EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Adipose tissue-derived stem cells in regenerative medicine

Citation for published version (APA):
Frese, L., Dijkman, P. E., & Hoerstrup, S. P. (2016). Adipose tissue-derived stem cells in regenerative medicine.
Transfusion Medicine and Hemotherapy, 43(4), 268-274. https://doi.org/10.1159/000448180

DOI:
10.1159/000448180

Document status and date:
Published: 01/07/2016

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://doi.org/10.1159/000448180
https://doi.org/10.1159/000448180
https://research.tue.nl/en/publications/63d847d3-c3dc-4cad-ac45-f71bca3f76d6

Transfusion Medicine
and Hemotherapy

Review Article

Transfus Med Hemother 2016;43:268-274
DOI: 10.1159/000448180

Received: March 23, 2106
Accepted: July 4, 2016
Published online: July 26, 2016

Adipose Tissue-Derived Stem Cells in Regenerative

Medicine

Laura Frese? Petra E. Dijkman?

Simon P. Hoerstrup?b:¢

2|nstitute for Regenerative Medicine (IREM), University of Zurich, Zurich, Switzerland;
bDepartment of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands;
¢Wyss Translational Center Zurich, University of Zurich and ETH Zurich, Zurich, Switzerland

Keywords

Regenerative medicine - Adipose tissue-derived stem
cells - Mesenchymal stem cells - Therapeutic application -
Cell therapy - Tissue engineering

Summary
In regenerative medicine, adult stem cells are the most
promising cell types for cell-based therapies. As a new
source for multipotent stem cells, human adipose tissue
has been introduced. These so called adipose tissue-de-
rived stem cells (ADSCs) are considered to be ideal for
application in regenerative therapies. Their main advan-
tage over mesenchymal stem cells derived from other
sources, e.g. from bone marrow, is that they can be eas-
ily and repeatable harvested using minimally invasive
techniques with low morbidity. ADSCs are multipotent
and can differentiate into various cell types of the tri-
germ lineages, including e.g. osteocytes, adipocytes,
neural cells, vascular endothelial cells, cardiomyocytes,
pancreatic -cells, and hepatocytes. Interestingly, ADSCs
are characterized by immunosuppressive properties and
low immunogenicity. Their secretion of trophic factors
enforces the therapeutic and regenerative outcome in a
wide range of applications. Taken together, these par-
ticular attributes of ADSCs make them highly relevant
for clinical applications. Consequently, the therapeutic
potential of ADSCs is enormous. Therefore, this review
will provide a brief overview of the possible therapeutic
applications of ADSCs with regard to their differentiation
potential into the tri-germ lineages. Moreover, the rele-
vant advancements made in the field, regulatory aspects
as well as other challenges and obstacles will be high-
lighted.

© 2016 S. Karger GmbH, Freiburg

Introduction

Regenerative medicine holds great promise to repair damaged
tissues and organs and restore functionality by stimulating the
body’s own regenerative capacity. The interdisciplinary field com-
prises several techniques and specialties, such as tissue engineering,
medicine and molecular biology, to replace, engineer, or regenerate
cells, tissues, or organs with the objective of restoration or estab-
lishing of the normal function.

In this regard various cell types have been investigated for their
suitability in regenerative medicine, including adult mesenchymal
stem cells (MSCs). The observed multipotency of MSCs, namely
their ability to differentiate into cells of mesenchymal origin such
as osteoblasts, adipocytes, myocytes and chondrocytes, sparked in-
terest to investigate their potential for future cell-based therapies.
In contrast to embryonic stem cells, the immune compatible stem
cells derived from differentiated tissues are not subjected to ethical
challenges [1]. Due to their wide availability MSCs represent an in-
teresting cell source for regenerative medicine and are commonly
isolated from the bone marrow [2, 3]. However, bone marrow-de-
rived MSCs are suboptimal for clinical use due to the required
highly invasive aspiration procedure and the decline in both their
proliferation and differentiation potential with increasing senes-
cence [4]. In search for an alternative stem cell source at the begin-
ning of the 21st century, Zuk et al. [5] introduced a multipotent,
undifferentiated, self-renewing progenitor cell population isolated
from adipose tissue that is morphologically and phenotypically
similar to the MSCs. These so-called adipose tissue-derived stem
cells (ADSCs) as suggested by the Internal Fat Applied Technology
Society display a capacity of differentiation similar to MSCs and
show the expression of the specific stem cell markers in vivo [6].
Importantly, the ease of repeated accessibility to subcutaneous adi-
pose tissue by a minimally invasive method, the simple isolation
procedure, and a stem cell quality and proliferation capacity that
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does not decline with the age of the patient outline the ADSCs’ su-
periority as alternative clinical cell source and provide a clear ad-
vantage over bone marrow-derived MSCs [7, 8].

