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1. Abbreviations

ASDCs
ADAMTs
BMP
CCM

CM
CELA
CMC-1 0A
DASH
HSCs
JSN

IL

iPS cells
MHQ
MMP
MRI
MSCs
OA
ROM
SVF
TGF-
TNF-a
VAS

Adipose-derived stem cells

A disintegrin and metalloproteinase with thrombospondin motifs
Bone marrow-derived protein
Conditioned culture medium

Culture medium

Cell-enriched lipoaspirate
Osteoarthritis of the 1% metacarpal joint
Disabilities of the Arm, Shoulder and Hand Questionnaire
Hematopoietic stem cells

Joint space narrowing

Interleukin

Induced pluripotent stem cells
Michigan Hand Questionnaire
Matrix-Metalloprotease

Magnetic Resonance Imaging
Mesenchymal stem cells

Osteoarthritis

Range of motion

Stromal vascular fraction

Tissue growth factor beta

Tumor necrosis factor alpha

Visual analogue scale



2. Introduction

2.1. Osteoarthritis

Osteoarthritis (OA) is not only one of the most common chronic diseases in the elderly popu-
lation, but also the most common joint disorder in the USA. The lifetime prevalence of OA in
Germany is 27.1% for women and 17.9% for men [23]. Before the age of 45, this degenerative
joint disease affects men more frequently, then women. After the age of 50, women are more
often affected. Osteoarthritis frequently affects the hands, especially the fingers, lower back
and neck. Furthermore, it effects weight-bearing joints, such as the knees and hips [21]. The
number of symptomatic patients is steadily increasing due to the aging population and the con-
stant rise of obesity worldwide. OA causes pain, stiffness and subsequently weakness, which
ultimately result in loss of function of the affected joints. Thus far, OA is a massive and steadily
growing factor regarding healthcare costs.

Currently, no known treatment for OA is available and the damage caused by OA is irreversible.
OA is an irreversible disease with no curative treatment options. During the course of the dis-
ease, loss of the articular cartilage surface occurs; which plays a fundamental role. This is fol-
lowed by joint space narrowing (JSN) and, subsequently, pathologic changes within the un-
derlying bone occurs. Patients suffer from pain, swelling, joint tenderness and consequently
loss of mobility. Ultimately, surgery including salvage procedures or even total joint replace-
ments might be required; to restore some of the joint function [24]. There are multiple causes
in the development and progression of OA. These risk factors differ depending on; the affect-
ed joint, gender, genetic background, age, and occupation. Most frequently, multiple factors
combined, lead to the degenerative processes; which subsequently cause OA [16].

OA is a chronic disease that develops gradually over many years. It is diagnosed based on
clinical and radiological examinations. Typical radiological features are JSN, osteophytes and
bone cysts in more severe cases. Almost half of the patients with OA, show only radiological
features; without any clinical symptoms [21], [25]. Clinically OA can be diagnosed by typical
symptoms including; pain, stiffness, reduced movement, swelling and crepitus. Joint pain is the
limiting symptom [25]. However, the origin of the pain is yet to be fully understood. Be-cause
the articular cartilage is not innervated; it is difficult to determine if the pain is directly involved.
Biopsychosocial factors, could play a role [26]. Other structures of the joint; the subchondral
bone, periosteum, synovium and joint capsule are all innervated. Therefore, they play a role in
the development of pain during OA [25].



Figure 1: The molecular cross-talk is altered in osteoar-
thritic joints. The changed interaction in osteoarthritic
joints depends on different cytokines and growth factors.
These different factors lead to a changed bone and carti-
lage metabolism. By destruction of the tidemark, the sub-
chondral tissue is prone to increased inflammatory signal-
ing. Articular chondrocytes and the synovium affect the
subchondral tissue via different factors, such as vascular
endothelial growth factor (VEGF). This leads to differen-
tiation processes an often ends in chondrocyte hypertro-
phy and enchondral ossification. Adapted and modified
after [25], [26].
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Figure 2: Severe CMC-1 joint OA. The X-ray image
shows typical signs of osteoarthritis such as joint nar-
rowing sclerosis, cyst formation and the development of
osteophytes (red circle). Modified Eaton and Littler stag-
ing system after [35].

To date, there is no curative treatment of OA; mainly because the hyaline cartilage cannot be
restored. Therefore, symptomatic treatment is the mainstay of therapy. This includes temporary
immobilization, NSAR therapy, occupational therapy, Cryotherapy, direct intraarticular injec-
tions, corticoids or buffer substances such as hyaluronic acid, or ultimately, surgery. The main
problem with the treatment of OA is, that patients often present late; when the disease has pro-
gressed, and significant amounts of cartilage has been destroyed. Early modulation to the pro-
gression of the disease, maybe beneficial in order to maintain the hyaline cartilage; and thus
increasing the lifespan of the affected joint. One possibility to detect early-stage OA might be
the discovery of valid prognostic molecular biomarkers. Early detection of the disease would
allow for early treatment. Leading to either a deceleration, or even a halt in the progression of
OA. It is therefore, pivotal to gain a deeper understanding of the biology of the entire joint in
general and the osteoarthritic cartilage in particular, in response to intrinsic and extrinsic stimuli
[27].

2.1.1. Carpometacarpal osteoarthritis of the thumb- the price of an opposable thumb

The CMC-1 joint is a unique joint in the human body representing the only saddle joint. It is
formed in a biconcave-convex shape. The joint consists of the trapezium bone of the wrist and
the first metacarpal bone of the thumb. Its stabilization is ensured by a specialized ligamentous



apparatus, consisting of 11 different ligaments [32]. The unique shape of the articulating sur-
faces allows for six different types of movements. These include flexion-extension, abduction-
adduction and rotational movements, which when combined, enable the thumb to perform the
opposition maneuver, i.e., opposing the thumb’s pulp to that of the other fingers [31], [32].
Evolutionarily, the opposition of the thumb distinguished humans from primates. Enabling
them to grasp objects, to use tools and to perform many other tasks with their hands; ultimately
resulting in an increase of brain volume. Unfortunately, there is a high price for this increased
range of motion of the human thumb, namely early onset osteoarthritis. Due to the high degree
of mobility along with an extensive utilization and relative overuse of the CMC-1 joint during
a lifecycle, it is highly predisposed to age-related degenerative changes. High mobility of the
thumb combined with the age-related ligament instability, traumatic ruptures, joint inflamma-
tion and hormonal changes collectively contribute to the development of CMC-1 OA [31]-
[34].

IRles, Figure 3: CMC-1 joint. Classification and thereby the diagnosis of CMC-1 OA can
be achieved using different radiographic views of the thumb and/or arthroscopy
[31] Eaton et al. described 1984 radiographic stages I to IV of CMC-10A [35].

Arthritis of the distal interphalangeal and CMC-1 OA are the most common degenerative joint
diseases of the hand [28]. The largest longitudinal cohort study was conducted in Finland be-
tween 1978 and 1980, when 3595 hand radiographs were analyzed from patients aged 30 years
and older. The age-adjusted prevalence of CMC-1 OA with a Kellgran and Lawrence stage 2,
3 or 4 was 7% for men and 15% for women [29]. A smaller British study assessed 143 post-
menopausal women, aged 45-70 years. It identified a 25% prevalence of radiographically diag-
nosed CMC-1 OA with an Eaten and Littler stage 2,3 or 4 [30]. Both studies confirmed an age-
related occurrence of CMC-1 OA, with its peak in the fifth to sixth decade of life. Furthermore,
women were shown to develop Thumb-OA more often, due to hormonal predisposition [29],
[30]. Like with almost all other types of OA, patients with CMC-1 OA often present with late-
stage form of OA; as pain symptoms often occur in later stages of the disease, when synovitis
and inflammation appear [31]. Furthermore, the diagnosis is often delayed because patients try
to adjust their hand activity to the circumstances. By using splints and ultimately limiting their
hand movement. Like is the case for all other forms of osteoarthritis, there is no curative treat-
ment option for CMC-1 OA available. Hence, treatment is symptomatic and often only tempo-
rarily efficient [28], [31].



2.1.2. Diagnosis and treatment options

Classically, the diagnosis can be made clinically. The clinical history along with the clinical
examination usually result in a high degree of suspicion. Classification and diagnosis of CMC-
1 OA can be achieved using different radiographic views and arthroscopy of the thumb. With
progression of the disease patients experience more severe symptoms, including swelling, sub-
luxation and tenderness of the joint, which can be clinically examined [37], [38]. A CT scan is
not necessary for diagnosis but reveals details about the localization and extent of the degener-
ation, as well as the existence of loose intra-articular bodies. MRI scans help to quantify the
cartilage damage. They also unveil the amount of inflammatory process resulting from the ar-
thritic changes. In recent years, arthroscopy has become a tool to treat and classify CMC-I-
arthritis. This technique has not yet been established as a standard procedure [31]. In 1984,
Eaton et al. described four radiographic stages of CMC-10A (table 1) [32].

Table 1. Stages of CMCL1- osteoarthritis

Stage | Possible widening of the joint space

Stage Il Narrowing of the joint space, osteophytes, loose
joint bodies (<2mm)

Stage IlI Severe joint space narrowing, osteophytes, loose
joint bodies (>2mm)

Stage IV CMC-1 osteoarthritis combined with scaphotra-
pezial osteoarthritis

Modified Eaton and Littler staging system after [35].

More importantly however, the radiological stages do not correlate with the clinical severity of
the disease [21], [25]. Badia et al. described arthroscopic stages I to 1l for CMC-1 OA, based
on the intra-articular findings. Obviously, arthroscopic evaluation might detect earlier degen-
erative changes than found in x-rays and may thus change treatment modalities [36].

Taken together, the diagnosis should not only be made by radiographical examination, but
should also include the patient’s history, clinical assessment, and pain evaluation [31]. For the
clinical examination, it is important to measure the range of motion (ROM), as well as the pinch
and strength grip. To ensure an objective investigation, measurement devices such as the dyna-
mometer and pinch gauges should be used [31]. In order to evaluate the pain and the associated
changes in quality-of-life; there are several questionnaires available. The most frequently used
are the Disabilities of the Arm and Shoulder (DASH) and Michigan Hand Questionnaire

(MHQ) [31].



The treatment options for patients suffering from CMC-1 OA are very limited. Initially, patients
with pain secondary to CMC-1 OA should always be managed conservatively. Conservative
treatment options include immobilization with a splint, pain relief with non-steroidal anti-in-
flammatory drugs (NSAIDs) and physiotherapy [20], [28], [37]. As the disease progresses, in-
tra-articular injection of corticosteroids and hyaluronic acid, combined with splinting (3 weeks),
has been shown to give 80% of the treated patients temporary pain relief. However, when the
steroids subside, a higher degree of pain may result due to overuse during the pain-free period
[39]- [41]. Multiple cortisone injections may be done with caution, as this may induce weak-
ening of the stabilizing joint ligaments [39]. In addition, their effect tapers off with repetitive
use. Hyaluronic acid injections may also be considered, yet studies are scarce, and the cost
benefit ratio has to be considered. If used, several sequential injections are warranted, yet the
exact amount has yet to be determined [39].

When conservative treatment options have failed, surgical treatment/intervention is recom-
mended. Surgical interventions are primarily used in patients with progressed CMC-1 OA
(Eaton I1-1V). They include osteotomy, trapezium bone excision, ligament reconstruction with
or without tendon interposition and various prosthetic implants with or without the excision of
the trapezium bone [20], [31].

Overall, conservative treatment options only temporally hinder the development of symptoms,
but in the long term, surgical intervention is usually necessary. Most of the techniques irrevers-
ibly destroy the natural anatomy of the wrist. They are associated with a significant degree of
postoperative pain and usually require an immobilization of the thumb for 4-8 weeks. There-
fore, there is a need for new treatment options that help avoid surgical intervention. In an at-
tempt to do so; regenerative therapies like, autologous fat injection was added to the treatment
modalities of CMC-I OA.

