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Background and aims: Adipose tissue (AT) derived adipose stem/stromal cells (ASC) are mul-
tipotent cells. They not only possess excellent proliferation and differentiation capacity but are
also known for their low immunogenicity and the ability for immunomodulation. Obesity is becom-
ing increasingly a worldwide health concern causing low-grade chronic inflammation in AT. Mac-
rophages are known to keep the tissue homeostasis. Obesity-induced inflammation not only dis-
turbs the tissue-resident macrophage ratio but also affects the ASC functions. Metabolic dysfunc-
tion of AT has been previously studied but the effect of obesity-related inflammation on ASC
functions is still not clearly known. This study aimed to investigate the effect of obesity on ASC
immunomodulatory capacity, especially macrophage polarization and cytokine secretion. Also,
the aim was to study the effect of donor weight and in-vitro inflammatory environment on the
mitochondrial respiratory capacity of ASC.

Materials and methods: ASC were isolated from human AT samples that were obtained from
two donors undergoing bariatric surgery, before and after weight loss. Monocyte derived macro-
phages were polarized from frozen PBMCs (peripheral blood mono nuclear cells) into pro-inflam-
matory (M1), anti-inflammatory (M2), and regulatory macrophages (Mreg). These three types of
macrophages were cultured in mono and co-culture with ASC collected from two different donors
before and after weight loss. Macrophage polarization was studied with light and fluorescent mi-
croscopy, immunophenotype was analyzed with flow cytometry analysis and the amount of cyto-
kine secreted in mono and co-cultures with ASC. Metabolic capacity of ASC collected from lean
and obese donors was measured by quantifying the mitochondrial respiration capacity of these
cells at two different time points.

Results: M1, M2 and Mreg macrophages with characteristic morphology, phenotype, and cyto-
kine secretion were polarized from frozen PBMCs. M1 macrophages showed high expression of
CD86, CD11c and HLA-DR, M2 showed high expression of CD206, CD163 and CD86 while Mreg
macrophages showed decreased expression of above-mentioned markers. The mono and co-
cultures of M1 and Mreg macrophages secreted pro-inflammatory cytokines. The co-cultures with
obese derived ASC secreted more pro-inflammatory cytokines, particularly IL-6, IL-12p70 and
MCP-1. Moreover, the cellular respiratory capacity of ASC increased after the weight loss.
Conclusion: Our study showed that different macrophage types can be polarized from frozen
PBMC:s in vitro. It was studied that Mreg macrophages have both regulatory and pro-inflammatory
nature. Also, it was observed that secretion of proinflammatory cytokines particularly IL-6, IL-
12p70 and MCP-1 was significantly high in ASC obtained from obese donors compared with M1
monocultures and the immunosuppressive capacity of ASC was independent of donor weight.
Moreover, it was observed that ASC after weight loss have increased cellular respiration capacity
and inflammatory environment rapidly increases the cellular respiration capacity of ASC in vitro.
Although this study showed some insight of ASC immunomodulation, additional co-cultures of
macrophages with higher number of ASC obtained from obese and lean donors should be carried
out with optimized study design that will provide further insight of obesity induced inflammation
and its effects on immunomodulatory functions of ASC.
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1. INTRODUCTION

Adipose stromal/ stem cells (ASC) derived from adipose tissue (AT) are markedly prom-
ising candidates for various clinical applications, not only for their remarkable prolifera-
tion and differentiation capacity but also for their low immunogenicity and the ability for
immunomodulation (Patrikoski et al. 2019). By contributing to balancing the immune sys-
tem, they secrete anti-inflammatory cytokines which suppress the pro-inflammatory mi-
lieu (Chu et al. 2019).

Major worldwide health concern is an increasing frequency of obesity. Excessive weight
gain among individuals causes a rise in related health complications e.g., cardiovascular
diseases, cancers, and diabetes (Wang et al. 2011). Obesity is defined based on body
mass index (BMI), which is the weight (kg) divided by height squared (m?). According to
the world health organization (WHO), a BMI 25 -29.9 kg/m2 is considered overweight in
adults, while BMI equal to 30 or higher is defined as obese (www.who.int, page visited:
15.04.20). In the United States, the percentage of obesity was 42.4% among adults in-
dependent of gender in 2017-2018 (Hales et al. 2020). Correspondingly, in Finland, 28%
of women and 26% of men are obese in age over 30 (www.thl.fi, page visited: 03.12.20).
The complications caused by obesity are becoming a major public health burden that will

exacerbate in the coming years (Saltiel & Olefsky 2017).

Metabolic homeostasis in the human body is maintained by the metabolic organs e.g.,
liver, pancreas, and AT comprising parenchymal and stromal cells. Macrophages are the
key players that control tissue homeostasis. In lean individuals AT homeostasis is main-
tained by anti-inflammatory M2 like macrophages, which prevents inflammation and pro-
motes insulin sensitivity (Sharma et al. 2018). During inflammation, the fate of an organ
is governed by the balance between pro-inflammatory M1 and M2 macrophage polari-
zation (Moghaddam et al. 2018). A chronic low amplitude inflammation linked to the met-
abolic disorder in the AT during obesity is called meta-inflammation (Lumeng 2013). Met-
abolic dysfunction of adipocytes is the primary event leading to chronic inflammation in
AT (Meijer et al. 2011). Chronic nutrient excess causes the expansion of AT and dys-

function of adipocytes (Spalding et al. 2008).



During obesity, there is a rapid and transient induction of adipocyte proliferation, partic-
ularly in the visceral AT. When the AT expands, there is a marked change in its micro-
environment causing increased mechanical and oxidative stress-inducing hypoxia. This
altered microenvironment of AT causes adipocyte death. The dysregulated death of ad-
ipocytes induces macrophage infiltration to the AT and the direct interaction of dead cells
with the macrophages further induces them towards the pro-inflammatory phenotype
(Kuroda & Sakaue 2017). Furthermore, hypoxia upregulates the secretion of inflamma-
tory adipokines which inhibits the differentiation of preadipocytes into adipocytes and

transforms them into leptin-secreting cells (Trayhurn 2013).

Similarly, mitochondria are multi-functional organelles responsible to conduct a wide
range of cellular responses. Mitochondria is the powerhouse of the cell. Its essential role
is oxidative phosphorylation in cellular energy production and generation of reactive ox-
ygen species (ROS) (Wallace 1999). They can also modulate innate immune responses
in several physiological disorders e.g., autoimmune diseases, metabolic syndrome, neu-
rodegeneration, and cancer. They engage immune cells to keep normal tissue homeo-
stasis. (West 2017). Any mitochondrial damage can trigger inflammation and promotes
pathology. Also, mitochondria are important players in keeping the metabolic homeosta-
sis of the white adipocytes in the AT. They are important factors in the synthesis of adi-
ponectin from the adipocytes (Woo et al. 2019). Any imbalance of the mitochondrial func-
tion in adipocytes highly affects the metabolic system and causes AT inflammation. Many
studies have been done on the metabolic dysfunctions in relation to obesity. However,
questions related to AT inflammation and its effects on ASC function especially concern-

ing human ASC are still unknown.

In this thesis, the effects of obesity have been studied on the immunomodulatory and
mitochondrial respiratory capacity of ASC from two different donors before and after
weight loss. Peripheral blood mononuclear cells (PBMCs) were polarized towards three
different types of macrophages i.e., proinflammatory M1, anti-inflammatory M2, and reg-
ulatory macrophages Mreg and co-cultured with ASC from two different donors before
and after weight loss. Moreover, the cellular respiration capacity of lean and obese de-
rived ASC was studied under inflammatory and standard culture conditions. Based on
the previous research work, we hypothesize in this study that obesity-induced inflamma-
tion will influence different functions of ASC. It will not only influence the immunomodu-
latory capacity of these highly regenerative cells but will also reduce their cellular respi-
ration capacity. We expect that ASC obtained from the obese donors before weight loss
will possess less immunosuppressive properties and low mitochondrial respiration com-

pared with ASC obtained from the lean donors after the weight loss.



2. LITERATURE REVIEW

2.1 Obesity

2.1.1 Definition, statistics, and related disorders

One of the most serious global health concerns is the prolific occurrence of obesity. Ex-
cessive weight gain can cause several major disorders, referred to as metabolic dis-
eases, e.g., type Il diabetes mellitus (T2DM), cancer, cardiovascular diseases, and mus-
culoskeletal disorders (Engin 2017). Obesity is defined based on body mass index (BMI),
which is the weight (kg) divided by height squared (m?). According to the world health
organization (WHOQO), a BMI 25 - 29.9 kg/m2 is considered overweight in adults, while
BMI equal to 30 or higher is defined as obese (https://www.who.int, Page visited:
150420). Children and adolescent’s obesity are defined considering their age and sex
(Apovian 2016). In 2020, the WHO reported that the percentage of obesity had increased
threefold since 1975. In 2016, 13% of world’s adult population was obese and the trend
is increasing. Moreover, Hales et al. have shown that in the United States, the percent-
age of obesity was 42.4% among the adults independent of gender in 2017-2018 (Hales
et al. 2020). If this increase continues at the same rate, the percentage of the obese

individuals will constitute 20% world’s population by 2030 (Singh et al. 2016).

Furthermore, common comorbidities of obesity are type 2 diabetes, coronary heart dis-
ease, stroke, dyslipidemia, osteoarthritis, hypertension, and some cancers. Patients with
class Ill obesity, i.e., BMI=40kg/m2, have increased risks of diabetes, hypertension,

asthma, hyperlipidemia and arthritis (Apovian 2016).

2.1.2 Adipose tissue, link between obesity and inflammation

Obesity-linked inflammation is mainly localized in the adipose tissue (AT), which in turns
promotes chronic low amplitude inflammation linked to metabolic disorder also known as
meta-inflammation (Lumeng 2013). Metabolic inflammation is described as chronic low-
grade inflammatory events engineered by metabolic cells in response to excess nutrients
and energy (Grego r et al.2011). Metabolic inflammation is a characteristic of low-level
local or systemic inflammatory responses occurred during metabolic disorders (Tilg et al.
2019).

The AT is a highly heterogenous organ. In addition to its heterogeneity, it consists of

different tissue types i.e., brown AT, white AT, and brown in white AT. It is present at



multiple places throughout the human body e.g., subcutaneous, visceral, epicardial (Lina
& Judit 2017). AT is considered as mini organ having autonomous characteristics and
functionality (Tchkonia et al. 2007). The plasticity of AT i.e., the structural, cellular, and
molecular characteristics can be directly affected by physiological and pathological con-
ditions. For example, obesity induces impaired adipogenesis, disrupted ECM homeosta-
sis, and limits the AT plasticity (Pellegrinelli et al. 2016). Obesity is one of the most de-
termining condition that can lead to dysfunctional AT. Moreover, resident immune cells
in the AT play a critical role in keeping the normal tissue homeostasis, removes detritus
and apoptotic cells under normal physiological conditions. However, the excess accu-
mulation of fat tissue increases the number and performance of immune cells, e.g., mac-
rophages, neutrophils, B and T lymphocytes (Figure 1) (Cildir et al. 2013). This inflam-
mation in AT is considered as a core mechanism in connecting obesity with various vas-

cular and metabolic complications.

Also, the milieu of AT during obesity becomes highly inflammatory due to the active re-
leases of inflammatory cytokines by the pro-inflammatory macrophages, which promotes
insulin resistance and further polarizes the macrophages towards the pro-inflammatory
type (Sharma et al. 2018).
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Figure 1. AT modulation with the inflammation. From Odegaard & Chawla 2011 (Fig-
ure modified)

2.2 Adipose stem/stromal cells

Adult stem cells are the undifferentiated cells located in a differentiated organ in a spe-
cialized microenvironment called a niche which helps their growth and regulation. These
cells are clonogenic and multipotent in nature (Gurusamy et al. 2018). They have been
identified in different tissues e.g., blood, skin, muscle, and heart, etc. The structural and
functional regenerative capacity of adult stem cells such as bone marrow-derived mon-

onuclear cells, hematopoietic stem cells, mesenchymal stromal/stem cells (MSCs), and



endothelial precursors have been illustrated with several clinical and preclinical stud-
ies. Further, MSCs are multipotent cells exhibiting self-renewal and differentiation capac-
ity (Figure 2). They possess an ability to migrate towards the sites of injury, inflammation,
and tumor (Mishra & Banerjee 2017). In addition to multipotent, they also acquire im-
munomodulatory functions that have been utilized in the treatment of various immune
disorders (Li & Hua 2017). They have the capacity to interact vigorously with cells of
adaptive and innate immune system either through direct cell-cell contact or through their

paracrine activity.
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Figure 2. A multilineage differentiation potential of MSCs from different sources. From
Xie et al. 2016 (Figure modified)

Adipose stromal/ stem cells (ASC) derived from AT are markedly promising candidates
for various clinical applications, not only for their remarkable proliferation and differenti-
ation capacity but also for their low immunogenicity and the ability for immunomodulation
(Patrikoski et al. 2019). ASC have the potential to differentiate into various mesodermal
lineages of myoblast, chondroblast, osteoblast, and adipocytes. These multi-lineage
stem cells can be utilized in several tissue engineering and regenerative medicinal ap-
plications (Huang et al. 2013). The ASC can be isolated from AT by washing extensively
and digesting with collagenase (Figure 3) (Zuk et al. 2001). The digested tissue is then
centrifuged to obtain stromal vascular fraction (SVF). After centrifugation, the superna-
tant is discarded, and the SVF pellet is incubated with red blood cell lysis buffer and
centrifuged to remove cellular debris. Plastic adherent ASC are obtained by culturing the
SVF.
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Figure 3. Enzymatic isolation of ASC from AT. From Chu et al. 2019 (Figure modified)

Moreover, AT is a greater reservoir of MSCs than any other organ. Generally, 1 x
107 ASC can be isolated from 300 ml of lipoaspirate with a purity greater than 95% (Mi-
zuno et al. 2012). In other words, the average yield of ASC from lipoaspirate is 5000
colony forming units (CFU-F) per gram of AT compared to 100-1000 CFU-F per milliliter
of bone marrow. Also, ASC are highly heterogeneous population of cells, features in-
clude differentiation potential, immunophenotype, proliferation capacity, and the secre-
tome. There are several factors that affect their heterogeneous behavior e.g., donor sex,
BMI, age, and clinical conditions; site and process of sampling; culture surface and the
type of medium (Gonzéalez 2019). Additionally, Choudhery and fellows found that ASC
obtained from younger donors (less than 40 years) have great viability, differentiation,
and proliferation capacity (Choudhery et al. 2014). Furthermore, according to the Inter-
national Society for Cellular Therapy (ISCT), ASC are defined based on their plasticity,
adherence, undifferentiated state maintenance, self-renewal ability, multipotency, and
multi-lineal differentiation (Sovrea et al. 2019). Also, there are no definitive markers for
ASC, but they express differentiation antigens (CD): CD10, CD13, CD29, CD34, CD44,
CD49d, CD73, CD90, CD105 and CD166 while the cells do not express CD11b, CD14,
CD19, CD31, CD40, CD40L, CD45, CD79a, CD80, CD86 and CD106 (Bourin et al. 2013
& Dominici et al. 2006).

