differences in serum
apelin levels between SSc patients and healthy controls vary among studies!'*'”],
further analyses are necessary to establish its role in SSc pathogenesis. The possible
contribution of omentin, which is abundantly produced by visceral adipose tissue, to
SSc pathogenesis and clinical outcome has been so far investigated only by one
study!*l. Although omentin serum concentration was comparable between SSc
patients and healthy controls, its levels were decreased in deSSc patients compared to
limited cutaneous SSc patients. Additionally, omentin levels in dcSSc patients
positively correlated with disease duration. Furthermore, increased right ventricular
systolic pressure was observed in SSc patients with elevated omentin concentration,
suggesting a possible role of this adipokine as a biomarker of vascular involvement
leading to SSc-related PAH!*1.

Collectively, all the aforementioned studies suggest that in SSc WAT and the
adipocytic cell lineage not only may make an important contribution to the
development of tissue fibrosis, but likely also participate to other aspects of this
complex disease, including SSc-related vasculopathy.

CONCLUSION

A number of preclinical and relatively small clinical studies have investigated the
efficacy and safety of fat grafting and adipose-derived SVF/ ADSC-based treatments in
SSc, generally reporting promising therapeutic effects regardless of the type of fat and
fat-derived cell preparation and/or purification. In particular, the use of SVF-isolated
and culture expanded ADSCs is increasingly gaining attention due to the extremely
high potential of these mesenchymal stem cells. Indeed, when compared to BM-MSCs,
ADSCs present a variety of advantages, including ease and non-invasiveness of
collection, as well as higher differentiation ability and regenerative properties.
Nevertheless, in the perspective of a larger employ of SSc-derived ADSCs for further
therapeutic applications, it is important to definitely unravel whether these cells
present a comparable phenotype and similar immunosuppressive, anti-inflammatory,
anti-fibrotic and pro-angiogenic properties in respect to healthy ADSCs. In this regard,
although some authors reported no significant differences between ADSCs from SSc
patients and healthy donors*””, others found that this kind of progenitor cells
isolated from SSc adipose-derived SVF are characterized by reduced proliferative
rates, metabolic activities, migration capacities and differentiation potential”*"*".
Most importantly, SSc-ADSCs have also been shown to present a pro-fibrotic and anti-
adipogenic phenotypel”’, suggesting that these cells may behave as an additional
pathogenic source of pro-fibrotic myofibroblasts through the recently described AMT
transdifferentiation process. Furthermore, there is also experimental evidence
supporting the notion that the disease microenvironment may substantially affect the
fate of ADSCs by directing their pathologic activation!'"'*l. Collectively, the currently
available data indicate that ADSCs may represent a double-edged sword in SSc, since
they have shown beneficial therapeutic effects when used for topical applications in
clinical practice but, at the same time, they seem to be potentially involved in tissue
fibrosis and disease progression. Therefore, the possibility that ADSCs may behave as
a source of pro-fibrotic myofibroblasts should not be overlooked when planning SVF-
based therapeutic approaches to treat SSc patients. Clearly, only an in-depth cellular
and molecular characterization of adipose-derived SVF and in vitro-expanded ADSCs
in larger cohorts of SSc patients, including different disease subsets reflecting the
remarkable disease heterogeneity, might help in identifying and predicting which
patients will be more likely to benefit from an autologous therapeutic approach. From
a clinical point of view, besides the need to standardize the optimal dosage, time and
technique of administration of such multipotent stem cells, it is important to consider
that up to now ADSC-based therapeutic application in SSc has been shown to be
effective only for the local treatment of facial and hand cutaneous manifestations,
while very little is known about their possible efficacy at the systemic level. Finally, a
deeper understanding of the putative role of the adipocytic cell lineage in the
development of SSc-related tissue fibrosis may pave the way for the discovery of novel
therapeutic targets to prevent or reverse fibrosis by reducing disease progression,
including pharmacological enhancement of adipogenesis and other strategies to
disrupt the differentiation of ADSCs into pro-fibrotic myofibroblasts.
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