2.1.3. Autologous fat injection as a novel treatment for CMC-1 OA

Autologous fat injection has recently been investigated as an alternative treatment for CMC-1
OA. It is hoped to be a less invasive alternative to surgery, with the regenerative potential. In a
prospective, non-randomized pilot study, we previously compared the clinical outcome of pa-
tients, who received a radiologically guided injection of 1-1.5 ml autologous lipoaspirate as a
treatment for CMC-1 OA to a classical cortisone injection [42]. In this study, 24 patients aged
47-75 years with early stage OA (Eaton I-11) received a one-time injection of autologous adi-
pose tissue, which was harvested from the abdomen with the Lipivage 200-5 liposuction sys-
tem. The harvested fat tissue was homogenized using two Luer-Lock Syringes, but not centri-
fuged, before injection into the patient’s CMC-1 joint. After the treatment, the thumb was im-
mobilized with a splint for one week. Patients in the control group received a one-time injection
of 10 mg triamcinolon without subsequent immobilization with a splint. The clinical outcome
of patients in both groups was measured by evaluating the pinch and grip strength, the pain
(VAS), as well as the DASH and MHQ questionnaires, preoperatively as well as two, six and
twelve weeks postoperatively. Patients in both groups showed a significant reduction of stress
pain after 2 weeks. Neither method had a significant effect on the hand force. The DASH and
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MHQ showed an initial improvement of life quality among patients in the control group, which
lasted for 6 weeks only, whereas patients in the fat injection group experienced a continuous
and prolonged improvement [42]. Bohr et al. used an even more innovative approach for the
treatment of CMC-1 OA called cell-enriched lipoaspirate arthroplasty (CE-LA) [4]. For the
preparation of a cell-enriched lipoaspirate the SVF of adipose tissue, which is a rich source of
pre-adipocytes, endothelial cells, immune cells and MSCs, later called ADSCs is added in dif-
ferent ratios to the lipoaspirate before transplantation. This method is being used to improve
autologous fat transplantations through the potential regenerative properties of ADSCs [6]. In
the case-report a 62-year-old male with CMC-1 OA at stage 11 after Eaton and Littler received
a one-time CELA. For the CELA, abdominal liposuction with a standard liposuction technique
was performed to obtain autologous lipoaspirate. To increase the amount of the SVF the ob-
tained lipoaspirate was centrifuged. Subsequently, 1 ml of the enriched lipoaspirate was in-
jected in the CMC-1 joint, followed by a 10-day immobilization with a splint. According to the
authors, this procedure led to freedom from pain after a period of 5 weeks. For outcome analysis
the DASH score was evaluated pre- and post-CELA, showing a score of 46/100 pre-CELA
compared with a score of 22/100 post-CELA, which indicates an improvement of the patient’s
life quality after CELA treatment [4].

Both treatment options; the injection of lipoaspirate into the CMC-1 joint and the CELA - may
result in pain reduction and improvement of the life quality. However, both studies have limi-
tations, including low patient number and the fact that no objective examination was per-formed
to evaluate the OA stage of the patients pre- and post-treatment. The comparison of X-Ray
imaging or magnetic resonance imaging (MRI) before and after the treatment, could have
shown objective evidence of potential changes in the joint after the different treatments. A more
accurate but also more invasive examination would be the analysis of different inflammation
markers in the synovial fluid, obtained through arthroscopy, before and after the treatments. It
is evident that many questions about the potential effects of these treatments remain unan-
swered. Most importantly, we need to study, the effects of fat tissue on the osteoarthritic chon-
drocytes and how adipose tissue can potentially inhibit or modify CMC-1 OA.

2.2. ADSCs for treatment of osteoarthritis - experimental studies

ADSCs are under investigation in several clinical applications for; autoimmune, degenerative
and inflammatory diseases, including OA. Articular cartilage destruction during OA causes
considerable therapeutic challenges, due to its inability to self-repair. The utilization of ADSCs
in the field of articular cartilage regeneration is promised to repair damaged cartilage. Because
the application of ADSCs is a not yet clinically approved for any treatment in humans, most of
the studies, which explore the effects of these cells on OA focus on in vitro and animal model
experiments.

In the year 2001, Zuk et al. first described the possibility of ADSCs to differentiate into different
mesenchymal cell lineages, including the chondrogenic lineage [43]. In order to differentiate
chondrogenically in vitro, ADSCs need to be cultured under hypoxic conditions in a three-
dimensional culture environment, formed into a pellet or micro-mass culture with specific



growth factors (TGFB1, TGFB2, TGFB3, BMP2, BMP6, BMP7), which promote the chondro-
genic differentiation [44]— [46]. Additionally, it has been shown that ADSCs are also able to
form cartilaginous tissue in a mouse model [47].

Later, Goldring et al. introduced co-culturing experiments in the field of regenerative cartilage
research to study the cross talk between different cells in the joint [17], [48], a model that has
since been used excessively by other groups [49].

In different co-culture experiments, using osteoarthritic chondrocytes and ADSCs an increased
cartilage formation was detected. This condition might be explained by differentiation of AD-
SCs into potent chondrocytes or chondrocytes stimulated through ADSCs [49]. Recent xeno-
genic co-culture studies explored the individual contributions of chondrocytes and MSCs to
matrix formation of either cell types [50]. These studies suggested that chondrogenic differen-
tiation of MSCs does not contribute to cartilage formation. The increased matrix production
was shown to be the result of MSCs activating chondrocytes through their secretome [49].

At the beginning, it was believed that MSCs and ADSCs have the ability to influence surround-
ing cells to release bioactive factors which can then lead to tissue regeneration [49], [51]. After
different experiments in this field, it is now believed that MSCs and ADSCs are capable of
secreting paracrine factors themselves that enhance cell viability, proliferation, and matrix pro-
duction leading to tissue regeneration [49].

Several studies aimed to mimic the OA microenvironment in joints, by inducing inflammatory
processes in chondrocytes via cytokines, including IL13 and TNFa (Figure 1). Platas et al.
showed that conditioned culture medium (CCM) from ADSCs enhanced the expression of col-
lagen type Il in chondrocytes treated with IL1p while decreasing MMP13 expression [11]. Lai
et al. evaluated interactions between ADSCs and osteoarthritic chondrocytes through three dif-
ferent culture models: CCM, bi-layered culture and mixed co-culture in different ratios [10]. It
could be shown that CM and bi-layered co-culture had negligible effects on cartilage formation,
while a mixed co-culture of chondrocytes and ADSCs at a ratio of 1:3 enhanced cartilage matrix
growth and reduced catabolic processes [10]. Furthermore, in vivo animal models showed a
regenerative effect of ADSCs on OA cartilage. In an experimentally-induced OA mouse model,
Huurne et al. showed that injected ADSCs inhibit synovial lining thickening and even prolon-
gate joint destruction by decreasing inflammation in the joint [12]. All together, these studies
provide evidence, that ADSCs have a potentially regenerative effect on OA. However, there is
no evidence yet that the described regenerative effects on osteoarthritic chondrocytes also apply
to the CMC-1 joint.

The pilot study from Ceteno et al. may provide first information of treatment with MSCs for
CMC-1 OA [19]. Four male and two female patients (mean age 59.5 years) with symptomatic
CMC-1 OA received an intraarticular injection of autologous culture expanded MSCs. The
clinical outcome has been compared with the outcome of patients in the control group, who
received no treatment except analgesics. The authors claim to observe positive effects in the
treatment group regarding the reduction of typical osteoarthritis symptoms compared to the
untreated control group [19].
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Figure 4: In the osteoarthritic joint anabolism and catabolism is misbalanced. Different cell types in the joint, including cells from the synovium,
immune cells and chondrocytes secrete a variety of pro-inflammatory factors. These pro-inflammatory factors, which include for example
IL1B, TNFa, IL6 and 1L18, promote catabolic processes in the cartilage ECM through activation of degradative factors like for example MMPs
and ADAMTSs. The expression of ant- inflammatory factors such as INFp, I1L4, IL10 and IL13 is reduced. It is believed, that ADSCs can
modulate the inflammatory micro milieu in osteoarthritic joints. Adapted and modified after [52], [53].

2.3. Adipose tissue

2.3.1. Composition and function

Adipose tissue is composed of adipocytes, loose connective tissue matrix and the SVF. The
SVF consists of preadipocytes, capillary endothelial cells, infiltrated monocytes/macrophages,
and a population of multipotent stem/progenitor cells. Adipose tissue is a richly vascularized
and innervated tissue. These different components function as complex metabolic and endo-
crine organ that fulfills important metabolic and physiologic functions. There are two types of
adipocytes: white adipocytes and brown adipocytes. Brown adipocytes, which consist of mul-
tiple small lipid droplets, that are responsible for dissipating energy for thermogenesis [7], [54].
Brown adipocytes are almost only found in newborns and rarely in adults; they will not be
further discussed here. White adipocytes consist of triglycerides in a fat droplet [54], [55]. Ad-
ipose tissue acts as energy storage, regulator of endocrine and metabolic processes, as well as
thermal regulator. Furthermore, adipose tissue protects inner organs from mechanical dam-age
[55], [56].

As an endocrine organ, adipose tissue secretes different proteins with metabolic and endocrine
functions. Leptin is an adipocyte-derived protein and acts as a metabolic signal for energy stor-
age, thereby the leptin levels decrease with caloric restriction and weight loss [54], [57]. Addi-
tionally, leptin has several peripheral endocrine functions, including promotion of proliferation
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and differentiation of hematopoietic cells, alteration of cytokine production by immune cells,
stimulation of endothelial cell growth and angiogenesis, and acceleration wound healing [54],
[58]. Furthermore, adipocytes and cells from the SVF secrete the cytokines TNFa and IL6. In
the adipose tissue, these cytokines influence the development of obesity and diabetes [54], [59],
[60]. In the periphery, these cytokines play a role in inflammatory process-es [61], [62]. An-
other secreted protein of adipocytes is Adiponectin, whose most important functions include
anti-diabetic, anti-inflammatory, and anti-atherogenic effects [54], [63]. In addition to their
function to secrete proteins with endocrine functions, adipocytes express many enzymes, which
play a role in the activation and inactivation of steroid hormones [54].

2.4. Adipose-derived stem cells

2.4.1. lIsolation and characterization of ADSCs

In the past, only two categories of stem cells were known. The embryonic stem cells are de-
rived from the blastocysts and the adult stem cells are derived from postnatal tissues. The lat-
ter, include bone marrow (MSCs) and blood (hematopoietic derived stem cells, HSCs) [64],
[65]. Within the first couple of cell divisions, embryonic cells are considered totipotent cells,
meaning they can form any kind of cell type within the human body. At a later stage they are
considered pluripotent, meaning they can differentiate into cells of the mesenchymal, endo-
dermal and ectodermal linage. Multipotent cells such as MSCs, HSCs and ADSCs can differ-
entiate into the different cell types within the mesodermal linage- adipogenic, osteogenic and
chondrogenic [65]. Collectively, multipotent stem/progenitor cells show self-renewal capacity
and the potential to multilineage differentiation [66].

Adipose tissue is an easily obtainable connective tissue, which contains abundant ADSCs.
These can be isolated by enzymatic digestion of the SVF. Therefore, adipose tissue is an easily
accessible source for ADSCs. This is an advantage over MSCs, which are traditionally har-
vested from the bone marrow. Besides the fact that ADSCs can isolated easier, the approach is
safer and larger amounts of ADSCs can be harvested as compared to an MSC harvest from the
bone marrow. However, there are several differences in functional and biological proper-ties of
ADSCs and MSCs, including differences in their phenotype, differentiation potential, transcrip-
tome, proteome, and immunomodulatory activity [67], [68]. Nonetheless, ADSCs fulfill all
characteristics of multilineage stem/progenitor cells, including differentiation capacity, prolif-
eration capacity and clonogenicity [66].

2.4.2. Current state of knowledge in the use in regenerative medicine

The field of regenerative medicine using ADSCs and other potent cell types such as MSCs is
constantly growing. Due to their mesodermal origin, the application of multipotent stem cells
seems obvious in the field of bone and cartilage repair [69]- [72]. Additionally, areas of inter-
est are cardiovascular tissue regeneration, nerve repair, tendon regeneration and the immuno-
modulatory effect of ADSCs [73] — [78]. It seems that there are no limitations within the po-
tential therapeutically applications of ADSCs. Several research groups have studied the po-
tential of ADSCs in the field of organ tissue engineering, including liver repair, pancreas sub-
stitution and urinary tract organ reconstruction [46], [79]- [81]. Furthermore, skin repair re-
veals to be a big research area using ADSCs [81]. Even diseases such as multiple sclerosis,
diabetes and Huntington’s disease have been studied in the field of ADSCs regenerative medi-
cine [82]- [84].
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Interestingly, studies have shown that ADSCs might also show the potential of being repro-
grammed in so called “induced pluripotent stem cells” (iPS cells), which could open doors to
even more advanced regenerative therapies [85].

