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Zusammenfassung

Zusammenfassung

Fettleibigkeit ist eines der fUhrenden Gesundheitsprobleme weltweit
und betrifft Millionen von Menschen. Eines der Hauptmerkmale von
Fettleibigkeit ist die chronische, niedriggradige Entzundung des
Fettgewebes, die durch die Infiltration verschiedener Immunzellen
gekennzeichnet ist. Der Transkriptionsfaktor Inhibitor der
Differenzierung 3 (ld3) ist ein Schlusselregulator flir viszerale
Fettleibigkeit und spielt vermutlich auch eine schutzende Rolle bei
Gefalkerkrankungen. Es ist seit einigen Jahren bekannt, dass
Hyaluronsaure (hyaluronic acid, HA), die von den drei Isoenzymen
HA synthase (HAS) 1, -2 und -3 synthetisiert wird, an metabolischen
Erkrankungen wie der Fettleibigkeit und dem Typ-2-Diabetes mellitus
(T2DM) und Dbeispielsweise Entzindungen des Fettgewebes
(adipose tissue, AT), beteiligt ist. Ob 1d3 auch die HA-Matrix reguliert,
ist derzeit nicht bekannt. Ziel der vorliegenden Studie war es daher
zu untersuchen, ob ein Zusammenhang zwischen /d3 und HA bei
AT-Entzindungen und Fettleibigkeit besteht. Zu diesem Zweck
wurden 8 Wochen alte mannliche /d3 Mause und die jeweiligen
Wildtyp (Wt) Kontrollen 4 Wochen lang einer fettreichen Diat (high fat
diet, HFD) unterzogen. Nach 4 Wochen Behandlung mit HFD zeigte
das Korpergewicht der Mause keine Unterschiede, jedoch war das
epididymale AT-Gewicht in /d37 Mausen im Vergleich zu den Wt
Kontrolltieren signifikant reduziert war. Interessanterweise wurde die
Glukosetoleranz dieser Mause nicht wie erwartet verbessert, trotz
des schlankeren Phanotyps, und so wurde der Entzindungsstatus
der Mause untersucht. Die Analyse mittels Durchflusszytometrie
ergab mehr entziindliche B2-Zellen im AT von HFD-gefiitterten /a3
Mausen. Daruber hinaus konnte mit immunhistochemischen
Untersuchungen gezeigt werden, dass HA sich im epididymalen AT
dieser Mause im Vergleich zu Wt Kontrollen akkumulierte. Ein
Anstieg der zirkulierenden HA wurde mittels ELISA bestétigt. Die
Expression von HA-Synthase 2 (Has2) war in den epididymalen AT-
und Aortengefal3-Glattmuskelzellen von /d37 Mausen hochreguliert.
Funktionell férderte HA die B2-Zelladhasion im Fettgewebe und auf

glatteb Muskelzellen von [ld37- Mausen, ein Effekt, der gegenilber
[



Zusammenfassung

Hyaluronidase empfindlich war. Zusammenfassend legen unsere
Ergebnisse nahe, dass ein [d3-Defizit die HFD-induzierte AT-
Gewichtszunahme verringert und die Has2-Expression in der
stromalen Gefalfraktion aktiviert, was zu einer HA-Akkumulation
fuhrt. Ein erhdhter HA-Gehalt fihrt wiederum zu einer Erhéhung der
B2-Zellpopulation im AT, indem die HA-abhangige Bindung von B2-

Zellen gefordert wird und somit zur AT-Entzindung beitragt.



Summary

Summary

Obesity is one of the leading health problems worldwide, affecting
millions of people. One of the main characteristics of obesity is
chronic, low-grade adipose tissue inflammation, characterized by the
recruitment of different immune cells in the area. The transcription
factor Inhibitor of differentiation 3 (Id3) is involved in visceral obesity
and has a protective role against vascular disease. Hyaluronic acid
(HA), synthesized by three isoenzymes, HAS1, -2 and -3, was found
to be implicated in metabolic dysfunction in obesity, Type 2 diabetes
mellitus (T2DM) and adipose tissue (AT) inflammation. Whether 1d3
also regulates the HA matrix is currently unknown. The present study
aimed to investigate if an interrelationship between Id3 and HA in AT
inflammation and obesity exists. For this purpose, male /d37 mice
and respective wild type (Wt) controls were treated with a 60% high
fat diet (HFD) for 4 weeks. After treatment, the body weight of the
mice was not altered, but the epididymal AT weight was significantly
decreased in /d37- mice compared to Wt litermates. Interestingly,
despite the leaner phenotype, glucose tolerance was not improved in
Id37- mice as expected, and so the inflammatory status of the mice
was examined. Flow cytometry revealed more inflammatory B2 cells
in the AT of HFD-fed /d37- mice. Furthermore, immunohistochemistry
showed that HA accumulated in the epididymal AT of these mice
compared to Wt littermate controls, and circulating HA was also
increased, as shown by ELISA. HA synthase 2 (Has2) was
upregulated in the epididymal AT and in aortic vascular smooth

muscle cells of Id37- mice.

Functionally, HA promoted B2 cell adhesion in adipose tissue and on
smooth muscle cells from [d3” mice, an effect sensitive to
hyaluronidase. In conclusion, our data suggest that lack of /d3
reduces HFD-induced AT weight gain and activates Has2 expression
in the stromal vascular fraction, leading to increased HA content in
the AT. Accumulation of HA induces an increase in the B2 cell
population in the AT by increasing the HA-dependent adherence of

B2 cells and thus contributing to AT inflammation
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Introduction

1. Introduction

1.1 Obesity

Obesity is one of the major health problems worldwide and its
prevalence has increased alarmingly over the past decades. One of
the main characteristics of obesity is excessive accumulation of fat,
which begins to expand when energy intake exceeds energy
expenditure?. Research over the past years has shown that not all fat
depots in the body have the same characteristics and function and
hence pathogenicity induced by obesity depends strongly on the
location as well as the amount of body fat3.

Overnutrition in combination with a sedentary lifestyle can lead to
obesity, which is often paralleled with metabolic syndrome: a cluster
of several known cardiovascular risk factors*®. According to the
literature, the criteria to identify metabolic syndrome are: waist
circumference over 40 inches (men) or 35 inches (women), blood
pressure over 130/85 mmHg, fasting triglyceride (TG) level over 150
mg/dl, fasting high-density lipoprotein (HDL) cholesterol level less
than 40 mg/dl (men) or 50 mg/dl (women) and fasting blood sugar
over 100 mg/dI®.

Further, the rise in obesity is accompanied with increased prevalence
of type 2 Diabetes mellitus (T2DM), which is also becoming one of
the most serious diseases worldwide’. T2DM and the metabolic
syndrome are very closely related, since diabetic patients have an

increased risk of cardiovascular diseases?.

1.1.1 Glucose homeostasis in obesity

T2DM is a complex chronic disease, characterized overall by
impaired glucose homeostasis. Glucose homeostasis depends on
the balance between insulin secretion and insulin action. Insulin is
the main glucoregulatory hormone and is secreted by the [-
pancreatic cells in response to increasing plasma levels of glucose,
for example following a meal. Its main function is to lower the levels

of blood glucose by mediating its uptake and utilization®. Insulin can

1
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have a direct action, for example in white adipose tissue, where it
suppresses lipolysis and increases glucose transport and
lipogenesis, or an indirect action on specific target tissues'®. The
main counter-regulatory molecule of insulin is glucagon, which is
secreted by the a-pancreatic cells when there is a fall in blood

glucose levels and promotes glucose production by the liver'"12,

In T2DM, deterioration in insulin secretion by the pancreas occurs,
along with peripheral insulin resistance (IR), which together ultimately
lead to hyperglycaemia. IR is a pathological state in which cells, such
as adipocytes, fail to respond properly to insulin3. IR is a common
characteristic of many metabolic disorders and strongly correlated
with caloric imbalance. IR can be a consequence of obesity and
obesity-induced comorbidities, as shown by a study where IR was
observed in different mouse models of obesity™. In that study,
increase of pro-inflammatory cytokines and macrophages was
associated with disrupted insulin action and signalling, leading to
IR™. Many of the events that lead to IR are also observed during
obesity-related adipose tissue inflammation, which will be addressed

in the next Sections.

1.2 Adipose tissue (AT)

Body fat or adipose tissue (AT) is a loose, connective tissue that
consists of a variety of cells, such as white or brown adipocytes,
which predominate, fibroblasts, endothelial cells, smooth muscle
cells as well as immune cells. All these cells secrete important
adipokines, cytokines, and hormones, mediating adipose tissue
function'®. AT is a complex organ and plays a major role in regulating
nutritional homeostasis and energy balance, not to mention the
mechanical support for important organs'®. Morphologically, AT can
be classified in white, beige, and brown AT, with white being more
prevalent and biologically important.

White adipose tissue (WAT) is anatomically distributed in different
parts of the body in humans and rodents, with two main

compartments: visceral adipose tissue (VAT), which also includes
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omental fat and subcutaneous adipose tissue (SAT). In humans, VAT
depots can be found around the heart and vessels (perivascular AT)
and the intraabdominal organs (mesenteric, perigonadal, perirenal,
and retroperitoneal AT). SAT is distributed throughout the human
body and can be divided into upper (abdominal) and lower
(gluteofemoral) SAT'. In rodents, VAT is found in the perigonadal
region (epididymal in males and periovarian AT in females) as well
as in retroperitoneal fat depots on the kidneys and the mesenteric fat
pad alongside the intestinal tract. Epididymal AT is typically the
largest depot and the one most commonly used in research’.
Regarding SAT, rodents only have two main depots, anterior and
posterior SAT. An important subtype of VAT is omental fat. In
humans, omental fat is a large, peritoneal fat pad that covers the
abdominal organs and is connected to the spleen, stomach, colon
and pancreas. In mice, omental fat is a thin strip of fat found close to
the stomach and connected to the pancreas’. This type of VAT
presents important differences in its composition compared with
epididymal or subcutaneous AT, since it contains the “milky spots”,

which are clusters of leukocytes embedded in the omental tissue?°.

Functionally, WAT is the responsible organ for energy storage, as
white adipocytes undergo hypertrophy (to increase in size) and
hyperplasia (to increase in number) in order for the adipose tissue to
expand and store triglycerides, which can be used by the body during
exercise or periods of fasting?'. However, in response to nutrient
excess, white adipose tissue and specifically the visceral depots, can
expand uncontrollably, altering AT function and leading to a
pathological condition called visceral adiposity?2.

Brown AT (BAT) is formed during early foetal development, while
formation of beige fat is induced within WAT later in life with a
process called browning of WAT?3. Brown and beige adipocytes have
similar properties: they carry a large number of mitochondria, hence
the characteristic brown colour, and they utilize mitochondrial UCP1
to uncouple ATP and dissipate chemical energy as heat?'. In
humans, BAT is located in axillary, cervical, perirenal, and
periadrenal regions and is found at its largest size at birth. BAT starts

3
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decreasing with age and is considered to be of minor importance in
adults, although scientific interest in brown fat is rising
considerably?*. The functions of BAT and beige fat include mainly
thermogenesis, in order to maintain body temperature, regulation of
energy balance and body weight and control of glucose and lipid

metabolism?2,

1.2.1 Obesity-induced AT inflammation

Visceral adiposity is defined as increased adipose tissue surrounding
the intraabdominal organs. It is characterized by chronic, low-grade
AT inflammation. Almost 2 decades ago it was shown that the pro-
inflammatory cytokine tumour necrosis factor a (TNF-a) was
overexpressed in the AT of obese mice and humans, while TNF-a
neutralization in obese mice improved insulin sensitivity and glucose

metabolism26.27,

A key event that takes place during obesity-induced AT inflammation
and has been well established in the literature, is macrophage
infiltration?8. In a study from 2002, it was demonstrated that the
population of macrophages in the AT increases during obesity and
that this immune cell type is responsible for almost all AT production
of pro-inflammatory molecules linked with obesity. Moreover,
macrophages recruited in the AT in response to obesity presented
pro-inflammatory properties, meaning that there was a phenotypic
switch from the protective, anti-inflammatory M2 to the pro-
inflammatory M1 macrophages, which contribute to insulin
resistance?®3. In a subsequent study, it was demonstrated that T
cells also increase in number during obesity and that the recruitment
of macrophages in the AT is initiated by activated CD8* T cells, thus
involving another immune cell type in the progress of AT
inflammation and insulin resistance3".

Another major lymphocyte population is B cells, whose involvement
in AT inflammation has not been studied so thoroughly. B cells are
involved in both adaptive and innate immunity and are divided in two

major, developmentally distinct classes: B1 and B2 cells, with B1
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cells being further divided into CD5* B1a and CD5~ B1b subtypes®.
Research has shown that B cells are increased in the AT of mice in
the early stages of obesity. In diet-induced-obese (DIO) mice fed an
obesity diet for only 3 weeks, B cells, and in particular B2 cells, were
increased even at that early time point, an event that preceded the
accumulation of T cells and macrophages and was correlated with
insulin resistance and glucose intolerance3334. Interestingly, total
depletion of B cells attenuated high-fat-diet (HFD) -induced AT
inflammation and insulin resistance and decreased the secretion of
pro-inflammatory cytokines3®. In the same way, transfer of B cells
from obese mice into B-cell-deficient mice worsened the glucose
tolerance of these mice, pointing to the significance of B cells in

inducing the inflammatory/insulin-resistant state in the obese AT3436.

The events that lead to obesity-induced AT inflammation are
described in Figure 1. All the above-mentioned immune cells are
crucially involved in the AT inflammatory state and elucidating the
underlying mechanisms is of paramount importance for the design of

future therapies against obesity.

Lean adipose Obese
tissue adipose tissue

Nutrient
excess

Secretion of
inflammatory
factors
(e.g., IL-6,
TNF-a, IL-1B, ...)

% mocrophages

@ Iymphocytes

Increased secretion of
adipokines

Secretion of
adipokines

Figure 1: Chronic low-grade adipose tissue inflammation during obesity.
Overnutrition leads to alterations in adipose tissue, which expands and increases
the secretion of adipokines and inflammatory factors. Recruitment of immune cells,
such as macrophages and lymphocytes (B and T cells) in the adipose tissue is also
responsible for the secretion of inflammatory cytokines, leading to chronic, low-
grade inflammation. Modified from Castanon et al 3".
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1.3  Extracellular Matrix (ECM)

ECM is an intricate, three-dimensional, non-cellular network present
within all tissues and organs. ECM consists of many different
molecules such as collagens, proteoglycans, glycosaminoglycans,
elastin, fibronectin, laminins, and several other glycoproteins, which
are secreted by different cells®®. The exact composition of the ECM
varies among different tissues. Generally, the ECM can be divided in
two major categories that differ in composition and structure: the
interstitial and pericellular matrix. The interstitial matrix surrounds
cells in connective tissues, whereas the pericellular matrix is in close
contact with the cells, with one example being the basement

membranes3949,

Functionally, ECM provides structural support for tissues, while it
also facilitates biochemical and mechanical processes of tissue-
resident cells, such as cell adhesion, migration, proliferation, repair
and survival®®. For this purpose, the ECM components interact not
only with each other, creating a complicated architectural scaffold,
but also with the surrounding cells, through specific cell surface
receptors, called integrins*'. There are 24 distinct integrins in
mammals, that participate mainly in cell adhesion?. Integrins bind to
ECM components and can activate intracellular signalling pathways
through the plasma membrane, thus playing important roles in
development, immune responses, as well as in many human
diseases*344.