2.2.1 Adipose stem/stromal cell immunomodulation

The anti-inflammatory potential of ASC helps to regulate the immune system. For this
reason, they are used as immunomodulators in regenerative medicine. They contribute

to keep the balance of the immune system by regulating T cells as well as secretion and



activity of interleukin - 10 (IL-10) (Chu et al. 2019). ASC possess immense immunomod-
ulatory, predominately anti-inflammatory capacity when comes in direct contact with im-
mune cells. They can skew the inflammatory macrophages (M1) towards anti-inflamma-
tory macrophages (M2) (Stojanovic & Najman 2019). ASC normally secrete different cy-
tokines, chemokines, and growth factors regardless of the need and provided an inflam-
matory signal. The reverse of macrophage phenotype depends greatly upon the inflam-
matory microenvironment in which ASC polarizes the phenotypes of macrophages from
pro to anti-inflammatory. The capacity to modulate immune responses is one reason for
the success of using ASC in the treatment of different inflammatory diseases and auto-

immune disorders.

2.2.2 Effects of inflammation on plasticity and ASC function

Inflammation induces drastic changes in the ASC. It is considered that ASC differentia-
tion and plasticity are highly affected by inflammation. Metabolic disturbances activate
adipocyte hypertrophy and hyperplasia through the elevation of pro-inflammatory cyto-
kines. The direct influence of inflammation on ASC plasticity affects their proliferative
and differentiation potential (Badimon & Cubedo 2017). The changes in differentiation
and proliferation capacity have an obvious impact on ASC functionality altering their re-
generative capacity. Additionally, obesity-induced inflammation limits the stemness of
ASC, making their regenerative capacity impaired (Onate et al 2013). ASC in a niche of
subcutaneous white adipose tissue (WAT) of obese individuals commit themselves to
adipocyte differentiation showing upregulation of inflammatory gene expression related
to the loss of their stemcellness. Also, different studies have shown contradictory results

regarding the adipogenic capacity of ASC in the inflammatory environment.

Furthermore, from previous studies it has been clear that inflammation in AT during obe-
sity contributes to the development of insulin resistance and T2DM. In the patients with
T2DM, preadipocytes reduced the expression of genes involved in adipogenic differen-
tiation (Van Tienen et al. 2011). The decreased expression of adipogenic and lipogenic
genes was linked with the decreased insulin sensitivity in the subcutaneous AT from
obese women (Goedecke et al. 2011). These findings markedly show that metabolic
dysfunction and inflammatory environment affect the differentiation potential of ASC and
their ability in maintaining the tissue repair and homeostasis turning them into proinflam-
matory stimulators (Louwen et al. 2018). Furthermore, increased senescence and in-
creased adipogenic and osteogenic differentiation of ASC was observed in an obese
animal model (Badimon & Cubedo 2017). On the other hand, lower adipogenic and os-

teogenic proliferation was studied in obese individuals. Inflammation also decreases the



ASC stemness in obese individuals with a long term pro-inflammatory environment (Fig-

ure 4).
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Figure 4. Impact of the proinflammatory state on ASC properties. Red arrows indicate
enhanced and green arrows indicate weakened properties. From Badimon & Cubedo
2017 (Figure modified)

2.2.3 Utilization of ASC in clinical cell therapy

Stem cell therapy has shown immense advantages in the treatment of a variety of disor-
ders, including diseases related to the immune system (Bateman et al. 2018). In the past
decade, researchers have developed several applications of ASC for clinical use. Earlier
in 2009, cosmetic surgery was the major treated application. Later in 2010, the use of
ASC and SVF increased tremendously. The therapeutic potential of ASC has been ex-
perimentally observed for many disorders skeletal regeneration, facial reconstruction,
neurological, autoimmune, urological, cardiovascular, and immunological diseases. Sev-
eral ASC-based clinical trials are undergoing worldwide e.g., in Europe, Mexico, Korea,
and the United States (Sovera et al. 2019).

In May 2020, a total of 367 clinical trials evaluating the potential of ASC for treating dif-
ferent types of diseases were found at http://www.clinicaltrials.gov (Table 1). The most
common stem cell therapies were the treatment of joint disorders e.g., osteoarthritis, also
the treatment of gastrointestinal disorders, such as Crohn's disease, as well as facial

injuries and wound scars.



Table 1. Examples of multiple Adipose stem cell clinical trials treating different dis-
eases in different phases. From clinicaltrials.gov (Page visited on 25th April 2020)

Title Status Conditions Interventions Location | Phase
Autologous AT De- | Completed Knee Biological: Mes- China 1
rived MSCs Ther- osteoarthritis enchymal stem
apy for Patients cells low-dose
with Knee Osteoar- group
thritis
Allogeneic Stem Active, not | Heart Failure | Biological: Cardi- Denmark 2
Cell Therapy in recruiting ology Stem Cell
Heart Failure Centre Adipose
Stem Cell
(CSCC_ASC)
Adipose De- Unknown COPD Biological: Adi- Vietnam 1&2
rived Stem pose derived
Cells Transplanta- stem cells
tion for Chronic Ob-
structive Pulmonary
Disease (COPD)
Expandability of Completed | Aging, Obesity Other: us NA
Aging AT Overfeeding
Treatment of Com- | Completed Anal Fistula Drug: ASC Italy NA
plex Anal Fistulas (Cx401, com-
Using Centri- pany code) Drug:
fuged AT Contain- Fibrin adhesive
ing Progenitor
Cells (CAT)
A Clinical Trial to Active, not Alzheimer Drug: HB- us 1&2
Determine the recruiting Disease adMSCs

Safety and Efficacy
of Hope Biosci-
ences Autologous
MSCs Ther-
apy (HB-adMSCs)
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for the Treatment of

Alzheimer's Dis-

ease
Accelerated Aging Unknown Morbid France NA
of the Cells of Vis- Obesity
ceral AT in Morbid
Obese Subjects
ASC for Traumatic | Active, not Spinal Cord Biological: Autol- us 1
Spinal Cord Injury recruiting Injuries ogous, Adipose
(CELLTOP) . derived Mesen-
Paralysis
chymal Stem
Cells
The Effects of Cap- | Recruiting Weight loss Dietary us NA
sinoids on Supplement:
Brown AT Activa- CapsinoidDietary
tion in Obesity Supplement:
Placebo
Effectiveness of Completed | Inflammation Drug: Sitagliptin us 3
Sitagliptin for HIV Macrophage Drug: Placebo
Insulin Resistance o
Infiltration
and Inflammation
Cardiovascular
Disease
Reparative Ther- | Completed Ischemic Drug: Allogenic Spain 2
Stroke mesenchymal

apy in Acute Is-
chemic Stroke with
Allogenic
MSCs from AT,
Safety Assess-
ment, a Random-
ized, Double Blind
Placebo Controlled
Single Centre Pilot
Clinical Trial
(AMASCIS-01)

stem cells from
adipose tissue

Drug: Placebo




11

AT Derived Stem | Completed | Combination Drug: stem cells Pakistan 2
Cell Based Hair of SVF and Drug: platelet
Restoration Ther- PRP for An- rich plasma
apy for Androge- drogenetic Al-
netic Alopecia opecia
A Clinical Trial to Enrolling COVID-19 Drug: HB- us 2
Determine the by adMSCs
Safety and Efficacy | invitation
of Hope Biosci-
ences Autologous
MSCs Ther-
apy (HB-adMSCs)
to Provide Protec-
tion Against
COVID-19
Myeloid to Adipo- Suspende Obesity Adipose Tissue us
cyte Trans differen- d Biopsy
tiation in Hu-
man Cells
Application Completed | Critical Limb Other: Mesen- Spain 2
of Cell Regenera- Ischemia chymal stem
tion Therapy with cells from adi-
MSCs from AT in pose tissue
Critical Chronic Is-
chemic Syndrome
of Lower Limbs
(CLI) in Nondi-
abetic Patients.
Development of Completed Overweight Procedure: Cell | Switzerland Not
Culture found

Bone Grafts Us-
ing Adipose De-
rived Stem
Cells and Different
Scaffolds




12

Comparison of Completed T2DM Procedure: Ab- France NA
Hematopoi- dominal subcuta-
etic Stem Cell Ac- neous biopsies
tivity in AT From and blood test

T2DM Patients and

Healthy Volunteers

2.3 Adipose tissue inflammation

2.3.1 Macrophages during inflammation

Inflammation is a complex phenomenon consisting of series of events as reviewed by
Fujiwara and Kobayashi (Fujiwara & Kobayashi 2005). These cellular responses are
tightly regulated which involves both the initiation and maintenance of its downregulation.
Macrophages are the key cells participating in these processes. The three main functions
of macrophages are antigen presentation, phagocytosis, and immunomodulation. Mac-
rophages not only play an active role in the host defense mechanism, but they also pro-
duce biologically active molecules which serve many active roles in the innate and adap-
tive immune responses. At the initial stimulus, the resting macrophages convert into ac-
tivated ones with the help of activation signals which include T lymphocyte-derived cyto-
kines, microbial products, fibronectin, and chemical mediators. In acute inflammation,
after performing their tasks macrophages disappear but during chronic inflammation,
their accumulation persists for a long time. Macrophages are also involved in the down-
regulation of inflammation. The components of resolution produced by them include sol-
uble mediators such as anti-inflammatory cytokines, antioxidants, protease inhibitors,
and cellular responses. Any unchecked inflammation due to imbalance between these

two signals can cause major cellular or tissue damage.

2.3.2 Macrophages in obese and lean AT

Metabolic homeostasis in the human body is maintained by the metabolic organs e.g.,
liver, pancreas, and AT consist of parenchymal and stromal cells such as macrophages.
In lean individuals AT homeostasis is maintained by M2 like macrophages, which pre-

vents inflammation and promotes insulin sensitivity (Sharma et al. 2018).

The fate of an organ during inflammation is governed by the balance between M1 and
M2 macrophage polarization (Moghaddam et al. 2018). During infections in lean or nor-
mal-weight individuals, activated macrophages release proinflammatory cytokines TNF-

a (Tumor necrosis factor-alpha), IL-1 (interleukin-1 beta), and IL-6 (interleukin-6) which
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collectively trigger peripheral insulin resistance to decrease nutrient storage (Wynn et al.
2013). The activated immune cells utilize the glycolysis pathway providing energy
sources for the function of host response. Tissue-resident macrophages play important
role in such responses. On the other hand, malfunction of these metabolic responses
occurs during meta-inflammation. During obesity-induced inflammation, TNF-a, IL-1R,
and IL-6 secreted by AT macrophages act against the action of adiponectin and leptin
leading to insulin resistance (Castoldi et al. 2015 & Kalupahana et al. 2012). In obesity,
the inflamed milieu disturbs tissue homeostasis. This not only promotes insulin re-

sistance but also increases the macrophage polarization towards M1 phenotype.

2.3.3 Adipocytes and macrophages crosstalk

Activation of meta-inflammation is a major characteristic of obesity. One primary and
major component in this respect is the close interaction of adipocytes with macrophages.
Here, the metabolic status of adipocytes determines the inflammatory yield of macro-
phages (Engin 2017). Several factors induce the immense infiltration and accumulation
of macrophages in the obese AT. The necrosis of hypertrophic adipocytes regulates the
macrophage infiltration in the AT. Galectin-3 a human protein involved in free lipid clear-
ance induces the influx of macrophages at the site of necrotic adipocyte inflammation
(Cinti et al. 2005). Its anti-apoptotic behavior also promotes the survival of macrophages
during inflammation (Hsu & Liu. 2004). Also, the hypertrophic adipocyte-derived chemo-
tactic monocyte chemoattractant protein-1 (MCP-1) CC chemokine receptor 2 (CCR2)
pathway promotes macrophage infiltration in obese AT (Figure 5) (Kanda et al. 2006).
These macrophages not only secrete pro-inflammatory cytokines but also affect the gene
expression of adipocytes resulting in the insulin resistance. The activation of caspase-1
in the AT of obese animals induces the activation of IL -1 3 leading to insulin resistance.
This indicates crosstalk between adipocytes specific caspase-1 and IL-1 3 produced by

macrophages in obese AT (Stienstra et al. 2010).

Lean adipose tissue Obese adipose tissue

Hyperplasia

A\ 4
- Il - (. \ infiltrated macrophage (M1)

I —/‘MJ Sl Q‘\—b lL-s_‘ P :

r;sidml macrophage (M2)
—p 10T Adiponectine
Normal adipocytes Hypertrophied adipocytes

Figure 5. Macrophages in lean and obese AT. From Tateya et al. 2013 (Figure modi-
fied)
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2.3.4 Adipokines and inflammation

AT cytokines, growth factors, and extracellular matrix proteins collectively termed adi-
pokines which keep the AT homeostasis (Unamuno et al. 2018). The inflammation
caused by obesity disturbs the adipokine levels in the AT e.g., adiponectin and leptin.
Adiponectin is the anti-inflammatory adipokine that in lean individuals promotes the po-
larization of macrophages towards M2 phenotype. During AT dysfunction, an increase in
TNF-q, IL-6, and interleukin-18 (IL-18 secretion) of the pro-inflammatory environment

downregulates the adiponectin production from the adipocytes (Engin 2017).