Isolation and Characterization

Subcutaneous adipose tissue consists predominantly of mature
adipocytes and a heterogeneous stromal vascular fraction (SVE),
which includes fibroblasts, endothelial cells, pre-adipocytes, vascu-
lar smooth muscle cells, lymphocytes, monocytes, and ADSCs [9].
The most widely utilized method to isolate ADSCs from fat tissue
relies on a collagenase digestion, followed by centrifugal density
gradient separation [10]. In vitro, ADSCs display a spindle-shaped
morphology and lack the intracellular lipid droplets as seen in adi-
pocytes. Isolated ADSCs are typically expanded in monolayer cul-
tures on standard tissue dishes with a basal medium containing
10% fetal bovine serum [11]. However, in terms of the clinical
translation the in vitro expansion of ADSCs has to be compliant
with the good manufacturing practice (GMP) guidelines. In this
context xenogeneic components for the cultivation of cells have to
be avoided. A promising substitute has recently been found in
human platelet lysate (HPL) [12], which is superior in terms of
proliferation speed and allogenicity.

Similar to MSCs isolated from bone marrow, ADSCs show the
stem cell-specific combination of surface markers, such as CD90,
CD105, CD73, CD44and CD166, and lack the expression of the he-
matopoietic markers CD45 and CD34 [13].

According to current literature, the anatomical site of the adi-
pose tissue does not affect the total number of viable cells that can
be obtained from the subcutaneous fatty tissue [14, 15]. Compara-
tive studies with ADSCs and bone marrow-derived MSC described
minor differences regarding their differentiation potential and
their immunomodulatory activity [16, 17]. Thus, bone marrow-
derived MSCs had a slightly better osteogenic capacity, but ADSCs
show a more effective collagen production. However ADSCs seem
to be genetically and morphologically more stable in long-term
cultures, with lower senescence and higher proliferation capacities
[18]. Additionally, compared to bone marrow-derived MSCs,
ADSCs show no statistically significant correlation between stem
cell quality, proliferation capacity and the patient’s age [8].

Functional Roles of Adipose Tissue-Derived Stem
Cells in Regenerative Medicine

The beneficial effects of stem cells and therewith the paradigm
of tissue regeneration may not be restricted to cellular restoration
but may also be related to the transient paracrine actions of the
cells [19]. In 2010 Roh et al. [20] reported that human-derived
MSCs seeded on polymer scaffolds were no longer detectable
within a few days after implantation in an immune deficient mouse
recipient. Instead, the scaffolds became initially repopulated by
murine monocytes and subsequently by smooth muscle and en-
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dothelial cells. The authors were the first to hypothesize that the
pre-seeded and implanted MSCs have secreted significant amounts
of monocyte chemoattractant protein-1 and therewith increased
early monocyte recruitment in the recipient. These findings sug-
gest that the tissue regeneration occurs via an inflammatory pro-
cess rather than via cell restoration alone [20]. However, the bio-
logical role and regulatory mechanisms involved in this secretion-
induced inflammatory phenomena still remain largely unknown.

Therapeutic Applications of Adipose Tissue-Derived
Stem Cells

Stem cells, including ADSCs, have emerged as a key element of
regenerative medicine therapies due to their ability to differentiate
into a variety of different cell lineages. Moreover, their capacity of
paracrine secretion of a broad selection of cytokines, chemokines,
and growth factors make them highly clinically attractive. More
specific, of particular interest are the anti-apoptotic, anti-inflam-
matory, proangiogenic, immunomodulatory, and anti-scarring ef-
fects that have been demonstrated for ADSCs [21], which make
these cells promising candidates for cellular therapy in regenerative
medicine.

To date, approximately 130 active clinical trials investigating the
potential of ADSCs are listed on the US National Institutes of
Health Website [22]. These clinical trials span a broad range of ap-
plications, such as soft tissue regeneration, skeletal tissue repair,
ischemic injuries, myocardial infarction and immune disorders
(including lupus, arthritis, Crohn’s disease, multiple sclerosis, dia-
betes mellitus, and graft-versus-host disease). Other therapeutic
targets that are being explored in clinical trials include interverte-
bral disc degeneration and pulmonary disease — to name just a few.
As the therapeutic potential of the ADSCs is enormous, this review
will concentrate on the most reported therapeutic applications of
ADSCs with regard to their differentiation potential into the differ-
ent lineages.