Under pathological conditions, ECM undergoes a dynamic
remodelling and integrin expression is altered. For example, during
osteoarthritis, cancer and pathological processes like fibrosis, ECM
degradation and disorganization take place and pro-inflammatory
cytokines are secreted by immune cells, leading to inflammation and
creating a loop of further alterations to the ECM structure and
function4°48,

The main components of the ECM as mentioned before, are
glycosaminoglycans, like hyaluronan and several proteoglycans, for

instance biglycan, decorin, aggrecan and versican. These molecules
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will be described in the next Sections, as they are of great

importance for the present study.

1.3.1 Hyaluronan (HA)

1.3.1.1 Structure, synthesis, and degradation

Hyaluronan (HA) is an unbranched polysaccharide and an important
component of the ECM that can be found in every tissue and body
fluid of vertebrates. The chemical structure of HA is simple and
consists of repeating disaccharides of B (1,4)-N-acetyl-d-glucosamine
(GIcNAc) and B (1,3)-d- glucuronic acid (GIcUA), classifying HA in
the group of glycosaminoglycans (GAGs) (Figure 2A). However, HA
presents major differences from the other GAGs: it does not bind
covalently to any proteoglycan core proteins, is non-sulfated and is
not synthesized in the Golgi apparatus, rather than within a complex

on the cytoplasmic surface of the plasma membrane?9:5,

A B
o Sm_}zzmm 3
S — e HA } Kge "=
B . )—" o % -
““N\ OH 2 B (1=4) -
" “‘ 1 oM, . @ WW
i OH"s T, \ HAS 13
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1
CH,
GlcUA GlcNAc

Figure 2: Structure of hyaluronan. A. The repeating disaccharide units of N-
acetyl-p-D-glucosamine (GIcNAc) and B-D-glucuronic acid (GIcUA) linked via
alternating B-1,3 and 3-1,4 glycosidic bonds. B. HA is synthesized by 3 membrane-
bound isoenzymes, namely HAS1-3. Modified from Arantes et al 5.

There are three, independently regulated, membrane-bound
enzymes that synthesize HA in mammals, namely HAS1, HAS2 and
HAS3, which are encoded by the respective genes (Figure 2B). The
three HAS isoenzymes use cytoplasmic uridine diphosphate (UDP) -
GIcNAc and UDP-GIcUA to polymerize the HA chain, which is
released in the extracellular space. The most abundant HAS in
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mammalian tissue is HAS2, whereas HAS3 is mostly found under
certain conditions. Analysis has shown that HAS isoenzymes may
have different functions, for example during development or in terms
of the length of the HA chain produced. Genetic deletion of Has7
and/or Has3 in mice does not induce any significant phenotype under
normal conditions. However, HasZ2 deletion leads to impaired cardiac
development and ultimately to embryonic lethality52%3. Moreover,
HAS1 and HAS2 were shown to produce large-sized HA, whereas
HAS3 produces lower molecular mass HA%. The activity of the HAS
isoenzymes also differs and is controlled by several growth factors,
cytokines or signalling molecules, such as platelet-derived growth
factor (PDGF), epidermal growth factor (EGF), TNF-a, or

prostaglandins and other hormone-type molecules®.

The molecular weight of HA is also of great importance for its
function. High-molecular-weight (HMW) HA predominates under
normal conditions and it usually has a size of more than 1000 kDa%.
However, under inflammatory conditions or injury, low-molecular-
weight (LMW) HA is preponderant, with different biological functions
from HMW HAS%. Fragmented HA can be a result of altered HA
synthesis and degradation, which both increase under pathological
conditions®. LMW HA can also accumulate through fragmentation by
reactive oxygen species (ROS)%°.

Degradation of HA is regulated by enzymes called hyaluronidases
(HYAL). Hyaluronidases belong to the class of endoglycosidases and
hydrolyse the B-endo- N-acetylglucosamine bonds between GICNAc
and GIcUA, leading to the breakdown of HA. In humans, 6
transcriptionally active genes (Hyal1, Hyal2, Hyal3, Hyal4, and PH-
20/Spam1) along with one pseudogene (Phyal1), that encodes for
hyaluronidase-like sequences have been identified so far, with Hyal1
and Hyal2 being the most prominent ones®. In mice, there are also 6
Hyal-like sequences that present great homology with the human

ones.
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1.3.1.2 Receptors of HA and HA binding proteins

The multiple roles that the HA matrix plays are interdependent with
the various hyaladherins and the different HA receptors, such as
CD44, receptor for hyaluronan-mediated motility (RHAMM) and
lymphatic endothelial receptor 1 (LYVE1). RHAMM is a hyaladherin
expressed on the cell surface (designated as CD168) and in the
cytoplasm. HA-RHAMM interactions affect cell proliferation and
migration®'. LYVE1 is lymph-specific HA receptor on the lymph
vessel wall of humans and mice and is involved in the transport of
HA from tissue to lymph®2.

The most important receptor of HA is CD44, which is a glycoprotein
expressed broadly in many cell types. CD44 is encoded by one gene
but it can be found in many isoforms, due to post-transcriptional
modifications®. CD44 has multiple receptor functions regarding cell-
cell interactions and cell-matrix interactions®. The HA binding
properties of CD44 are determined by the isoform and the cell type
on which it is expressed®. HA-CD44 binding affects the aggregation,
proliferation, and migration of cells, while it is also important for

angiogenesis and in many pathological processes®®.

1.3.1.3 Role of HA in inflammation

A growing body of literature has investigated the relationship
between HA and inflammation. For example, elevated HA levels
were first detected in synovial fluid of arthritis patients several
decades ago, as well as in patients with other respiratory diseases,
for instance pulmonary fibrosis and asthma®-%%. Moreover, LMW HA
was shown to contribute to chronic inflammation by inducing the
expression of inflammatory genes in certain cell types, such as
Interferon y (IFN-y) expression in macrophages’®. HA is also involved
in monocyte recruitment after injury, as it creates a complex with
adipocyte-derived serum amyloid A3 (SAA3), promoting monocyte
adhesion and chemotaxis.

This finding was further confirmed when digestion of HA with

hyaluronidase decreased in part the infiltration of monocytes’.

9
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Furthermore, HA was increased in inflamed intestinal tissue,
promoting the recruitment of immune cells into the tissue and their

interaction with the matrix’2.

Interactions of the HA receptors such as CD44 are also responsible
for promoting inflammation. Research has revealed that CD44 can
mediate the rolling of leukocytes on activated endothelial cells,
facilitating their migration to the site of inflammation”®. Moreover,
CD44 was found to facilitate the migration of neutrophils to the
endothelium, a phenomenon that was dependent on the presence of
HA". Inhibition of CD44 function and/or its ability to interact with HA
led to decreased recruitment of macrophages to the aorta in Apoe”

mice’>.

1.3.1.4 HA in metabolism

Significant research has been carried out regarding a possible
involvement of HA in metabolic function and many studies argue
towards a strong correlation with diabetes. In more detail, serum HA
was elevated in diabetic patients compared with non-diabetic
subjects”™, and it was subsequently associated with impaired
vascular function in these patients’”. Moreover, HA was increased in
diabetic rats and in the injured aorta of insulin-resistant rats, along

with increased hyaluronidase production and HA degradation®878,

Further, a study revealed that HA was increased in the skeletal
muscle of HFD-fed C57BL/6J mice, followed by insulin resistance’®.
Specifically, Kang et al found that after HFD, HA content in the
skeletal muscle was elevated and that administration of
hyaluronidase decreased HA levels, in parallel with an improvement

in insulin action.

Association of HA with AT function has also been discussed,
although not quite extensively. It is known that HA is increased in
3T3-L1 adipocytes during differentiation, with possible implications in
the development of adipose tissue®’. Moreover, HA secreted by
hypertrophic adipocytes in vitro was increased, while an increase of

HA was also observed in vivo in the AT of two different mouse
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models of obesity”'. In both of these cases, the effect was attributed
to Has2 upregulation’!. Moreover, HA was found in the AT of HFD-
fed mice, while its content was decreased after hyaluronidase
injection -a finding very important for the present study. Together with
the reduction in HA, a decrease in the expression of the pro-

inflammatory markers IL-12 and IL-1b in the AT was observed’®.

In summary, studies have proven that HA is strongly correlated with
insulin resistance and HFD-induced dysmetabolism and that

inhibition of HA synthesis could have beneficial outcomes.

1.3.1.5 Pharmacological inhibition of HA synthesis

4-Methylumbelliferone (4-MU) or “hymecromone” is a derivative of
coumarin and a drug that is used safely by humans as a prescription-
free choleretic drug. 4-MU has been discussed in the literature
regarding its abilities to inhibit HA synthesis in a number of different
cell types®'8. Regarding the mechanism of action, 4-MU
antagonizes with endogenous substrates for UDP-
glucuronyltransferase, an enzyme involved in HA synthesis. As a
result, the available for the HAS isoenzymes UDP-GIcUA decreases
and is consumed by 4-MU glucuronidation, thus inhibiting HA
synthesis®. Furthermore, the precursors of GIcUA and GIcNAc
accumulate and probably participate in other catabolic pathways. It
has also been suggested that 4-MU reduces the expression of Has2

and Has3, thereby reducing HA synthesis®®.
Inhibition of HA synthesis though 4-MU has been found to play a role

in ameliorating inflammation. For example, administration of 4-MU
reduced the production of the pro-inflammatory cytokines IL-1 and IL-
6 in mice with lipopolysaccharide (LPS) -induced lung inflammation?®®.
Moreover, treatment with 4-MU had a beneficial effect in a mouse
model of renal ischemia-reperfusion injury, by decreasing plasma HA
and preventing kidney inflammation®’. 4-MU-mediated inhibition of
HA synthesis was also associated with decreased proliferation of T
cells and reduced levels of certain pro-inflammatory cytokines®'.

However, Nagy et al showed that long treatment with 4-MU can have
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detrimental effects, since it has been linked with increased
atherosclerosis in HFD-fed Apoe”- mice, probably through damage of
the glycocalyx®.

A few studies have also examined the possible impact of HA
synthesis inhibition by 4-MU on metabolic function. Research
showed that HFD-fed mice treated with 4-MU had improved
hyperlipidaemia and hyperglycaemia®. More recent research
revealed that when HA synthesis was systemically inhibited by 4-MU,
the expression of thermogenic markers in brown AT was induced,
which in turn led to improved glucose tolerance and insulin

resistance®.

The above-mentioned studies provide evidence that 4-MU could be
used as an anti-inflammatory treatment aiming at reducing HA
production and thus mitigating the consequences of inflammation.
Since 4-MU is established as a safe drug to be used by humans, it
could potentially be used as a therapeutic strategy inhibiting HA

synthesis for several diseases.

1.3.2 Proteoglycans (PGs)

PGs are a heterogenous group of molecules that consist of a core
protein to which one or more GAG chains, such as chondroitin
sulfate, dermatan sulfate, keratan sulfate, heparin or heparan sulfate,
are covalently attached®® (Figure 3). They can be divided into 4
families based on their localization: intracellular, cell surface,
pericellular and extracellular PGs. Within each family, there are
different classes of PGs depending on their size, protein core or the
GAGs attached®".

Regarding intracellular PGs, the only molecule of this group that has
been identified so far is serglycin, which is covalently attached with
heparin and regulates inflammation®'-92. In the class of cell surface
PGs, there are thirteen genes that either encode for transmembrane
proteoglycans, such as syndecans and glypicans, or for GPI-

anchored proteoglycans®!. Syndecans can have multiple biological
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functions and they are involved in many pathologies, including
different cancers, as well as wound healing and inflammation, mostly
by binding with different growth factors via their GAGs®. Pericellular
PGs are associated with the surface of many cell types anchored via
integrins or other receptors and include perlecan and agrin®'.

Of note, the largest family of PGs is the extracellular proteoglycans,
which is divided into two classes: the hyalectans and the small
leucine-rich proteoglycans (SLRPs). Hyalectans are HA-binding PGs
with a common structure, such as versican and aggrecan. The
SLRPs class contains 18 genes. SLRPs have a relatively small
protein core with a central region constituted by leucine-rich repeats:
The members of this family are further divided into five classes
depending on protein, genomic homology and chromosomal
organization®*. SLRPs can interact with collagen and are involved in
the stabilization and organization of collagens and elastic fibers, cell-
matrix interactions, ECM structure and tissue function, while they
also participate in many signalling pathways®. Biglycan and decorin
are the two most studied SLRPs and will be addressed separately in

the next Sections.
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Membrane

ECM

Figure 3: Structure of proteoglycans. Proteoglycans consist of a protein core
(red) and one or more covalently attached glycosaminoglycan chains: blue,
heparan sulfate; yellow, chondroitin sulfate/dermatan sulfate. Membrane
proteoglycans are either associated with the plasma membrane or are linked by a
GPI anchor. ECM proteoglycans are usually secreted, but some proteoglycans can
be proteolytically cleaved and shed from the cell surface. Modified from Li et al 6.

1.3.2.1 Biglycan
Biglycan belongs to the group of SLRPs, and it has two GAG chains

attached in its protein core. In humans, it is encoded by one gene
(BGN) located on the X chromosome, which is translated to a 42 kDa
protein core where one or two GAGs are bound¥. Biglycan is
expressed ubiquitously and interacts with many other components of
the ECM, such as collagen®’. Biglycan was first discovered in the
developing bone almost 40 years ago, and since then it has been
shown to play a vital role in many processes, for example in skeletal
growth, innate immunity and in many human pathological
conditions®”-%8, Furthermore, biglycan is abundant in the human aorta
and studies have demonstrated that biglycan deficiency was
associated with increased aortic aneurysm development and

promotion of atherosclerosis in a mouse model °°.
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Biglycan also has a function in the AT. An interesting study revealed
that biglycan mRNA was upregulated in the epididymal AT of HFD-
fed Wt mice, and that bgn*? mice expressed and produced more
adiponectin'®. A subsequent study showed increased biglycan gene
expression in the AT of mice after 8 weeks of HFD, which was
correlated with AT inflammation, especially in the subcutaneous
depot''. More recent evidence revealed that the majority of biglycan
found in the AT of obese mice came from infiltrating macrophages
and that macrophage-specific biglycan deletion led to a decrease in

AT macrophages and inflammatory gene expression'%2,

1.3.2.2 Decorin

Decorin is also a SLRP, very closely associated with biglycan, with
analyses showing that their genes are more than 50% homologous at
the protein level’®. The human gene for decorin (DCN) is found on
chromosome 12 and its protein has a size of 90-140 kDa. Decorin is
expressed in many cell types and is involved in collagen fibril
formation and the regulation of transforming growth factor beta (TGF-
B)'%4. Furthermore, decorin is expressed in the AT, more highly in the
visceral rather than in the subcutaneous fat depot'%. In HFD-fed rats,
decorin was markedly increased in the AT and skeletal muscle and
was indicated to play a role in obesity-induced inflammation,
although without a clear mechanism proposed'®®. In a more recent
study, loss of decorin in mice deteriorated glucose tolerance,
suggesting a protective role for decorin in the regulation of glucose
metabolism™®.  Importantly, decorin was upregulated in the
subcuatenous AT of obese humans after bariatric surgery, and

particularly in the stromal vascular fraction (SVF) of this fat depot’.