Further, leptin in lean individuals maintains energy homeostasis by inhibiting hunger and
diminishing the fat storage in the adipocytes. During the metabolic imbalance of the AT,
the size and the number of adipocytes rise, which in turn increases the amount of leptin
production. In the immune system leptin affects the shift in AT macrophage immunomet-
abolic profile and mediates the production of pro-inflammatory cytokines TNF-q, inter-
leukin-12 (IL-12), IL-6, and IL-1[3 (Monteiro et al. 2019). The pro-inflammatory signals
also regulate the leptin receptors. In the microenvironment of obese AT, the increased
macrophage polarization towards M1 occurs due to the constant influence of excessive

leptin amounts.

2.4 Obesity-related adipose tissue dysfunction

2.4.1 Hypoxia in adipocytes

In the state of obesity, there is a decreased AT oxygen consumption due to the poor
blood flow in the AT. Hence in obese subjects, there is 58% lower vascular endothelial
growth factor amount and 44% lower capillary density as compared to lean subjects
(Engin 2017). These decreased levels cause hypoxia in the tissue affecting many bio-

logical functions e.g., angiogenesis, apoptosis, cell proliferation, and inflammation.

During the AT inflammation in the obesity, the size of adipocytes increases inducing hy-
poxia in white tissue depots. The large size of adipocytes limits the oxygen perfusion
especially for those fat cells distant from the capillary network. The hypoxia inhibits the
differentiation of preadipocytes to adipocytes and transforms them into leptin-secreting
cells (Trayhurn 2013). Hypoxia in AT stimulates the secretion of cytokines e.g., TNF- «,
IL-6, interleukin-10 (IL-10), and CCL-2 (MCP-1) causing the infiltration of M1 macro-
phages. Hypoxia inducible factor 1 (HIF-1) induces upregulation of toll-like receptor 4

(TLR-4) expression in adipocytes which in turn stimulates the inflammatory mediators by
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enhancing the response to lipopolysaccharides (LPS). This shows how hypoxia and in-

flammatory responses are interconnected in the state of obesity.

Also, during obesity, there is a rapid and transient induction of adipocyte proliferation,
particularly in the visceral AT. When the AT expands, there is a marked change in its
microenvironment including increased mechanical and oxidative stress also causing hy-
poxia. This altered microenvironment causes adipocyte death during obesity. This
dysregulated death of adipocytes induces macrophage infiltration to the AT and the di-
rect interaction of dead cells with the macrophages further aggravates the M1 macro-
phages (Kuroda & Sakaue 2017). Increased hypertrophy and hyperplasia in the visceral
AT eventually led to the expansion of macrophage infiltration to the tissue. Furthermore,
Goossens et al also confirm that a state of hyperoxia is also found in the AT during
obesity which affects its normal function and leads to systemic inflammation. In humans
AT blood flow plays an important role in regulating the AT partial oxygen pressure. In
obese individuals having insulin resistance, low AT blood flow exhibits AT hyperoxia due

to impaired AT capillarization and reduced oxygen consumption (Goossens et al. 2011).

2.4.2 Inflammation and mitochondrial dysfunction

Mitochondria are multi-functional organelles responsible to conduct a wide range of cel-
lular responses. They modulate innate immune responses in several physiological dis-
orders e.g., autoimmune diseases, metabolic syndrome, neurodegeneration, and can-
cer. They engage immune cells to keep the normal tissue homeostasis (West 2017). Any

mitochondrial damage triggers inflammation and promotes pathology.

Also, mitochondria are important players in keeping the metabolic homeostasis of the
white adipocytes in the AT. They are important factors in the synthesis of adiponectin
from the adipocytes (Woo et al. 2019). Any imbalance of the mitochondrial function in
adipocytes highly affects the metabolic system and causes AT inflammation. Defects in
mitochondrial function decrease the fatty acid oxidation in the adipocytes leads to AT

hypoxia which in turn triggers inflammation (Heinonen et al. 2015).

In obesity, the inflammatory processes cause the production of ROS causing oxidative
stress upon the adipocytes (de Mello et al. 2018). The excessive nutrient uptake leads
the mitochondria to release more ATP which at the same time generates excessive ROS.
The metabolic imbalance affects the capacity of mitochondria to generate and sustain
enough ATP levels which cause the abnormal function of mitochondria. The oxidative

stress caused by mitochondrial dysfunction onset many inflammatory responses. This
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ultimately affects the normal apoptotic function of adipocytes and aggravates the AT in-
flammation. There are different pathways initiated by mitochondrial dysfunction that led

towards the inflammatory responses (Figure 6).
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Figure 6. Mitochondrial dysfunction and onset of inflammatory responses. From West
2017 (Figure modified)
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3. AIMS

The objective of this research was to study the effect of obesity on ASC immunomodu-

latory and mitochondrial respiratory capacity.
The specific aims of this thesis were to:

Compare the effect of ASC derived from lean and obese conditions from the same donor

on macrophage polarization and cytokine secretion.

Study the effect of donor weight and in-vitro inflammatory environment on mitochondrial
respiratory capacity of ASC.
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4. MATERIAL AND METHODS

4.1 Ethical consideration

The collection of AT and peripheral blood was approved by the ethics committee of the
Pirkanmaa Hospital District in Tampere (ethical approval R16036). ASC were isolated
from AT samples that were obtained with written informed consent from two donors. The
first, “obese” ASC were collected from bariatric surgical operations and the second,
“lean” ASC after weight loss from AT biopsies in Tampere University Hospital, Finland.
Peripheral blood mononuclear cells (PBMCs) were obtained from buffy coat samples
obtained from Finnish Red Cross blood service Helsinki. All analyses described below

were performed separately with four ASC donor cell lines.

4.1.1 Donor’s characteristics

Below is the data of two different donors, before and after weight loss (Table 2). The data
regarding age and height was collected to calculate BMI but is not shown here to protect

the privacy of two donors since the donor number is so small.

Table 2. Characteristical data of two donors at lean and obese state

Gender | Tissue source | Weight (kg) BMI AWeight ABMI

No kg/m2 (kg) kg/m2

1. Female | Subcutaneous 149.8 55.02 77.9 28.61
Subcutaneous 71.9 26.41

2. Male Subcutaneous 141 39.89 52 14.71
Subcutaneous 89 25.18

4.2 Isolation and culture of peripheral blood mononuclear cells
(PBMCs)

Before this study, allogenic human PBMCs cell line 2/17 was isolated from buffy coat
sample by density gradient centrifugation using Ficoll-Paque PLUS (density 1.077 g/mL:
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GE Healthcare, U.K) according to the manufacturer’s instruction. After isolation, the cells

were aliquoted and cryopreserved in the nitrogen gas phase.

4.3 Adipose stem cell culture

Cell lines of ASC from both donors were isolated and cryopreserved earlier the study.
This was performed by mechanical and enzymatic procedure described previously by
Zuk and co-workers (Zuk et al. 2001). Lean (In) and obese (ob) derived ASC cell lines
isolated and cryopreserved earlier were cultured and expanded in T175 polystyrene flask
(Nunc, Denmark) in Alpha Minimum Essential Medium (aMEM) (Life Technologies™,
Thermo Fisher Scientific, USA) supplemented with 5 % human serum (human serum
type AB male; Biowest, France), 1 % L-Glutamine (GlutaMAX I; Life Technologies™,
Thermo Fisher Scientific, USA), 1 % antibiotics (p/s; 100 U/mL penicillin, 100 U/mL strep-
tomycin, Lonza, Switzerland). The medium was changed two times a week until the cells
reached confluency or until required cell number was reached. The experiments with
ASC from donor 1 were made at passage 4 and ASC from donor 2 were made at pas-

sage 2.

4.4 Flow cytometric surface marker expression analysis for
ASC

Flow cytometry is a laser-based technique which provides quick and multi parametric
study of isolated cells in solution (McKinnon 2018). It is used to measure the physical
and chemical characteristics of cells and their organelles labelled with variety of fluores-
cent dyes and monoclonal antibodies. Lasers are used as light sources by flow cytome-
ters, producing both scattered and fluorescent light signals which are then read by de-
tectors. As the cell population flows in front of the light source it can be studied based on

its fluorescent and light scattering properties (Givan 2011).

Flow cytometry of INASC and obASC from donor 1 was performed at passage 3 while
that of donor 2 at passage 5-6. ASC were harvested and analysed by flow cytometry
(fluorescence-activated cell sorting; FACS) (FACS Canto®; BD Biosciences, Belgium).
Below are the utilized monoclonal antibodies (Table 3). Analysis was performed on
10, 000 cells per sample and the level of fluorescence greater than 99% of the corre-

sponding unstained cell sample was defined as positive expression.
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Table 3. Surface markers for ASC

Surface Marker Manufacture information Antigen
CD14 BD Bioscience USA Serum lipopolysaccharide binding pro-
tein
CD19 BD Bioscience USA B lymphocyte-lineage differentiation
antigen
CD34 ImmunoTools GmbH Ger- Sialomucin-like adhesion molecule
many
CD36 BD Bioscience USA Scavenger receptor class B member 3
(SCARB3)

CD45RO BD Bioscience USA Leukocyte common antigen
CD54 BD Bioscience USA Intercellular adhesion molecule
CD73 BD Bioscience USA Ecto-5’ nucleotidase
CD90 BD Bioscience USA Thy-1 (T cell surface glycoprotein)
CD105 R&D Systems USA SH-2 endoglin

HLA-DR ImmunoTools GmbH Ger- | 1. histocompatibility class Il protein

many
CD106 BD Pharmingen USA Vascular cell adhesion protein 1
(VCAM1)
CD142 BD Bioscience USA Platelet tissue factor, factor Ill
CD146 BD Bioscience USA Melanoma cell adhesion molecule
(MCAM)

4.4.1 Addition of interferon gamma to InASC and obASC

INASC and obASC were cultured in basal RPMI-1640(SIGMA®, Life Science) medium
supplemented with 10ng/ml interferon gamma (IFN-y) (SIGMA®, Germany), 10% Fetal
Bovine Serum (FBS) (SIGMA®, Germany) and 1% Penicillin/Streptomycin (P/S) for
48hrs prior to co-culture with macrophages. T-175 polystyrene flask (Nunc™, Thermo

Fisher Scientific, USA) was used for expansion of ASC prior to co-culture.
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4.5 Macrophage polarization assay

Three different types of macrophages were polarized from PBMC 2/17. A total of 2 million
cells in basal RPMI-1640 medium were seeded in each well of 12 well plate (Nunc™,
Thermo Fisher Scientific, USA). Cells were incubated for 2hrs at 37°C, 5% CO.. Cells
were washed with warm Dulbecco’s Phosphate Buffered Saline (DPBS) (Lonza™ Bio-
Whittaker™, USA) and polarization media was added to each well according to the plate
layout (Table 4). Plates were incubated for 6 days at +37 °C, 5% CO.. On 6™ day the

polarization media was replaced with warm activation media (Table 4).

Plates were incubated for 24hrs at +37 °C, 5% CO,. Next day 80,000/well (22,900/cm?)
INASC and obASC in each activation media, were added to each condition separately
and incubated +37°C, 5% CO.. Cells were incubated further for 3 days. Activation media
from each condition was also utilized as a control condition to study the cytokines re-
lease. Mono and co-cultures of macrophages were detached with TrypLE™ express en-
zyme (1X) (Gibco™) with the help of cell scrapper (USA Scientific Inc).

Table 4. Composition of polarization and activation media for macrophage polarization
assay

Cell type Polarization media Activation media

Mreg 5ng/ml recombinant human macro- 25ng/ml INFy, 10 ng/ml lipopolysaccha-

phage colony stimulating factor (rhu M- | ride from E. coli (LPS) (SIGMA®) and 5

CSF) (PromoCell®), 10% FBS in RPMI | ng/ml M-CSF/10 % FBS in RPMI + Gluta-
+ GlutaMAX (GlutaMAX™, Gibco by MAX

Life Technologies™)

M1 50ng/ml recombinant human granulo- | 50ng/ml INFy, 10 ng/ml LPS and 50 ng/ml

cyte/macrophage colony stimulating GM-CSF, 10 % FBS in RPMI + GlutaMAX

factor (GM-CSF) (PromoCell®), 10%
FBS in RPMI + GlutaMAX

M2 50ng/ml rhu M-CSF, 10% FBS in RPMI | 50ng/ml rhu M-CSF, 10% FBS in RPMI +
+ GlutaMAX GlutaMAX
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4.6 Flow cytometric surface marker expression analysis of
macrophages

The immunophenotype of M1, M2 and Mreg macrophages in monoculture and their co-
culture with INnASC and obASC was studied with multicolor flow cytometric analysis (flu-
orescence-activated cell sorting; FACS) (FACSAria®; BD Biosciences, Belgium). Uti-
lized monoclonal antibodies were against CD86-PE (R&D System Inc), HLA-DR-FITC,
CD163-PE-CF594, CD90-APC (BD Bioscience, USA); CD206-BV421, CD11C-PECy
(BD Bioscience, Belgium). The compensation was performed with BD™ CompBead Plus
beads (BD Biosciences) and FVS compensation with Arc™ Amine Reactive Kit (Invitro-

gen™). The raw data was analyzed using FlowJo™ software (BD Biosciences).