Mesodermal Potential of Adipose Tissue-Derived
Stem Cells

Due to their origin, the earliest application of ADSCs in regen-
erative medicine was obviously for mesodermal regeneration, fo-
cusing on their potential for osteogenic, adipogenic, chondrogenic,
and eventually also their cardiovascular application.

Bone Regeneration

Numerous studies have investigated the regenerative effect of
transplanted ADSCs from rodents, rabbits, and humans on bone
regeneration in a variety of defect systems [23, 24]. For instance, a
painful disorder affecting the hip due to the avascular necrosis of
the femoral head often leads in its final stage to osteoarthritis and
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the need for total hip replacement. In small animal studies, autolo-
gous ADSCs were directly injected into the femoral head. Two
months after surgery, the ADSCs enhanced the osteogenesis and
the microstructure of vascular deprivation-induced osteonecrotic
tissue [25]. These beneficial effects of ADSCs were also reported in
a case study where a combination of autologous ADSCs and
spongy cells from the iliac crest were used to reconstruct the calva-
rial defects of a young girl after severe head injury. While a chronic
infection after reconstructive surgery resulted in an unstable cra-
nium with obvious bone defects, remarkably enough, 3 months
after cell injection new bone formation and nearly complete calva-
rial continuity was observed [26].

Fat Reconstruction

The initial indication for fat transplantation was the correction
of facial defects as well as breast reconstruction after mastectomy.
As breast cancer remains the most common type of cancer in
women, new techniques for postsurgical breast reconstruction con-
stantly develop. Such new procedures to improve autologous fat
grafting rely on the enrichment with autologous SVF, platelet-
derived growth factors, hormones and/or insulin [27, 28]. The re-
ported improvement of fat graft viability with these techniques
likely depends on the presence of ADSCs in the SVF. It is also
known that in the process of adipose tissue repair after injury fi-
broblast growth factor-2 (FGF-2), among other injury-associated
growth factors, strongly promotes ADSC proliferation and hepato-
cyte growth factor (HGF) secretion through a c-Jun N-terminal
kinase (JNK) signaling pathway [29].

Although breast reconstruction has been the prominent clinical
target for ADSC therapies, currently a wide range of applications
exist in plastic and reconstructive surgery. More specific, the secre-
tive properties of ADSCs to produce cytokines, chemokines, and
growth factors may contribute to an effective and innovative anti-
scarring therapy. After injury, often hypertrophic scars occur due to
abnormal extracellular matrix (collagen) deposition and remode-
ling or inflammation. Although nowadays a variety of therapies are
available for the treatment of hypertrophic scars (e.g. excision, laser,
IFN injection, etc.), none of these treatments has been confirmed to
be effective in fully avoiding excessive scar tissue formation or re-
generation of healthy dermal tissue [30]. The feasibility of ADSCs
to attenuate the formation of hypertrophic scars through secreting
anti-fibrosis cytokines and decreasing the a-SMA and collagen type
I gene expression was demonstrated in a rabbit ear hypertrophic
scar model by locally intralesional injection of ADSCs [31].

Cartilage and Intervertebral Disc Regeneration

In the light of the aging population, the skeletal tissue is more
and more affected. Consequently, today musculoskeletal disorders
represent a major cause of disability and morbidity globally and re-
sult in enormous costs for health and social care systems. Chronic
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and inflammatory diseases of the joints and the spine, including os-
teoarthritis and low back pain caused by intervertebral disc degen-
eration, are major causes of disability in the elderly. In cell-based
therapies for cartilage repair, transplanted ADSCs play a critical
role in the efficacy of the therapy by interacting with local chondro-
cytes or cartilage explants in cartilage defects [32, 33]. However, the
involved mechanism in the paracrine influence of ADSCs on chon-
drocytes is still unclear. Studies show that the implantation of
mixed ADSCs and chondrocytes into cartilage defects induces de-
sirable in vivo healing outcomes. The BMP family members BMP-2,
BMP-4, and BMP-5 are down-regulated, and VEGFB, HIF-1aq,
FGF-2, and PDGF are significantly decreased after co-culture.
These results suggest that crosstalk between ADSCs and chondro-
cytes might have potential in cartilage repair and regeneration and
could be also beneficial for cartilage tissue engineering [34].