1.3.2.3 Aggrecan

Aggrecan is chondroitin sulfate and in humans it is encoded by the
gene ACAN found on chromosome 15'%7. As a hyalectan, aggrecan
binds to HA and thus aggregates are formed, contributing greatly to

the complex architecture of the ECM?®'. Numerous studies have
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identified aggrecan as an important component of the cartilage and
more recently, of the brain®1%7, Furthermore, aggrecan was present
in human intimal hyperplasia, pointing to a possible role of this PG in
vascular biology'%8. Aggrecan was also found to be expressed in the
AT, where it was produced mostly by cells of the SVF'%. In the same
study, it was interestingly shown that aggrecan mRNA expression
was decreased in the AT of two mouse models of obesity, while its

catabolism was increased’.

1.3.2.4 Versican

Versican is a chondroitin sulfate PG and the largest hyalectan, with
structure highly similar with that of aggrecan®'. In humans it is
encoded by one gene (VCAN) found on chromosome 5. Functionally,
versican has multiple roles in many processes, such as adhesion,
migration, and inflammation. Regarding an implication in metabolism,
it was shown that versican was produced mainly by adipocytes in the
AT of mice that were fed a HFD and was correlated with IR, which
was attenuated after adipocyte-specific deletion of versican0?,
Moreover, versican was increased in hypertrophic 3T3-L1 adipocytes
and was found in the subcutaneous and omental fat depot in humans

undergoing bariatric surgery'%2,

1.4 Inhibitor of differentiation 3 (Id3)

1.4.1 Id proteins

Inhibitor of Differentiation 3 (Id3) is a broadly expressed transcription
factor (TF) that belongs to the family of Id proteins. The Id family is
part of the Superclass 1 of TFs, which contain basic DNA binding
domains™9. Superclass 1 is divided based on specific motifs, with
one example being the basic-helix-loop-helix (bHLH) factors, that
have a bHLH motif. bHLH factors are further categorized into classes
depending on their biochemical and functional characteristics''".
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Class 1 bHLH factors or E-proteins are expressed in many tissues
and can regulate transcription by forming homo- or heterodimers with
other proteins of the same family; these dimers bind DNA to specific
consensus sequences, termed E-Boxes''2113, E-Box elements
contain a characteristic motif which consists of a hexanucleotide
sequence, CANNTG, with N being any nucleotide. E-box sites have
been found in promoters of genes expressed in muscles, neurons,

pancreas and immune cells'"3,

Id proteins consist a specific Class of bHLH factors that act primarily
against E-proteins. Id factors lack the basic DNA binding domain that
bHLH proteins have and thus are incapable of binding DNA;
therefore, they are named HLH factors. Instead, they form non-
functional dimers with E-proteins or other tissue-specific HLH factors
and prevent them from binding DNA to the E-Box elements''411°
(Figure 4). The Id protein group consists of 4 members (Id1-4) in
mammals and its members are expressed in many cell types, but
their expression pattern varies considerably. Specifically, /d2 is
expressed more abundantly compared to /d7, which is only found in
specific cell types, for instance cells of the nervous system.
Furthermore, /d71 and I/d3 expression is mostly activated during
development and can be affected by certain stimuli''®. Apart from E-
proteins, Id factors can antagonize the function of other proteins that
do not contain an HLH motif, such as proteins of the retinoblastoma

family (Rb), or ETS-domain transcription factors'7-119,

Id proteins have evolved into negative regulators of transcription and
can regulate the expression of multiple genes, for example genes

that control the cell cycle or developmental processes4.
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Figure 4: Id3 regulation of DNA transcription. A. bHLH transcription factors
(TF) can form homo- or heterodimers with E-proteins or other members of the
bHLH family and bind DNA at promoter consensus sites called E-boxes,
functioning as transcriptional regulators, either activating or repressing genes. B.
Id3 is an HLH factor that lacks the basic DNA binding domain and inhibits DNA
transcription by forming nonfunctional dimers that are incapable of binding to DNA.
Modified from Roschger et al'20.

1.4.2 1d3 in the vascular system

Id3 is particularly essential in the cell cycle regulation and growth of
vascular smooth muscle cells (SMCs)''212' Specifically, McNamara
et al showed for the first time that /d3 is expressed in the vessel wall
and that it is important for the attenuation of neointimal SMC growth
during vascular lesion formation, through post-transcriptional
regulation'??. Moreover, the same group demonstrated that /d3
expression was increased in VSMCs of the vessel wall in a HFD-fed
porcine model and that this effect was induced by hyperlipidaemia
and LDL oxidation, leading to increased growth of VSCMs.
Respectively, in Id3-deficient primary aortic SMCs the effect of

oxidized-LDL on SMC proliferation was eliminated'?3,

Id3 has also emerged as an atheroprotective factor. Mice deficient for
both 1d3 and apolipoprotein E (ld3"-Apoe”’- mice) developed
significantly more atherosclerosis than just Apoe” mice'?*. The
atheroprotective function of 1d3 was further investigated in a
subsequent study, where it was shown that I1d3 can regulate the
trafficking of aortic B cells and is involved in B cell-mediated
atheroprotection'?®. Moreover, experiments in LDL receptor-deficient
mice (LdIr’- mice) confirmed that 1d3 is important for the homing of

aortic B cells and that it may act on Vascular cell adhesion protein 1
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(VCAM-1) in the vessel wall, leading to reduced recruitment of

monocytes/macrophages and finally atheroprotection'?.

1.4.3 I1d3 in human vascular diseases

Consistently with the results from murine studies, 1d3 has also been
identified as an important atheroprotective factor in humans. A study
from 2011 revealed that a single nucleotide polymorphism (SNP) in
the human ID3 gene (at rs11574) was significantly linked with carotid
intima-media thickness (IMT), which is used to detect the presence of
atherosclerosis in humans'?*. This finding was further corroborated
by another study which associated the ID3 SNP rs11574 directly with
human coronary artery pathology in a large diabetic cohort'?’.
Together, these studies demonstrated that 1d3 could be used as a

potential biomarker of atherosclerosis diagnosis in humans.

The human /D3 gene is a small gene that spans only three exons.
Six SNPs have been identified within the gene, but only the rs11574
SNP was significantly correlated with subclinical atherosclerosis in
humans, as evaluated by IMT. The rs11574 SNP is located in the
second exon of the coding region of the human /D3 gene. This SNP
results in a substitution of alanine with threonine at amino acid 105,
that affects the function but not the expression of the gene.
Specifically, the protein encoded by the variant ID3 gene was shown
to have attenuated function as an inhibitor of gene activation,
affecting the regulation of many genes involved in atherosclerosis-

related pathways'4,
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1.4.4 Role of Id3 in AT function

There is a considerable amount of literature regarding the role of 1d3
in AT function. It has been demonstrated that 1d3 is present in 3T3-
L1 adipocytes, but its expression is decreased early during adipocyte
differentiation, preventing them to convert to adipose cells'?.
Moreover, 1d3 was shown to interact with ADD1/SREBP-1c, which
are transcription factors expressed mainly in the AT and are involved
in lipid homeostasis'?®'3. Later, Doran et al reported that I1d3
negatively regulates the expression of adiponectin not only in vitro in
cultured adipocytes, but also in vivo in epididymal and mesenteric fat

depots™3!.

Furthermore, /d3 mRNA expression was increased in the AT of HFD-
fed mice and deficiency of /d3 limited the expansion of the
epididymal AT in response to HFD, pointing to a potential role of 1d3
in visceral adiposity'32. The authors demonstrated that Id3 acted on
the AT through regulation of angiogenesis by decreasing the mRNA
expression of the Vascular endothelial growth factor A gene
(VEGFA)'*,

These studies clearly underscore the importance of /d3 in adiposity.
Further research is needed in order to identify how I[d3
mechanistically acts on AT and affects its functions in the setting of

obesity.

1.4.5 1d3 implication in B cell function

Research has shown that Id3 is involved in lymphocyte development,
including B cells, mainly via interactions with E proteins'33-135, Pan et
al utilized the /d3-KO mouse model and showed that these mice
contained a normal number of B cells in the spleen, lymph nodes,
thymus, and bone marrow. However, in the same study, |d3 was
found to have a highly specific role in B cell proliferation within the B
cell receptor (BCR) signalling pathway, as B cells isolated from /d3-
KO mice showed a proliferative defect'3*. The exact mechanism
involved is beyond the scope of the present study.

20



Introduction

Regarding other roles of 1d3 in B cell biology, Doran and colleagues
showed that this transcription factor is also crucial for the trafficking
of B cells in the aorta in the context of atherosclerosis, as /d3
deficiency reduced B cell homing to the aorta, through decreased
CCRG6 expression'?®. Id3 may also have specific roles when it comes
to the different B cell subsets, as it was found to regulate specifically
B1a homeostasis'3. Moreover, mice lacking /d3 specifically in B cells
(/d3BKO) had increased B1b cell numbers in several organs, including
AT, where these cells showed a protective, anti-inflammatory effect

in response to HFD137:138,

Briefly, B1 cell subsets functions were regulated by /d3 and were
classified as anti-inflammatory. Whether 1d3 is also implicated in the
regulation of B2 cells, which are mostly known for their pro-

inflammatory action especially in the obese AT, is currently unknown.

1.4.6 Id3-dependent regulation of HA-rich matrix

Preliminary experiments performed by the McNamara lab at the
University of Virginia (UVa, Charlottesville) examined whether an
interrelationship between Id3 and HA exists and aimed at identifying
the molecular mechanism behind this. The rationale was that, since
Id3 is a transcription factor expressed in many tissues and HA is an
abundant molecule, a possible role of Id3 in regulating the
transcription of the genes that encode for the HAS isoenzymes might
exist. Briefly, using the BioMart tool from the Ensebl project

(http://www.ensembl.org)'®®, the sequence information was retrieved

for the first 2000 bases of the promoter regions of the Has genes and
then the E-box elements that the promoter sequences contained
were manually located. The promoter of the Has2 gene was shown
to contain many E-box elements (CANNTG), whilst Has1 and Has3
contained fewer ones. Approximate positions of the E-boxes in the
first 1000 bases of the promoter region of Has2 gene are depicted in

Figure 5.
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Figure 5: lllustration depicting consensus CANNTG (E-Box) Id3 binding sites
located within the first 1000 bases of the mHas2 promoter region

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

SMCs isolated from the aorta of C57BL/6J mice were transfected
with Has2 promoter-luciferase reporter construct together with
increasing concentrations of h/d3. The results of this assay showed
that the Has2 promoter activity was inhibited in a concentration-
dependent manner, with increasing amounts of pcDNAId3 (Figure
6A).

Next, Wt and /d3” aortic SMCs were transfected with the Has2
promoter-luciferase reporter. The Has2 promoter activity was
significantly increased when /d3 was absent (Figure 6B). These data
conclusively demonstrated that when /d3 was absent, Has2 promoter
activity was stimulated, identifying /d3 as a novel regulator of Has2
transcription’. These data showed that /d3 inhibits Has2 transcription
in VSMCs, but it is possible that it may also regulate this isoenzyme
in other cell types residing in the AT. This matter will be addressed in

future research.
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Figure 6: Id3 suppresses Has2 promoter activity, while loss of Id3 stimulates
Has2 promoter activity. A. /d3” aortic VSMCs were transfected with 0.2 ug of the
1 Kb murine Has2 promoter-luciferase reporter together with specified
concentrations of 1d3 and/or pcDNA3.1 empty vector. Presence of Id3 suppressed
the promoter activity of Has2. Luciferase activity is normalized to protein levels.
Data are the result of 3 separate experiments of duplicate samples. B. Mouse
aortic VSMCs isolated from Wt and /d3“ mice were transfected with 0.2 ug of the
1Kb Has2 promoter-luciferase reporter together with 0.8 ug of empty vector. /d3”
VSMCs showed increased Has2 promoter activity. Luciferase activity is normalized
to protein levels. Data are the result of 2 separate experiments of ftriplicate
samples. Data represent mean = SD; *p<0.05; **p<0.01. Experiments and data
were provided by Jack Hensien and the McNamara Lab

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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1.5 Aim of the study

It is clear from a number of studies that Id3 is a key regulator of
visceral adiposity and that it is implicated in the transcriptional control
of obesity-related genes, such as adiponectin. In the same way, HA
is involved in metabolic impairment and AT inflammation upon
obesity. Initial work showed that the gene of one isoenzyme
responsible for HA synthesis, namely Has2, contains multiple E-box
elements in its promoter region. Our preliminary in vitro data using
VSMCs showed that when /d3 is absent, Has2 promoter activity is
stimulated. Taking this finding into consideration, we sought to
investigate whether Id3 can regulate HA synthesis in vivo and more

specifically in the context of AT inflammation in the setting of obesity.

The aims of the present study were to examine (a) whether HA
synthases could be regulated by the transcription factor 1d3 in vivo
using a mouse model, (b) whether an /d3-dependent modulation of
the HA-rich matrix might also be implicated in the inflammation
observed in the AT upon obesity in /d37- mice and (c), in case the
above aims were verified, whether pharmacological reduction of HA
accumulation could ameliorate the inflammatory phenotype of /d3”
mice.

Last, we aimed to expand our murine findings and translate them into
human patients, investigating the effect of loss of function of the
human /D3 gene on the HA content using plasma and AT samples

from two different cohorts of patients.
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2. Materials and Methods

21 Animal experiments

All animal protocols were approved by the Animal Care and Use
Committee at the University of Virginia (Approved animal use
protocol: 3008).

2.1.1 Breeding schema

C57BL/6J mice were purchased from Jackson Laboratory (stock No.
000664). Id3- mice were a generous gift of Dr Yuan Zhang (Duke
University). ld3-deficient mice were bred with C57BL/6J mice to
generate /d3*- mice that were used for breeding /d3*- mice and /d3**
littermate controls. The 1d3 genotype was confirmed by PCR. Only
male mice were used in this study. Female mice were excluded due
to major sex-dependent differences in the development of obesity,
since it has been shown that male mice develop visceral AT
inflammation, glucose tolerance and insulin resistance, effects that
are not seen in HFD-fed female mice, despite the similar body weight

gain upon HFD0,

2.1.2 Diets

Male /d3**+ (Wt) and Id3” littermates were given standard laboratory
diet (Teklad LM-485, 7012, Envigo, Indianapolis IN) and water ad
libitum. At 6-8 weeks of age and after their genotype was confirmed,
mice were placed on a 60% HFD (Research Diets, D12492, New
Brunswick, NJ). High-fat feeding was applied for 4 weeks.

2.1.3 4-MU treatment

Male /d3** (Wt) and Id3 littermates were divided into 4 groups: Wt
and /d37 mice on 60% HFD and Wt and /d37 mice on 60% HFD
supplemented with 4-MU. 4-MU has a poor taste; mice tend not to
eat it, so it ultimately has an anorectic effect'*’. The HFD used in
these experiments was enriched with chocolate flavour and also
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contained 50g/kg 4-MU (Western Diet, S8200-E010, Ssniff
Spezialdiaten GmbH, Soest, Germany), so that it would be palatable
to the mice. The food intake was monitored daily throughout the
whole study, in order to exclude the possibility that the changes
observed were due to reduced caloric intake and not induced by 4-

MU.