4.7 Cytochemical staining

The cell morphology of ASC was examined by light microscopy imaging with Nikon
TS100 light microscopy unit and Nikon DS-5M-L1 camera with 10x air objective (Nikon,
Japan). Morphological characteristics of macrophages in mono and co-cultures with ASC
were observed with Olympus 1X51 (Olympus Corporation of the Americas, PA, USA).
First, the culture medium was removed from the wells and samples were rinsed once
with 1 x PBS, fixed (4% PFA for 15-30 min, RT, dark), and rinsed three times with
1 x PBS. The permeabilization was performed (0.1% triton-x-100, Sigma-Aldrich for
15 mins, RT) followed by three times 1 x PBS rinse. The samples were then blocked
(1% BSA, Sigma-Aldrich for 1h, + 4 °C) and rinsed three times with 1 x PBS. For the
staining of the actin cytoskeleton, the samples were stained with phalloidin (1/800 Phal-
loidin-Tetramethyl rhodamine B isothiocyanate (Phalloidin-TRITC, Sigma-Aldrich) in 1%
BSA). The samples were then rinsed five times with 1 x PBS. For the staining of nuclei,
samples were stained with DAPI (1/2000 4’,6-diamidino-2-phenylindole dihydrochloride
(Sigma-Aldrich) in 1 x PBS for 5 mins, RT, dark) followed by a single 1 x PBS rinse and
twice rinses with milliQ H2O. Images of the cells were imaged with manually adjusted
light exposure times for phalloidin-TRITC (510-550 nm) and DAPI (420 nm). Images

were processed with image processing software ImageJ.

4.8 Cytokine analysis

The cytokines produced by INASC and obASC monocultures and M1, M2 and Mreg mac-
rophages in mono and co-cultures with INASC and obASC during the macrophage po-

larization assay were also studied. The medium from each condition of activation media
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was collected, centrifuged at 1000g, 10 mins, + 4 °C. Supernatants were collected for

cytokine analysis.

V-PLEX assay MSD (Meso scale diagnostics, LLC) are ELISA based assay kits which
includes multi-spot plates to measure different analytes (Figure.7), calibrators, individual

labeled detection antibodies and diluents (www.mesoscale.com).
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Figure 7. A picture showing the multiplex plate spot and the analytes placement in pro-
inflammatory panel 1 human kit (From www.mesosclae.com)

Dilutions were prepared from all samples of both ASC donors (Table 5). Calibrants were
also prepared following the assay manual. Plates were washed 3 times with wash buffer
(PBS + 0.05% Tween + 0.1% PBA), samples and calibrants were added. Plates were
sealed tightly with adhesive plate seals and incubated (2hrs, RT with shaking). Plates
were washed 3 times with wash buffer and detection antibodies were added to each well.
Plates were sealed properly and incubated (2hrs, RT with shaking). Plates were washed
3 times with wash buffer, 2x read buffer (4x read buffer + milliQ H.O) was added to each
well and plates were analyzed with MSD instrument (MESO™ QuickPlex SQ 120, Meso
Scale Diagnostics, LLC). The results were analyzed with MSD Discovery Workbench

software (Meso Scale Diagnostics, LLC).
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Table 5. Dilutions prepared for cytokine, chemokine, and pro-inflammatory assay kits

Cytokine assay kit Chemokine assay kit Pro-inflammatory as-
250-fold 100-fold say kit
10-fold

IL-1RA TARC, MIP-1a, MDC, MCP-1 IL-1B, IL-4, IL-6, IL-10,

IL-12p70, TNFa

Cytokine 1 Cytokine 2 Chemokine 1 Chemokine 2 Pro-inflammatory

1:50 1:5 1:10 1:10 1:10

4.9 Metabolic analysis

The cellular respiratory capacity of INnASC and obASC from both donors was analysed
with Agilent Seahorse XFe24 Cell Mito Stress Test Kit (Agilent Technologies Inc,
www.agilent.com). Cell Mito Stress Test measures key parameters of mitochondrial
function by directly measuring the oxygen consumption rate (OCR) of cells (Figure 8).
The sequential compound injections during the analysis measure basal respiration, ATP
production, proton leak, maximal respiration, spare respiratory capacity, and non-mito-
chondrial respiration. Kits comprised of seahorse 24-well plates, XF24 flux assay kit
(sensor cartridge + utility plate), components for assay medium (pyruvate: 100mM stock;
Sigma Aldrich, L-glutamine: 200mM stock; Gibco, glucose: 1M stock; Sigma Aldrich and
seahorse medium: minimal DMEM, without Phenol Red; Seahorse Bioscience), inhibi-
tors (Oligomycin, FCCP, Rotenone, Antimycin A); Sigma Aldrich, calibrant; Seahorse Bi-

oscience.
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Figure 8. Seahorse XF Cell Mito Stress Test Profile. (From www.agilent.com)

Conditioned medium from M1 polarized macrophages was obtained by polarizing the
PBMCs towards M1 macrophages by culturing 6 days following the previously described
macrophage polarization protocol. Medium was obtained from each well, centrifuged

(2500g, 10 mins, + 4 °C), supernatants were filtered and stored for metabolic analysis.

Plates were prepared for two different time points 24hrs and 48hrs. Wells were coated
with gelatin (0.1% gelatin; Sigma Aldrich) and incubated (1hr, RT). Gelatin was removed
and 25,000 cells/well with 10% FBS in RPMI medium were added. Cells were seeded
by two steps seeding at RT to get even distribution (Figure 9). Plates were incubated at
37°C, 5% COq for 24hrs.

24W: 2-step seeding

100 pL of cells 150 pL of medium

1-5 hrs incubation

Figure 9. Diagrammatic representation of 2-step seeding of cells in 24 well seahorse
plate (From www.agilent.com)

M1 conditioned medium was mixed with activation medium with a 60:40 ratio. Previous
medium was replaced with M1 conditioned medium and M1 activation medium. Plates
were incubated at 37°C, 5% CO; for 24hrs. On the same day cartridge plate was hy-
drated by adding calibrant and hydrated overnight (recommended 16h, minimum 4h) at
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37°C in CO. - free incubator. Assay medium was prepared according to assay manual,
and cells were washed with it. Inhibitors were prepared according to assay manual and
loaded to the 3 ports of the hydrated sensor cartridge by following the manual instruc-
tions. Plates were loaded and red by Agilent Seahorse XFe analyzer (Seahorse Biosci-
ence Inc). After the run, the raw data was normalized by measuring DNA concentration
in each well (CyQUANT® Cell Proliferation Assay). The data was analyzed with Sea-

horse Wave Controller Software (Seahorse Bioscience Inc).

4.10 Statistical analysis

Statistical analysis was performed with IBM® SPSS® 27.0.1.0 (USA). The significance
among the studied cytokines was measured with non-parametric Kruskal-Wallis test to
compare the different macrophage monocultures and monocultures with their parallel co-
cultures with INASC and obASC. A Bonferroni correction was performed when multiple
comparisons were carried out. Results were considered significantly different when p

value was below 0.05 and highly significant when below 0.01.
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5. RESULTS

5.1 Macrophage Polarization

5.1.1 Macrophages

The cell morphology of macrophages was examined by light microscope imaging after 6
days of culture (Figure 10). Mixed population of cells was observed. Cells were observed
both attached and in suspension. On day 6 differentiated morphologies of M1, M2 and
Mreg were observed. M1 appeared round, M2 appeared as spindle and Mreg appeared

as in between of M1 and M2 meaning the population of cells was both in round and

spindle shape.

Figure 10. Morphology of different macrophages after 6 days culture in 10% FBS me-
dium. a) M1 b) M2 c) Mreg at day 0. d) M1 e) M2 and f) Mreg at day 4. g) M1 h) M2 i)
Mreg j) at day 6. Scale bar: 100um

The cell morphology of macrophages was also observed with Olympus 1X51 Fluores-
cence microscope imaging after 6 days of culture. The cell cytoskeleton was stained with
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phalloidin and nucleus with DAPI (Figure 11). The intensity of cytoskeleton staining var-

ied in different macrophages. In M2 macrophages the intensity of phalloidin staining was

low as compared to M1 macrophages especially around the nucleus.

Figure 11. Morphology of different macrophages after 6 days. a) M1 b) M2 c) Mreg.
Scale bar: 200um. d) M1 e) M2 f) Mreg. Scale bar: 100 um

5.1.2 Adipose stem cells

Previously isolated ASC were thawed and cell morphology of INASC and obASC was
examined after 4 days of culture. Cell lines for donor 1 were coded as, lean state: ASC-
L3S, obese state: ASC-0O3S and donor 2 coded as, lean state: ASC-L6S, obese state:
ASC-06S. ASC from donor 1 were imaged at passage 3 and lean derived ASC of donor
2 at passage 5 while obese derived ASC of donor 2 at passage 6. Cells had typical MSCs
like morphology of spindle shaped, adherent cells and no morphological difference was
observed between INASC and obASC (Figure 12).
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Figure 12. Morphology of INnASC and obASC from two donors cultured in 5% HS me-
dium. a) ASC-L3S b) ASC-O3S c) ASC-L6S d) ASC-O6S. Scale bar: 100 um

5.1.3 Co-cultures of macrophages with ASC

Co-cultures of three different types of macrophages with ASC were observed with Olym-
pus IX51 Fluorescence microscope imaging after 6 days of culture. ASC exhibited a typ-

ical spindle or stellate shaped morphology (Figure 13).

a.) M1 ASC c.) Mrég ASC

d.) M1 ASC e.) M2 ASC f.) Mreg ASC

Figure 13. Morphology of different macrophages in co-culture with ASC after 6 days. a)
M1ASC b) M2ASC and c) MregASC. Scale bar: 200um. d) M1ASC e) M2ASC and f)
MregASC. Arrows pointing the ASC in the images. Scale bar: 100 um
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5.2 Flowcytometry Analysis

5.2.1 Macrophages

The polarization of different macrophages M1, M2 and Mreg was further investigated

with flow cytometry analysis.
a. M1 macrophages

The population of M1 cells was studied using CD markers CD206, CD163, CD11¢, CD86
and HLA-DR (Figure 14). M1 type macrophages were selected for the analysis based on
their size and granularity (Figure 15a and b). Dead cells were excluded from the analysis
based on BD Horizon™ Fixable Viability 510 staining. On average 83.6% of the M1 mac-
rophage population expressed CD206, 78.0% CD163 and 96.7% CD86 (Figure 14). Rep-

resentative histogram images shown below are from a single experiment (Figure 15 c,

d, e, f, and g).
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Figure 14. CD marker expression profile of M1 macrophages in monoculture
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Figure 15. FACS analysis of M1 type macrophages. a) Gating of M1 macrophage sam-
ple. b) Exclusion of dead population of M1 from other cells. c, d, e, f and g) expression
of macrophage specific CD markers in red and unstained controls in blue

b. M2 Macrophages
Similarly, the macrophages polarized into M2 phenotype were also studied using the
same CD markers (Figure 16). On average, 97.6% of M2 macrophage population ex-

pressed CD206, 93.7% CD163 and 91.9% CD86 (Figure 16). Representative histogram

images shown below are from a single experiment (Figure 17 ¢, d, e, f, and g).
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Figure 16. CD marker expression profile of M2 macrophages in monoculture
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Figure 17. FACS analysis of M2 type macrophages. a) Gating of M2 macrophage sam-
ple. b) Exclusion of dead population of M2 from other cells. c, d, e, f and g) expression
of macrophage specific CD markers in red and unstained controls in blue

c. Mreg Macrophages
Also, the macrophages polarized to Mreg phenotype were studied using the same CD
marker profile (Figure 18). It was observed that on average 69.3% of Mreg macrophage
population expressed CD206, 69.8% CD163 and 76.4% CD86 (Figure 18). Variation was

observed in the result of two parallel samples. Representative histogram images shown

below are from a single experiment (Figure 19 ¢, d, e, f, and g).
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Figure 18. CD marker expression profile of Mreg macrophages in monoculture
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Figure 19. FACS analysis of Mreg type macrophages. a) Gating of Mreg macrophage
sample. b) Exclusion of dead population of Mreg from other cells. c, d, e, f and g) ex-
pression of macrophage specific CD markers in red and unstained controls in blue

5.2.2 Adipose stem cells

a. Donor1 and 2

Mesenchymal stem cell marker expression profile was analysed from ASC isolated be-
fore and after the weight-loss, in lean and obese state for both donors 1 and 2. Flow
cytometric analysis of donor 1 was performed at passage 3 while that of donor 2 at pas-
sage 5-6. No change was observed in the stemness of ASC before and after weight loss
as both obASC and InASC were highly expressing the MSCs markers i.e., CD90, CD73
and CD105. On average, low expression of CD36 was observed in obASC compared
with slightly increased expression that was observed in INnASC with high variation among
the donors. The expression of CD142 was lower in obASC compared with slightly in-
creased expression that was observed in INASC with large standard deviation (Figure
20).



34

Cell surface marker expression of ASC

.
|

|

L

_— |

o Bm __ ik F ii &k .