Cardiovascular and Myocardial Regeneration

Molecular characterization of ADSCs not only has revealed
their osteogenic, adipogenic and chondrogenic differentiation in
vitro but also gives reason to suggest a myogenic potential of the
ADSCs to further expand the mesodermal lineage. In recent years,
cell therapies for cardiovascular and myocardial tissue regenera-
tion have been an area of large interest. A variety of cell types have
been shown to have a beneficial effect, especially for regeneration
of the ischemic myocardium [35]. The paracrine factors can im-
prove cardiac function by reducing the apoptosis of cardiomyo-
cytes or by activating cardiac stem cells to increase cardiomyogen-
esis [36]. The therapeutic potential of ADSCs in the setting of
chronic heart failure or acute myocardial infarction has been inves-
tigated by injecting them intracoronary. The ADSCs engrafted in
the infarct region 4 weeks after cell transplantation and improved
cardiac function, perfusion, and remodeling after acute myocardial
infarction [37, 38].

In addition, ADSCs sparked the interest for application in car-
diovascular tissue engineering and have been investigated as a
source of interstitial cells to populate the heart valve constructs. It
was shown that ADSCs can reproduce the major tissue structures
that are required for proper valve functionality by producing ma-
trix components, such as collagen and elastin, and by secreting
matrix-enhancing or -degrading products [39, 40]. Interestingly
for the required anti-thrombogenicity of heart valve constructs,
ADSCs are capable of differentiating into cells with phenotypic and
functional features of endothelial cells [39, 40].

Ectodermal Potential of ADSCs

Recently, it has been shown that ADSCs can express specific
markers of both the neuronal (NSE, nestin, MAP2, 3-tubulin III)
and the glial lineages (GFAP, NG2, p75 NGF receptor) when culti-
vated in the presence of the differentiation factors valproic acid,
butylated hydroxyanisole, insulin, and hydrocortisone [41, 42].
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The observed neuronal differentiation potential of ADSCs could be
beneficial in the cell-therapeutic treatment of neuronal diseases,
such as stroke [43] or Parkinson [44]. Stroke is a result of cerebral
ischemia that triggers a cascade of both physiological and bio-
chemical events. Currently no medication is effective for the treat-
ment of stroke. However, stem cell therapies have the potential to
resolve the effects of stroke [45]. More specifically, the ability of
ADSCs to differentiate into neuron-like cells and other recent
studies showing that human ADSCs significantly protect the en-
dogenous neuron survival indicate that this cell source has a high
clinical relevance for stroke therapy. ADSCs are known to amelio-
rate stroke symptoms by direct cell replacement, angiogenesis, en-
hanced immunosuppression, and an increase of the viability of en-
dogenous neurons [45, 46]. However, more research is required to
improve the effectiveness of transplanted ADSCs as a treatment for
stroke and other neurodegenerative diseases.

Endodermal Potential of ADSCs

According to the current literature, ADSCs can also differentiate
into the endodermal lineage and therewith complete the tri-germ
lineage potential. Some examples of the hepatic and pancreatic dif-
ferentiation of ADSCs in human and rodents are described below.

Hepatic Regeneration

Although the molecular pathways behind the hepatic differentia-
tion are still to be unraveled, ADSCs treated with HGF, oncostatin
M, and dimethylsulfoxide (DMSO) show the potential to develop a
hepatocyte-like phenotype expressing albumin and a-fetoprotein.
Furthermore, these hepatocyte-like cells have the ability to take up
low-density lipoprotein and to produce urea [47]. Additionally, in
vivo studies showed that ADSCs were able to be differentiated into
hepatocytes and capable to express albumin when transplanted into
a CCl4-injured SCID mouse model [29, 48].

Pancreatic Regeneration

Beside the differentiation potential of ADSCs into the hepatic
lineage, also the in vitro endodermal differentiation into the pan-
creatic lineage has been established. After induction with regener-
ating pancreatic extract or by co-culture with pancreatic adult stem
cells in vitro, rat and human ADSCs not only express pancreatic
markers, such as PDX1, CK19, IPF-1 and nestin, but also produce
the pancreatic hormones insulin, somatostatin, and glucagon [49,
50]. According to these studies ADSCs have the potential to differ-
entiate into pancreas cell lineages phenotypically in response to the
regenerating pancreas extract or by co-culture with pancreatic
adult stem cells.