Before the treatment started, the mice were subjected to a pair
feeding regimen for 2 weeks. Pair feeding is a technique in which the
amount of food provided to a control group of mice is matched to that
consumed by the experimental group (4-MU group, in this case), so
as to determine the extent to which the effect of a treatment on body
weight or body composition occurred independently of changes in
energy intake'#? The experimental setup is pictured in Figure 7. After
4 weeks of treatment, organs were harvested, and experiments were

performed as it will be described in the next chapters.

o | |

Day 1 Week 2 Week 4
Matched amount All groups Harvest
of food ad libitum
Day 0
4-MU diet

ad libitum

Figure 7: Schematic depiction of the 4-MU treatment setup. 8-week-old /d3”
and Wt littermates were placed on a pair feeding regimen for 2 weeks, which was
followed by 2 weeks of HFD with or without 4-MU. At the end of the treatment after
4 weeks in total, the mice were sacrificed, and tissues were harvested.

2.2 Histology and Immunohistochemistry

2.2.1 Tissue preparation

Epididymal, subcutaneous and interscapular brown AT were
removed from mice and fixed for 24 hours (h) at 4°C in Roti®-Histofix
4% (Carl Roth GmbH & Co KG, Karlsruhe, Germany). Subsequently,
they were dehydrated and embedded in paraffin. Using the rotary
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microtome RM 2255 (Leica Microsystems, Wetzlar, Germany),
embedded tissue was sliced into sections of a thickness of 5 ym and
two consecutive sections were placed on one microscope slide. All

lymph nodes were removed prior to analysis.

After drying for 1 day at room temperature (RT) and before staining,
all tissue sections were fixed on the slide for 1 h at 60°C. Afterwards,
the slides were deparaffinized as follows: three successive
incubation steps with Roticlear® (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) for 15 minutes each, followed by a 2-minute
incubation in 100%, 95% and 75% ethanol separately in that order.
Finally, the tissue sections were washed three times for 5 minutes

each time in PBS.

2.2.2 HA immunostaining

To determine the HA content of the AT, deparaffinized tissue
sections were treated with an avidin-biotin blocking system (Thermo
Fisher Scientific, Waltham, USA) according to the manufacturer's
instructions in order to block endogenous biotin structures. After that,
the sections were incubated for 1 h at RT with blocking solution to

prevent unspecific binding of the antibodies.

HA was visualized using biotinylated HA-binding protein (HABP)
(Calbiochem, San Diego, CA, USA) as first antibody and the slides
were incubated overnight at 4°C. The next day, all sections were
washed with PBS and treated with 3% H202 solution to inactivate
endogenous peroxidases. HABP was detected using a horseradish
peroxidase (HRP)-streptavidin conjugate (Sigma-Aldrich, St. Louis,
MO, USA) as a secondary antibody and 3, 3'-diaminobenzidine
tetrahydrochloride (DAB) (Thermo Fisher Scientific). The secondary
antibody was incubated for 1 h at RT. Cell nuclei were
counterstained with hemalum solution (Merck KGaA, Darmstadt,
Germany) and covered with Roti-Mount mounting medium (Roth,
Karlsruhe, Germany). Immunostaining was quantified by the ImageJ
Software (National Institutes of health, USA) and %area fraction in

ROI was normalized to 100 cells.
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2.2.3 Biglycan and decorin immunostainings

Before the tissue was stained for biglycan, a chondroitinase digestion
step was included: tissue sections were incubated with
chondroitinase (2U/100ul; Sigma Aldrich) diluted in ABC buffer for 1
h in a water bath at 37°C. The sections were then blocked with
blocking solution as described before. Bigylcan was visualized by
affinity histochemistry using biotinylated biglycan (Calbiochem, San
Diego, CA, USA) as first antibody and the slides were incubated
overnight at 4°C. The next day, biglycan was detected with goat anti-
rabbit IgG-HRP (Santa Cruz Biotechnology Inc., Heidelberg,
Germany) as a secondary antibody and DAB (Thermo Fisher
Scientific). The secondary antibody was incubated for 1 h at RT. Cell
nuclei were counterstained with hemalum and covered with Roti-
Mount mounting medium (Roth, Karlsruhe, Germany).
Immunostaining was quantified by the ImagedJ Software (National
Institutes of health, USA) and %area fraction in ROl was normalized
to 100 cells.

For decorin visualization, the same procedure as with biglycan was

followed, with biotinylated decorin being used as a first antibody.

2.2.4 Aggrecan and versican immunostainings

Aggrecan and versican were Vvisualised using fluorescent
immunohistochemistry. In the beginning of these experiments, a
heat-induced antigen retrieval step was included in order to restore
antigenicity and therefore the tissue sections were incubated in
citrate buffer (Zytomed Systems, Berlin, Germany) for 20 minutes at
98°C. After that, the sections were subjected to chondroitinase
digestion and blocked with blocking solution, as described before.
For aggrecan staining, the sections were stained with rabbit anti-
aggrecan antibody (Merck KGaA) and the slides were incubated
overnight at 4°C in a dark chamber. The next day, the sections were
stained with the secondary antibody goat anti-rabbit AF647 for 1 h at
RT in a dark chamber. The slides were finally mounted with Roti-

Mount FluorCare DAPI (Carl Roth) for nuclei staining.
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For versican visualisation, an anti-versican antibody was used
(Merck KGaA) and the same protocol was followed. Immunostaining
was quantified by the ImageJ Software (National Institutes of health,

USA) and %area fraction in ROl was normalized to 100 cells.

All buffers used for immunohistochemistry experiments are listed in
Table 1.

Table 1: Buffers and solutions for immunohistochemistry.

Buffer Composition Company
137 mM NaCl
2.7 mM KCI
PBS (pH 7.4)

1.5 mM KH2P04
8.3 mM Na;HPO,

20 mM Tris-HCI
137 mM NaCl
10% (V/V) FCS
1% (M/V) BSA

Blocking solution

3% H,0, 3% (V/V) H,0, in PBS

0.60 g Tris
1.33 g NaOAc

ABC buffer 0.30 g NaCl (pH 8.0
with HCl)

1 mg/ml BSA

Sigma-Aldrich
Merck KGaA

10% (V/V) Citrate

1x Citrate buffer (pH 6.0) buffer (10X) in H,0

Zytomed Systems

2.3 Flow cytometry

2.3.1 Isolation of stromal vascular fraction (SVF)

Epididymal stromal vascular fraction was isolated as previously

described and is depicted in Figure 832143, AT was minced with

scissors and digested with Collagenase type | (Worthington

Biochemical Company, Lakewood, NJ, USA) (1 mg/ml) in KRH buffer

containing 2.5% BSA for 45 minutes in a shaking incubator at 37°C.
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Cell suspension was then centrifuged at 400 x g for 5 minutes. The
pellet containing the SVF was treated with AKC lysis buffer to lyse
remaining red blood cells and then filtered through a 70 pm. Lysis
was stopped using FACS buffer and cells were centrifuged at 400 x g

for 5 minutes.

Adipocyte layer

3. Erythrocyte
lysis

o ﬁ# 1. Mince
@, 2. Collagenase
e }) - digestion -
: Q >, . Al
[ P SVF pellet
{ (incl. immune cells)
Adipose tissue

Figure 8: AT digestion and isolation of SVF. AT is minced with scissors and
digested with Collagenase type | for 45 minutes in a shaking incubator at 37°C.
Cell suspension is centrifuged at 400 x g for 5 minutes, treated with AKC lysis
buffer and filtered through a 70 um nylon mesh cell strainer. Lysis is stopped using
FACS buffer and cells are centrifuged again. The remaining pellet is the SVF,
which is used for flow cytometry staining. Modified from Vu et a/'44.

2.3.2 Flow cytometry staining protocol

After centrifugation, the cells in the pellet were incubated with Fc-
block (FCR-4G8, Invitrogen) diluted in FACS buffer for 10 minutes on
ice prior to staining. All cells were stained with LIVE/DEAD fixable
yellow cell staining (Invitrogen) in PBS for 30 minutes at 4°C to
determine viability and then washed with FACS buffer. Cells were
stained on ice and protected from light for 20 minutes. Antibodies
were diluted in FACS buffer. All buffers used in flow cytometry
experiments are listed in Table 2. Murine flow cytometry antibodies
were used as depicted in Table 3. Cells were run on a CyAN ADP
Analyzer (Beckman Coulter Inc., CA, USA). Data were analysed with
FlowJo Software (BD, Ashland, OR, USA) using fluorescence minus
one (FMO) controls for gate determination when appropriate.
Counting beads (CountBright™ Absolute Counting Beads, Molecular
Probes) were used for quantitation. Each immune cell was identified
by a pattern of surface epitopes alone or in combination with

intracellular proteins, as shown in Table 4.
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Table 2: Buffers used for flow cytometry experiments.

Buffer

Composition

Company

KRH buffer (pH 7.4)

130 mM Nadl,
4.7 mM KCI
1.24 mM MgSO4
2.5 mM CaCl;,

1 mM HEPES
2.5 mM KH3PO4
5 mM D-glucose
200 nM adenosine,

Digestion buffer

1 mg/mL collagenase type | in FACS

Worthington Biochemical

buffer or DMEM Company
0.15 M NH.CI
AKC lysis buffer 0.01 M KHCO3
0.1 mM EDTA in ddH,0
FACS buffer 0-1% Nals
1% BSA in PBS
Table 3: Antibodies for flow cytometric staining.
Target Working
Antigen Fluorochrome Company Clone concentration
B220 APC eF780 InVitrogen RA3-6B2 2 pug/ml
CD45 PerCP BD Biosciences 30-F11 1 pg/ml
CD19 PeCy7 Biolegend 1D3 2 pg/ml
CD5 eF450 InVitrogen 53-7.3 1 pg/ml
IgM APC Biolegend RMM-1 1 pg/ml
CD3e eF450 InVitrogen 145-2C11 1 pg/ml
F4/80 APC InVitrogen BMS8 1 pg/ml
CD206 PE Biolegend C068C2 0.5 pg/ml
CD11c eF780 eBioscience N418 2 pug/ml
LIVE/DEAD Yellow InVitrogen - 1:300
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Table 4: Marker combinations for the identification of immune cells.

Immune cell Markfer con.'n-bin?tion for
identification
Lymphocytes CD45*
B Lymphocytes CD3CD19*
B1 Lymphocytes CD19*B220
B2 Lymphocytes CD19*B220" (IgM*)
Bla Lymphocytes CD5*IgM*
B1b Lymphocytes CD5’IgM*
T Lymphocytes CD3*CD19
Macrophages F4/80*CD11b*
M1 macrophages CD206CD11c?
M2 macrophages CD206*CD11c

2.4 HA quantification in the plasma

After 4 weeks of HFD, mice were sacrificed by CO: inhalation. Blood
was collected via heart puncture of the right ventricle prior to
perfusion with PBS and was anticoagulated with 100 mM
ethylenediaminetetraacetic acid (EDTA) in isotonic sodium chloride
solution. EDTA-anticoagulated blood samples were used for the
generation of plasma: whole blood was centrifuged at 6,500 x g for 5
minutes at 4°C. The supernatant was carefully collected and placed
into a new Eppendorf tube and stored at -80°C.

HA was quantified in the plasma by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer's instructions

(Corgenix, Broomfield, CO, USA) and the measured concentration

was given in ng/ml.
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2.5 Gene expression

For gene expression analysis, AT samples were directly snap-frozen

in liquid nitrogen.

2.5.1 RNA extraction

Total RNA was isolated using the RNeasy Plus kit (Qiagen, Valencia,
CA, USA). First, the tissue was placed in 1 ml Trizol in labelled MP
BioMed Lysing Matrix Tubes (MP Biomedicals, Germany) containing
1.4 mm ceramic lysing beads. Tissue was homogenized using the
MP BioMed shaker and were shaken three times for 15 seconds at
4°C, with a 1-2 minutes cooling between shakes. Samples were then
centrifuged at 12,000 x g for 10 minutes at 4°C. For SVF RNA
isolation, the supernatant was removed carefully avoiding lipid
accumulation and was placed in a new Eppendorf tube. For
adipocyte RNA, the pink layer containing adipocytes was isolated
using a 1ml/cc syringe with a 25Ga needle and transferred to a new
Eppendorf tube. The procedure for RNA extraction was the same for
all samples. After addition of chloroform, samples were centrifuged at
maximum speed for 15 minutes at 4°C. Next, isopropyl alcohol was
added, samples were incubated for 10 minutes and centrifuged again
under same conditions. At this point, RNA was visible as a pellet.
The pellet was washed with 1 ml 70% EtOH and centrifuged. The
pellets were let to air dry for 5 minutes and then the RNA was re-
suspended in 20-30 pl of RNA secure and incubated for 10 minutes
in water bath at 55°C. The RNA concentration as well as the quality
of the RNA was determined using a NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific) by measuring the

absorption at 230 nm, 260 nm and 280 nm.

2.5.2 cDNA synthesis

1 ug of total RNA was converted to cDNA using the iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA). Total cDNA was diluted
1:10 in water and 3 pl were used for each real-time PCR reaction
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using a BioRad CFX-96 iCycler and SensiFast SYBR Supermix
(Bioline, Taunton, MA, USA).

2.5.3 Quantitative Realtime-PCR (qPCR)

To quantify gene expression, cDNA was diluted in water as needed
and combined with 0.5 mM of forward and reverse primers, suitable
for each experiment, and SYBR Green (SensiFast, BiolLine).
Semiquantitative real-time PCR was performed on a CFX96 Real-
Time System (BioRad). For comparison of relative mRNA expression
levels, results were normalized to 18S ribosomal RNA (78S rRNA)

using the 2-22€a method. Primer sequences are listed in Table 5.

Table 5: Primers used for gPCR.

Gene Symbol Primer sequence
18s ribosomal 5’- GCAATTATTCCCCATGAACG -3’
Rni8s
RNA 5’- GGCCTCACTAAACCATCCAA -3’
hyaluronan Has1 5’- TATGCTACCAAGTATACCTCG -3’
as
synthase 1 5’- TCTCGGAAGTAAGATTTGGAC -3’
hyaluronan Has2 5’- CAAAAATGGGGTGGAAAGAG -3’
as
synthase 2 5’- ACAGATGAGGCAGGGTCAAG -3’
hyaluronan Has3 5’- CTCAGTGGACTACATCCAGG -3’
as
synthase 3 5’- GACATCTCCTCCAACACCTC -3’
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2.6 HABinding Assay

2.6.1 Cryosections

Epididymal AT was isolated from Wt and /d37 mice and was
immediately placed in plastic Cryomolds (Tissue-Tek, Sakura, The
Netherlands), where it was covered with O.C.T. compound (Tissue-
Tek, Sakura). Samples were kept at -80°C and then sliced into
cryosections of a thickness of 14 ym using a CM3050 S cryostat

(Leica).

2.6.2 B2 cell isolation

Wt animals were sacrificed by CO2 and spleens were removed and
placed in 10ml cold DMEM containing DNase. The spleens were
homogenized with the rubber tip of an 1ml syringe plunger and
passed through a 100um cell strainer. The cell suspension
containing splenocytes was centrifuged at 300 x g for 5 minutes at
4°C and cells were re-suspended in AKC lysis buffer. After one more
centrifugation, the pellet was re-suspended in PEB (500 ml PBS, 2.5
g BSA, 2 ml 0.5 EDTA) and 50ul of CD43 (Ly-48) MicroBeads
(Miltenyi Biotec, Germany) were added, as per the manufacturer’s
instructions. CD43 is an antigen expressed in almost all leukocytes,
which were magnetically labelled, except from resting B2 cells, which
stayed untouched and were collected in the column effluent. For the
separation, a magnetic station and LS columns (Miltenyi Biotec) were
used. The isolated B2 cells were then labelled with Calcein-AM (1
nM; Calbiochem) in RPMI (Thermo Fisher Scientific) without FBS
and washed three times with RPMI containing 10% FBS for 30

minutes at RT.