CD14 CD19 (CD34 (D36 CD45RO (D54 (CD73 (CDSO (D105 HLA-DR CD106 CD142 CD146

o

(=]

o

o

B [NASC mobASC

Figure 20. Comparison between different CD marker expression for IhnASC and obASC
during FACS analysis with two different ASC donors

5.2.3 Co-cultures of macrophages with ASC
a. M1 macrophages with INnASC and obASC

The expression of macrophage markers was studied in co-culture with INnASC and
obASC (Figure 21). The ASC were excluded from the analysis based on their CD90
expression (Figure 22). In co-culture with INASC, 31.7% of M1 macrophage population
expressed CD206, 46% CD163 and 79.1% CD86 (Figure 21). In co-culture with obASC,
22.45% of M1 macrophage population expressed CD206, 34.25% CD163 and 76.2%
CD86 (Figure 21). Representative histogram images shown here are results of macro-
phage immunophenotype in co-culture with ASC donor 1 (Figure 23). On the average,
the expression of markers specific for M1 type macrophages CD86, CD11¢c and HLA-
DR, decreased in co-culture with both INASC and obASC. The average low expression
of CD86 was observed in INASC i.e., 79.1% and even lower in obASC i.e., 76.2% com-
pared with M1 monoculture i.e., 96.7% (Figure 21).
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Figure 21. Comparison between different CD marker expression for M1 macrophages
during FACS analysis in mono and co-culture with two different ASC donors
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Figure 23. FACS analysis of M1 macrophages in mono and co-culture with InASC and
0bASC. a) Histograms of CD marker expression for M1 macrophages in monoculture.
b) Histograms of CD marker expression for M1 macrophages with InNnASC. c¢) Histo-
grams of CD marker expression of M1 macrophages with obASC. i), vi) and xi) CD206,
i), vii) and xii) CD163, iii), viii) and xiii) CD86, iv), ix) and xiv) HLA-DR and v), x) and
xv) CD11c
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b. M2 macrophages with INASC and obASC

The expression of different CD markers of M2 macrophages was also studied in co-
culture with INASC and obASC (Figure 24). In co-culture with INASC, on average, 92.7%
M2 macrophage population expressed CD206, 92.05% CD163 and 88.1% CD86 (Figure
24). In co-culture with obASC, 94.5% M2 macrophage population expressed CD206,
93.3% CD163 and 86.65% CD86 (Figure 24). Representative histogram images shown
here are results of macrophage immunophenotype in co-culture with ASC donor 1 (Fig-
ure 26). On the average, the expression of M2 type macrophages was similar in mono

and co-cultures.
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Figure 24. Comparison between different CD marker expression for M2 macrophages
during FACS analysis in mono and co-culture with two different ASC donors
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Figure 25. Gating strategy and CD90 exclusion
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Figure 26. FACS analysis of M2 macrophages in mono and co-culture with InASC and
0bASC. a) Histograms of CD marker expression for M2 macrophages in monoculture.
b) Histograms of CD marker expression for M2 macrophages with In ASC. c) Histo-
grams of CD marker expression for M2 macrophages with obASC. i), vi) and xi)
CDZ206, ii), vii) and xiij) CD163, iii), viii) and xiij) CD86, iv), ix) and xiv) HLA-DR and v),
x) and xv) CD11c

c. Mreg macrophages with INASC and obASC

The expression of different CD markers of Mreg macrophages was also studied in co-
culture with INASC and obASC (Figure 27). In co-culture with INnASC, 67.7% of Mreg
macrophage population expressed CD206, 84.5% CD163 and 85.1% CD86 (Figure 27).
Similarly, in co-culture with obASC, 69.9% of Mreg macrophage population expressed
CD206, 60.7% CD163 and 83.1% CD86 (Figure 27). Representative histogram images
shown here are results of macrophage immunophenotype in co-culture with ASC donor
1 (Figure 29). A varied expression was observed with different markers in mono and co-
cultures of Mreg macrophages with INASC and obASC. On the average, a higher expres-
sion was observed for CD163 and 86 in co-cultures with INASC as compared to obASC.

Variation was observed in the result of two parallel samples.
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Figure 27. Comparison between different CD marker expression for Mreg macro-
phages during FACS analysis in mono and co-culture with two different ASC donors.
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Figure 29. FACS analysis of Mreg macrophages in mono and co-culture with INnASC
and obASC. a) Histograms of CD marker expression for Mreg macrophages in mono-
culture. b) Histograms of CD marker expression for Mreg macrophages with InASC. c)

Histograms of Mreg macrophages with obASC. i), vi) and xi) CD206, ii), vii) and xii)
CD163, iii), viii) and xiij) CD86, iv), ix) and xiv) HLA-DR and v), x) and xv) CD11c
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5.3 Cytokine Analysis

The cytokine secretion from polarized macrophages, INnASC and obASC in mono and co-

cultures was further investigated.

5.3.1 Pro-inflammatory cytokines

a. Interleukin-6

The secretion of IL-6 was significantly higher in M1 co-cultures with INnASC (p=0.012) and
in M1 co-cultures with obASC (p=0.004) compared with monocultures of M1 macro-
phages (Figure 30). Similarly, secretion of this cytokine was significantly higher in Mreg
co-cultures with INASC (p=0.024) and in Mreg co-cultures with obASC (p=0.008) com-
pared with monocultures of Mreg macrophages (Figure 30). IL-6 secretion was low in
M1, M2 and Mreg monocultures (Figure 30). High secretion of IL-6 was also observed in
monocultures of obASC in M1 and Mreg conditions compared to other studied monocul-

tures of ASC (appendices).
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Figure 30. Comparison of IL-6 secretion between M1, M2 and Mreg macrophages and
their parallel co-cultures with INnASC and obASC from two different donors

b. Tumour necrosis factor-alpha (TNFa)

It was observed that TNFa was highly secreted in M1 monocultures as compared with
other studied monocultures (Figure 31). Also, an increased secretion of this cytokine was
observed in co-cultures of M1 macrophages with INnASC and obASC compared with co-
cultures of Mreg macrophages with INASC and obASC (Figure 31). High standard
deviation showed the variation amongst the donors.
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Figure 31. Comparison of TNFa secretion between M1, M2 and Mreg macrophages
and their parallel co-cultures with INnASC and obASC from two different donors

c. Interleukin-1B

The secretion of IL-1B was significantly higher in M1 monocultures compared with M2
monocultures (p=0.024) (Figure 32). Also, high secretion of IL-1B was observed in co-
cultures of M1 type macrophages with both INASC and obASC as compared with other
studied co-cultures (Figure 32). High secretion of this cytokine was also observed in
monocultures of INASC in M1 condition compared with other studied monocultures of

ASC (appendices).
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Figure 32. Comparison of IL-1B secretion between M1, M2 and Mreg macrophages
and their parallel co-cultures with INnASC and obASC from two different donors
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d. Interleukin-12p70

The secretion of IL-12p70 was significantly higher in Mreg monocultures compared with
M1 monoculture (p=0.048) and with M2 monoculture (p=0.04) (Figure 33). The secretion
significantly increased in M1 co-cultures with both INASC (p=0.048) and obASC (p=0.02)
compared with M1 monoculture (Figure 33). Also, high secretion of IL-12p70 was ob-
served in co-cultures of obASC with Mreg conditions compared with other studied co-
cultures (Figure 33). High secretion of IL-12p70 was also observed in monocultures of
obASC in M1 and Mreg conditions compared with other studied monocultures of ASC

(appendices).

IL-12p70
14
12 *
I * 1
10 T 1
*
8 I - 1
| —|
6
4
2 O 0
. im w
M1 M2 Mreg M1 M2 MReg M1 M2 MReg
INASC INASC INASC  obASC  obASC  obASC
CC CC CC CcC CcC CcC

Figure 33. Comparison of IL-12p70 cytokine secretion between 3 different types of
macrophages and their parallel co-cultures with InASC and obASC from two different
donors

e. Monocyte chemoattractant protein 1 (MCP-1/CCL2)

The secretion of MCP-1 (CCL2) was significantly higher in Mreg monocultures compared
with M1 monocultures (p=0.04) and with M2 monocultures (p=0.036) (Figure.34). The
secretion significantly increased in M1 co-cultures with both INnASC (p=0.04) and obASC
(p=0.016) compared with M1 monocultures (Figure 34). Also, secretion of this cytokine
was highest in co-cultures of obASC with Mreg conditions compared with other studied
co-cultures (Figure 34). High secretion of MCP-1 was also observed in monocultures of
obASC in M1 and Mreg conditions compared with other studied monocultures of ASC

(appendices).
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Figure 34. Comparison of MCP-1 (CCL2) secretion between 3 different types of mac-
rophages and their parallel co-cultures with INnASC and obASC from two different do-
nors

5.3.2 Anti-inflammatory cytokines

a. Thymus- and activation-regulated chemokine (TARC/CCL17)

The secretion of TARC was significantly higher in M2 monocultures compared with M1
monocultures (p=0.008) and with Mreg monocultures (p=0.004) (Figure 35). The secre-
tion was significantly higher in Mreg co-cultures with obASC compared with Mreg mon-
ocultures (p=0.08) (Figure 35). Increased secretions of TARC were observed in all stud-
ied conditions of M2 (Figure 35 and appendices). High standard deviation showed that

there was variation between donors (Figure 35 and appendices).
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Figure 35. Comparison of TARC (CCL17) secretion between 3 different types of mac-
rophages and their parallel co-cultures with INnASC and obASC from two different do-
nors

b. Interleukin-1RA

The secretion of IL-1RA was significantly higher in M1 co-cultures with INASC (p=0.004)
and obASC (p=0.008) compared with M1 monocultures (Figure 36). High secretion was
observed in ASC cultures but there was variation amongst donors, which was not de-

pendent on donor weight or condition (Figure 36 and appendices).
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Figure 36. Comparison of IL-1RA secretion between 3 different types of macrophages
and their parallel co-cultures with InASC and obASC from two different donors
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5.4 Metabolic Analysis

5.4.1 Cytokines of conditioned medium

The M1 conditioned medium, which was utilized during the study of metabolic capacity
of INASC and obASC, was investigated by measuring the cytokines secreted in the me-
dium. It was observed that pro-inflammatory cytokines TNFa and IL-6 were highly se-
creted (Figure 37a). Also, low secretion of IL-12p70, IL1B, IL-4 MCP-1 and TARC/CCL17

was observed (Figure 37b).
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Figure 37a. Cytokine secretions in the M1 conditioned medium
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Figure 37b. Cytokine secretions in the M1 conditioned medium
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5.4.2 Adipose stem cells

The mitochondrial respiratory capacity of INASC and obASC was investigated with sea-
horse XF24 Cell Mito Stress Test by directly measuring the oxygen consumption rate
(OCR) of cells under inflammatory conditions and control conditions. During the analysis,
measured parameters were basal respiration, ATP production, proton leak, maximal res-
piration, spare respiratory capacity, and non-mitochondrial respiration based on the sea-
horse assay parameter equation (Table 6). Three measured parameters are presented

in this study i.e., basal respiration, maximal respiration, and spare respiratory capacity.

Table 6. Seahorse assay parameter equations

Parameter value

Equation

Non-mitochondrial oxygen con-

sumption

Minimum rate measurement after Rotenone/antimycin A

injection

Basal respiration

(Last rate measurement before first injection) — (Non-mito-

chondrial respiration rate)

Maximal respiration

(Maximum rate measurement after FCCP injection) —

(Non-mitochondrial respiration)

H* (Proton) leak

(Minimum rate measurement after Oligomycin injection) —

(Non-mitochondrial respiration)

ATP production

(Last rate measurement before Oligomycin injection) -

(Minimum rate measurement after Oligomycin injection)

Spare respiratory capacity

(Maximal respiration) — (Basal respiration)

Spare respiratory capacity %

(Maximal respiration) / (Basal respiration) x 100

Accurate responses

(Last rate measurement before Oligomycin injection) —

(Last rate measurement before acute injection)

Coupling efficiency

(ATP production rate) / (Basal respiration rate) x 100

Mitochondrial respiration capacity of both donors i.e., donor 1 and 2 was measured at
two different time points i.e., 24 hrs and 48 hrs (Figure 38). Increased cellular respiratory
capacity of lean donors was observed in both time points under inflammatory conditions
as compared to obese donor, while decreased cellular respiratory capacity of lean donor

6 was observed at 48hrs time point in comparison to obese donor (Figure 38).
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Figure 38. Mitochondrial respiratory capacity of donor 1 and 2 at 24 and 48hrs time
point. a) Donor 1 at 24hr b) Donor 2 at 24hr c) Donor 1 at 48hr and d) Donor 2 at 48
hrs. lean ASC in activation media (LnASC AM), lean ASC in conditioned media (LhASC
CNM), obese ASC in activation media (ObASC AM), and obese ASC in conditioned
media (ObASC CNM)

5.4.3 Effect of inflammation on mitochondrial function

At 24hrs time point increased basal respiration of INASC was observed in conditioned
media as compared to INASC in control media. Increased maximal respiration and spare
respiratory capacity of INASC was observed in conditioned media as compared to INASC
in control media. Similarly, at the same time point, increased basal, maximal, and spare
respiratory capacity of obASC in conditioned media was observed as compared to
obASC in control media (Figure 39).

On average, at 48hrs time point increased basal and maximal respiration of both INASC
and obASC was observed in conditioned media as compared to INASC and obASC in
control media. It was also observed that spare respiratory capacity of INnASC in condi-
tioned media decreased compared to INASC in control media while increase of spare
respiratory capacity was observed in obASC in conditioned media compared to obASC
in control media (Figure 40). A variation in spare respiratory capacity was observed
among the donors and the conditions. Variation amongst the donors was observed at

both time points, especially at 48hrs time point.
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5.4.4 Effect of donor weight on mitochondrial functions

On average, at 24hrs time point an increase in basal, maximal, and spare respiratory
capacity of INASC was observed as compared to obASC (Figure 39). On the other hand,
at 48hrs time point the basal and maximal respiration increased in obASC while a little
decrease in spare respiratory capacity was observed compared with INnASC (Figure 40).

Variation amongst the donors was observed especially at 48hrs time point.
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Figure 39. Comparison between three different parameters of OCR of InASC and
obASC at 24hrs time point
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Figure 40. Comparison between three different parameters of OCR of InASC and
ObASC at 48hrs time point
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6. DISCUSSION

Earlier research conducted on the topic of obesity and metabolic disorders covers AT
dysfunction and the role of inflammation providing the knowledge on malfunctional prop-
erties of ASC. Based on the previous work, this study analysed the effect of obesity-
induced inflammation on the immunomodulatory and mitochondrial respiratory capacity
using ASC derived from donors before and after weight loss. A major characteristic of
obesity is the chronic, low grade inflammation (Lumeng 2013). Chronic nutrient excess
causes the expansion of AT and dysfunction of adipocytes (Spalding et al. 2008). Im-
munomodulatory and immunosuppressive properties of ASC are affected by donor’s

metabolic phenotype (Serena et al. 2016).