2.5. Liposuction

Several different methods for harvesting adipose tissue are available. These are ranging from
the classical fat resection to the conventional suction-assisted liposuction over to newer tech-
niques; such as the water-jet-assisted, nutational infrasonic and ultrasound-assisted liposuction
[13], [14]. Regarding the variety of different liposuction techniques, there are differences in the
viability and quality in ADSCs obtained through different techniques. An example for a con-
ventional suction-assisted liposuction method is the so-called Lipivage200-5 system. The
Lipivage200-5 is a single-use, disposable system, which can be used for the extraction of adi-
pose tissue up to 200 ml. This technique is easy and timesaving, since fat harvesting and sub-
sequent washing steps are carried out in one step. The harvested tissue can be immediately re-
injected due to the system concentrating the fat cells. It is being used primarily for lipofilling
in the field of aesthetic surgery as well as for plastic and reconstructive surgery [8], [86]. The
Body-Jet system is an example for a water-assisted liposuction method. Hence, this liposuc-
tion system consists of a negative-pressure pump linked to a water pump, which creates a fan-
shaped water jet during liposuction [87]. This technique allows a gentle cell detachment from
tissue resulting in a reduced mechanical injury. In addition, this technique is known to reduce
cardiovascular side effects, since the fluid injected into the patient is much lower than during
other liposuction methods [88].

3. Zielsetzung und Eigenanteil

Das erste Ziel dieser Arbeit war die Evaluation von zwei im klinischen Alltag gangigen Lipo-
suktionsverfahren, um zu zeigen welches Verfahren sich zur Fettgewinnung besser eignet, um
adipose derived stem cells (ADSCs) aus dem gewonnen Lipoaspirat zu isolieren. Die aus Fett-
gewebe gewonnen ADSCs sind eine leicht zugangliche und reichhaltige Quelle zur Gewinnung
von multipotenten Vorldauferzellen. Sie besitzen die Fahigkeit sich in verschiedene Zelllinien
zu differenzieren und weisen immunmodulatorische Eigenschaften auf. Diese Vorlauferzellen
stellen eine vielversprechende Quelle fur zellbasierte Therapie im Bereich der regenerativen
Medizin dar. Aus unseren Versuchen geht hervor, dass beide Liposuktionsverfahren im Hin-
blick auf die Qualitét der isolierten ADSCs geeignete Isolationsverfahren sind. Somit sind beide
Liposuktionsverfahren als gleichwertige Methoden zur Fettgewinnung anzusehen

Im n&chsten Schritt war es unser Ziel die Unterschiede des immunmodulatorischen Potentials
von Fettgewebe und ADSCs darzustellen. In der Pathogenese vieler chronisch entzlindlicher
Erkrankungen wie z.B. Arthrose, Rheumatoider Arthritis und Morbus Crohn verlagert sich das
Gleichgewicht von pro-und anti-entztindlichen Zytokinen zu Gunsten der proentziindlichen
Faktoren. Humanes Fettgewebe, und viel mehr die darin enthaltenen Fettgewebsstamm-zellen,
zeigten im Rahmen experimenteller Studien immunmodulatorisches Potential. In unseren Ver-
suchen wurden Fettgewebe sowie ADSCs erfolgreich mit TNFa behandelt um eine entziindli-
che Reaktion zu triggern. Hierbei konnten wir eine starke inflammatorische Antwort von Fett-
gewebe und ADSCs nach Behandlung mit TNFa nachweisen und das veranderte Genexpressi-
onsprofil sowie die veréanderten Pathways darstellen. Fir klinische Zwecke wurden ADSCs
bereits in experimentellen Studien als antiinflammatorische ,,Bioreaktoren flir die Therapie
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von chronisch entziindlichen Erkrankungen wie beispielsweise Arthrose, Morbus Crohn, Dia-
betes mellitus und chronische Wundheilungsstérung erprobt. Die Ergebnisse der zweiten Pub-
likation sollen zum Verstdndnis der immunmodulatorischen Wirkung von Fettgewebe sowie
ADSCs dienen und den Weg fiir zukiinftige anti-inflammatorische Therapien weisen.

Beschreibung des Eigenanteils Publikation 1: Ausfuhrliche Literaturrecherche, Mitgestal-
tung des Versuchsaufbaus, Aquirierung von Fettgewebsproben und Isolierung von ADSCs,
Durchfiihrung aller Experimente zur Charakterisierung der ADSCs, Gestaltung der Abbildun-
gen, Verfassen des Manuskripts, Bearbeitung der Revision.

Beschreibung des Eigenanteils Publikation 2: Ausfuhrliche Literaturrecherche, Mitgestal-
tung des Versuchsaufbaus, Durchfiihrung aller Experimente, gemeinsame Analyse und Inter-
pretation der Versuchsergebnisse mit den Ko-Autoren der Studie, Verfassung des Manu-
skripts, Bearbeitung der Revision.

4. Abstract

Background: CMC-1 OA is a common degenerative disease of the hand. It causes symptoms
such as pain, stiffness and weakness of the CMC-1 joint, which eventually results in the loss of
function [1], [2]. Current conservative CMC1 OA treatments are symptomatic and short-lasting.
Often surgical therapy, mostly including the removal of the trapezium bone, is the therapy of
choice for late stage CMC-I arthritis [2], [3].

In order to overcome this limitation in treatment options, a regenerative approach with autolo-
gous fat injections is discussed by different authors [4] — [6]. Adipose tissue is a loose connec-
tive tissue consisting of adipocytes, and the stromal vascular fraction (SVF). The SVF is mainly
composed of different immune cells, fibroblasts, vascular endothelial cells and adipose-derived
stem cells (ADSCs) [7]. The therapeutical benefit of autologous fat injections might be pro-
vided by ADSCs, as these cells show impressive capabilities in the area of regenerative medi-
cine and tissue engineering [8], [9]. Interestingly, ADSCs were shown to influence the degen-
erative inflammatory microenvironment in osteoarthritic joints through their paracrine actions
[10] -[12].

Objective: Until now there are only limited analysis of characteristics and functional properties
of ADSCs that yield upon different liposuction methods. Regarding the variety of different
liposuction techniques, there may be differences in the viability and quality in ADSCs obtained
through different techniques. These are ranging from the classical resection, the conventional
suction-assisted liposuction over to newer techniques, such as the water-jet-assisted, nutational
infrasonic and ultrasound-assisted liposuction [13], [14]. The Lipivage200-5 system can serve
as a conventional suction-assisted liposuction method. Whereas the Body-Jet system is a water-
assisted liposuction method. In order to the extended field of different fat harvesting methods
their clinical properties, such as operative time, harvesting volume, blood loss, skin reactions
and usage costs have been investigated and compared [15]. However, there is a serious research
gap with regard to the comparison of different liposuction techniques in terms of preservation
of the cellular contents. Thus, we compared both methods by examining the clonogenicity, the
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proliferation capacity and the metabolic activity. Furthermore, we examined the differentiation
potential of ADSCs to differentiate into the adipogenic, osteogenic and chondrogenic lineage.

Furthermore, we aimed to reveal paracrine differences of autologous fat and ADSCs that might
modulate the biological response of osteoarthritic chondrocytes with a focus of donor variabil-

ity.

Methods: The proliferation potential of ADSCs, was examined by different experiments in-
cluding cumulative population doublings (cumPD), population doubling time (PDT), colony
forming units (CFU) and cell metabolism assays. In order to show the multipotency, ADSCs
were differentiated into adipogenic, osteogenic and chondrogenic lineages.

Furthermore, fat tissue- and ADSC-conditioned medium were produced by culturing both
groups for 48 hours with TNFa (tumor necrosis factor alpha) to trigger the inflammatory re-
sponse in vitro. Normal cell culture medium served as a control. To validate an effective induc-
tion of inflammation, stimulated and unstimulated samples were analyzed for upregulated in-
flammatory markers by Next-Generation-Sequencing.

Results: Our study show that ADSCs isolated from adipose tissue after liposuction with differ-
ent liposuction systems show similar cell characteristics and functional properties. Technical
differences such as different cannula sizes used for the different systems might contribute to
the slightly different cell characteristics. Still both methods should be equally considered for
clinical use. The second part of our study shows that fat tissue and ADSCS treated with TNFa
responded very heterogeneously to TNFa treatment. Our analysis reveals that ADSCs are po-
tentially more reliable and predictable when used therapeutically. Furthermore, our study shows
potential changes in biological processes, such as immune system response, inflammatory re-
sponse, and cell activation in treated ADSCs.

5. Zusammenfassung

Einleitung: Rhizarthrose ist eine vorwiegend im hoheren Alter vorkommende Erkrankung, die
bis zu 80% der alteren Bevolkerung betrifft [19]. Vor allem Menschen die beruflich viel Hand-
arbeit leisten und/oder Sportarten ausiiben, haben ein héheres Risiko an Rhizarthrose zu erkran-
ken. Bis heute gibt es keine Heilungsmdglichkeiten, sondern lediglich krankheitsverzdgernde
und schmerzlindernde TherapiemalRnahmen im konservativen und chirurgischen Bereich. Im
Rahmen der konservativen Behandlung werden Physiotherapie, Ruhigstellen des Gelenks mit-
tels einer Schiene, Analgetika und Injektionen (Kortison- und Hyaloronsédure) angewandt [20].
Nach Ausschopfung der konservativen Therapieoptionen, besteht die Indikation zu operativen
Therapiemalinahmen. Zu den operativen MalRnahmen zahlen die isolierte Trapezektomie, die
Suspensionsarthroplastik, die Suspensionsinterpositionsarthroplastik sowie die Arthrodese
[20].

Oftmals bieten diese Therapieoptionen den betroffenen Patienten keine zufriedenstellende Bes-
serung ihrer Beschwerden. Somit besteht zunehmend die Notwendigkeit neuer Therapiemdg-
lichkeiten, vor allem in Hinblick auf die Regeneration des Knorpelgewebes. In den letzten Jah-
ren wurde die Anwendung von mesenchymalen Stammzellen (MSCs) zur Therapie von Oste-
oarthrose haufig diskutiert. Aus dem menschlichen Fettgewebe lassen sich einfach und in gro-
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Rer Zahl die sogenannten adipose-derived stem cells (ADSCs), isolieren. In verschiedenen Stu-
dien konnte bereits gezeigt werden, dass ADSCs, sowohl immunsuppressive, als auch anti-
inflammatorische Effekte aufweisen kénnen [12]. In den letzten Jahren wurde die Anwendung
von mesenchymalen Stammzellen zur Therapie von Arthrose haufig diskutiert. Es ist anzuneh-
men, dass ADSCs durch ihre anti-inflammatorischen und immunsuppressiven Eigenschaften
den therapeutisch bedeutendsten Zellanteil im Rahmen autologer Fettinjektionen ausmachen.
Daher besteht ein grof3es Interesse daran zu zeigen, welche Liposuktionsverfahren sich zur Fett-
gewinnung eignen.

Methoden: Um Patienten eine bestmdgliche Therapie mit Eigenfettinjektionen zu ermdgli-
chen, gilt es die beste Methode zur Fettgewinnung, sowie Isolierung von ADSCs festzumachen.
Infolgedessen wurden zwei géngige Liposuktionsverfahren Lipivage200 und HumanMed Bo-
dyjetmiteinander verglichen. Dazu wurden Patientenproben hinsichtlich des Liposuktionsver-
fahrens in zwei Gruppen unterteilt. Um den mesenchymalen Stammzellcharakter und die Qua-
litat der isolierten Zellen aus den zwei Verfahren zu untersuchen, wurde die kumulative Popu-
lationsverdopplung zur Wachstumsanalyse, die Fahigkeit zur Kolonienbildung sowie die me-
tabolische Aktivitat bestimmt. Des Weiteren wurde das chondrogene, adipogene und osteogene
Differenzierungspotential analysiert.

Ergebnisse: Aus unseren Versuchen geht hervor, dass es zwischen beiden Liposuktionsverfah-
ren keinen Unterschied im Hinblick auf die Qualitat der isolierten ADSCs gibt. Bezogen auf
die Zellqualitat sind beide Liposuktionsverfahren zur Gewinnung von Lipoaspirat fur zukinf-
tige Therapien mit ADSCs als gleichwertig anzunehmen.