2.6.3 HA binding assay

Epididymal AT cryosections were treated with or without
hyaluronidase from Streptomyces hyalurolyticus (2 U/ml; Sigma-
Aldrich) for 45-60 minutes in water bath at 37°C. Calcein-labelled B2
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cells were added on the cryosections at a density of 5x10° cells/ml
for 30 minutes at RT, while being shaken at 70 rpm in a
Thermoshake Incubator Shaker (C. Gerhardt GmbH & Co,
Germany). The slides were finally mounted with Roti-Mount
FluorCare DAPI (Carl Roth) for nuclei staining. Counting of cells
adherent on the tissue (B2 cells double positive for Calcein and
DAPI) was performed manually using ZEN 3.0 (Carl Zeiss
Microscopy GmbH, Germany). Results were expressed as

percentage of the adherent cells on non-digested Wt epididymal AT.

2.7 B2 lymphocyte binding to vascular smooth
muscle cells (VSMCs)

B2 lymphocyte binding assays were performed using a modified
published protocol and as described before'45. Briefly, aortic
VSMCs isolated from Wt and /d37 mice were seeded in 96-well
plates at a density of 10,000 cells/well in DMEM/F12 (Thermo Fisher
Scientific) supplemented with 10% FBS and 1%
penicillin/streptomycin for 24 h. Cells were treated with or without
hyaluronidase from Streptomyces hyalurolyticus (2 U/m; Sigma-
Aldrich) for 1 h at 37°C. B2 cells from spleens of Wt mice were
isolated using CD43 (Ly-48) MicroBeads (Miltenyi BioTec), labelled
for 30 minutes at room temperature with Calcein-AM (1 nM;
Calbiochem) and added to VSMC monolayers at a density of 1-3x10°
cells/well. After 90 minutes of incubation at 4°C, cells were washed
with ice-cold PBS and fluorescence intensity was measured on a
microplate reader (Synergy HT, BioTek; extinction 485 nm, emission
535 nm). Cells were photographed using a Nikon Diaphot 300

fluorescent microscope and Excelis HD camera.
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2.8 Human studies

All samples included in the human studies were collected prior to the
beginning of the present study at the University of Virginia. Design of
the following studies and collection of the samples was performed

solely by members of the McNamara Lab.

2.8.1 14180 Study Design

Subjects were recruited through the Bariatric Surgery Clinic at the
University of Virginia. All patients were 218 years of age and obese,
with a BMI around 50 kg/m? and provided informed written consent.
Omental AT was collected from the patients during surgery. One part
of the tissue was snap-frozen in liquid nitrogen and used later to
extract DNA in order to perform gene expression analysis by qPCR,
as described for the murine studies. The primer sequences are
shown in Table 6. The rest of the tissue was processed and
embedded in paraffin in order to be used for immunohistochemistry.

Experiments were performed as discussed in Section 2.2.

The study was approved by the human IRB Committee at the
University of Virginia with IRB #14180. All procedures were in accord

with the declaration of Helsinki.

Table 6: Primers used for gPCR in human samples.

Gene Symbol Primer sequence
5’- GCAATTATTCCCCATGAACG -3’
. RNA, 185 RNA18SN5
ribosomal N5 5’- GGCCTCACTAAACCATCCAA -3’
hyaluronan HAST 5’- TCGGAGATTCGGTGGACTA -3’
synthase 1 5’- AGGAGTCCAGAGGGTTAAGGA -3’
hyaluronan HAS2 5’- GTGGATTATGTACAGGTTTGTGA -3’
synthase 2 5’- TCCAACCATGGGATCTTCTT -3’
hyaluronan 5'- CCTTCCCCTACCCAGAGC -3
synthase 3 HAS3v1
. 5’- GAACTGGTAGCCCGTCACAT -3’
(version 1)
hyaluronan 5’- TGAGCTCCGGAGCGCGGC -3’
synthase 3 HAS3v2
. 5’- GAACTGGTAGCCCGTCACAT -3’
(version 2)
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2.8.2 15328 Study Design

Subjects were recruited from the Cardiac Catheterization Laboratory
at the University of Virginia. All patients were 218 years of age and
provided informed written consent. Blood was collected from the
patients and plasma was isolated in order to quantify HA in the
plasma, as described for our murine samples. The samples were a
mixture of patients that underwent a medically necessary
intravascular  ultrasound (IVUS) or quantitative coronary
arteriography (QCA), in accordance with the standards of the
American College of Cardiology. Analysis was performed with
adjustment for age, gender, ethnicity, diabetes, smoking, and

hypertension.

The study was approved by the human IRB Committee at the
University of Virginia with IRB #15328. All methodology was

compliant with the principles set forth in the Declaration of Helsinki.

2.8.3 Genotyping

Genotyping of the samples was performed by members of the
McNamara lab at UVa. Participants recruited in Cohorts 14180 and
15328 were genotyped as described previously'?+127  Briefly,
genotyping was performed using the Affymetrix Human SNP array
6.0 (~1 million SNPs). Regarding genotype quality control, data were
filtered on SNP level call rate < 95%, individual level call rate < 95%,

heterozygosity > 53%, and all monomorphic SNPs were removed'?’.

2.9 Statistics

Statistical evaluation was performed using the GraphPad Prism
Software Version 8.0 (GraphPad Software, La Jolla, CA, USA). All
data are presented as mean = SD. Statistical analysis was performed
by unpaired t test or Ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test. If the f-test, which compares variances
between two groups, was significant, the nonparametric, unpaired,

two-tailed Mann-Whitney test was performed. Shapiro-Wilk test was
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used to check normality. p<0.05 was considered statistically

significant.
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3. Results

3.1 Effect of the HFD on /d3-KO mice body and
adipose tissue weight

Male /d37 mice and Wt littermate controls were fed either a HFD
containing 60% kcal from fat or standard laboratory diet, starting at 8
weeks of age. The body weight of both groups was increased after
HFD compared to standard-diet-fed mice. However, no differences in
the body weight were observed due to deficiency of /d3 between the
littermates (Figure 9). These results are consistent with previous
studies showing a limited increase of the body weight of /d37 mice
only after 16 weeks of HFD132.146,

4 weeks 4 weeks
standard diet HFD

Body weight [g]
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Body weight [g]
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Figure 9: The body weight was similar between HFD-fed /d3” and Wt
littermates. Absence of /d3 did not affect the body weight of the mice either after 4
weeks of standard laboratory diet or after 4 weeks of HFD. HFD induced an
increase in the body weight of both genotypes; n=5,10. Data represent mean + SD.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

At the end of the diet, AT depots were harvested, and the weights
were compared. Absence of /d3 did not affect the AT depot weights
of the mice after 4 weeks of standard laboratory diet, whereas HFD-
fed mice from both genotypes demonstrated increased AT weight.
Id37- mice had significantly smaller epididymal AT depots compared
to Wt littermates in response to HFD. This effect was only seen in the

epididymal AT weight, as there was no difference in the weight of

40



Results

subcutaneous fat, which was increased only in response to HFD and

not due to /d3 deficiency, nor of brown AT (Figure 10).
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Figure 10: /d3 deficiency affected the AT weight of the mice. A-B. Epididymal
and subcutaneous AT weight was not different between /d37 and Wt littermates
after 4 weeks of standard laboratory diet. HFD induced an increase in epididymal
and subcutaneous AT depot weights for both groups, but /d3 mice displayed
significantly smaller epididymal AT depots; n=5. C. Brown adipose tissue (BAT)
weight was not different between /d37” mice and Wt littermate controls after 4
weeks of feeding HFD; n=6. Data represent mean = SD; *p<0.05; **p<0.01;
***p<0.001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Mice lacking /d3 also had a lower ratio of epididymal to
subcutaneous AT depot weight, indicating again limited expansion of

visceral but not subcutaneous depots (Figure 11).
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Figure 11: Ratio of epididymal AT to subcutaneous AT depot weight. The ratio
of epididymal to subcutaneous AT depot demonstrated reduced expansion of only
the visceral AT depot of /d37 mice; n=9, 10; unpaired t test. Data represent mean +
SD; ****p<0.0001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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Glucose tolerance tests were performed for both genotypes after 4
weeks of HFD, showing no alterations in glucose levels between the

two groups (Figure 12).
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Figure 12: Glucose tolerance was not altered in Id3” mice. Glucose tolerance
test (GTT) was performed after 4 weeks of HFD in /d3” mice and Wt littermate
controls. No differences were seen between the two groups; n=6,7. Data represent
mean + SD.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

3.2 Immune cell composition of Id3-KO mice after 4
weeks of HFD

Studies have shown that active immune cell trafficking takes place in
the AT during the onset of diet-induced obesity'#’. Therefore, we
then analysed the effect of absence of /d3 on the immune cell
populations of the AT after 4 weeks of HFD. Using the SVF isolated
from epididymal AT, we performed flow cytometry analysis. We
observed an increase in the B cell population in the AT of /d37 mice
compared to littermate controls, whereas the T cell population and
the number of total macrophages were not different (Figure 13A-C).
The composition of the different subsets of B cells in the AT was then
examined. B2 cell population was significantly increased in
epididymal AT of HFD-fed /d37 mice while there was no difference in
the B1a and B1b B cell populations (Figure 13D-F) as well as in the
numbers of M1 and M2 macrophages (Figure 13G and H).
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Figure 13: Id3-deficient mice had increased B2 cells in AT. A-C. Flow
cytometric analysis revealed an increase in B cell population of epididymal AT, but
not in T cells or total macrophages; n=4-10; Mann-Whitney test. D-E. B2 cell
population was elevated in the AT of /d3 mice compared to Wt littermates; n=4-
10; Mann-Whitney test. G-H. Numbers of M1 and M2 macrophages in epididymal
AT were similar between /d37 and Wt mice after 4 weeks of HFD; n=4-5. All cell
populations are expressed as cell number per epididymal AT depot. Data represent
mean * SD; *p<0.05; ****p<0.0001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Total B cell population, including B1 and B2 cells, was also increased
in the AT of /d3” mice under standard laboratory diet, while T cells
and total macrophages remained unchanged (Figure 14A-C). More
specifically about the different B cell subsets, B1 and not B2 cells
were increased in /d37 mice under standard diet confirming previous
findings'3"-138 (Figure 14D and E). M1 and M2 macrophages did not
show any differences between the two genotypes (Figure 14F and
G).
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Figure 14: Standard diet-fed /d3” mice did not demonstrate differences in
immune cell populations in the AT. A-C. Flow cytometric analysis showed an
increase in the B cell population in epididymal AT of /d3 mice fed a standard diet,
but not in T cells or total macrophages; n=5; unpaired t test. D-E. There was no
increase in B2 cell population, while B1 cells were increased in the AT of standard
diet-fed /d37” mice compared to Wt littermates; n=5; Mann-Whitney test. F-G.
Numbers of M1 and M2 macrophages in epididymal AT were similar between /d37
and Wt mice fed a standard diet; n=4-5. All cell populations are expressed as cell
number per epididymal AT depot. Data represent mean £ SD; *p<0.05.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Flow cytometric analysis was performed in order to investigate the
immune cell composition of subcutaneous AT after 4 weeks of HFD.
Results showed that /d37-mice had a significant increase in the B cell
population in this AT depot, but the number of T cells and
macrophages remained the same (Figure 15A-C). After careful
analysis of the different B cell subsets, it was demonstrated that in
the subcutaneous AT of HFD-fed /d3* mice there was an increase in
the B1 population but not in the B2, meaning there was the opposite
effect of the epididymal AT that we observed before (Figure 15D and
E). Numbers of M1 and M2 macrophages remained the same
(Figure 15F and G).
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Figure 15: Id3-deficient mice had increased B1 cell population in
subcutaneous AT. A-C. Flow cytometry analysis showed that in in the
subcutaneous AT of HFD-fed /d3” mice there was an increase in the B cells
population, but not in the number of the T cells or macrophages. D-E. B1 and not
B2 cells were increased in the subcutaneous AT of /d3” mice compared to Wt
littermates; n=4-10; Mann-Whitney test. F-G. There was no difference in the
population of M1 and M2 macrophages. All cell populations are expressed as cell
number per subcutaneous AT depot. Data represent mean + SD; *p<0.05.

Gating schemes for the analysis of the immune cells in the AT depots

are displayed in the Appendix.

3.3 Effect of Id3 and HFD on inflammatory cytokine
production

To further specify the inflammatory status of the HFD-fed /d3-
deficient mice, which was evident by the increase of the B2 cell
population, the expression of the pro-inflammatory cytokines Ifng, 116
and Tnfa was examined. SVF from AT was used for RNA isolation

and qPCR analysis was performed. Our data showed that /fng mRNA
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expression was increased in /d37- mice under HFD, while there were

no changes in the mRNA expression of Tnfa and //6 (Figure 16).
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Figure 16: Id3-deficient mice expressed higher amounts of I/fng. mRNA
analysis of epididymal AT from /d37 mice after 4 weeks on HFD revealed an
upregulation in the expression of the pro-inflammatory cytokine Ifng, whereas the
expression of /6 and Tnfa were not affected; n=6; unpaired t test. Data represent
mean = SD; *p<0.05.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

3.4 Effect of Id3 deficiency on HA in response to
HFD

3.4.1 Id3-deficient mice have elevated HA levels in
epididymal AT and in circulation

To determine whether /d3 can affect the AT HA content, we
performed immunohistochemistry ~ using epididymal and
subcutaneous AT paraffin sections. The results of this experiment
revealed higher amounts of HA in epididymal AT of HFD-fed /d3*
mice compared to Wt littermates. This effect was not seen in the

subcutaneous AT (Figure 17).
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Figure 17: Id3-deficient mice had elevated HA levels in epididymal AT. A-B.
Quantification of the area fraction of HA per 100 adipocytes showed increased HA
content in the epididymal AT of HFD- /d3” mice, but not in the subcutaneous AT,
compared with Wt littermate controls; n=4, 5; unpaired t test. Representative
images of Wt and /d37 epididymal and subcutaneous AT stained with hyaluronan
binding protein after 4 weeks of HFD are displayed. Scale bar: 200um. Data
represent mean + SD; **p<0.01.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Serum levels of HA are also important when evaluating metabolic
function, as discussed before. Therefore, plasma was isolated from
Id37 and Wt mice and HA was measured by ELISA. Analysis showed
that plasma levels of HA were significantly increased in /d37 mice
(Figure 18).
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Figure 18: Id3-deficient mice had increased serum HA levels. Circulating HA
was determined in plasma samples of /d37 and Wt mice and revealed elevated HA
levels in Id3” mice; n = 5, 8. Data represent mean + SD; *p<0.05.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