6.1 Morphological Characteristics

Macrophages are the heterogenous population of innate immune cells that are present
in tissues, mucosal surfaces, and body cavities. The functionality of macrophages is
highly dependent on their lineage differentiation and plasticity (Orecchioni et al. 2019).
Macrophages commonly exist in two different types: classically activated M1 type which
are pro-inflammatory and alternatively activated M2 type which are anti-inflammatory in
nature (Cassetta et al. 2011). In this study, these two subsets of macrophages in addition
to another type of macrophage called Mreg were polarized from PBMCs. Based on the
observations during fluorescence microscope imaging, different morphological features
were observed in all three types. In line to this result, Waldo et al showed that macro-
phages differentiated with GM-CSF maintained a spherical shape showing features of
M1 cells while macrophages differentiated with M-CSF were elongated in shape repre-
senting M2 cells (Waldo et al. 2008). On the contrary, Bertani et al observed the mor-
phology of M1 as spindle shaped and M2 macrophages as more spread with large mul-
tinucleated cells in epifluorescence microscopy (Bertani et al. 2017). Rostam et al
showed that M1 type macrophages are small, round, or irregular shaped cells which
sometimes exhibits elongated spindle shaped appearance while M2 type macrophages
are large, flattened and expanded in morphology (Rostam et al. 2017). Also, the Mreg
macrophages shows a spindle shaped adhesive morphology clearly different from the
round and non-adhesive M1 macrophages (Suzuki et al. 2016). This suggests that mor-
phological differences of M1 and M2 macrophages in this study are different from the

previous studies of Bertani et al and Rostam et al as we observed round M1 and spindle
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shaped M2 while spindle shaped Mreg macrophages were quite similar to previous stud-
ies of Suzuki et al. Different morphologies have been observed with M1 and M2 macro-
phages, some are in line with this study while others have variations. This could be due
the direct polarization towards three different types of macrophages from PBMCs rather
than from naive macrophages (M0). Moreover, in this study lower intensity of phalloidin
was also observed in M2 type macrophages especially around the nucleus which could
possibly be because of the elongation of the cytoskeleton. Previous work showed that
M1 type macrophages have tightly packed, dotted texture of actin while M2 macrophages
are the cells with soother actin staining and distributed localised spots (Rostam et al.
2017).

In this study, high number of M2 macrophages were observed in some co-cultures with
ASC as compared to co-culture of M1 and Mreg type macrophages. It is well studied that
ASC possess immense immunomodulatory, predominately anti-inflammatory capacity in
direct contact with immune cells. They can skew the M1 towards M2 macrophages
(Stojanovic & Najman 2019). From this observation, we could speculate that higher num-
ber of M2 macrophages that were observed close to ASC could be a consequence of

the growth factors of ASC supporting M2 proliferation.

6.2 Surface Marker Expression

6.2.1 Adipose stem cells

According to the International Society for Cellular Therapy (ISCT), ASC are defined
based on their plasticity, plastic adherence, undifferentiated state maintenance, self-re-
newal ability, and multi linear differentiation (Zuk 2013). In 2006, the phenotypic identifi-
cation of ASC was first published by Dominici et al (Dominici et al. 2006) and in 2013
was published by Bourin et al (Bourin et al. 2013). In this study, flow cytometric results
suggests that there was no change in the characteristicimmunophenotype of ASC before
and after weight loss as both obASC and InASC were highly expressing the MSCs mark-
ers i.e.,, CD90, CD73 and CD105. On average, low expression of CD36 in obASC was
observed while increased expression was observed in INASC with variation between both
donors. It can be speculated that, high CD36 expression in INASC indicates the regain
of adipogenic differentiation capacity after the weight loss. Gao et al studied that CD36
is a cellular marker defining human adipocyte progenitor (Gao et al. 2017). Previous
studies also shows that expression of CD142 in subpopulation of ASC could act as adi-
pogenesis-regulatory cells, which can suppress adipocyte formation in a paracrine man-

ner (Schwalie et al. 2018). In this study, a slightly increased expression of CD142 was
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observed in INASC as compared to obASC having variation between both donors. These
speculations are based on few CD marker expressions and the results need to be verified

by more extensive studies.

6.2.2 Macrophages

A high level of phagocytic activity has been expressed by M1 like polarized macrophages
and the prime CD markers to characterize these macrophages are CD64 and CD80,
while the nature of M1 stimulus defines the level of expression for these markers (Tarique
et al. 2015). Previously studies showed that CD163 belonging to a cysteine-rich scaven-
ger receptor family member is distinctively expressed by M2 like macrophages (Verreck
et al. 2006). M2 like macrophages are characterized based on the expression of CD64
and CD209 marker (Tarique et al. 2015). Also, Hyvarinen et al showed that Mreg type
macrophages show high expression for CD86, intermediate for CD163 and low for
CD206 marker (Hyvarinen et al. 2018). In this study, similar trend of different CD marker
expression for three subtypes of macrophages was observed compared with the previ-
ous studies. One exception was observed for CD86 which is a typical M1 marker, but its
expression was relatively high in all three subtypes of macrophages i.e., 96.7% in M1,
91.9% in M2 and 76.4% in Mreg macrophages. Also, the expression of M2 markers
CD206 and CD163 increased after M2 polarization compared to M1 polarized macro-
phages. The expression of M1 markers CD86, CD11c and HLA-DR slightly decreased
after M2 polarization compared to M1 polarized macrophages. Moreover, expression of
Mreg markers was similar to what was reported by Hyvarinen et al (Hyvarinen et al.
2018). The expression of different markers decreased in Mreg macrophages having var-
iation between two parallel samples. Malyshev & Malyshev studies ruled out that there
could be no possibility to achieve fully polarized M1/M2 macrophages in vitro that are
derived from human PBMCs (Malyshev & Malyshev 2015).

6.2.3 Immunomodulatory responses of ASC

The capacity to modulate immune responses is one reason for the success of using ASC
in the treatment of different inflammatory diseases and autoimmune disorders. ASC pos-
sess immense immunomodulatory, predominately anti-inflammatory capacity in direct
contact with immune cells. They can skew the M1 cells towards M2 cells (Stojanovic &
Najman 2019). In this study, on average, the expression of CD markers in M1 type mac-
rophages i.e., CD86, CD11c and HLA-DR was decreased in co-culture with both lean
and obese derived ASC while the expression of M2 macrophages remained similar in

mono and co-culture with lean and obese derived ASC. A mixed expression of different
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CD marker expression was observed in mono and co-cultures of Mreg with lean and
obese derived ASC. Variations in expression of CD206,163 and 86 was observed be-

tween both donors.

Obesity-induced inflammation affects the angiogenic, antiapoptotic and immunomodula-
tory properties of ASC (Badimon & Cubedo 2017). In a previous study, Serena et al
showed that the differentiation and immunomodulatory capacity of ASC is highly depend-
ent on the donor’s weight (Serena et al. 2016). ASC derived from obese donors have
reduced immunosuppressive properties compared with ASC derived from lean donors.
Their capacity to supress M1 cells and to activate M2 cells become impaired and less
effective. Serena et al also showed that INASC can induce anti-inflammatory and im-
munomodulatory effects which was not in line with our study. In this study ASC did show
immunomodulation but independent of the donor’s weight. We can speculate that our
results are partly contradictory compared with Serena et al because of the different study
design. Serena et al cultured the MO macrophages in the conditioned medium of lean
and obese derived ASC to measure the immunosuppressive properties of ASC. On the
contrary, this study contains the direct co-cultures of different types of polarized macro-

phages with lean and obese derived ASC.

There were no significant differences observed amongst the mono and co-cultures of
macrophages due to small sample size. More donors must be included in the study to

show the statistically significant differences.

6.3 Cytokine Analysis

Macrophages differentiated from PBMCs when polarized into subtypes can produce cy-
tokines and chemokines e.g., polarized M1 cells secrete IL-1B, TNFa, IFN-g while polar-
ized M2 cells secrete IL-13, CCL17, and CCL18 (Tarique et al. 2015). Also, it is known
that the secretome of ASC is enriched in cytokines, growth factors, angiogenic factors,

and adipokines which supports the regenerative capacity of ASC (Dubey et al. 2018).

6.3.1 IL-6

The secretion of IL-6 was significantly increased in the co-cultures of INnASC with M1 and
Mreg macrophages. Interestingly, co-cultures of obASC with M1 and Mreg macrophages
exhibit a significantly increased secretion of IL-6 compared with monocultures of the
same conditions. It is known that the elevated levels of leptin in obesity stimulates the
secretion of IL-1, IL-6, IL-12, and TNFa by innate immune cells (Carbone et al. 2012).

The ASC in a niche of subcutaneous WAT of obese individuals commit themselves to
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adipocyte differentiation showing upregulation of inflammatory gene expression related
to the loss of their differentiation and proliferative capacity (Onate et al. 2013). In line
with previous research, IL-6 secretion was high in the monocultures of ASC cultured in
M1 and Mreg condition and was increased in co-cultures of M1 and Mreg macrophages
with ASC as compared with M2 co-cultures and monocultures. This result might suggest
that our polarized Mreg macrophages show pro-inflammatory phenotype. Trayhurn stud-
ied that the hypoxia in obese AT stimulates the secretion of cytokines e.g., TNF- a, IL-6,
IL-10, and CCL-2 (MCP-1) causing the infiltration of pro-inflammatory macrophages
(Trayhurn 2013). Moreover, the highly significant secretion of this cytokine in co-cultures
of obASC with M1 and Mreg type macrophages suggest that obASC shows pro-inflam-

matory nature.

6.3.2 Interleukin-1B

It was observed that IL-1B secretion was increased in co-cultures of M1 with lean and
obese derived ASC compared to other studied co-cultures. The secretion was signifi-
cantly high in M1 monocultures compared with M2 monocultures. It is known that cells
of the innate immune system secrete IL-1B which is a potent pro-inflammatory cytokine
produced without any signal sequence (Lopez-Castejon & Brough 2011). The phagocytic
activity of macrophages is promoted by many pro-inflammatory cytokines e.g., TNFa, IL-
1B and GM-CSF etc (Ren & Savill 1995). Based on the previous work this result also

suggests the pro-inflammatory nature of polarized M1 macrophages.

6.3.3 IL-12p70

IL-12p70 is considered as a pro-inflammatory cytokine responsible for inflammation
(Konenkov et al. 2018). In this study, on average, high secretion of IL-12p70 was ob-
served in all mono and co-cultures of Mreg. The secretion was significantly increased in
monocultures of Mreg macrophages compared with M1 and M2 monocultures. The se-
cretion significantly increased in M1 co-cultures with both INASC and obASC compared
with M1 monoculture. Also, increased secretion was observed in obese Mreg co-cultures
as compared to lean Mreg co-cultures. From previous studies it has been shown that
obASC secrete more pro-inflammatory cytokines. Increased liberation of pro-inflamma-
tory cytokines has been shown by obese derived ASC (Pérez et al. 2013). IL-12p70 is
a heterodimeric cytokine consisting of alpha (IL-12p35) and beta (IL-12p40) chains and
belongs to cytokine family IL-12. Alpha chain shares the homology of IL-6 cytokine while
beta chain shares the homology with soluble cytokine receptor chains such as IL-6RA

(Collison & Vignali 2008). It is also known from the studies of Fernandez-Botran that
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soluble cytokine receptors e.g., IL-6RA can regulate cytokine activity in vivo and have
immunoregulatory implications (Fernandez-Botran 1991). From this observation it can
be suggested that IL-12p70 is a regulatory cytokine rather than inflammatory. On the
other hand, it can also be hypothesized that polarized Mreg in this study exhibits pro-

inflammatory nature.

6.3.4 Monocyte chemoattractant protein 1 (MCP-1/CCL2)

Significantly high secretion of MCP-1 was observed in monocultures of Mreg macro-
phages compared with M1 and M2 monocultures. Also, the secretion significantly in-
creased in co-cultures of M1 macrophages with both INASC and obASC compared with
M1 monocultures. Increased secretion of this chemokine was observed in obese Mreg
co-cultures compared to lean Mreg co-cultures. It has been discussed in previous works
that obASC release enhanced levels of pro-inflammatory cytokines (Pérez et al. 2013).
MCP-1 chemokine regulates monocyte chemotaxis and plays a critical role during in-
flammation (Bianconi et al. 2018). Takahashi et al observed that obese individuals have
elevated plasma concentrations of MCP-1 compared to lean individuals (Takahashi et
al. 2003). The ASC of obese individuals are dysfunctional and not able to maintain the
tissue homeostasis, rather than that their impaired nature causes detrimental effects due
to the secretion of pro-inflammatory cytokines such as MCP-1 and TNFa (Pérez et al.
2013). This observation also suggests that polarized Mreg macrophages in this study

were having pro-inflammatory phenotype.

6.3.5 IL-1RA

A significantly higher secretion of IL-1RA was observed in M1 co-cultures with INASC
and obASC compared with M1 monocultures. Increased secretion of IL-1RA was ob-
served in monocultures of ASC compared with macrophage monocultures. Also, high
levels of secretion were observed in co-cultures of INASC and obASC with Mreg macro-
phages. In relation to this study, MSCs secretes IL-1RA in an inflammatory milieu, which
polarizes the M1 cells towards M2 (Luz-Crawford et al. 2016). This result suggests the
immunosuppressive capacity of ASC may be increased under the inflammatory environ-
ment. It was also observed from previous work of Jiang & Xu that the microenvironment
of MSCs can switch the macrophages between pro and anti-inflammatory phenotype i.e.,
insufficient inflammation can promote the MSCs to create a pro-inflammatory environ-
ment (Jiang & Xu 2020).
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In this study, the results of the cytokine analysis and their statistics suggest that obese
co-cultures were secreting more pro-inflammatory cytokines compared with lean co-cul-
tures (Figure 41). The secretion of pro-inflammatory cytokines in obese co-cultures was
higher with M1 and Mreg macrophage which are pro-inflammatory in nature. From the
previous studies in humans, elevated gene expression of IL-6, TNFa, IL-1 and MCP-1

have been shown in obese individuals (Chylikova et al. 2018).
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Figure 41. Schematic presentation of cytokine secretion from mono and co-culture of
different macrophages with lean and obese ASC. e depicts low, ee moderate and eee
high secretion of cytokines

6.4 Metabolic Analysis

In obesity, the inflammatory processes give rise to the production of ROS causing oxi-
dative stress upon the adipocytes (de Mello et al. 2018). The excessive nutrient uptake
leads the mitochondria to release more ATP which at the same time generates excessive
ROS. Therefore, metabolic imbalance affects the capacity of mitochondria to generate
and sustain enough ATP levels which causes the abnormal function of mitochondria.
Underwood et al showed that obesity increases the inflammation, oxidative stress, and
mitochondrial activity in WAT (Underwood et al. 2020). It is known that decrease in mi-
tochondrial oxidative capacity is associated with obesity. Insulin resistance, metabolic

alterations and low-grade inflammation during obesity is related to downregulation of
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mitochondrial functions and oxidative metabolic pathways in subcutaneous AT (Hei-
nonen et al. 2015). It is also observed from previous studies of Pérez et al that ASC
isolated from obese human donors have decreased mitochondrial content and functions
with impaired respiration capacity compared to lean donors (Pérez et al. 2015). In this
study, an increase in basal, maximal respiration and spare capacity of both INnASC and
obASC was observed under inflammatory conditions during measured time points as
compared to control media. Bondia-Pons et al studied that in obesity phenomena like
inflammation and oxidative stress are interacting side by side causing mitochondrial al-

teration and overproduction of ROS (Bondia-Pons et al. 2012).