Um zukinftig Therapieerfolge mit einer Eigenfettinjektion und in weiterer Folge auch mit iso-
lierten ADSCs verzeichnen zu kdnnen, ist es wichtig zu zeigen, welche immunomodulatori-
schen Unterschiede Fettgewebe und die daraus isolierten VVorlauferzellen aufweisen. Arthrose
ist mit einer Entziindungsreaktion assoziiert. Es kommt im Verlauf der Pathogenese zur Frei-
setzung einer Vielzahl von pro-inflammatorischen Zytokinen. Diese Zytokine fiihren in der
Folge zu einer Rekrutierung sowie Aktivierung von weiteren pro- und anti-inflammatorischen
Zellen. In unserer Studie wurden Fettgewebe und ADSCs inflammatorisch behandelt und die
unterschiedliche Reaktion untersucht.

So wurden Fettgewebe sowie ADSCs erfolgreich mit TNFa behandelt um eine entziindliche
Reaktion zu triggern. Dazu bestétigte die erste Tiefensequenzierung der mRNA den ,,proof-of-
concept®. Hierbei konnten wir einerseits eine starke inflammatorische Antwort von Fettgewebe
und ADSCs nach Behandlung mit TNFa nachweisen und das verénderte Genexpressionsprofil
sowie die verénderten Pathways darstellen. Anderseits konnten wir zeigen, dass das gewonnene
Fettgewebe erhebliche interindividuelle Unterschiede beim Genexpressionslevel aufwies, je-
doch die daraus isolierten ADSCs ein duferst homogenes Expressionsprofil hatten.
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Results: Our data show & significantly higher cumPD, as well a1 3 significantly lower POT for
cells abtsined by the Body-Jet systam. Mo significant differences were found regarding the CFU
efficiency and the cell metabolism. Furthenmore, we showed that the adipagentc, osteagenic,
and chandrogenic potentisl of ADSPC3 i3 aimilar in both groups.

Discussion’ conclusion: In our study, we provide evidence that the cell characteritics and the
functional preaperties of ADSPC3 Bolated after Uposuction with dif ferent techniquss are Largely
similsr. However, we abserved & significantly higher cumPD and & dlightly higher adipagenic
potential in celb Bolsted after Hposuction with the Bady-Jet system. Different canmuls sizes
and shesr stresis in the med methods might play arole here.

© 2019 Brith Amocistion of Plastic, Reconstructive and Assthetic Surgeens. Published by -

sevier Ltd. All Aights reserved.

Introduction

Adipose thsse can be uwsed in a wide range of clinkcal ap-
plications, including autcslogows fat grafting and b pofilling.
Liposuction has become an important method to abtain fat
tisue for further thermpeutic purposes. Adipose thaue is
a complex and highly active metabolic and endoorine or-
gan composed of adipocytes, loose connective thsse ma-
trix, and the stromal vascular fraction (5¥F). The SVF con-
sistsof preadipocytes, capillary endothelial cells, infiltrated
monoCytesd macrophages, and a population of multpotent
adipse-derived stem/ progenitor cells (ADSPCs). It can
be isolated by enzymatc digestion of adipmse Hmuwe, and
some diniclans already wse the SYF, for example, in cell-
enriched lipotransfers’ . Zuk et al. have previously described
a stem fprogendtor cell population in human adipose tiswe
that displays self-renewal potential and multlineage po-
tency®. Thus, ADSPCs fulfill all characterstics of multilin-
eage stem/progenitor cells, induding differentiation and
proliferation capacity, as well as donogenicity” . For dinical
purposes, ADSPCs seem to be the most promising cells of
the SYF for the purpose of regeneative medicine. Since the
discovery of these celks, the number of fields for their appli-
cation in Hssue engineering and regenerative medicine has
grown immensely. Becawse of their mesodermal origin, the
clinical utilization of these cells seems obvious inthe field of
baone, cartilage, and tendon repair® . Other areas of inter-
est range from candiovascular Hsswe regencmtion and nerve
repairto immunomodulatory effects of ADSPCs"™ | Further-
maone, ADSPCs display several advantages, when compared
to bone marmw-derived stem cells (M&Cs). In contrast to
M5Cs, ADSPCs can be more easily and more safely obtained
thirowgh liposuction. The latter procedure is also assoclated
with a higher harvest™.

Cumently, several methods are available for harvest-
ing adipese tissse. They range from dassical resection,
conwentional suction-asisted liposuction to newer tedh-
niques such as the water-jet-asbkted, nutatonal infra-
sonic, and ultrasound-asisted liposuction'™' 4. These meth-
oids are developing contnuously, and newer methods will
be introduced in the future. Specifically, the Body-let and
Lipivage200-5 lpossction devices are reported to provide
favorable dinical cutcomes. These two frequently used
methods show great differences with regard to the fat-
harvesting procedure. The sucton-asskted Lipivage(d-5
system & a single-se, disposable system that allows to ob-
tain 200ml of lipoaspirate. This technigue provides efficient
handling, 2 fat harvesting and subseguent washing steps

are camied out in one step. The harvested tzue can be
re-injected in the same treatment. After removing fluid and
ol by means of filtmton, itis wed primarly for Hpofiling in
the field of esthetic surgery, as well & in plastc and recon-
structive surgery” -7, In contrast, the Body-Jet system & a
water-jet-asisted i possction method. Hence, the Liposuc-
tion tube, which is connected to a negative- pressure pump
and a water pump, enables the ejection of fanshaped wa-
ter in specified freguendces during lipesuction™ . This tedh-
nigue is known to reduce candiovasoular side effects, = the
fluid injected into the patient is much lower than that duwr-
ing other liposuction methods ™.

To maintain a high clinical standard, it is esental to
analyze and compare the most frequently used H possction
technigues. To date, there are several studies that compare
either the LipiVage or the Body- Jet system to classic manual
methods. Ferguson et al. compared the viability of cells
isolated from adipose tkase harvested with the LipiVage
system and classic manual liposuction™. Bony et al. have
recently published a stwdy comparing cell propertes of
ADSPCs kolated after manual and water-jet-asisted Ii-
posuction™. Furthermore, stedies have compared nowvel
liposuction technigues that have not yet found widespread
application. Recently, Bajek et al. evaksated biological
properties of ADSPCs solated after liposuction with the
newer laser-asbkted technigue, as well as after power-
assisted liposurton and sungical resection™ . To the best of
our knowledge, there is no study spedfically investigating
the two general most widespread liposuction approaches.
Faor this reason, we companed the influence of LipiVage and
Baoedy-Jet Hposucton methods for ADSCPs properties by ex-
amining their donogenic potental, proliferation capacity,
metabotic activity, and differentiation potental into the
adipogenic, steogenic, and chondrogenic ineages.

Methods
Ethics statement and sample acquisition

Human Hpoaspirates were obtained from 20 patents under-
going liposuction after written informed consent was signed
by them. Patients received liposuscton either as an esthet-
ical procedure or for the treatment of campometacarpal
joint ostecarthrits using unprocesed autodogows fat Hs

sue for injection into the joint capsule. The study was
approved by the Ethics Committee of Ludwig-Maximilians-
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Table 1 Patent inf onmation.
Patient overview Female donom total Male donoms totsl

Huarrs ber 10 10
Mverage age 51.2 years (range 445 years | range
IT-69 years) 69 years)
Harvesting site  Abdamen and thighs Abdamen and brest
swerage fat B.7g (range 9.3 g (range
sample weight  4.6-10g) 6.2-10.2g)

University, Munich (275-16). Patient information is listed in
Table 1.

All lipoaspirates were harvested efther through water-
jet-mskted liposuction with the Body-Jlet system (Human
Med AG, Germany) or through sucton-asited liposuction
performed with the LipiWage system (Bondimed, Awstria)
by a sugeon according to common swgical standands. The
Baohy-Jet lipmuction technigue wa wsed for patents re-
celving esthetic lposscton, wheres the Lipfvage tech-
nigue was wsed for obtaining adipose tssue for injection of
lippaspirate into the carpometac arpal joint capsule. Tumes-
cent fluld containing saline, lidocaine, and epinephrine was
wsed for liposuction with the Body-Jet system but not for
liposucton with the LipiVage technigue. To obtain compa-
rable samples of adipose Hsuwe, samples (300g) harvested
withthe Body-Jet device were centrifuged for 5 minutes and
the mid-layer, consisting of tumescent fluld, was extracted
before further use of the samples for experiments.

All patients were tested negative for HIY (haman immun-
odeficency vins ), HOV (hepatitis € virus), and HBY (hepat-
ts B vinss). The average patent age was 50.15 years. All
patients were in a generally healthy condition.

Cell isolation and culture condition

ADSPCs wiere enzymatically isolated from approximately
10 g lipoaspirate with a semi-auvtomated centrifuge system
[(ARC™. Procesing Unit, inGenaron, USA) following the man-
ufacturer's protocol using their enzyme blend (Matrase™)
and 37 € wamn lactated Ringer's solution (Fresendus Kabd,
Germmany ). The dbtained SWF was resspended and cultuned
in standand culture mediom conskting of DMEM-high gl ose
(Thermo Fisher Sclentific, USA) supplemented with 10E fe-
tal bovive serum (FBS, Sigma-Aldrich, USA), 100U/ ml peni-
cillin and 100 pg/ml streptomycin (Life Technologies, USA).
[uering cell expansion and experiments, the mediom was
changed twice per week. Cdllswere culbured in a humidified
incubator to approximately 80% confluency, detached with
0.5% Trypsin (Merck, Germany), and frozen down in pasage
1 for further experiments.

Cell characterization

To examine the donogenic potential, colony-forming unit
(CFU) effidency (CFUE = (number of coloniesfinidal cell
number) x 100) was determined following the protocd de-
scribed previously™ . ADSPCs were seeded at the concentra-
tion of 10 celk/am® in 10cm culture dishes, cultured for

10 days, and the formed colonies were visualized by stain-
ing using a 0.5% solstion of crystal viclet in methanol.

Proliferation capacity was guantified by caloulating the
cumulative population doublings (cumPD) and the popula-
ton doubling tme (POT) during 30 days, cormesponding to
10 consecutive pasages, following the protocol desoribed
...'L'l

Metabolic activity was examined with a WST-1 (water-
soluble tetrazolium) assay after a protoeool detailed in™, Op-
tcal density (00D) was measured with an ELISA-reader (Mul-
tikan FC, Thermo Fisher Scientific, USA) at a wavelength
of 450nm. A 620 nm filter was used a the reference wave-
length.

Adipogenic differentiation

Adipogenic differentiation was indwced for 21 days ac-
cording to the protocd described earlier™. Briefly,
5000 cells/om® were seeded in é-well plates and ex-
panded to total confluence. After 5 days, differentiation
was initalized by changing normal culture medivm to in-
duction medium, consisting of standard mediom supple-
mented with 1 pM desamethasons, 0.2mM indomethadn,
0.0 mg/ml insulin, and 1mM 3-isobatyl-1-methyd-xanthin
(all from Sigma-Aldrich) for five days. The induction phase
was folowed by a two-day conservation phase using stan-
dard mediom with 4 mM L-glutamine and 0.01 mg/ml insulin
{all from Sigma-Aldrich). Celk cultured in standard cultune
medium served as controls.

Lipid vacuole staining

After 21 days, cells were washed with PES and fived with 4%
paraformaldehyde (PFA). Subsequently, cells were stained
with SmM Bodipy 493/503 (Thermo Fiher Scentific, USA)
splution. Hewdy formed lipid droplets were quantified with
the open-source program Imaged by caloulating the fraction
of the area cocupled by the droplets relative to the total
area™.

Osteogenic differentiation

For osteogenic differentation, a standardized protocol
was followed™. Briefly 5000 cells/cm? were plated in &-
well plates and expanded to total confleence. Differ-
entlation was initialtzed by ecchanging standard culbure
medium with induction mediom consisting of standard oul-
twre mediom supplemented with 100nM dexamethasone,
10 mM g-glycenolphosphate and 50pM asoorbdc add (all
from Sigma-aldrich). The mediom was changed twice a
week. Celk in standard medium served & a control

Alizarin red staining

After 21 days, cells were stained after foation with a 40mm
Alzarin Red solution (pH 4.1, adjusted with am monism hy-
droxide). Afterwards, stained cells were imaged with aZeis
Axiovert 40 CAL microscope. For quantification, the bound
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dye was dissolved, followed by multiple centrifugation steps
and the collection of the supernatant. Finally, samples were
measured at a wavelength of 405nm with an ELISA reader
{ Thermmo Fiher Scentific, USA) and compared to a standard
Curve.