3.4.2 Impact of Id3 deficiency on Has mRNA
expression

Next, mRNA expression of the Has isoenzymes was evaluated. Has2
MRNA expression was significantly elevated in whole epididymal AT
of 1d37 mice. Has3 mRNA expression was also increased in the AT
of 1d37 mice, although not as greatly as Has2. Has?1 mRNA

expression was not detectable in epididymal AT (Figure 19).
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Figure 19: Id3-deficient mice showed increased mRNA expression of Has2
isoenzyme in epididymal AT. mRNA expression of the three Has isoenzymes
(Has-1, -2, -3) was measured in epididymal AT of /d37- and Wt mice after 4 weeks
on HFD. Has2 and Has3 mRNA levels were increased and Has7 expression was
not detected. Results are normalized to 18s; n=5-6; Mann-Whitney test; unpaired ¢t
test. Data represent mean * SD; **p<0.01; ***p<0.001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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As mentioned before, AT contains various cells, such as
preadipocytes, fibroblasts, endothelial cells, SMCs and several
immune cells’™. mRNA expression of the Has isoenzymes was
evaluated in order to examine whether these genes are expressed
differentially in the cells present in AT. No difference in the mRNA
levels of the Has enzymes between isolated SVF from /d37 and Wt

mice was observed (Figure 20).
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Figure 20: Id3-deficient mice did not demonstrate different Has mRNA
expression in the SVF. mRNA expression of the three HA synthase isoenzymes
(Has1, -2, -3) was measured in SVF isolated from the epididymal AT of /d3 and
Wt mice fed a HFD for 4 weeks. Expression levels were not different between the
experimental groups. Results are normalized to 18s; n=6. Data represent mean +
SD.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Next, Has mRNA expression was assessed in isolated adipocytes.
Has2 mRNA levels were similar between the two groups, whereas
Has3 was upregulated in adipocytes of /d37 mice after 4 weeks of

feeding a HFD. Has1 expression was not detected (Figure 21).
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Figure 21: Id3-deficient mice had increased Has3 expression in adipocytes.
mRNA expression of HAS isoenzymes (Has-1, -2, -3) was measured in isolated
adipocytes from the epididymal AT of /d3 and Wt mice after 4 weeks of HFD.
Has1 expression was not detected and no significant difference in the mRNA levels
of Has2 was observed. Has3 mMRNA expression was increased in the /d37 mice.
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Results are normalized to 18s; n=4-7; Mann-Whitney test. Data represent mean +
SD; *p<0.05.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

Purified cultured VSCMs from aortas of HFD-fed Wt and /d3”
littermates were used to examine Has expression in this cell type.
Expression of Has2 was significantly increased in /d3” VSCMs
compared to Wt cells. Has? was also upregulated, although not as
highly. Surprisingly, Has3 mRNA levels were decreased in [d3"
VSMCs (Figure 22).
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Figure 22. Increased expression of HAS isoenzymes in VSMCs isolated from
Id3-deficient mice. mMRNA expression of HAS isoenzymes (Has-1, -2, -3) was
measured in cultured aortic VSMCs from /d3” and Wt mice after 4 weeks of HFD.
Has1 and Has2 mRNA levels were increased in VSMCs from /d37 mice, while
Has3 expression was decreased. Results are normalized to 18s; n=6; Mann-
Whitney test. Data represent mean + SD; *p<0.05; **p<0.01; ****p<0.0001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

3.5 Functional effect of increased HA in HFD-fed /d3"
” mice

The HA binding assay was used in order to characterize a functional
effect of the elevated HA content in the epididymal AT of HFD-fed
Id37 mice. Accumulation of HA in the AT of HFD-fed /d3*- mice led to
a bigger number of adherent B2 cells on the AT of these mice, while
fewer cells attached in the AT of Wt littermates. After treatment of the
tissue with hyaluronidase and thus digestion of the endogenous HA,
significantly fewer B2 cells adhered to the AT of /d37 mice was

decreased to baseline levels (Figure 23).
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Figure 23: HA promotes B2 cell adhesion in AT of Id3” mice. A-B.
accumulation of HA in the epididymal AT of /d3- mice led to increased adhesion of
isolated Calcein-labelled Wt splenic B2 cells in the AT, compared with AT that had
been treated with hyaluronidase (plus) prior to the addition of the cells; n=7. Data
represent mean + SD; *p<0.05; **p<0.01.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

3.6 HA promotes B2 cell adhesion in cultured
VSMCs of Id3”" mice

Next, VSMCs were isolated from the aortas of Wt and /d37- mice and
were co-incubated with Calcein-stained B2 cells. This experiment
aimed to examine whether HA promotes B2 cell binding to a specific
cell type found in the AT. Markedly more immune cells attached to
Id37- SMCs, compared to Wt SMC cultures. The observed effect was
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completely blunted when the cells were treated with hyaluronidase

before the co- incubation with the B2 cells (Figure 24).
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Figure 24: HA promotes B2 cell adhesion in cultured VSMCs of Id3” mice. A-
B. Increased adhesion of Calcein-labelled Wt splenic B2 cells to /d37 aortic
VSMCs was blunted after incubation with hyaluronidase (plus). Data are the result
of 3 independent experiments. Data represent mean = SD; ****p<0.0001.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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3.7 Effect of Id3-deficiency on other ECM
components

In the next series of experiments, we sought to determine whether
1d3 deficiency had an effect on other components of the ECM other
than HA. For this purpose, we first examined the presence of E-box
elements in the promoter regions of the murine genes of biglycan,
decorin, versican and aggrecan since it is well known so far that
bHLH factors bind specifically to them, regulating transcription. The
sequence information for the first 2000 bases of the promoter regions
of the genes of interest were retrieved using the BioMart tool from the
Ensebl project’®. Afterwards, immunohistochemistry was performed
using epididymal and subcutaneous AT paraffin sections, as

described before.

3.7.1 Effect on Biglycan

The promoter of the Bgn gene contains 11 E-box elements
(CANNTG) in the first 2000bp of the promoter, which are depicted in
Figure 25.

CTGGGGCAGTGGGTATATATTTTGTGAGTTTTCATCCTTAAAATAAAAGCCTTGGCTAGGTATGGTGC
TTTGTGCTTCTAATTCCAGCACCCAGGAGGTGGAGGCAAAAGAATCAAGAGTTTAAGGTCATTCTGGA
CTATACAGCAAATCTGAGGTCTGCATGGGGTACAAGAAACCCTATCTCAAAAATCAAAGCAAAAGGAA
AGAGTTATTGAAATATACTTGTTGAGTATAGTAAAGGCTCACTCTTTTGTAATCTCAGCATAGACAGA
TGAAAATTCTCACCATGAATTCAAGGATATCTAGTGGAACTTTATCTCAAAAATAGAAAGAAAAAAAA
AGAGAAGAGATGAAAGATATATAAAATACAAGGCATACAGTTTAAATGAACTATTCAGCAGTTTTCAC
TTAGTATGTTCAGAGCAGTTTCATTGTTTCAAACTGAAGACTCAGAACTGATGAGATGCTGTTTCTTT
CTGTTTCATTCTGGAAATCTCACATGAACAGGCCAGACATAATGTGGCCTTTTGCCACTGGCTGCACT
CACCAAGCAGAATATTCCATATGTGCCTTGGACCTGCTGTAATTCCAGCACTCAGGGGGCAGAGACAT
GAGGATCTGGAGTTCAAGAGCAACTTCACTTACATAGTGAGTTGAAGGCCAGATGGGGCTACATAAGA
TCCTATAAATACATACATACATACATACACACACACACACACACACACACACACACACACACACACAC
ACATGAGCAGACAAAAACCAGCAGCCTGAGAAGCCTGAGTGCTCCCTAGTCTCCTGGTCTGGACCATG
GAATCCAAAGGCATCCACCGGCTCCCAACCCATATCCTGCTTCTCCCAATTTTCTCCTCTCTGCAGCC
AGAAGAGACTGCTCTTGAAGGAAAGTTCGACACTGATTCTGGCTCCAAGCAAAATTCTACTGGAGATT
CTGTCCTCAACTGAGAACATGCAGTGAACTTCACCTTGCCCTCTATCCAGTGGGCCTCTGCCTCAGCC
CCTCACCTGAACTTTCTTTGTTTGCCCTTCCTTACACTTGGTCCCTGGTTTCATCTTTAGATTTCAGT
GTGGCTCCCCAATTTAGTCTCTCCCACCATCTAAGGGCTCACCTTTACATCTTGGAAGCTGCCCTGGA
AAAGGAGAGGTAGGACATCACTGGACAGGTAAATGCTACACTAGGGACCATGTCTCATTTGGACCCTC
AAGAAGCAGTTGAGGTTTGGCAGCCTAGCCCTGTTAGGTCCTGAAATTGAAGGAAGGAAATGCTCATA
AGAGAGACCATGGTTACTGCATCCTGGCCGGCCAGTAGGGGTTGAGCAAGAAGATAAGGAGCTTGTTT
CTCTCCTCCAAATCAGCTTTGCCAACTTCTCAAAGGCTTCAGGGATGTGAGCCAAGAAGGCCTGCAGA
AACTTGGGGTGGGGGTGGGGGGCARATGCCTCGTTTTAAAGGAGGAAAGGAAGGAGAAGAGGAAAGGC
TAACAGAGCCAGTGGGATCCTGGATCAAGCCCTTCCAGAAGCCTACCATCCTCTACATCTATAATCCC
CAAAGTGCCCCTGGCTTCAGACTTAAGTTCTGGGTAGCCATCAGGTTACCTTTCCTCATCTTCCTCTC
ACTTTCTTCTGCCTAGCCCCACAACAGCAAGCACCTCAGTGTCCCCTTTTGGATAGTGGAAAGTTTGA
CTCTGTGAGACTGTCTGCCCAAAGACACCAAGGGTCTGTCCCTAAGTAAGTGAATGTGTGTTCTTTCA
AACTATGCTTGAGGCAGGGGCCAGGGTGGGGGGCGTGAGGGGGAGGGGTGCCACATAGACCAGCCGTC
TACAAGAAAATTGCTTCCTTTGAAGCTGCCAGGGGGGGCAGGAAGCCTGCCCCCTCCCTCCCAGCTGC
CCTTCCTCCCCCCTTTTCTCCCTCTCTGCTCCACTAGCCCCCTCCCTTCTTGTCTCCCTCTCCGCCCC
GTCCCCTCCCTGTCGGCCCGCCCGCCCA

Figure 25: lllustration of the E-box elements in the promoter of Bgn. The first
2000 bases of the 5’flanking sequence of the Bgn gene contain 11 E-box elements
(shown highlighted). The data were retrieved using the Biomart tool3°,
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Quantification of immunostaining showed that higher amounts of
biglycan were accumulated in subcutaneous AT of HFD-fed /d3"
mice compared to control littermates. This effect was not seen in the
epididymal AT (Figure 26).
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Figure 26: Id3-deficient mice have elevated biglycan content in the
subcutaneous AT. A-B. Quantification of the area fraction of biglycan per 100
adipocytes showed increased biglycan content in /d37 subcutaneous AT and no
difference in epididymal AT compared with Wt littermate controls; n=4, 5; unpaired
t test. Representative images of Wt and /d37 epididymal and subcutaneous AT
stating for biglycan after 4 weeks of HFD are displayed. Scale bar: 200pum. Data
represent mean x SD; **p<0.01.
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3.7.2 Effect on Decorin

The promoter of the Dcn gene contains 8 E-box elements (CANNTG)
in the first 2000bp of the promoter which are depicted in Figure 27.

AACAGTAACTCTTCCTGTGTGTGTGCTCATTCTCCTTATGATGAAGCACAGCTATGTAACCTGGATTC
AGAATTAGAATCTCTGGGAGCTGCCTTGTGCTTTGGGTCTTACTTAGCTTCATGGGCAGGGAGAGGTC
ACTGGTTCTCAATTTTTATATTTTCAAAACAGGAGGAGCAACTCTTCTTGGCTAGTTCAATTGTAAAC
TATATAACACACCAGAAAATAATGGAAAGTAATATTTATGGCGCACTTATACTGAAAGTAAGTTGAAA
TAAATTTGTTCTATACATTGTCTGCTTTCAAGCTCCATCTAAGACTAACCACTGAGTTACGTTTTCTA
TGTATTCCACAGGTGCAGAGACTGAAGCTTGGGGAGGTTAGGGGAGTTGCTTTAATTCCTAAACCTGT
CATCAAAGGGAAGAACCCAGATATGAACTTTAAACCTAACAGCCCCACCAGTAAAAATTCAAACTAAT
TTATATGCATCTTTTGTTTCCTCTTGCCAACTTTATTCTACTTTTCTTTCCTATTTCTTTGCTTTCAT
CTCCTGTCTTATTCTACATTAGGCAATGACTGCTGCCACAATTTGTCCTGACTCACTAGAGTGAAGTT
CAGTGTTGCTAAGAAACAAATCATCGATTAAGAAAGACAATGACTATAGTAACTGTGTTAGAGGGACT
ATGTGTGTTTTCTGGGAGTGAGGCAATGAGCAAGGAGTTATCGCATGTCAGAAGAAACTTATAAATAC
AAGCAACATTCAGAGGAGAAAGTCAATTAGTGCCAGAAGAAAGGGCATGTTCCTTACACCAATGTCAG
CGAACACTTGGACTCAACAGAATCACTCAGCATGCTTCGACTCTGCAAGAATGGAGTGTGTGGAGGGA
GAGGTTAAAAGACAGGCAGTTAGACTTGGGAAAGAAGTCAAAATAAGTCTAGCTACATCCTCCCCCTC
CCTCAGATTCCCTCTCAAGAATTTAATTCCTTCCAGCTCCATAAAAATAAAAAAATATTTCCTGTCAA
AGCATGCACTTAGGTGGGTAAAGGAAGGATAGGGGGAATCTCCTCCTTTTTCATAGATGGTGGCTTCA
AGTCCCCACCTGATCAGAGCCTGGAGGCCTGAGCAGAAAAATGCGAGTCAGAACCTGGGAAGGCAAAC
AGAGCAACCCACAGCATCCAGAGATGGAATTATAAAATCTCCAAAAACTTTCTTCACTGCCTGAATAA
ACATGTTACTCAATTTGCACTTTCTTCTCCTCCCCCTGCCTATTTACTGAAATTTAAAAAGAGCCACA
GAAAGTCCTAATTACATAAGGGACCCATCTATAAAAATTATTATTTTTTTCTTTACTTACAAACTAAA
TCTTATTGTAATCAGTGTCTAGTTTCTATGTGTTTTATTCAACAACAGCAGCAAAGAATAGACAGTAA
GGAAGTTTTTGAAGCCGTAGGTAATGAAAATAATAAACAACATATTTTCCAGATTAAATTCTGGCTTT
GTCCCAGAACACCATAGAAATGCATTCAAAATGCACAGAGAACTCCAGAGCACTTGAACTTCAGAGCC
CAGGAGTAATTCTATGGAAGTCTAATTAGTCTTCTCTGCAGACCACATTTAAAAAAGCTTTAGGATTA
ATGCCATTCCATTTTCCAGACCCACACATCTCCAAAGCAAGGGGGAAAAAAGTCATTTCAGAAGGATA
ATAAATACTACTTACAAACAAGACTGGAAAGGGTGGAGACTGGAATGGGGTTGGGGGTGGGGAGACAA
ATTCTTCAGTTACAATCTTTTAGAAAAAAAARAAAAAGACAAATTTCAAATCAAGTTGCTCCACTAGA
CTACAAAAGCAGTTTGGAATGCTGGGCGGATGCAAAGGGATAAAGCARATGTGGAGGGGGAGGGAGAA
GGGGGCCGATAAAGTTTCTGGCTACAATACAAGAGACGTATCATTACCATATGATCTAATGTGGGTGT
CAGCTGGATGCGCTCACGCAGTGAAACC

Figure 27: lllustration of the E-box elements in the promoter of Dcn. The first
2000 bases of the 5’flanking sequence of the Dcn gene contain 8 E-box elements
(shown highlighted). The data were retrieved using the Biomart tool3°,

Quantification of immunohistochemistry showed that higher amounts
of decorin were accumulated in subcutaneous AT of HFD-fed /d37
mice compared to control littermates. This effect was not seen in the
epididymal AT (Figure 28).
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Figure 28: Id3-deficient mice have elevated decorin levels in the
subcutaneous AT. A-B. Quantification of the area fraction of decorin per 100
adipocytes showed increased decorin content in /d37 subcutaneous AT and no
difference in epididymal AT; n=4, 5; unpaired f test. Representative images of Wt
and /d37 epididymal and subcutaneous AT stating for decorin after 4 weeks of
HFD are displayed. Scale bar: 200um. Data represent mean + SD; **p<0.01.
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3.7.3 Effect on Aggrecan

The promoter of the Acan gene contains 7 E-box elements
(CANNTG) which are depicted in Figure 29.