Cryopreservation of ADSCs

For clinical practice and logistics, the preservation and banking
of ADSCs is important concerning the future use of autologous
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cells based on the hope of the patients. For this purpose the cells
have to be cryopreserved without losing their proliferation and dif-
ferentiation capacity or their functionality. Meanwhile different
protocols have been developed for clinic application. The main
focus is on the reduction of the cytotoxic cryoprotectant DMSO
[51] and a xenofree and chemically defined protocol [52]. Also the
cryopreservation of adipose tissue for more than 2 years was suc-
cessfully demonstrated [53].

Methods to Advance the Therapeutic Effects of ADSCs

The ability of ADSCs to secrete large amounts of specific growth
factors, cytokines or other paracrine factors in their target environ-
ment can be utilized for therapeutic regenerative applications that
rely on controlled drug release. For this concept, efforts to eluci-
date, augment, and harness stem cell paracrine mechanisms for tis-
sue regeneration currently are undertaken. For example, in order
to increase the amount of released trophic factors upon cell deliv-
ery in vivo, a number of different approaches have been examined
that focus on genetic manipulation and in vitro preconditioning of
ADSCs [54].

The potential of this concept has already been demonstrated
for osteochondral regeneration. In an in vitro study, the osteo-
genic properties of ADSCs were enhanced by transducing these
cells with an adenovirus to get an increased production of bone
morphogenetic proteins such as BMP2 and BMP4 [55]. Simi-
larly, ADSCs were transduced to secrete large amounts of VEGF
to improve their angiogenic properties [56] in the therapeutic
application in ischemic tissue. Amazingly the regenerative effect
does not only rely on the soluble factors released by the ADSCs
in vivo but also on the activation of the release of recipient’s own
secretomes [57].

ADSCs as All-Rounder for Regenerative Medicine

Due to their tri-germ lineage differentiation potential, ADSCs
have good prerequisites for a broad range of therapeutic applica-
tions in regenerative medicine. Additionally, the immunosuppres-
sive properties of ADSCs make them an attractive and clinically
very relevant cell population for treatment of several immune-me-
diated diseases, including for instance graft-versus-host disease
[58], Crohn’s disease [59], and rheumatoid arthritis [60].

On the other hand, beside tissue restoration, vascularization is
one of the most critical requirements for tissue healing. Interest-
ingly, ADSCs appear to be key regulators of new blood vessel for-
mation and have been demonstrated to differentiate easily to en-
dothelial cells and to form quickly and simply vessel-like structures
in Matrigel® substrates with assumed endothelial function [40].
Moreover, in different studies, regarding for instance cardiac in-
farct treatment, epithelial regeneration or neural tissue healing,
vessel formation has been observed after injection of ADSCs alone
or in the combination with other cell types [61, 62].
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Current Gaps and Controversies: Tumorigenesis

Notwithstanding all above mentioned marvelous and auspi-
cious findings and their promising applications in regenerative
medicine, it is relevant and critical to question whether these cells
could promote any residual tumor cells to proliferate, differentiate,
or metastasize or even induce de novo carcinogenesis. Therefore,
the question whether these cells are safe for clinical application is
heavily discussed in the current literature [63-65].

Amongst others, the research group of Wang et al. [66] de-
scribed the suitability of ADSCs for the treatment of hepatocellular
carcinoma. ADSCs inhibited hepatocellular carcinoma cell prolif-
eration and division, and induced hepatocellular carcinoma cell
death through the downregulation of Akt signaling, a signal path-
way that promotes cell survival and growth in response to extracel-
lular signals.

On the other hand, the prominent properties of ADSCs being
pivotal for tissue regeneration have been shown to also create the
perilous potential for tumor growth stimulation when the cells are
used for cancer reconstruction [67]. The application of ADSCs,
and more generally MSCs, results in tumor stimulation leading to
engraftment of cells in the tumor mass. In case of breast cancer, the
cancer cells stimulate de novo secretion of the chemokine CCL5
from MSCs, which then acts in a paracrine fashion on the cancer
cells to enhance their motility, invasion, and metastasis [68].

Furthermore, interactions of human ADSCs with human squa-
mous cell carcinoma cells were reported. The invasive behavior of
squamous cell carcinoma cells was significantly increased in co-
culture with ADSCs, pointing towards a doubtlessly increased on-
cological risk [69].