Chondrogenic differentiation

Chondrogenic differentiation was performed in pellet cul-
ture as desoribed before™ . Briefly, ADSPCs were precondi-
tioned during monaayer expansion in a hypoxia inoubator
(£ Oy, 5% CO;, 37°C) (Sanyo, Japan) for 4 days. For pel-
let formation, 2.5 x 10° cells were centrifieged at 400g for
5 minutes in 9%6-well, vbottom polypropylene microplates
(Coming, USA). Basic chondrogenic mediom consisted of
DMEM-high gluecose (Thermo Fiher Scentific, USA) with
10pM dexamethasons, 1mM sodiom pymuvate, ©.195mM
ascorbic ackd 2-phosphate, 1% TS5+3 (insulin, transfemrin,
and selenite, all from Sigma-Aldrich), and 1% Penicillin-
Streptomycin. This basic chondrogenic medium was used for
controls. Additionally, BWPe (100ng/ml) and TGFBEI were
added to the differentation medivm [20ng/ml, both RED
systems). Pellets were culbured under hyposdc conditons,
and the mediom was changed every two days.

Safranirrorange and aggrecan staiming

After 28 days, cell pellets were fixed, washed, and inou-
bated ovemight in a 30% sucrose solution in PBS. The next
day, pellets wene embedded with Teswe-Tek 0.C.T (Salasra,
UsA), compound, and frozen at —80°C. Embedded pellets
wene cub with a ayotome, and sections were stained
with 0.1% safranin-orange (Sigma-Aldrich, USA) in dH, 0 to
evaluate the glycosaminoglycan content within the pellsts.
Furthermore, immunocytochemitry on  pellet sections
for aggrecan was performed. The anti-aggrecan primary
antbody (Chemicon AB1031, USA) was diluted 1:600 in a
blocking soluion consiting of 1% bovine albwmin semsm
{Ufe Technologies, USA) in PBS and incubated ovemight
at 4°C. The following day, sections were washed in PBS
and then the secondary antirabbit antibody (Vectastain,
UAA) was 10400 dilsted and added into blodking soluton
for 1h. Afterwards, sections were washed in PBS and
stained with 3, 3:damincbenzidine (DAB) (Sigma-Aldrich,
UsA) for 7 min, followed by another washing step in tap
water. Subsequently, pellet sections were mounted with
Roti-Mount-Aqua (Roth, Gemmany). In parallel, negative
control stainings were perfarmed by omitting the primary
antibody. Finally, pictures were taken on an AxioObserver
11 microsoope using Axdolam ICc3 color camera (Carl Zets,
Germany). Safranin-Orange- and aggrecan-positive areas
wene quantified with the open-source program Image) and
compared to the total pellet area.

Statistical analysis

For dl experiments, 10 donors per liposwection method were
evaluated. All cell culture experiments were performed in

triplicates except for the comPD and CFU-assay. A Mann-
‘Whitney- U test was used for statktical analysk, and a p-
value of = 0.05 was considered significant. All valses were
plotted as box and whisker plots (median, quartiles, and
mind mrsm Sm acimem) .

Results

Cells isolated with the Body-Jet system show a
significantly higher proliferation rate than those
isolated with the Lipivage200-5 system

The extent of self-renewal capacity, induding the prolifer-
ation potential, & one of the main chaacteristics kmown
to reflect the regenemtive potential of ADSPCs. Therefore,
we examined the cumPD (Figure 1(A)). During a peried of
30 days, ADSPCs solated with the Bodylet system showed a
significantly higher comPD of 15.92 & 1.86 than the ADSPCs
that were isolated with the LipiWage system joomPD13.44 +
1.90). The mean population doubling time (POT) was 47.12
£ 6.50h for the Body-Jet and 56.76 £ 8. 31 h for the Lipiage
system (Figure 1(B)). By monitoring the cell momphology by
phase-contrast microscopy during in vitro culdvaton, we
could prove a spindle-like shape typical for mesenchymal
fibroblasts during the first weeks of aultwre (Figure 1(C)).
Howeever, most ADSPCs isplated with both methods adopted
a flattened shape after 30 days in culture (Figure 10C)).

To determine the clonogenic potental of the kolated
cells, we performed a OFU assay In both groups, AD-
SPCs were able to form colonies after a period of 10 days
{Figure 2{A/B)). CAU effidency was comparable between
Lipivage (18.53 + 6.48%) and Body-Jet isolated ADSPCs
(18.23 = B.29%) (Figure 2{C)).

Furthermore, metabalic activity, measured by a WST-1
assay, resulted in a non-significant diff erence in mean 0D of
021 £ 0.6 and 0.19 £ 0.5 in the Lipivage and Body-let

groasp, respectively (Flgure 3).

ADSPCs isolated from both liposuction methods
showed a comparable adipogenic, osteogenic, and
chondrogenic potential

To validate stem cell propertes, the kolated cells were in-
duced to differentiate towand the adipogenic, osteogenic,
amd chondrogenic lineages. Cells obtained by LipiVage
(Figure 4{A/A")) and water-jet liposwction {Figure 4(B/B"))
showed prominent formation of lipid vacwoles after 21 days
when stimulated with adipogenic supplements. The control
groups firom both liposucton methods showed no formation
of lipld vaouoles (Figure 4{ASA") and (B/B"), inserts). Quan
tification of the amount of accumulated intracelular Lipid
vacuoles revealed a slight but insignificant (p=0.1377) ten
dency toward a stronger adipogenic dif ferentiation poten-
tial in the Body-Jet group (12.45 £ 7.47%) than in the Lip-
Vage system (8.17 £ 4.47; Figure 4(C)).

ADSPCs derived from both methods showed strong min-
eral depositons (Figure 5{AJB)), which were absent in con-
trol cells (Figure 5{A/B), inserts). Quantfication of the min-
eral nodule formation by Alizarin Red staining revealed a
minor tendency toward a stronger osteagenic potential of
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Figure 1 ADSPCs isolated with the Body-Jet system showed a significantly higher cumulative population doubling. Statistical
analyses of the mean cumPD (A) after 30 days (corresponding to 10 consecutive passages) revealed a significantly higher rate for
cells solated with the Body-Jet system. The PDT showed a significantly lower rate for cells isolated with the Body-Jet system (B).
Phase-contrast micrascopy of cells cultivated for 3 days shows a pindie-like cell shape (C). Along with passaging, cells became
flattened, resembling the shape of senescence cells (C). Scale bar: 100 um.
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Figure 2 Number of colony farming units did not reveal a significant difference. Formed colonies were visualized with crystal
violet after 10 days (A/8). Both groups showed a comparable number of colonies formed, no significant (n.s.) difference could be

found (C).

cels derived from Body-Jet samples (1.83 + 0.96mM) in
contrast to ADSPCs in the LipiVage group (1.65 £ 1.42mM;
Figure 5(C)).

ADSPCs isolated with both liposuction methods were
able to differentiate into protecglycan-producing chon-
drocytes in pellet culture potential (Figure &6(A/A") and
(B/B')), whereas cells from both control groups did not
(Figure 6(A/B)). The quantification of the Safranin-Orange-
positive area on crycsections of the pellets did not show any
significant difference (p=0.73%) in the chondrogenic dif-
ferentiation potential between cells obtained with the Lip-

Vage (45.06 + 11.96%) and the Body-Jet (43.75 £ 10.18%;
Flgure 6(C)). In addition, the quantification of the aggrecan-
positive area by immunchistochemical staining did not
indicate any significant difference in the chondrogenic dif-
ferentiation potential between the LipiVage (46.26 +9.71%)
and Body-Jet (49.70 + 4.19%; p=0.4318; Figure 6(D)).
Taken together, ADPSCs isolated with the two systems
have a high proliferation capacity and can differentiate
into the adipagenic, osteogenic, and chondrogenic lineages.
However, cells derived from the Body-Jet system prolif-
erate significantly faster and exhibit a slight tendency to
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Figure 3 Metabolic activity of isolated ADSPCs is compara-
ble between the LipiVage and Body-Jet isolation methods,

accumulate more lipid vacuoles than ADSPCs ksolated with
the LipiVage system.

Discussion

In recent years, the regenerative potential of ADSPCs has
become an interesting area in the field of regenerative
medicine and tissue engineering. Becawse of legal restric-
tions, the dinical application of ADSPCs & still in its infancy.
However, legal restrictions alone do not constitute the only
barrier to a more widespread dlinical use of ADSCPs. The
incomplete understanding of the effects of different har-
vesting methods on the properties of these cells presents
an additional limitation. Numerous fat-harvesting methods
have been compared with regard to their clinical proper-
ties such as operative time, harvesting volume, blood loss,
skin reactions, and usage costs™. However, there & a seri-

ous gap regarding the comparison of different Hposuction

The WST-1 measurement was performed with ADSPCs solated
by the two liposuction techniques. There was nosignificant dif -
ference among the diff erent liposuction techniques.

BodIpy 493/503

|

phase contrast

techniques in terms of the preservation of cellular proper-
ties. The key question & whether the cellular functions of
ADSPCS, derived from adipose tissue harvested with differ-
ent liposuction techniques, are comparable or differ signifi-
cantly.

lipid area/total area [%)
3

| I
LipiVags Body-Jet

Figure 4 ADSPCs isolated after liposuction with the Body-Jet system exhibit a tendency of stronger adipogenic potential,
Accumulated lipid vacuoles (green) were detected by Bodipy staining after 21 days of stimulation with adipogenic supplements

(A/B). The phase-contrast micrascoy pictures show the same donors at day 21 after adipogenic stimulation (A/8). Unstinwdated

negative controls showed no famation of lipid vacuoles (Fig.4A/A" and B/B', inserts). Quantitative analysis of the accumulated
intracellular lipid vacuoles revealed a stronger, but statistically not significant adipogenic differentiation potential in the Body-Jet

group compared with the LipVage (C). Scale bar: 50 gm.
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Figure 5 Quantification of extracellular mineralization demonstrates comparable osteogenic differentiation of ADSPCs iso-
lated by Lipivage and Body-Jet. Depasited calcified matrix was revealed by Altzarin Red staining after 21 days (A/8). Unstimulated
negative controls showed no format fon of extracellular mineratization (A/B, inserts). Quantitative analysis of the Alizarin Red accu-
mulation (stained red) revealed a moderate tendency towards a stronger osteogenic diff erentiation potential in the Body- Jet group
when campared to the LipiVage group (C). However, the difference is not significant. Scale bar: 400 um.
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Figure 6 Deposition of proteoglycans in pellet culture indicates comparable chondrogenic dif ferentiation of Lipivage and
Body-Jet-isolated ADSPCs, Extracellular matrix sulfated proteaglycan deposition was revealed by Safranin- Orange (A/B) and ag-
grecan staining (A'/8") after 28 days in pellet culture. Unstimulated negative controls did not show deposition of proteoglycans
(Fig.4A/A" and B/B', inserts). Quantitative analysis of the Safranin-Orange and aggrecan accumulation did not reveal a significant
difference in the chondrogenic differentiation potential between the Body- Jet and LipiVage200-5 groups (C/D). Scale bar: 400 um.
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Thas, we studied the dfferences between two tedh-
niques. The selected methods Body-Jet and LipiVage2d-5
show great differences with regard to the fat-harvesting

. Nonetheless, both systems are used in everyday
clinical practice for different indications ™" .

‘Within the scope of our study, we evaluated cell pro-
liferaton by caloulating the cumulative population dou-
bling and the populaton doubling time during a period of
30 days. In addition, we assessed the number of colondes
formed with the CFU assay and the cell metabolism actvity
with the WST-1 assay. ‘We could show that ADSPCs solated
from fat tisuwe with either method displayed similar results
for metabolic activity. However, ADSPCs from the Body-Jet
gmoup showed a significantly greater population douwbling
rate than ADSPCs in the LipiYage group.