During the study, the metabolic activity of ASC based on donor weight was also observed
which suggests that INnASC have increased cellular respiration capacity as compared to
obASC at least regarding the maximal respiration and spare respiratory capacity, alt-
hough there was variation between the donors. Our results suggest that ASC have in-

creased cellular respiration capacity after the weight loss.
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7. CONCLUSIONS

In this study effects of obesity on immunomodulatory and metabolic capacity of ASC
were analysed. Furthermore, it was demonstrated that differentiated macrophage types
can be polarized from frozen PBMCs in vitro, i.e., M1, M2 and Mreg macrophages with

characteristic morphology, phenotype, and cytokine secretion.

The pro-inflammatory capacity of Mreg type macrophages was studied. It was observed
that Mreg macrophages are pro-inflammatory and regulatory in nature. The expression
of pro-inflammatory CD markers i.e., CD86, CD11c and HLA-DR was higher compared
to anti-inflammatory CD markers. Also, they secrete more pro-inflammatory cytokines

compared to anti-inflammatory cytokines.

The secretion of pro-inflammatory cytokines particularly, IL-6, IL-12p70 and MCP-1 was
observed to be higher in ASC from obese donors. Also, the secretion of these cytokines
was significantly higher in co-cultures of M1 type macrophages with both lean and obese

derived ASC comparing to M1 monocultures.

It was also studied that the ASC after weight loss have increased cellular respiration
capacity. Moreover, an inflammatory environment rapidly increases the cellular respira-

tion capacity of ASC in vitro.

Our expectation from the study was to observe a reduction in cellular respiration of ASC
obtained from obese donors under an inflammatory condition. However, the results ob-
tained from this study were unexpected to certain degree as we observed an increase in
cellular respiration with M1 conditioned media. Although the reaction was quite clear and
interesting, we could speculate that it is an acute reaction to increased inflammation and
M1 conditioned medium might not fully mimic the chronic low-grade inflammation that is
present in obese AT. In this study, the increase in cellular respiration under inflammatory
conditions might be the first acute response to the inflammation. A better model to mimic

low grade inflammation is required to achieve desired results during seahorse study.

The model of this study may need different approaches and some further optimization.
For example, during macrophage polarization with co-culture, ASC could be added at an
earlier stage of the polarization process to have stronger effect on macrophage differen-
tiation with a longer co-culture time. Also, more samples will be needed to find the sig-
nificant differences and specific data to study the immunomodulatory capacity of ASC in

obese state.
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Hence, more experiments with higher number of ASC obtained from obese and lean
donors and optimized study protocols will provide further insight of obesity induced in-

flammation and its effects on immunomodulatory functions of ASC.



58

8. REFERENCES

Apovian, C. M. (2016). Obesity: definition, comorbidities, causes, and burden. Am J
Manag Care, 22(7 Suppl), s176-85.

Badimon, L., & Cubedo, J. (2017). Adipose tissue depots and inflammation: effects on
plasticity and resident mesenchymal stem cell function. Cardiovascular re-
search, 113(9), 1064-1073.

Badimon, L., & Cubedo, J. (2017). Adipose tissue depots and inflammation: effects on
plasticity and resident mesenchymal stem cell function. Cardiovascular
research, 113(9), 1064-1073.

Bai, Y., & Sun, Q. (2015). Macrophage recruitment in obese adipose tissue. obesity re-
views, 16(2), 127-136.

Bateman, M. E., Strong, A. L., Gimble, J. M., & Bunnell, B. A. (2018). Concise review:
Using fat to fight disease: A systematic review of nonhomologous adipose-derived stro-
mal/stem cell therapies. Stem Cells, 36(9), 1311-1328.

Bertani, F. R., Mozetic, P., Fioramonti, M., luliani, M., Ribelli, G., Pantano, F., & Rainer,
A. (2017). Classification of M1/M2-polarized human macrophages by label-free hyper-
spectral reflectance confocal microscopy and multivariate analysis. Scientific

reports, 7(1), 1-9.

Bianconi, V., Sahebkar, A., Atkin, S. L., & Pirro, M. (2018). The regulation and im-
portance of monocyte chemoattractant protein -1. Current opinion in hematology, 25(1),
44-51.

Bondia-Pons, I., Ryan, L., & Martinez, J. A. (2012). Oxidative stress and inflammation
interactions in human obesity. Journal of physiology and biochemistry, 68(4), 701-711.

Bourin, P., Bunnell, B. A., Casteilla, L., Dominici, M., Katz, A. J., March, K. L., & Gim-
ble, J. M. (2013). Stromal cells from the adipose tissue-derived stromal vascular frac-
tion and culture expanded adipose tissue-derived stromal/stem cells: a joint statement
of the International Federation for Adipose Therapeutics and Science (IFATS) and the
International Society for Cellular Therapy (ISCT). Cytotherapy, 15(6), 641-648.

Carbone, F., La Rocca, C., & Matarese, G. (2012). Immunological functions of leptin
and adiponectin. Biochimie, 94(10), 2082-2088.

Cassetta, L., Cassol, E., & Poli, G. (2011). Macrophage polarization in health and
disease. TheScientificWorldJournal, 11.

Castoldi, A., Naffah de Souza, C., Camara, N. O. S., & Moraes-Vieira, P. M. (2016).
The macrophage switch in obesity development. Frontiers in immunology, 6, 637.



59

Chu, D. T., Nguyen Thi Phuong, T., Tien, N. L. B, Tran, D. K., Minh, L. B., Thanh, V.
V., & Thi Nga, V. (2019). Adipose tissue stem cells for therapy: An update on the pro-
gress of isolation, culture, storage, and clinical application. Journal of clinical
medicine, 8(7), 917.

Chylikova, J., Dvorackova, J., Tauber, Z., & Kamarad, V. (2018). M1/M2 macrophage
polarization in human obese adipose tissue. Biomed Pap Med Fac Univ Palacky Olo-
mouc Czech Repub, 162(2), 79-82.

Cildir, G., Akincllar, S. C., & Tergaonkar, V. (2013). Chronic adipose tissue
inflammation: all immune cells on the stage. Trends in molecular medicine, 19(8), 487-
500.

Cinti, S., Mitchell, G., Barbatelli, G., Murano, |., Ceresi, E., Faloia, E., & Obin, M. S.
(2005). Adipocyte death defines macrophage localization and function in adipose tissue
of obese mice and humans. Journal of lipid research, 46(11), 2347-2355.

Collison, L. W., & Vignali, D. A. (2008). Interleukin-35: odd one out or part of the fam-
ily? Immunological reviews, 226(1), 248-262.

De Mello, A. H., Costa, A. B., Engel, J. D. G., & Rezin, G. T. (2018). Mitochondrial
dysfunction in obesity. Life sciences, 192, 26-32.

Dominici, M. L. B. K., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, I., Marini, F. C.,
Krause, D. S., & Horwitz, E. M. (2006). Minimal criteria for defining multipotent mesen-
chymal stromal cells. The International Society for Cellular Therapy position state-
ment. Cytotherapy, 8(4), 315-317.

Dubey, N. K., Mishra, V. K., Dubey, R., Deng, Y. H., Tsai, F. C., & Deng, W. P. (2018).
Reuvisiting the advances in isolation, characterization and secretome of adipose-derived
stromal/stem cells. International journal of molecular sciences, 19(8), 2200.

Engin, A. (2017). Adiponectin-resistance in obesity. In Obesity and Lipotoxicity (pp.
415-441). Springer, Cham.

Engin, A. (2017). Adipose tissue hypoxia in obesity and its impact on preadipocytes
and macrophages: hypoxia hypothesis. In Obesity and Lipotoxicity (pp. 305-326).
Springer, Cham.

Engin, A. (2017). The definition and prevalence of obesity and metabolic syndrome.
In Obesity and Lipotoxicity (pp. 1-17). Springer, Cham.

Engin, A. B. (2017). Adipocyte-macrophage crosstalk in obesity. In Obesity and Lipo-
toxicity (pp. 327-343). Springer, Cham.

Fernandez-Botran, R. (1991). Soluble cytokine receptors: their role in immunoregula-
tion. The FASEB journal, 5(11), 2567-2574.



60

Fujiwara, N., & Kobayashi, K. (2005). Macrophages in inflammation. Current Drug
Targets-Inflammation & Allergy, 4(3), 281-286.

Gao, H., Volat, F., Sandhow, L., Galitzky, J., Nguyen, T., Esteve, D., & Bouloumié, A.
(2017). CD36 is a marker of human adipocyte progenitors with pronounced adipogenic
and triglyceride accumulation potential. Stem Cells, 35(7), 1799-1814.

George Broughton, 1. I., Janis, J. E., & Attinger, C. E. (2006). The basic science of
wound healing. Plastic and reconstructive surgery, 117(7S), 12S-34S.

Givan, A. L. (2011). Flow cytometry: an introduction. Flow cytometry protocols, 1-29.

Goedecke, J. H., Evans, J., Keswell, D., Stimson, R. H., Livingstone, D. E., Hayes, P.,
& Kahn, S. E. (2011). Reduced gluteal expression of adipogenic and lipogenic genes in
black South African women is associated with obesity-related insulin resistance. The
Journal of Clinical Endocrinology & Metabolism, 96(12), E2029-E2033.

Gonzalez, E. A. P. (2019). Heterogeneity in adipose stem cells. Stem Cells Heteroge-
neity-Novel Concepts, 119-150.

Goossens, G. H. (2008). The role of adipose tissue dysfunction in the pathogenesis of
obesity-related insulin resistance. Physiology & behavior, 94(2), 206-218.

Goossens, G. H., Bizzarri, A., Venteclef, N., Essers, Y., Cleutjens, J. P., Konings, E., &
Blaak, E. E. (2011). Increased adipose tissue oxygen tension in obese compared with
lean men is accompanied by insulin resistance, impaired adipose tissue capillarization,
and inflammation. Circulation, 124(1), 67-76.

Gosain, A., & DiPietro, L. A. (2004). Aging and wound healing. World journal of
surgery, 28(3), 321-326.

Gregor, M. F., & Hotamisligil, G. S. (2011). Inflammatory mechanisms in obesity. An-
nual review of immunology, 29, 415-445.

Gurusamy, N., Alsayari, A., Rajasingh, S., & Rajasingh, J. (2018). Adult stem cells for
regenerative therapy. In Progress in molecular biology and translational science (Vol.
160, pp. 1-22). Academic Press.

Hales, C. M., Carroll, M. D., Fryar, C. D., & Ogden, C. L. (2020). Prevalence of obesity
and severe obesity among adults: United States, 2017-2018.

Heinonen, S., Buzkova, J., Muniandy, M., Kaksonen, R., Ollikainen, M., Ismail, K., &
Pietilainen, K. H. (2015). Impaired mitochondrial biogenesis in adipose tissue in
acquired obesity. Diabetes, 64(9), 3135-3145.

Hsu, D. K., & Liu, F. T. (2002). Regulation of cellular homeostasis by
galectins. Glycoconjugate journal, 19(7), 507-515.



61

https://thl.fi/filweb/elintavat-ja-ravitsemus/lihavuus/lihavuuden-yleisyys (accessed on
03.12.20).

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed on
15.04.20).

Huang, S. J., Fu, R. H., Shyu, W. C., Liu, S. P., Jong, G. P., Chiu, Y. W., & Lin, S. Z.
(2013). Adipose-derived stem cells: isolation, characterization, and differentiation po-
tential. Cell transplantation, 22(4), 701-709.

Hyvarinen, K., Holopainen, M., Skirdenko, V., Ruhanen, H., Lehenkari, P., Korhonen,
M., & Kerkeld, E. (2018). Mesenchymal stromal cells and their extracellular vesicles en-
hance the anti-inflammatory phenotype of regulatory macrophages by downregulating
the production of interleukin (IL)-23 and IL-22. Frontiers in immunology, 9, 771.

Igbal, S., & Kumar, A. (2015). Characterization of in vitro generated human polarized
macrophages. J Clin Cell Immunol, 6(380.10), 4172.

Jiang, W., & Xu, J. (2020). Immune modulation by mesenchymal stem cells. Cell
proliferation, 53(1), e12712.

Kalupahana, N. S., Moustaid-Moussa, N., & Claycombe, K. J. (2012). Immunity as a
link between obesity and insulin resistance. Molecular aspects of medicine, 33(1), 26-
34.

Kanda, H., Tateya, S., Tamori, Y., Kotani, K., Hiasa, K. |., Kitazawa, R., & Kasuga, M.
(2006). MCP-1 contributes to macrophage infiltration into adipose tissue, insulin
resistance, and hepatic steatosis in obesity. The Journal of clinical

investigation, 116(6), 1494-1505.

Konenkov, V. |., Koroleva, E. G., Orlov, N. B., Prokof’ev, V. F., Shevchenko, A. V.,
Novikov, A. M., & Dergacheva, T. I. (2018). Blood serum levels of proinflammatory cy-
tokines (IL-1B, IL-6, TNFa, IL-8, IL-12p70, and IFNy) in patients with uterine my-

oma. Bulletin of experimental biology and medicine, 165(5), 698-701.

Kuroda, M., & Sakaue, H. (2017). Adipocyte death and chronic inflammation in obe-
sity. The journal of medical investigation, 64(3.4), 193-196.

Li, N., & Hua, J. (2017). Interactions between mesenchymal stem cells and the immune
system. Cellular and Molecular Life Sciences, 74(13), 2345-2360.

Lopez-Castejon, G., & Brough, D. (2011). Understanding the mechanism of IL-1( se-
cretion. Cytokine & growth factor reviews, 22(4), 189-195.