Several reports have suggested ADSCs promote the prolifera-
tion of cancer cells [64], that means ADSCs may stimulate the
growth of pre-existing tumors even if ADSCs per se do not form
tumors. Consequently, the treatment with ADSCs in cancer dis-
eases is not recommended as, in contrary, it could have dramatic
side effects. These studies should not be ignored when considering
clinical application of human ADSCs for regenerative therapies,
even if no malignant behavior of MSCs has been reported in clini-
cal studies so far [65].

Regulatory and Commercialization Aspects

The clinical use of cell-based therapies in regenerative medicine
has to fulfill minimal requirements like any other medical treat-
ment. In this regard, highest priority is given to the patient safety
and the clinical efficiency. Remarkably, around the world stem cell
therapy is being regulated by different guidelines and laws depend-
ing on the regulatory agencies in charge, e.g., the European Medi-
cines Agency (EMA) in Europe, the Food and Drug Administra-
tion (FDA) in the USA, and other regional authorities. Conse-
quently, some countries offer stem cell therapies that are not of-
fered elsewhere. Although this may positively impact the
economics of individual countries because patients are willing to
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travel in hopes of healing, the lack of worldwide effective regula-
tions concerning stem cell treatments is dangerous and could cause
harm to the hopeless and therefore acquiescent patients.

In Europe, therapeutic products for clinical use that are based
on gene therapy, somatic cell therapy, or tissue engineering are de-
fined as advanced therapy medicinal products (ATMP). The Euro-
pean-Commission-(EC)-Regulation 1394/2007/EG for ATMP, and
therefore cell- and tissue-based therapies, came into effect in De-
cember 2008. It covers specific guidelines on GMP and good clini-
cal practice (GCP). Furthermore, it defines specific rules for labe-
ling, packaging, and traceability as well as follow-up on efficacy,
adverse reactions, and risk management obligation to the EMA
and national authorities. This regulation is also ratified in Switzer-
land and defined in a national-specific way in the medicinal law
(Heilmittelgesetz) and the transplantation law. The abidance of the
law is inspected by Swiss Medic.

This hope of healing has drawn also commercial interest.
TiGenix NV for instance, an advanced biopharmaceutical com-
pany, focused on developing and commercializing novel therapeu-
tics from its proprietary platform of allogeneic, or donor-derived,
expanded ADSCs in inflammatory and autoimmune diseases. Two
products from this technology platform are currently in clinical de-
velopment. Cx601 is in phase III for the treatment of complex peri-
anal fistulas in Crohn’s disease patients. Cx611 is in phase IIb for
early rheumatoid arthritis and in phase Ib for severe sepsis. After
intravenous administration of expanded allogeneic ADSCs in re-
fractory rheumatoid arthritis, a trend for clinical efficacy was ob-
served [70].

Conclusions: Regenerative Potential of Adipose
Tissue-Derived Stem Cells

The promising therapeutic effects of ADSCs have been consid-
ered beneficial in regenerative therapies for numerous disease pro-
cesses. ADSCs are considered to be ideal for application in regen-
erative therapies for several reasons. Namely, they can be har-
vested, handled, and expanded in a minimal invasive, easy, and ef-
fective manner and have a high potential for differentiation into
mature cells along the mesodermal, ectodermal, and endodermal
lineage [13]. Over the last years, important progress has been made
regarding isolation, morphological characteristics, molecular biol-
ogy, and the differentiation potential of in vitro stem cells, and it
has become clear that ADSCs may mediate therapeutic effects.
More precise, they do not only function as tissue-specific progeni-
tor cells but also a multitude of mechanisms, such as paracrine-
mediated signaling of angiogenesis, inflammation, cell homing, cell
survival, and similar processes, have emerged as primary mecha-
nisms of action. These fundamental insights have helped to slowly
close the gap between basic knowledge and clinical application and
meanwhile the ADSCs have entered clinical trials throughout the
world, showing to be safe and feasible in a variety of models.

Still, before ADSCs can be applied for routine clinical applica-
tions, many open questions related to ADSCs need to be solved. In
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order to completely understand the underlying mechanisms that
regulate these cells, future experiments should, for example, focus
on more precise markers for better and source-specific characteri-
zation of ADSCs. Also the genetic modification of the ex vivo ex-
panded cells should not be neglected, and the regulators regarding
differentiation, migration, and cell survival after in vivo transplan-

source.

tation have to be elucidated. Moreover, as the scientific under-

standing of the regenerative capacities and therewith number of

possible applications of these cells increases, the potential perilous

risks needs to be addressed, and the regulatory framework that

governs their clinical use has to mature. Currently, specific regula-
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