Further studies regarding cumently commencially avail-
able medical devices have shown similar results to owrs® -,
A study by Bony et al. showed that ADSPCs derived from
fat thsue, harvested with the Body- let system , display sim-
ilar cell characterstics as those of ADSPCs derived from fat
obtained throwgh manual liposuction™. To the best of our
knowdedge, there csmently is no comparable study that as-
semes cell properties of ADSPCs kolated with the Lipivage
lipmsuction system. Ouwr results provide evidence that AD-
SPCs from fat tesue, obtained with the Body-Jet and Lipd-
Vage system, feature a comparable metabotic capacity but
a significantly different proliferaton capacity Regarding
the functienal properties of ADSPCs, we analyzed their po-
tential to differentate toward the adipogenic, osteogenic,
and chondrogenic ineages. Our results could not show any
significant differences between the two lposucton tedh-
nigues. Previous studies from ¥in et al and from Bony et
al. have shown an equivalent adipogenic and osteogenic dif-
ferentation potential for ADSPCs solated from adipose ts-
sue harvested with a water-jet-asisted liposuction system
compared to that with the manual liposuction” -, However,
these stsdies did not examine the chondogenic potential
of kolated ADSPCs. Our findings verify a strong chondro-
genic potential for ADSPCs obtained with both bposscton
technigues. Altogether, the present study shows eguivalent
cell characteristics and functional properties for ADSPCsiso-
lated with the tvao procedunes, confirming that both Hposuc-
tion technigues may be wed to isolate functonal ADSPCs.
Furthermaore, our findings are well in line with the studies
availabde’="=,

However, we emphasize that our data revealed a sig-
nificantly higher comPD and a tendency of higher adi-
pogenic potential for cells isolated with the Body-Jdet sys-
tem. These findings might be explained through dif ferently
composed 5¥Fs, containing heterogeneows subpopulations
of stem and mone committed progenitor cells, which were
isolated through the two different liposuction techndgues.
A study by Bajek et al. demonstrated that ADSPCs obtained
during manual and ultrasownd- zskted Hposscton show dif-
ferences in antigen expression in 52 surface markers from
the 242 studied™. We hypothesize that these different sub-
populations of stem / progenitor cells might display dif ferent
cell functions leading to the differences incumPD ate and
adipogenic differentation potental.

Ozsoy et al revealed that the cannula diameter of 11
posuction devices affects the number of viable adipocytes.
The study showed that the wsage of a 4-mm-diameter

aspiration cannula results in a greater nember of viable
adipocytes than wilizaton of a 2% mm-diameter can-
nula®. However, considering the following facts, greater
cell viability might not necesarly lead to greater cell
proliferation rates. During adipogenesk, pre-adipocytes un-
dergo cell hyperplasia and hypertrophy to dif ferentiate into
adipocytes’™" . Due to the we of kgger cannulas, more
committed progenitor cells might be isolated in higher
amoumts. These more committed progenitor cells in the
isolated SVF might lead to a lower proliferaton mate and
a weaker adipogenic differentiation potential than the po-
tentally more effective early-stage progenitor /stem cells.
For Hposucton with the LipiVage system apimton cannulas
with a diameter of 3-5mm are wsed. In contrast, liposwc-
tions with the Body-Jet system are performed with cannulas.
with a diameter of 3.5 or 3.8 mm. In practce, however,
the diameter & smaller, as the cannula contains a water-
jet tube, resulting in a diameter of approsdmately 2 mm.
Furthemone, Hasanzadeh et al. showed in thalr study that
chemical and mechanical stress plays a major role in the
differentiation of ADSPCs toward other cell linages™. Kim
et al. demonstrated in their study that shear stress leads to
higher proliferation rates and stronger actin structures of
ADEPCs. These findings also might support the hypothess
that different cannula sizes have an impact on the char-
acteristcs of ADSPCs, as the different cannula diameters
potentally lead to various shear stresses. Taken together, a
bigger cannula diameter with less shear stress on cells might
result in a greater number of viable cells. However, these
cells might be in a greater number hypertrophic, more com-
mitted progenitar cells with a low proliferation potental
In contrast, shear stress in cannulas with a smaller diameter
might lead to a lower number of viable hypertrophic cells
bt a higher number of smaller more, potent progenitor
cells. Nevertheless, these asumptions should be studied in
a follow-up study, inwhich for each Hposscton technigue,
different cannula sizes are used and compared.

From a dinical point of view it has been shown that the
Bosdy-Jet technigue & associated with lower pain levels and
ecchymioss, indicating less trauma to nerves, Hsuwe and
blood vessels than those wsed in manual Hposuction. Further
advantages of the Body- Jet system over manual H possction
are the rapidity and large quantity of fat tsue collecton™.
These findings indicate that the Body-Jet system can ideally
be used for extensive Hpossctons, where a high guantity
of adipose Hssue needs to be harvested. The LipiVage is a
closed system that combines Hssue removal and filtering, as
well & its transfer back to the patient in one setting. As the
cannula may hold up to 200ml of tHssue at a tme, this sys-
tem & ideal for smaller procedures, which require a smooth
detachment.

In addition, the financial aspect should be taken into con-
sideration, as the Lipivage system represents a more cost-
effective method than the Body-Jdet system. The single use
of the LipiVage system costs 328 Euro, whereas the costs for
the Body-Jet are 371 Ewro in Germany. However, the Body-
Jet Hposucton device ftself has to be purchased for several
thousands of Euros, whereas the Lipivage device is a dispos-
able system and does not require any additional costs. This
difference in the usage costs can lead to a more freguent
use of the LipiVage system, even though the Body- let sys-
tem might be the slightly better technigue.
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In summary, cwr comparative analysks shows that the
tested liposuction technigues Lipivage and Body-let can be
seen as equally viable methods for the isolation of ADSPCs
fior further use in regenerative research and medicine. How-
ever, donor heterogeneity with regard to age and fat matio
may constitute the limitaton of this study.

Conclusion

To date, the propertes of ADSPCs harvested with differ-
ent liposuction technigees have not been investgated suf-
fidenty. The lack of knowledge may be one of the factors
limiting the wse of ADSPCS in clinical approaches. 'We show
convincing evidence that the cell chaacteristics and the
functional properties of ADSPCs {solated by different fat-
harvesting methods are similar. Consequently, ADSPCs ob-

tained with the Body- Jet and LipiVage liposuction technigue
should be equally considered for dinical use.
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thetic Surg J 2015, 35(8): 1030-9. doi: 10. 1093 fa ) sjw075.
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Abstract: The application of liposuctioned white adipose tissue (L-WAT) and adipose-derived stem

cells (ADSCs) as a novel i dulatory ption is the currently subject of various
clinical trials. Because it is crucial to und d the underlying th tic mechani the latest
studies f d on the i dulatory functi of LWAT or ADSCs. However, studies that

examine the specific transcriptional adaptation of these treatment options to an extrinsic
inflammatory stimulus in an unbiased manner are scarce. The aim of this study was to compare the
gene expression profile of L-WAT and ADSCs, when subjected to tumor necrosis factor alpha
(TNFa), and to identify key factors that might be therapeutically relevant when using L-WAT or
ADSCs as an immuno-modulator. Fat tissue was harvested by liposuction from five human donors.
ADSCs were isolated from the same donors and shortly subjected to expansion culture. L-WAT and
ADSCs were d with h binant TNFa, to trigger a strong inflammatory response.
Subsequently, an mRNA deep next-ge i quencing was perfi d to evaluate the different
inflammatory responses of L-WAT and ADSCs. We found slgnlﬂmm gene expression changes in
both experimental groups after TNFa incubation. H ., ADSCs showed a more homogenous
gene expression profile by predominantly expressing genes involved in immunomodulatory
processes such as CCL19, CCLS5, TNFSF15 and IL1b when compared to L-WAT, which reacted rather
heterog: ly. As RNA sequencing b L-WAT and ADSCS treated with TNFa revealed
that L-WAT responded very heterog y to TNFa treatment, we therefore conclude that
ADSCs are more reliable and predictable when used therapeutically. Our study furthermore yields
insight into potential biological p regarding immune system response, i

response, and cell activation. Our results can help to better understand the different
immunomodulatory effects of L-WAT and ADSCs.

Keywords: white fat tissue; adipose-derived stem cells; immunomodulation; inflammation; TNFalpha
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1. Introduction

Inflammation is a complex, multifaceted state for many chronic conditioms. The ability to
repulate an adequate inflammatory response is pivetal to prevent the development and progression
of any disease. Inflammatory processes are characterized by an interplay between pro- and
anti-inflammatory cytokines. Cytokines, such as inferlenkin-1 (IL-1), fomor necrosis factor (THF) and
gamma-interferon (IFI-y), are classified 2c pro-inflammatory, whereas IL-4, TL-10 and IL-14 are
classified as anfi-inflammatory cytokines [1-3]. Howewer, bhis classification is far too simplistic, since
most cptokines may act as 2 pro- as well as an anb-inflammatory cytokine [1.4]. In many chronic
diseases, such as ostecarthribiz, theumatoid arthritiz and Crohn's disease, the balance of pro- and
treatment [5]. Thuos, novel treatment oplions targeting ctokine imbalance in inflammatory
conditions are under investigation.

Human white fat cells and stem cells, derived of white fat issae (ADSCs), have been shown to
exert immunomodulatory effects both in witro and in wivo [6-8]. White adipose tissue (WAT) is a
highly complex organ. Rather than funclioning a= a mere energy storage, it also plays a potent zole
in metabolic and endocrine balance. It is composed of adipocytes, loose connective tissue matrix and
the stromal wascalar fraction (SVF). The SVE consists of preadipocytes, capillary endothelial cells,
cmpmhm,mﬂmmdcdla:hﬂigmh;h}gmﬂbhmﬂﬂrpenﬂuﬁmﬂl: donor and the Hssue
source [9-11]. Similar therapeutic effects are descaibed for both WAT and ADSCe, yet there is 2 frend
in regenerative and immunomedulatory medicine toward the uhilization of the supposedly more
versatile ADSCs. They are thought to be the most promising cells of the SVF regarding medical
benefits [12-17], and their molecular features make them promising candidate cells, not only in the
field of regenerative medicne, but also for the treatment of inflammatory-related disorders [7,16-24].
ADSCs can exert immunomodulation through direct contact with immune cells or by secretion of
P:ra.crinc factors [5.7.E]. Dc‘Pmdl:'nt on their micgoenvironment, ADSCs exhibit Pl:n—irl.ﬂ:mmatm?
and anti-inflammatory properties [6]. ADSCs have the ability to interact with many components of
the innate immune s-:,!sbem..mdud.nlg:nhlblz :Dmplﬂnult. m::l:nPh:ge-s.. dm.d.nh.c-nel.l.q,muhuPans.
mast cells and nataral killer cells [6,25.26]. Furthermore, ADSCs have the capacify o interfere with
the adaphive immune system [27-29). For dinical purpeses, ADS3Cs have besn used as
anti-inflammatory “bioreactors" in the case of mflammatory bowel diseases, ostecarthritis, diabetes
mellitus, chronic wounds and scar treatment [13-1519,30-32]. Nevestheless, there is stll some
ambipuity regarding the utilization of ATMSCs as a cellular treatment option. Potentially harmful
sh:tb—mlmighlﬂ'm:ﬁ:d:mysﬁ]lbcdiﬁ:mdv mﬂu&g:nr&mﬁignﬂﬁm“?{h
I:-euncrar\ell:d.ﬂ::W&iﬁmu:hnﬂhlﬂﬁnpﬁmislcg:ﬂyuslﬁ:b:dh\mﬂﬁ:mﬁ:ﬁ.

Im comfrast, the us= nfsimP-IEWﬁTfDr dﬁi:ﬂpu.@mesisnnlmbjecltosudtsh‘idleg:l
restriclions in most countries, as long as it is used as an unpurified autologous ipo-transfer. Current
clinical applicaticns inchide scar treatment breast reconsbruchion after breast cancer surgery.
aesthetic rejuvenation, cleft-lip repair and Lposculpture for body deformities [30,33-36]. The
treatment of bone defects, osteomyeliti= or chronic wounds is being debated [13,30,35-39]. Although
hﬂingiﬁg"ﬂmmmndﬂ:fmynﬂr:gﬂn:hwpﬂhhﬂﬂrdhrdmnfpunﬁgdﬂﬂﬂs
iz, as menfion=d abowve, sven more recihcted. Given the l'mgz Pnlznli:l of I:m:l.l:mg chronic
huﬂamutmyp:ums mﬁﬂummappe:hlgﬁ]}ﬂﬂ:, the mechaniomes of achon need to be further
explored in order to facilitate legalization of fubure cinical applications.