Louwen, F., Ritter, A., Kreis, N. N., & Yuan, J. (2018). Insight into the development of
obesity: functional alterations of adipose-derived mesenchymal stem cells. Obesity
Reviews, 19(7), 888-904.



62

Luz-Crawford, P., Djouad, F., Toupet, K., Bony, C., Franquesa, M., Hoogduijn, M. J., &
Noél, D. (2016). Mesenchymal stem cell-derived Interleukin 1 receptor antagonist pro-
motes macrophage polarization and inhibits B cell differentiation. Stem Cells, 34(2),
483-492.

Malyshev, I., & Malyshev, Y. (2015). Current concept and update of the macrophage
plasticity concept: intracellular mechanisms of reprogramming and M3 macrophage
“switch” phenotype. BioMed research international, 2015.

Manna, P., & Jain, S. K. (2015). Obesity, oxidative stress, adipose tissue dysfunction,
and the associated health risks: causes and therapeutic strategies. Metabolic
syndrome and related disorders, 13(10), 423-444.

McKinnon, K. M. (2018). Flow cytometry: an overview. Current protocols in
immunology, 120(1), 5-1.

Meijer, K., de Vries, M., Al-Lahham, S., Bruinenberg, M., Weening, D., Dijkstra, M., &
Vonk, R. (2011). Human primary adipocytes exhibit immune cell function: adipocytes
prime inflammation independent of macrophages. PloS one, 6(3), e17154.

Mishra, P. J., & Banerjee, D. (2017). Activation and differentiation of mesenchymal
stem cells. In Signal Transduction Immunohistochemistry (pp. 201-209). Humana
Press, New York, NY.

Mizuno, H., Tobita, M., & Uysal, A. C. (2012). Concise review: adipose-derived stem
cells as a novel tool for future regenerative medicine. Stem cells, 30(5), 804-810.

Monteiro, L., Pereira, J. A. D. S., Palhinha, L., & Moraes-Vieira, P. M. M. (2019). Leptin
in the regulation of the immunometabolism of adipose tissue-macrophages. Journal of
leukocyte biology, 106(3), 703-716.

Mraz, M., & Haluzik, M. (2014). The role of adipose tissue immune cells in obesity and
low-grade inflammation. Journal of Endocrinology, 222(3), R113-R127.

Odegaard, J. |., & Chawla, A. (2011). Alternative macrophage activation and metabo-
lism. Annual Review of Pathology: Mechanisms of Disease, 6, 275-297.

Oishi, Y., & Manabe, I. (2018). Macrophages in inflammation, repair and
regeneration. International immunology, 30(11), 511-528.

Onate, B., Vilahur, G., Camino-Lépez, S., Diez-Caballero, A., Ballesta-Lopez, C., Yba-
rra, J., & Badimon, L. (2013). Stem cells isolated from adipose tissue of obese patients
show changes in their transcriptomic profile that indicate loss in stemcellness and in-
creased commitment to an adipocyte-like phenotype. BMC genomics, 14(1), 625.

Orecchioni, M., Ghosheh, Y., Pramod, A. B., & Ley, K. (2019). Macrophage polariza-
tion: different gene signatures in M1 (LPS+) vs. classically and M2 (LPS-) vs. alterna-
tively activated macrophages. Frontiers in immunology, 10, 1084.



63

Pellegrinelli, V., Carobbio, S., & Vidal-Puig, A. (2016). Adipose tissue plasticity: how fat
depots respond differently to pathophysiological cues. Diabetologia, 59(6), 1075-1088.

Pérez, L. M., Bernal, A., de Lucas, B., San Martin, N., Mastrangelo, A., Garcia, A., &
Galvez, B. G. (2015). Altered metabolic and stemness capacity of adipose tissue-
derived stem cells from obese mouse and human. PLoS One, 10(4), e0123397.

Pérez, L. M., Bernal, A., San Martin, N., Lorenzo, M., Fernandez-Veledo, S., & Galvez,
B. G. (2013). Metabolic rescue of obese adipose-derived stem cells by Lin28/Let7 path-
way. Diabetes, 62(7), 2368-2379.

Ren, Y., & Savill, J. (1995). Proinflammatory cytokines potentiate thrombospondin-me-
diated phagocytosis of neutrophils undergoing apoptosis. The Journal of
Immunology, 154(5), 2366-2374.

Rostam, H. M., Reynolds, P. M., Alexander, M. R., Gadegaard, N., & Ghaemmaghami,
A. M. (2017). Image based machine learning for identification of macrophage sub-
sets. Scientific reports, 7(1), 1-11.

Rueden, C. T., Schindelin, J., Hiner, M. C., DeZonia, B. E., Walter, A. E., Arena, E. T.,
& Eliceiri, K. W. (2017). ImageJ2: ImagedJ for the next generation of scientific image
data. BMC bioinformatics, 18(1), 529. doi:10.1186/s12859-017-1934-z

Saltiel, A. R., & Olefsky, J. M. (2017). Inflammatory mechanisms linking obesity and
metabolic disease. The Journal of clinical investigation, 127(1), 1-4.

Schwalie, P. C., Dong, H., Zachara, M., Russeil, J., Alpern, D., Akchiche, N., &
Deplancke, B. (2018). A stromal cell population that inhibits adipogenesis in mamma-
lian fat depots. Nature, 5659(7712), 103-108.

Serena, C., Keiran, N., Ceperuelo-Mallafre, V., Ejarque, M., Fradera, R., Roche, K., &
Fernandez-Veledo, S. (2016). Obesity and type 2 diabetes alters the immune proper-
ties of human adipose derived stem cells. Stem Cells, 34(10), 2559-2573.

Shapouri-Moghaddam, A., Mohammadian, S., Vazini, H., Taghadosi, M., Esmaeili, S.
A., Mardani, F., & Sahebkar, A. (2018). Macrophage plasticity, polarization, and func-
tion in health and disease. Journal of cellular physiology, 233(9), 6425-6440.

Sharma, N., Akkoyunlu, M., & Rabin, R. L. (2018). Macrophages—common culprit in
obesity and asthma. Allergy, 73(6), 1196-1205.

Shi, Y., Wang, Y., Li, Q,, Liu, K., Hou, J., Shao, C., & Wang, Y. (2018). Immunoregula-
tory mechanisms of mesenchymal stem and stromal cells in inflammatory dis-
eases. Nature Reviews Nephrology, 14(8), 493-507.

Singh, R. K., Kumar, P., & Mahalingam, K. (2017). Molecular genetics of human obe-
sity: A comprehensive review. Comptes rendus biologies, 340(2), 87-108.



64

Sovrea, A. S., Bosca, A. B., Constantin, A. M., Dronca, E., & llea, A. (2019). State of
the art in human adipose stem cells and their role in therapy. Rom J Morphol
Embryol, 60(1), 7-31.

Sovrea, A. S., Bosca, A. B., Constantin, A. M., Dronca, E., & llea, A. (2019). State of
the art in human adipose stem cells and their role in therapy. Rom J Morphol
Embryol, 60(1), 7-31.

Spalding, K. L., Arner, E., Westermark, P. O., Bernard, S., Buchholz, B. A., Bergmann,
O., & Arner, P. (2008). Dynamics of fat cell turnover in humans. Nature, 453(7196),
783-787.

Spalding, K. L., Arner, E., Westermark, P. O., Bernard, S., Buchholz, B. A., Bergmann,
0., & Concha, H. (2008). Dynamics of fat cell turnover in humans. Nature, 453(7196),
783-787.

Stienstra, R., Joosten, L. A., Koenen, T., Van Tits, B., Van Diepen, J. A., Van Den
Berg, S. A,, ... & Netea, M. G. (2010). The inflammasome-mediated caspase-1
activation controls adipocyte differentiation and insulin sensitivity. Cell
metabolism, 12(6), 593-605.

Stojanovi¢, S., & Najman, S. (2019). The effect of conditioned media of stem cells de-
rived from lipoma and adipose tissue on macrophages’ response and wound healing in
indirect co-culture system in vitro. International journal of molecular sciences, 20(7),
1671.

Suzuki, H., Hisamatsu, T., Chiba, S., Mori, K., Kitazume, M. T., Shimamura, K., &
Kanai, T. (2016). Glycolytic pathway affects differentiation of human monocytes to reg-
ulatory macrophages. Immunology letters, 176, 18-27.

Swinburn, B. A., Sacks, G., Hall, K. D., McPherson, K., Finegood, D. T., Moodie, M. L.,
& Gortmaker, S. L. (2011). The global obesity pandemic: shaped by global drivers and
local environments. The Lancet, 378(9793), 804-814.

Takahashi, K., Mizuarai, S., Araki, H., Mashiko, S., Ishihara, A., Kanatani, A., & Kotani,
H. (2003). Adiposity elevates plasma MCP-1 levels leading to the increased CD11b-
positive monocytes in mice. Journal of Biological Chemistry, 278(47), 46654-46660.

Tarique, A. A., Logan, J., Thomas, E., Holt, P. G., Sly, P. D., & Fantino, E. (2015). Phe-
notypic, functional, and plasticity features of classical and alternatively activated human
macrophages. American journal of respiratory cell and molecular biology, 53(5), 676-
688.

Tateya, S., Kim, F., & Tamori, Y. (2013). Recent advances in obesity-induced inflam-
mation and insulin resistance. Frontiers in endocrinology, 4, 93.

Tchkonia, T., Lenburg, M., Thomou, T., Giorgadze, N., Frampton, G., Pirtskhalava, T.,
& Kirkland, J. L. (2007). Identification of depot-specific human fat cell progenitors



65

through distinct expression profiles and developmental gene patterns. American
Journal of Physiology-Endocrinology and Metabolism, 292(1), E298-E307.

Tilg, H., Zmora, N., Adolph, T. E., & Elinav, E. (2019). The intestinal microbiota fuelling
metabolic inflammation. Nature Reviews Immunology, 1-15.

Trayhurn, P. (2013). Hypoxia and adipose tissue function and dysfunction in obe-
sity. Physiological reviews, 93(1), 1-21.

Unamuno, X., Gémez-Ambrosi, J., Rodriguez, A., Becerril, S., Frihbeck, G., & Catalan,
V. (2018). Adipokine dysregulation and adipose tissue inflammation in human
obesity. European journal of clinical investigation, 48(9), e12997.

Underwood, E., Redell, J. B., Zhao, J., Moore, A. N., & Dash, P. K. (2020). A method
for assessing tissue respiration in anatomically defined brain regions. Scientific
reports, 10(1), 1-14.

Van Tienen, F. H. J., Van Der Kallen, C. J. H., Lindsey, P. J., Wanders, R. J., Van
Greevenbroek, M. M., & Smeets, H. J. M. (2011). Preadipocytes of type 2 diabetes
subjects display an intrinsic gene expression profile of decreased differentiation
capacity. International journal of obesity, 35(9), 1154-1164.

Verreck, F. A., de Boer, T., Langenberg, D. M., van der Zanden, L., & Ottenhoff, T. H.
(2006). Phenotypic and functional profiling of human proinflammatory type-1 and anti-
inflammatory type-2 macrophages in response to microbial antigens and IFN-y-and
CD40L-mediated co-stimulation. Journal of leukocyte biology, 79(2), 285-293.

Waldo, S. W., Li, Y., Buono, C., Zhao, B., Billings, E. M., Chang, J., & Kruth, H. S.
(2008). Heterogeneity of human macrophages in culture and in atherosclerotic
plagues. The American journal of pathology, 172(4), 1112-1126.

Wallace, D. C. (1999). Mitochondrial diseases in man and mouse. Science, 283(5407),
1482-1488.

Wang, Y. C., McPherson, K., Marsh, T., Gortmaker, S. L., & Brown, M. (2011). Health
and economic burden of the projected obesity trends in the USA and the UK. The
Lancet, 378(9793), 815-825.

West, A. P. (2017). Mitochondrial dysfunction as a trigger of innate immune responses
and inflammation. Toxicology, 391, 54-63.

Woo, C. Y., Jang, J. E., Lee, S. E., Koh, E. H., & Lee, K. U. (2019). Mitochondrial dys-
function in adipocytes as a primary cause of adipose tissue inflammation. Diabetes &
metabolism journal, 43(3), 247-256.

Wynn, T. A., Chawla, A., & Pollard, J. W. (2013). Macrophage biology in development,
homeostasis and disease. Nature, 496(7446), 445-455.



66

Xie, Y., Fan, Y., & Xu, Q. (2016). Vascular regeneration by stem/progenitor
cells. Arteriosclerosis, thrombosis, and vascular biology, 36(5), €33-e40.

Zuk, P. (2013). Adipose-derived stem cells in tissue regeneration: a
review. International Scholarly Research Notices, 2013.

Zuk, P. A., Zhu, M. I. N., Mizuno, H., Huang, J., Futrell, J. W., Katz, A. J., & Hedrick, M.
H. (2001). Multilineage cells from human adipose tissue: implications for cell-based
therapies. Tissue engineering, 7(2), 211-228.

Zuk, P. A., Zhu, M. I. N., Mizuno, H., Huang, J., Futrell, J. W., Katz, A. J., & Hedrick, M.
H. (2001). Multilineage cells from human adipose tissue: implications for cell-based
therapies. Tissue engineering, 7(2), 211-228.



67

APPENDICES
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Appendix fig 1. Comparison of IL-6 secretion between monocultures of InASC and
0bASC in different conditions
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Appendix fig 2. Comparison of TNFa secretion between monocultures of INnASC and
0bASC in different conditions
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Appendix fig 3. Comparison of IL-1B secretion between monocultures of InASC and
ObASC in different conditions
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Appendix fig 4. Comparison of IL-12p70 secretion between monocultures of INnASC
and obASC in different conditions
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Appendix fig 5. Comparison of MCP-1/CCL2 secretion between monocultures of
INASC and obASC in different conditions
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Appendix fig 6. Comparison of TARC/CCL17 secretion between monocultures of
InNASC and obASC in different conditions
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Appendix fig 7. Comparison of IL-1RA secretion between monocultures of INnASC and

obASC in different conditions
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