TGGGGTCACGAGGCATCAGGCATATACAAAATGGCTGCTGTCTGTTCGTTAAAACTACTCGATGATCA
GTAACCATCTGTTTCCTTATTTACAAAGATGAATTACCTATTGAATATTTGTCTTTGACTTGAATTGC
TCTTCATCAATCCAAGGCCCTCCGGGATATACGTCAAATATGATGCCACTTTGCAGACAAGGACAGTC
CGTGGTCACCCAGAGCGTGACTTGAGAAATGCTTTAGACTTTAAGAGACTAGTGTTTCCTAAGAAAAT
GTTTTTTAGTTTAATTTTTTAACAAAGAGATTGATGTTTCTAGAAAATAACTCATAAGATTCCACTCT
ATTCTTCTAAAAAGCAAACACACTAGCCTCTGAGCAGCGCTGACTACCATTGAAATGTGCTGACTGTG
ACCCAGAGCAGCCAATATACAGGTGGGAAAGAAGGCAGGCCACCCAACAGAACACCTGAGCCACAGCC
CACCCTGGGCTTCACCCCCTGTACAAGAAAGAAACAGTCAAAGAATGCTCTGGGCCAGGGCCAGTCCC
AAAGACCACTAGCCAGTGAGGTATGCACACAATTCCAGCATAGTCAACCTGGGGAAACTGAGGCACAT
CACTTCTGACCTCTCATCAAGAAAAAACTTGGTCGGTTCTCTCTGTAGTCTGCAAAGAACCCACTTCT
TGCCCAGTGAGAGATTCGGGAGATTTCCACTGCACTGCCTGAGGCCACTGTGCTTTAATGAGAAGAAC
ACCCGCTTCCTCTCAAGGCCAGCAGCGGTCTGAATCCCCAGCCCCCAAACACACTGCAGCTTGCCCAG
CTAGCTGCTCCTGTGAGGGGTGACCTTGACTTGAAGTTAGCCCCAACTTGCTGGACAACTCCACCACT
TTCTGAGCCCCATGGTATATGTGAGCATTGTTGGGAGGTGAGAGGTAGTGTTGTAATATTTAACTTAT
TGGACTCGTTAGAGAAATTAAAATCACTGTATGCTGCAACTAGCTTATAGAAGGGATCCAAAGACTCT
TAGATTTTTCTTTTTCCGGGAAACAAATTTATTAAAGAGTGTTGTAGAGGCCAGGCCGTAGCGAATTC
CTGCTTGAGATGTCCTTGGTCTATGTTGCGTTTTGAAGACACCCCTCCCCGCGCCCTCAGCCTTGTGC
CTTGTGCCTCTGTAGCTGCCTCATCTCCTCTCTCCGCCCTTGCGTCTCGGGGTACCCCACCCCCAAAA
CTTTCCAACAGTGTTCTATGAAGATTCTTTCAAATCGCATTCCCAGAGTAGGGGGTCGTCCTGTGCGA
TGGCATCTTTCTGGGTATCAGCTGCAAATCGCATCCCGATACCAGGGAAACACCCCGACCCCAACCCC
AGCACCGGACTGCTACCCTGACAGCAGGAGCCGGGTGCCTTCGGCACTCTGCGGGCGCAGCCCTCCGG
GGCCGCCTGGACTGCGGAGCTGCCGACCGCAATGCAGACGCGGGCCCTCCAGTGCTGCCCGCACAGCT
TTCCTCCGCGGCCCCAGGAGCTGCGGGGTCCGCGCTCCTCTCGTGCCCTGCGCGCCCGGAGCCTTCCC
CAGCTGAGCGCGGTCCCCAGCCCGGGTCCTGCGCGCTCCGGACGTTTCTGCCTTCCCCTCCCCCCGCA
GATTGGCCCCGGGGGTGGGGTTTCCCTGTGCGCTCGCCCCCACCCCTCGTGTGTGCCCTCCCCTCCCC
CGCCCGCCCCTATGTATGTGTCACCGCGCACCATTCCCGCCCACCTACCTCCCCGCGGTGCCAGAGGG
GCTCACAGAGCTGAGGACGCGTGCGGAACGGCTCAAGGTCCCTCACTCTCTCTCCGCATCCTCGCCGG
CTAGCATCTGACGCAGGTGCCGAGGGAGTTCGGGCACCTTTCTGTGTCCCTTCCCTTCATCGACCCTG
CTCCGAAACCTAGTCAGCCAGCCACCACTGCGGCCACCGCCCGAGGGGACTTGCGGAGAAGACGCCGG
CGGGAGAAGGGGTTCGCAGGGCCCCCCC

Figure 29: lllustration of the E-box elements in the promoter of Acan. The first
2000 bases of the 5'flanking sequence of the Acan gene contain 7 E-box elements
(shown highlighted). The data were retrieved using the Biomart tool3°,

Quantification of immunohistochemistry showed no differences in the
amounts of aggrecan between HFD-fed Wt and /d37 mice in the

epididymal nor subcutaneous AT (Figure 30).
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Figure 30: No differences were observed in the levels of aggrecan in the AT.
A-B. Quantification of the area fraction of aggrecan per 100 adipocytes showed no
differences in the aggrecan content of the Wt and /d3” epididymal and
subcutaneous AT; n=4, 5. Representative images of Wt and /d3” epididymal and
subcutaneous AT stating with anti-aggrecan after 4 weeks of HFD are displayed.
Scale bar: 200um. Data represent mean + SD.
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3.7.4 sEffect on Versican

The promoter of the Vcan gene contains 6 E-box elements
(CANNTG) which are depicted in Figure 31.

ATCATGTGTACATGATGCTTGCAGTAAATACTGATCATTATCATGTCTGGGAAACATGTAGCAATCTA
TTACTAGTTTGCTTCTGCCCTACTTCTTTGTAGACTTGTTTATTCAAGTGTATTGTGAAGGGAGAATA
GGATAACAGAGAGTTGATAAGCTTTTAGGCCAATGATCTGTCGCAAAGTAGCCTTGGGCAAACCACTT
AACTGTAAAACTCAAACTAGGTTCACTTGAATTTAAGAAATAAATTAATGATAATAACTTGAAGCGTT
TCAGAGAAAAAATCTATCTACCCCAATGCCTGGAATATAAATAATAATGGAAATTCATTATATTTTAT
TTTTCTTCTTTCTGAATGAATTCCTATTGATTCAAGAGCTGTGTTCTGATAAGCATCTCTGGTCTGTG
CAAGCTTGGGGTGAGTCTCTTTCCATACCTGGTTGTGTTGGCATGTTAAATGCAGTGACTGAAGTCTG
ATGTCAAGATGTGGCTCTCATTCTGCACAATATATGGGATGAAATTTCAGTTTTAGTAATGGCAGTAC
AATCGTCGCATAAAGGTTAAATAAGTCACTGTAAGCCAAACTGATTTCGAAATGGCCCGTAGTACAGT
TAAGTCACTCACTACAGTGAGTGTAAGTAAAAGGACACATGAAATACACACCGGGGGATGAAATTGTA
CTGATAATCCTACCACATGTTTATCACTTAAGATCTATGATCATATTGAATCTACAAACCTTAGAAAA
GGAGCCCACATGCAGAAGGGTCTAGGTTACAACTTTAGAACTGTGGTTGGCAGCCAATCTAATTAAAG
AAATCCAGGGTAAAGACAAACTCTCTGCGTTAATCACTACCGTTTCTGAAGCCCTGTGTTTGATGTCA
TTCTCTAAGCAAAACATTCAGAGTCAATAATTACAAGGATATTTCCATATTGGTGTAGGAGGAAAAGT
TTGTAATTGTTTCAGTACCCTGAGAGTTACTTCGACATGTCTTGCGAACTTATTTTGTCCTCTCTCTA
GAAACTCATACTAGACTTCAACGTAACGGAAAATTCAAAGTCGCCCTTTTGTGAGGGTCAGAAATCCT
TTGTATTAACTGTTTGACCCTTTGCTCTTTAAGGTCCTAATGGAGTCTTTTGTGATTCAGTGAAGGGT
GTGCTTCTCTATATTGATGTTGTTTACATCGATGGATAAGCCTGAGTAGGGGAAAAAAAAAATTGCGA
ACGTGAAAGATTCCATTTCCAGACAACATGGAAAGACTGGTAAGTCAAAGAAATCTGAGTTAGGCAGA
AAATTCTGCAAGATATCCTGTGAAAGACAGAGGTATGGAAGAAGGAAGGAAGCGAAATACATTTAAGG
AAAGACGCGGATTTGTGTCAGAGAAAGGATTCTCTTTGAATGGGACAAGGGATTGCTTGGGGGGATTT
CCTGTCCAACCCTTTATTGCCAGGGTCTTTGTGTAGGGCCTGATGCCGCGGGCTCCCCATTGGGCAGT
TCCCTAGGGAGAGCAGTCACGAAAAGCTTTTGCGTCTCCCTGGGGCTTGGGATCTCACTTTCTCAGTA
TCTCTTTCAGGTTGGCAGGAGCATTGAGCCTGACACCTCTTCTGATGGGACGAGCAAGCTCCGTGGTC
GCATTAAACACATTATACGCAAGTTCTTGGCTGATGTTATAGAGTCCCGTCCGCTCCTAAGGACTGAC
CATACTTAATTGCTCTGTGCTTGCTGGCCGCAGCAGAGCCTGGGGACTCCTTTCCCCTAATTCAGAAG
TAGCAGCCCAGGGCGGGGAAGAGGGGGTGGGGTGGGGATGGGCTGGGAAGGCAGTTGTTTGAGACTGCA
CAGCGAGGTGGTACCGAGTCGTTGAATGAGGAGCACGGATTCCCCCCACCCCCAGCCGATTGGTACTT
CTCATCAGGAAGAAACGCTGAGAGGTGGGAGTGCCTGGCCAGGGAGGCAGGCGGTCCCTACCGCAGGL
TGAGGGAGCTCCTTTCCGCCCCTCCGCC

Figure 31: lllustration of the E-box elements in the promoter of Vcan. The first
2000 bases of the 5'flanking sequence of the Vcan gene contain 6 E-box elements
(shown highlighted). The data were retrieved using the Biomart tool3°,

Quantification of immunohistochemistry showed no differences in the
amounts of versican between the epididymal or subcutaneous AT of

both genotypes (Figure 32).
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Figure 32: Versican levels were not different in the AT of Wt and Id3-deficient
mice. A-B. Quantification of the area fraction of versican per 100 adipocytes
showed no differences in the versican content of the Wt and /d37 AT; n=4, 5.
Representative images of Wt and /d37 epididymal and subcutaneous AT stating
with anti-versican after 4 weeks of HFD are displayed. Scale bar: 200um. Data
represent mean + SD.

60



Results

3.8 Effects of 4-MU treatment

Male /d37 mice Wt littermate controls were fed a HFD or a HFD
supplemented with 4-MU for 4 weeks, starting at 8 weeks of age and

including 2 weeks of pair feeding regimen.

3.8.1 Effect of 4-MU on body weight and adipose
tissue weight

To begin with, food intake was monitored daily for every mouse of
this study, in case the 4-MU addition affected the feeding behaviour
of the mice and in order to confirm that any effects observed would
not be due to differences in food intake. Results showed that mice
from all 4 groups consumed similar amounts of food during the
treatment, although some “shredding” behaviour was observed
(Figure 33). The body weight of Wt mice was similar after 4 weeks of
treatment. However, addition of 4-MU in the diet significantly

decreased the body weight of /d3-- mice (Figure 33).
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Figure 33: 4-MU led to decreased body weight in Id3”- mice. A. Food intake
was calculated as the mean of food consumption per mouse per day for 4 weeks of
treatment. B. /d3 mice showed decreased body weight in response to 4-MU
treatment; n=7,8. Data represent mean + SD; *p<0.05.

After 4 weeks of treatment, epididymal AT depots were harvested
and their weights were compared. For this series of experiments, we
only examined the epididymal fat depot, since this was the only fat
pad which presented differences in our previous results. Mice from
both genotypes demonstrated significantly reduced AT depot weights
after consuming 4-MU, although the effect of /d3 deficiency on AT

weight that we observed before was blunted in this case (Figure 34).
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Figure 34: 4-MU led to decreased AT weight in both /d3” mice and Wt
controls. Epididymal AT weight was not different between /d3” mice and Wt
littermate controls after 4 weeks of HFD. Treatment with 4-MU led to reduced AT
depot weight in both genotypes; n=7,8. Data represent mean + SD; *p<0.05.

Glucose tolerance test was performed for /d3- and Wt mice after 4
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weeks of HFD or HFD supplemented with 4-MU. Glucose levels were

equivalent among the groups (Figure 35).
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Figure 35: Glucose tolerance was not improved after treatment with 4-MU.
GTT was performed after 4 weeks of HFD +/- 4-MU in /d37 mice and Wt littermate
controls. No differences were observed among the 4 groups; n=7,8. Data represent
mean + SD.

3.8.2 Immune cell composition of mice after 4 weeks
of HFD with or without 4-MU

Next, we performed flow cytometric analysis of the SVF isolated from
epididymal AT. As depicted in Figure 36, 4-MU treatment did not
lead to any alterations in the cell populations of B cells, T cells and
macrophages of /d37 and Wt littermates, neither in the B cell
subsets, B1 and B2. Surprisingly, no effect was observed due to /d3

deficiency alone, either, which was seen in our previous results.
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Figure 36: Mice treated with 4-MU did not demonstrate differences in immune
cell populations. A-B. Flow cytometric analysis showed no alterations in the B cell
population in epididymal AT of /d3“ mice, as well as in T cells; n=7,8. C-D. B1 and
B2 cell subset populations were not altered in the AT of both /d37 and Wt mice
after 4 weeks of treatment; n=7, 8. E-G. Numbers of total macrophages and M1
and M2 macrophages in epididymal AT were similar between /d37- and Wt mice
after 4 weeks of HFD supplemented with 4-MU; n=7,8. All cell populations are
expressed as cell number per epididymal AT depot. Data represent mean + SD.