For thiz purpose, we aimed to generate an unbiased datazet of transcriptional changes after an
extrinsic inflammatory stimulus. Therefore, liposuchioned white fat issue (L-WAT) and ADSCs from
the same donor were treated with tomor necrosis factor alpha (TNFa) in witro. Subsequently, a
bicinformatic analysis of obtained EMNA sequencng was performed to evaluate the different
inflammatory responses of L-WAT and ADSCs.

2, Besults
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2.1. Gene Expression affer TNFa Treatment of ADSCs Is More Homogeonous in Comparison te L-WAT

To assess the immunomodulatory response of L-WAT and ADSPC of the same donor after THFa
exposure, we performed 2 deep RN A-sequencing (Figure 1).

Ligrsinl oi° dBh THFE

| Oonor | -WAT
A s
RNA RMA
[ Isnlatlun‘_h'[ 3“]
R S
laalatlon __vzh Ca 40h THFa
ol ADSCE | Expanelon

Figure 1. Experimental timeline and setup. Homan L-WAT was harvested from five different donors
ﬂlm@wal:l‘j:hnﬁﬂodﬁpmxﬁmﬁﬂhtmphminhtd with THFa for 48 h, tomimic
an inflamematory miliew that kuamm“mwmdy,hm wens
isolated from the same donors” fat samples harvested during earlier liposusction. Affer an expansion
period of 72 h, ADSCs were also treated with TNFa Subsequently the incubation with TNFa, BNA
from fat and cell samples was isolated and sequenced. A portion of the same sample without TMFa
was implemented in parallel and used as reference contral.

TWFa induced sipnificant changes in pene expression in L-WAT and AD3Cs, when compared
to controls. After normalization and correction for multiple testing, differential gene expression
analysis revealsd 53 genes that were significantly upregulated and 29 genes that were sipnificantly
d.n:rm'lz\egnlﬂhd in L-WAT treated with THFa, when cmpmd to unfreated L-WAT. Int:m"h:ugly,
ADSCs from different donors showed a cmsiderably more ]mcm:rgﬂ'lcms tran:.uipli:mal respanse,
which resultz m 1404 and 1109 genes that wers SI.FIi.E.I’.:JIHF uPupllated and d:vw‘:me-gul:bed..
rL.'-PecIiwuly in ADSCs treated wifh TIFa, wh.mmcmpmﬂl‘n ADSCs in normal culbore comditions.
Commaon o both groups. 131 genes were _':igni.ﬁl:anﬂy npmgu.'l:lnd, amd 11 Eenes wene sig:rﬁ.ﬁcalﬂy
downregulated. While Table 1 shows the five most TNF-dependent upregulated and downregulated
genes, when comparing ADSCs to ADSCs, and THNFa or L-WAT to L-WAT and TIFa (Table 1),

Supplementary Table 31 (Table 51) includes all significantly changed genes of ADSCs and L-WAT
after TNFa treatment.

Table L Five most THFa-dependent upregulated and downregulated in ADSCs and L-WAT; logFC:
logari thmic fold-chamge.

ADSCs v ADSCe and THNFa

Gene symbal Diescription logFC
CXCLIO C-X-C motif chemokine Egand 10 10.08
CECLII C-X-C motif chemokine Hgand 11 967

CCLS C-C motif chemokine lipand 5 .60
CECLS C-X-C motif chemokine ligand § 936
LINCD1539 long intergenic non-protein coding RMA 1539 B4y
=y
WISP2 WHNT1 indudble signaling pathway protein 2 —6.47
TWNT3 troponin T3, fast skeletal type —6.45
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ASPN Asporin =706

Hia H1%. imprinted matemnally expressed tranccript -8.17

L-WAT wa. L-WAT and TNFa

Gene symbal Diescription logFC
CCL22 C-C motif chemokine ligand 22 568
ANDS anoctamin @ 530
MMP9 matrix metallopeptidaze § 517

EBI3 Epstein-Barr wirus induced 3 494
CCLS CAC motif chemokine Egand 5 468
ECSCR endothelial cell surface expressed chemotaxis and apoptosis regulator 297

ACD91939.1 nowvel transcript =313

MNDA myeloid cell nuclear differentiation antigen =357
cas carbonic anhydrase 4 —4.06
ACD02526 1 nowvel transcript -413

2.2, Geme Expression Regulation in Faf and ADSCs Treafed with TNFo

To further highlight the different gene expression response of L-WAT and ADSCs o TNFa
beatment, we m;ll'?zed the sigm'.ﬁcuﬂ:l?npr:gnlahd amd dnwnup:l:bed. g!nesint'hz L-WAT w=.
ADSCe, ac well ac in the '!:I?!I:im.l‘lﬂ:l group L-WAT and THNFa w=. ADSCsz and THNFa. We found
3368 gen=s signi.ﬁl::nﬂ]r ]nghur ElP‘rE!SIEd in ADSCs, in conbrast to L-WAT. Furthermore, our
evahiabion showed B’D’.'-'sl.gm.ﬁc:.\ﬂ:l? lnghcr B:Pu-ssed gene=s mm ADSCs and T o, when mm.p:.md
to L-WAT and TINFa. Interestingly, 699 genes out of the 2397 sipnificantly upregulated genmes n
ADSCs were TNFa-dependent (Figure 2A). In comparison, 3129 genes were sipnificantly lower
expressed in ADSCs, when compared to L-WAT. After incubation with TFa, 3H7 genes were
sig;m'.ﬁr:u:ﬂy dumu':gul:bd. in ADSCs when cmpu:d to L-WAT. Hereof 110 Eenies weere
sig;m'.ﬁr::nﬂ? d.nw:u:gnla.l:d:inADSC: amd THFa, when :Dumd o L-WAT and THFa, due to the
affect of TMNFa. The iming 1687 signi fHy downregulated genes in ADSCs and TNFa, when
compared to L-WAT and TINFa were not related to the effect of TMFa (Figure 2B). The whole list of
sigmificantly changed penes in ADSCs and TNFa vs. L-WAT and TNFa is provided in Supplementary
Table 52 (Table 5Z).
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B[ sianificanily upreguisted genes 5] slgnificantly downrequlsted genes |
ADSCa vs, L-WAT ADSCS ws. L-WAT

ADSCs & TNFa vs. L.WAT & TNFa ADSC3&TNFo vs. LWAT &TNFo

Figure 2. Significantly differentially expressed genesin L-WAT and ADSCs. Significantly upregulated
genes in ADSCs compared to L-WAT and in ADSCs and TNFa compared to L-WAT and TNFa (A)
Significantly, dowrwregulated genes in ADSCs compared to L-WAT and in ADSCs and TNFa
compared to L-WAT and TNFa (B).

While 2 hierarchical cluster analysiz of the princpal component 1 (PC1), revealed a clear
separation of ADSCz and L-WAT, PC4 dearly shows that ADSCz have a substantial higher

hwwgmausguwupmmpoﬁle.whmoompnedbbWAT(ﬁguuS) Moreover, ADSC=
after incubation with TNFa, when compared to L-WAT

3 3
(Figure 3. PC4).
TANSCx Ch 21 AYAT 0y
B ADSCs 43h I LWAT 48h
WADSCATHFo 48h W L-WAT &TNFa 4Bh
L)
| @ e
- o 5
o
[
iy o %
o - *
<. |? .
35
a % o
ik =
e ]
| |
=100 -£0 0 0 100 50
PC1

Figure 3. Principal Component Analysis (PCA) of L-WAT and ADSCs. The PCA revealed a clear
separation of L-WAT (blue dots) and ADSCs (red dots) along the main component PC1. In addition,
TNFa J d a separation along PC4, with a more homogeneous response of ADSCs
(dark-red dots), when compared to L-WAT (dark-blue dots). There was no dear dustering of samples
from the abdomen (black border) or the thighs (no border).

The 30 most to PC1 contributing genes are fat-related marker genes, including LEP, FABP£ and
Mm,mifm:kgmaumﬁglumhm;ﬁ\mhﬂude
GREMI1, & to be involved in limb develop t [40], CNNV1, which play= a role in smooth-muscle
function [41], and ALPK2, which iz important for cardiac muscle cell development [42] (Figure 4A).
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Inferestingly. the analysic of the fourth chuster (PC4) revealed the separation among genes
assodated with immunomedulatory processes such as CEICLT, IL-201, IL-31 and CCLS. (Figure 28).
Howrewer, this separation was strongly visible in ADSCs, whereas, in L-WAT, the inflammatory effect
waslw{'isshmg']hh}_: five memml:gpm::mﬂnsscpﬂ.ﬁhmm as follows: BIRC3, which is
important for the inhibition of apoptosis [43]; MEOX1, which plays a rolein sclerotome development
[44]; CE3CLI, which is Fivuhl for chemotaxis and cell adhesion [£5]; OCLIS, which PI:y: a crucial
role in different mﬂa.lnm.ltucry processes [46.47); and ANOS, which might P.'I.'lg.'unle m different lﬂn—s
of cancer [45].

17

'|_"|__|_

£

Figure 4 Hierarchical duster analysis of the 30 most contributing genes of PC1and PC4. The 30 most
to PC1 contributing genes are fat-related marker genes inchuding LEF, FABPY and ADIPOC) (A). The
aralysis of the PC4 reveals the separation among genes asodated with immamomodulatony
processes (B

2.3. Bivlogical Pathways that Are Regulated Lipon TNFa Exposure in L-WAT and ADSCs

Az TNFa is a pleiotropic cytokine with important funchions, such as homeestasis, inflammation,
pathogenesis, apopiosis or necroptosis [49], different biclogical processes were significantly changed
in the experimental proups after exposure to TNFa. We carried out pathway and fonchional analysis,
using Gene Ontology (G0), incduding all penes that were differentially regulated upon L-WAT and
ADSCS treated with TNFa (ADSCs and THFa vs. L-WAT and THFa). The evaluation with GO of all
si.g;m'.ﬁcu:ﬂy ]nghﬂ ugﬂated geTies m ADSCs, when mcm.p:md to L-WAT ftreated with THFo,
revealed a plentitude of different biclogical functions, like immune system processes, extracellular
matrix crganization and response to an inflammatory stiubes (Figure 54). Furthermore, the analysis
with G0 of significantly lower-expreszed genes in ADSCs, when compared to L-WAT treated with
THFa, showed alterations im different biclogical pathwrays, nduding developmental processes,
biological adhesion and leukocyte migration (Figure 5B). The whole list of significantly different
biclogical processes is provided in Supplementary Table 53 (Table 33).
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sigriificzently ypreculaied bBiclagicsl processes
I A0S0 ETHFir v LAWAT & THF
"

rAmanHr. KRR v

oy

in ADSC R A THFA ua. L.MAT & THF&

| E siguificantly Cownrealates] balomical proceaass ‘

rarmanlic maaca ¢

PRAFIEFETEN

Figure 5. Significantly changed biological pathways in ADSCs and L-WAT after incubation with
THFa. Differential gene expression analysis revealed hundreds of significant upregulated (A) and
downregulated (B) biological pathways in ADSCs treated with ThFa, when compared to L-WAT

treated with TNFa

To get a better understanding of the differentially regulated pathways in AD3Cs and L-WAT
upon exposure to THEa. we performed a gene set enrichment analysis (GSEA) Interestingly, ADSCs
and THFa showed a significant increase of inflammation-related geme hallmarks, as well az gene
hallmarks, like :Pit'helial Il:rm.c-su:n.dlymal ransibion and aPril:al ium:llm's.. when cumpmd to L-WAT
and THFa {Tigu.m &). In'lnguingly_, while THFa exposure of ADSCs led bo inderferon alPlu-, as well
as E:nl.m:—nel:hd.n:r_gms:, L-WAT showed amﬂqu}mﬂ in the int:‘:i:zmgm PI&[WIFHI&
nearly no gene-set enrichment in the inferferon alpha hallmark (Figure 6. blue arrowheads)
Additionally, the most significantly underrepresented gene sets of ADSCs and THNFa mainly consist
of fat-related metabolism and development sets, when compared to L-WAT and THFa (Figure 6).

Cwwiripticm Categpary Gane Ranks KES
""“r':::'l;"“'“ nhanmatien Wi | , -
ﬂniwﬂf::.'lluh?ﬁiilim devclopno L e |"'"' g zTe
Im:qlﬁgr;omﬂﬂ nfanmaten [T | i - - 2=
apkd juialion =wlular compaear | TR | i iy 206
|I||ulf:llr]':|ll'::nr;|-u orif damage | temomg 20
- ':rh:-hjm;_m 1 - _nmI;'mI; - : |_|. _r_ - - _-.2.11_
fally wrid mwlalolue rezkalism 1w i s -1.35
raidathic. phos um'lﬂ"“‘ nuetkulzm Vo | R— 248
WYVE Eargeée, urelint 3 prulfaration . | % mimiRil] B
zdlpoayne sevekopmeznl [ - Iy veme |~-a-|-.|tu|q 281

Figure & Visualization of the Gve most positively (WES > 0) or negatively (WES <0 TNFa-dependent
hihulks:n.-lchin .ﬁm..wl'l:ncu'r?uﬁnd o L-WAT. Blue arrowheads indicate the difference of
interferon alpha and gamma response of ADSCs and L-WAT upon THFa treatrment. MES: normalized
enrichment score. Adjusted pvalue < LD5
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3. Discussion

L-WAT and ADSCs are seen a5 a promising therapy tools in the feld of regenerative medicine.
While the use of simple fat tissue is siraightforward, the therapeutic use of isolated stem cells is
confroversial mﬂ,hdabe,nnldhﬁﬂ]lf:pf!:mdinmml‘cmhiﬁ. B‘-:cm:enfﬂb:inﬂamtmy
cmpmmt, which characterize several clmical condibons, it ic of npnux:l‘ :imPnl:hm:\e to discowver
mowrel mLmnnmndul:l'nry Imecllmmtopﬁmls and to understand thedr mechanicms of ackion. To date,
there are seweral shadies that investigated the immunomodulatory function of (L-/WAT and ADSCs,
but to our knowledge, there is none specifically investigating the differences in both in an unbiased
manmer [20,50-52]. In the sarly 2000s, Zuk et al. described the in vitre potential of human ADSCs to
differentiate under ':Pcl:iE: culiure conditions info ﬂ.lﬁem'll'mcs:m:h?ma.l oell Ii:uags [16.53]. Latez,
m.es-:m:h:yma.l:benl cells and ADSCs were infroduced ash'afPhicm.cdiatn\rsﬁntﬁsmer:Paix,anﬂ.it
was proposed that they seczete factors that stimulate the release of functional bicachve factors from
surrounding cells [54.55)]. This view has been evolved, and M3Cs and ADSCs are now believed to
secrethe P:r:.crine factors themselves that prucmnlz cu'llm:]m.hly, Ptuli.ieraﬁonmﬂ maknix Prudnl:lir.m
in the surrounding environment [55]. Different stadies show that the secretome of ADSCs, exerted
through extracellular wesicles, is a promising source of new cell-free therapies in the field of
= ive medicne [24536—61]. The identification of the exact overall immumncmedulatory
response of L-WAT and ADSCs s crocial for cindcal apprmcl‘.es..:in order I::ri.rlhad‘u.oeh.tgcling
Hlmplﬁ Thnc&u,mimwahinﬂsﬁg:hhdiﬁmmsh\ﬂ::hﬂammm—?mni
L-WAT and ADSC=.

Im our slnl:'l!,r, midmﬁﬁudgumshib“'&TmﬂADﬁCaaswﬂl:sP:&m?sindmd or
repressed in inflammation that are modulated by THFa exposure and may represent candidates for
tarpeting treatment in mflammatory condibions. As expected, the analysis detected genes specifically
inwvolved in TNFa-induced inflammatory processes. Affer comection for multiple testing, 5443 penes
showed significant differential gene sxpression inm ATMSCs treated with TWNFa. when compared to
L-WAT treated with THFa. Our data provide evidence that ADSCs display greater transcriphonal
changes after THFa treaiment, when compared to L-WAT (Figure 3). The PCA clearly shows that
ADSCs display a more homopenous gene expression between cells isolated from different
individuals, when compared to a sitrong heterogeneous gene expression profile in L-WAT. This fact
might indicate that L-WAT i= much more susceptible to inter-individual factors and thus might
influence itz therapeutic effect. This appears to be even more interesting, when considering the
circumstance that isolated ATSCs and fat Hissue were harvested from the same donoss.

WAT iz a whole bzsue with ifs infrinsic anﬂ.cmplﬂ(c\elhllumﬂhi.onhmi:il c\ncmpnm:nl.'..,
which makes itz clinical use difficult. In addition, inter-indiwidual donor factors, such as age, sex,
mnesh.?anﬂ.m:d.i:al comditions, havcahudlyp:‘:di:bblz mdy:l‘mh:mmﬂummﬂle
H:.mpenﬁc:l outcome. Furthermore, WAT confains not cmly P’rn-gunhcr cells, but also :diPclcybes.,
blood cells, immune cells and soluble factors that can influence the gene sxpression profile. On the
other hand, since WAT is composed of different components, it might be conchuded that when used
for therapeutic purposes, theses components can symergistically exert their positive effects. Different
studies showed that ADSCs carnmot exest their daimed therapeutic effects solitary but need different
“co-factors™ [EE]PurﬂtmmADﬂﬂsnl'F:b:dnlh nslznarﬂniﬁ:i::int are not detectable anymore
after a few days [62.63]. Therefore, itis assumed that ASPCs “Imprint” their ant-infl tory effects
on calls of the Immmumne syslmn, which then gw: a F\olm:gr_d :.melinlaﬁng effect [15,62,63]. Thes=
Enﬂ:ingsindic.'llz Iha{:mm.pnsiﬁmnfpmg:nil‘ul uﬂsnﬂdiﬂﬂm{cﬂ]snffhﬂimmmsym,:s
found in L-WAT, might have a stronger positive therapeutic effect than its individual injected factors.
Omn the other hand, isolated ADMSCs are referzed to be the most promising and potent component of
L-WAT, because these cells behave in 2 more predictable marnmer [13,17,20,64]. Different studies have
the immuneosuppressive effects of ADSCs [65]. However, it remains uncertain if there is a spedial
“threchold” that needs to be reached to activate the immunomodulatory effecks of L-WAT and
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ADSCs. Therefore, searching for the strategies that can activate the trophic funchons of L-WAT and
ADSCs is fundamental for their application in regenerative medicine.

While an inflammatory response to THFa treatment was showm in all donors, the effect of THFa
seemed to be stronger in ADSCs. This might be mestly due to the highly heterogeneous pene
e:?n-_'.si:ncn P:DEL: and Hhe higl\ P'r\oPnd:im of fat-related gene zets in L-WAT treated with THFa,
which may alleviate its inflammatory effect. Another Limitation of the p ted shudy is the
utilization of ADSCs and L-WAT from different anatomical regions and fhe in vilto expansion of
ADSCs, as the complexdty of the immunomodulatory action of ADSCs and WAT cannot be resolved
by pure in vitro experiments [66]. Monetheless, our G3E analysis revealed that gene sets for interferon
alpha and gamma were differently regulated between ADSCs and L-WAT upon THFa treatment.
This novel result can be ulilized in future experiments, by confining gene= that are involved in the
maly‘sisanATindi.&mli:lﬂmmthcmdiﬁm [.IFN-:."F-_, IFMy and/or TNPn]..m:sinElc—c\ell
laval, hoh'l:.ulbmlngaﬂy relevant data. 'I'lﬁsen?u:inw:d-.ll aPpwudlwillhﬂP to unravel the
imterachions between the varouws cg'l.'ltypesufWﬁT, induﬂmgﬂD&Cs

4, Materials and Methods

4.1, Ethirs Stateowment aud Sample Acquisition

After obtaining written informed consent, human L-WAT was obtained from five patients
without systemic diseases ([mean age: 47.4 years), undergoing water-jet-assisted hiposuction with the
Body-Jet system (human med AG, Germany) from subcutaneous regions, for aesthetic reaszoms.
Llpn:u:l:hm:.-mﬂ'tﬂt: BD&F—_'I':l':?slmn mmpﬂimwdwﬁﬂllﬁ andfor 3.8 mm cannulas and a
pressure of approcdmately 550 bar. This shudy was conducted in accordance with the declaration of
Helsinki and approved by the ethics commattes of Ludwig-Maxdimilians-Tniversity, Munich (275-16).
All lipoaspirates were harvested from the abdomen or thighs, through liposuchion by a surgecn
following common surgical standards. All patients were previously scoreened and tested negative for
HIV (human immumodefidency virus), HCV (hepatitis C vines) and HEV (hepatitis B virus). Patients’
information is summarized in Supplementary Table 52

232, Fr!pnrltnml uf“ﬂn:f.:Aﬁ;memsuq, Ciell Isolation oed Culfure Condifions

For all zamples, a porton of 1.5 g L-WAT was washed twice with phosphate-buffered saline
(FB3), to remove residual blood, and afterward they weere directly incubated in standard culhare
mediom, cm:isﬁ:ngniDhE.M—hiEh Elumsel:'lhenm:rfﬂwr Sdentific, [T3A) mppl:mﬂ'rbed with 109
fetal bowine serum (FB3, Sigma-Aldrich, SA), 100 U/mL of Penicillin and 100 pg/mL of Strepbomycin
(Life Technology, USA), in a humidified incubator (21% O, 5% C02 and 37 *C), supplemented with
50 ng/ml of recombinant TMFa (Merck, Germanmy). for 48 h to stimulate the secrebion of
inflammatory paracrine factors. ADSCs were isolated from approximately 10 g of the same L-WAT
with a semi-automated centrifuge system (ARC™-FProcessing Unit, InGeneron, USA). following the
manufacturer’s protocol and using its enzyme blend (Matraze™) and 37 °C warm lactated Ringer's
solution (Fresendus Kabi, Germany). Stem cell properties were proven by differentiating a proportion
[67]. Fox EN&—B-:-:]_ :ermmmis., i:uhly:i:.nlated cells were aqn.nd:d for 3 dzy‘s in standard colbhare
mgdimhudgsaﬂzad:bm.ﬁ.&ercdlmfu:ﬂhmﬂmm:inpmg! 1 wrere culhared
for an additional 48 hin standard culbure medium, supplemented with 50 ng/mL recombinant THFa.
ADSCs and L-WAT in standard culhore medium in fhe absence of THNFa served as a condrol. ASCs
after 72 h (ASC 0 h) and fresh L-WAT after washing (L-WAT 0 h) served as baseline controls. After
cultivation, ADSCs and L-WAT were hrsed in Trizol (Invitrogen, T7SA) and stored at —B0 °C, undil
EINA sequencng,.

£.3. Desp ANA-Sequencing and Birinformatics
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Total RIMA was isolated by following a standardized protocol. RINA quality and quantty were
measured with a BioAnalyzer (Agilent, USA), and libraries for sequencing were prepared with a
SEMSE mRMA-Seq Library Frep Eit VI (Lexogen, Austria). All libraries were sequenced om a
HiSeql500 device (Mumina, U3A) with a read length of 50 bp and a sequencng depth of
approsimately 20 million reads per sample. After demmultiplexing, reads weere aligned to the human
reference genome (version GRCH38.85) with STAR (version 2.5.3a) [6B]. Expression walues (TFM)
were calmmlated with RSEM (version 13.0) [69]. Genes detected in less than five samples were
removed from further analysis. Differential gene expression analysis was performed. using the
“woom” function in edgeR (version 3.26.5) [70] with a inear model encompassing biclegical condition
and sequencng lane as fixed and random effect, respectively. An adjusted p-value (FD'R) of less than
0.05 was set to deternine significantly changed genes.

5. Conclacions

Autologous fat prafing has been carried out for decades as a standard procedure in many fislds
of plastic and reconstructive surgery, whereas the use of isolated ADSCs is highly restricted in most
countries. In this study, we show that both L-WAT and ADSCs exhibit a strong response when
ea?nsedtnminﬂmma.h:rtymvizmmmt I{uﬂwrm,ﬂ.einﬂanma‘l‘ntyeﬁ:dof']‘”‘fﬂm
hwmiptmzugplaﬁmismmP:mmdandpw!did:hle m ADSCs, whmomp:mdhL-W&T,

Supplementary Materials: The total list of significant differentially expressed genes (DEGs) of ADSCs and
L-WAT after TMF treatment, as well as DEGs of ADSCs and TNFa compared to L-WAT and TNFa and
corresponding changed gene ontologies, are provided in Supplementary Tables 51, 52 and 53 Patients’
information is provided in Sopplementary Table 534, All supplementary tables can be found at
mm.wﬂpi.mrdmhl.Miﬂ{lﬂi:ilﬁrawditaka\miaﬂ:upﬂimqlﬂt-ﬂzppmlni&:hﬂlcﬁa
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