3.8.3 Effect of 4-MU treatment on HA content

To determine whether the HA inhibitor 4-MU can reduce the elevated
HA content that was observed in the AT due to /d3 deficiency,
immunohistochemistry was performed using epididymal AT paraffin
sections. Quantification of the staining showed that 4-MU did not

inhibit HA accumulation in the AT of neither Wt nor /d37 mice
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(Figure 37). Of note, HA was not increased in the AT of /d37 mice, in

contrast to what was seen in previous experiments.
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Figure 37: 4-MU treatment did not alter HA content in epididymal AT of Id3”"
mice. A. Quantification of the area fraction of HA per 100 adipocytes showed no
differences in HA content among the different groups; n=7,8. B. Representative
images of Wt and /d3+ epididymal AT stained with hyaluronan binding protein after
4 weeks of HFD with or without 4-MU are displayed. Scale bar: 200um. Data
represent mean £ SD.
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Moreover, circulating levels of HA were determined by ELISA; no
significant differences among the different experimental groups were

observed (Figure 38).
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Figure 38: Levels of serum HA did not present any differences after treating
Id3” mice with 4-MU. Circulating HA was determined in plasma samples of /d3”
and Wt mice after 4 weeks of HFD with or without 4-MU and revealed no
alterations on HA levels; n = 7, 8. Data represent mean = SD.

3.9 Evaluation of the effects of ID3 polymorphism

on the HA system in patients

3.9.1 Characteristics of the study samples

Baseline characteristics and obesity-related comorbidities of the
participants of the studies 14180 and 15328 are summarized in
Table 7. The cohorts included patients that were homozygote for the
common allele (CC) and patients that carried the risk allele, meaning
that they were either heterozygote (CT) or homozygote for this less
frequent allele (TT). The 2 cohorts were not comparable in terms of
age, since the participants in study 15328 were much older.
Furthermore, 15328 participants were relatively healthier with lower
BMI (median 31.46 for /D3 risk allele carriers) compared to 14180
subjects, which is reasonable since these patients underwent
bariatric surgery. Other important factors considered were the
prevalence of diabetes and hypertension, which were lower in the
14180 cohort.
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Table 7: Patient baseline characteristics.

COHORT
14180 15328
Ar:t:::;al Risk allele A'K:If:lt;al Risk allele
Patients
characteristics
N 13 26 19 20
Age (years) 46.69+11.79|43.35+9.83 | 64.32+9.14 64 + 8.96
Men % 23.08 19.23 63.16 60
Women % 76.92 80.77 36.8-9 40
BMI (kg/m?) 4892 +9.67 [ 49.48+8.17| 30.6%+6.65 |31.46+6.87
Diabetic (%) 15.38 38.46 47.37 45
C“rre”(;s‘)m"ker 9.09 21.05 10.53 5
Hypertension (%) 69.23 61.54 78.95 75

Values are the average * standard deviation.

3.9.2 Effect of ID3 polymorphism on HAS mRNA
expression

To determine if loss of function of the human /D3 gene can affect the
regulation of the HAS isoenzymes in human fat, we performed qPCR
using RNA from the omental AT of obese subjects from the Study
14180. HAS mRNA expression levels are shown in Figure 39.
Interestingly, our results demonstrated no differences in the
expression of the HAS2 isoenzyme, which was shown to be
upregulated in HFD-fed /d3”- mice. The same observation was made
for HAS3, whereas HAS1 was not detected in patients homozygote

for the risk allele.
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Figure 39: No differences in HAS expression of human subjects with the risk
allele of ID3. MRNA expression of the three HA synthase isoenzymes (HAS-1, -2,
-3) was measured in human omental fat isolated from patients that did not carry the
risk allele (CC) and patients that were either heterozygote (CT) or homozygote
(TT) for the ID3 polymorphism. Expression levels were not different between the
experimental groups. Results are normalized to RNA718SN5; n=4-12. Data
represent mean + SD.

3.9.3 Effect of ID3 polymorphism on HA content in the
AT

To further investigate a possible effect of the /D3 polymorphism on
the HA content in the omental fat of obese humans, which could
have been undetectable on the mRNA level, we performed
immunohistochemistry. HA was stained on the omental fat from the
same cohort of patients and our results revealed no increase in the

HA in the human obese samples (Figure 40).
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Figure 40: Human omental fat from subjects with or without the /D3 risk allele
did not present altered HA content. A. Quantification of the HA staining revealed
no differences in the HA content among patients that did not carry the risk allele
and patients that were either hetero- or homozygote for it. B. Representative
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images of the human omental fat stained with hyaluronan binding protein; n=4-12.
Scale bar: 200pm. Data represent mean + SD.

3.9.4 Effect of ID3 polymorphism on circulating HA

level

In an attempt to characterize a possible effect of the human /D3 SNP
on circulating HA, we measured plasma HA in a different cohort of
patients (Study 15328). Although there seemed to be a trend towards
increased HA levels in the plasma of patients homozygote for the risk

allele, our results showed no significant differences (Figure 41).

100
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Figure 41: No differences observed in the serum HA of subjects with or
without the ID3 risk allele. Circulating HA was determined in plasma samples
from patients that did not carry the risk allele and patients that were homozygote
for it. No differences were observed. n = 20. Data represent mean £ SD.
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4. Discussion

4.1 Effect of Id3 deficiency on visceral adiposity

In the present work it was shown that the transcription factor 1d3
plays an important role in regulation of HA in the AT in response to
obesity. We demonstrated that /d3 deficiency led to increased Has2
MRNA expression in male C57BL/6J mice upon HFD feeding and as
a result HA accumulated in the AT. This effect was followed by
increased inflammatory immune cells in the area, thereby

contributing to AT inflammation.

Our study adds further knowledge to previous results showing that
Id3 is associated with HFD-induced epididymal AT expansion'32. An
interesting study showed that /d3 expression was induced in the
visceral AT of HFD-fed C57BL/6J mice and that when /d3 was
absent, this fat depot was characterized by decreased expansion. In
more detail, /d3 deficiency led to attenuated visceral AT weight by
inhibiting HFD-induced VEGFA, providing evidence that 1d3 is
implicated in adipose angiogenesis and obesity. Thus, 1d3 was
identified as a promising target against the visceral obesity. In line
with this study, we also confirmed that there was no difference in the

weight of brown AT depot in /d37- mice.

In the present study, we chose to treat the mice with HFD for a
shorter period of time, namely 4 weeks. From previous studies we
know that the consequences of /d3 deficiency on visceral adiposity
are detectable already early. So, our aim was to examine the events
leading to dysmetabolism in /d37- mice early in the setting of obesity.
Indeed, it was demonstrated that /d3 deficiency affected the early
development of HFD-induced obesity, with /d37- mice displaying
significantly smaller visceral AT depots compared to Wt controls
even after only 4 weeks of HFD (with similar body weight to Wt
mice)'32. Similarly, mice lacking /d3 did not present differences in the
AT depot weights after 4 weeks of standard laboratory diet, but HFD
induced a significant increase in the AT in both /d37- and Wt mice up

to that time point. However, loss of /d3 led to a significant attenuation
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of epididymal AT expansion, but not of subcutaneous, highlighting
once more the very specific role of /d3 in HFD-induced visceral
adiposity.

Interestingly, despite smaller epididymal AT depots, glucose
tolerance was not improved in mice lacking /d3. It is known from the
literature that AT expansion during obesity is correlated with
worsened metabolic rates, such as insulin resistance, while the
distinct AT depots also contribute differently in
dysmetabolism'”-148149 " Human studies where individuals were
matched for total body fat (or for subcutaneous fat) but with high
versus low levels of visceral AT have demonstrated that patients with
visceral obesity display a worsened metabolic profile'%151 In line,
weight loss can have a beneficial effect on obesity-induced AT
inflammation. In humans, it was shown that caloric restriction or
bariatric surgery leading to weight loss had a remarkable effect
against AT dysmetabolism and restored insulin sensitivity'52-154,
Based on these studies, an improvement in the metabolic profile of
mice lacking /d3 was expected, since their visceral fat depots were
significantly smaller. Yet, their glucose levels were equivalent to
those of Wt mice, and no metabolic amelioration was detected. This
is an effect also observed in a previous study, where both groups
presented similar glucose and circulating lipid levels, although this
finding was not further investigated’?. However, we sought to
examine this phenomenon, and this led to the new hypothesis, that
Id3 may regulate other processes in the AT that promote

dysmetabolism and inflammation.

4.2 Effect of Id3 deficiency on HA-mediated AT
inflammation

Preliminary work of the McNamara lab showed that /d3 deficiency
increased the promoter activity of the Has2 gene in vitro, using aortic
SMCs. Therefore, we next hypothesized that Id3 may also regulate
the transcription of the Has isoenzymes in vivo in the HFD-fed /d3+

mouse model.
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It is generally known from the literature that the mRNA expression of
Has isoenzymes is largely cell-type-dependent, with HAS2 being
recognised by many studies as the most abundant isoform. For
example, HAS2 was revealed to be the main HA-synthesizing
enzyme in mesothelial cells, in SMC-rich tissues, as well as in
proliferating VSMCs'®. Specifically, after treatment of VSMCs with
PDGF, mRNA levels of Has2 were increased rapidly and by almost
twofold compared with Has?7 and Has3, which were only slightly
upregulated’®. Moreover, HAS2 was markedly increased in human
SMCs under certain stimuli'®”. Of note, 3T3-L1 adipocytes also
produce more HA while differentiating and it was shown that Has2
mRNA was more abundant than Has? and Has3 and, as result,
responsible for HA production®. Furthermore, Has2 mRNA
expression was the only isoform that was increased in vitro in
hypertrophic  adipocytes, with hypertrophy being a major
characteristic of obesity, while Has2 mRNA was upregulated in the
AT of two different DIO mouse models: in HFD-fed LdIr/- mice and in
ob/ob mice. In the visceral AT of both of these obesity models, Has2
was highly upregulated, whereas Has1 and Has3 expression were

not detectable’.

Our data showed increased Has2 mRNA expression in [d37
epididymal AT, while the expression of the other isoenzymes did not
changed and so we hypothesized that HAS2 is the isoenzyme that is
mainly affected in the AT when /d3 is absent. 1d3 is a broadly
expressed transcription factor, and hence it is likely that it is
expressed in many of the different cell types present in the AT.
However, the focus of this study was how /d3 could regulate HA
production, and thus, cell types in AT known for producing HA were
examined, and particularly SMCs and adipocytes. Our data
demonstrated that Has2 expression was not different in isolated
adipocytes from mice Wt or null for /d3, but Has3 expression was
increased in /d3” mice. Next, we turned our attention to SMCs,
another source of HA, especially during their proliferative state'®.
Our gPCR experiments clearly point to an increased mRNA
expression of Has2 in cultured /d3” VSMCs, leading us to the
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conclusion that SMCs are potentially the source of HA in /d3” AT.
Has1 was also upregulated, although to a lesser degree, highlighting
again the possibility that HASZ2 is the main isoenzyme affected by /d3
deficiency in VSMCs. Nevertheless, in order to determine if SMCs
are the sole or predominant HA-producing cell type in adipose tissue,
a VSMC-specific deletion of /d3 would be needed. However, this
mouse model is a very challenging model to generate, as the
available mouse has Myh11Cre on the Y chromosome leading to a
very low percentage of littermates that can be used and thus will be

investigated in future research.

Consequently, it is reasonably hypothesized that when Has2 mRNA
expression is increased in the AT, so is HA production. HA was
increased in the AT of Ldlr</- mice fed a HFD for 16 weeks and in
genetically obese ob/ob mice. This effect was accompanied by
adipocyte hypertrophy and macrophage accumulation”'. In a different
study, HA was found in the AT of C57BL/6J mice fed an obesity diet
for 16 weeks, but its content was reduced after injection with
hyaluronidase, along with a transient decrease in body weight and fat
mass’®. Based on these findings, we expanded our studies and
attempted to further characterize the effect of /d3 on HA.
Immunohistochemistry was performed on epididymal and
subcutaneous AT from Wt and /d3”- mice under normal or high fat
diet. In agreement with increased Has2 mRNA expression, increased
HA content in the epididymal AT of /d37 mice fed a HFD for 4 weeks
was observed, compared to Wt littermates, whereas there was no

difference in the subcutaneous fat depot.

Interestingly, the effect in the AT was coincided with an increase of
circulating HA, showing that /d3 may have a systemic effect on HA
production. Elevated serum HA has been linked with several
diseases. In particular, circulating HA was increased in patients with
chronic viral hepatitis and cirrhosis and was also associated with
disease progress’™®. Other pathological conditions that are
characterized by elevated plasma HA are arthritis, pneumonia and
several kidney diseases®. Importantly, increased circulating HA
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levels were paralleled with impaired metabolic function in diabetic
patients and fasting plasma glucose was correlated positively with
HA levels’®. Moreover, plasma HA was strongly associated with
carotid intima-media thickness and BMI values, as HA levels tended
to be higher in obese patients’®15°, These results could be useful for
the development of potential biomarkers, which will detect early
metabolic dysfunctions that are associated with obesity and could

lead to morbidity. This matter will be investigated further in the future.

In our study, we observed that /d3” mice did not present
improvement in their glucose tolerance, despite being leaner.
Therefore, we hypothesized that /d3 may regulate other processes in
the AT that promote metabolic dysfunction and inflammation and the
first step towards that was to examine the immune cell composition
of the AT.

Initial work at this field has shown that during obesity-induced AT
inflammation, there is unexpected trafficking of immune cells in the
fat, including macrophages, T cells, but also B cells, a cell type that
has been neglected so far in the obesity research'®. Winer et al
demonstrated that B cells accumulate in the AT of mice that have
been receiving HFD even only for 3 weeks, an effect that is evident
before the accumulation of other immune cells33. The same study
also showed that B cells modulate T cell function in DIO AT in an
MHC-dependent manner, possibly through B cell antigen
presentation to T cells. When B cells were globally depleted from
DIO mice, fewer pro-inflammatory M1 macrophages were recruited in
the AT, in combination with reduced HFD-induced insulin resistance,
thus ameliorating metabolic disease®3. Likewise, introduction of B
cells from spleen of DIO mice into B cell-deficient mice worsened
glucose tolerance®*3°. Taking into consideration that the majority of
the CD19* cells in the spleen are B2 cells, the impairment of
metabolic function is likely due to B2 cells33-35. Moreover, adoptive
transfer of B2 cells in HFD-mice lacking completely mature B cells
led to dysmetabolism, providing further evidence that B2 cells
promote metabolic dysfunction during DIO and corroborating these
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previous findings'38. Of note, B2 cells have also been linked with
diabetes in humans: circulating B2 cells from patients with T2DM
were found to exert pro-inflammatory action through increased
production of IL-8 and decreased production of IL-10, proving that
these immune cells might play a -thus far not so appreciated-role in

inflammation related with T2DM161,

Id3 is known for its different roles in B cell biology, though it is not
clear yet in which way |d3 may regulate B2 cells and more

specifically with regard to HFD-induced AT inflammation.

In the present study, HFD-fed /d37- mice presented an increase in the
B2 cell population, indicating the induction of an inflammatory
response. This way, the lack of glucose tolerance improvement in
Id37 mice may be explained, with the data pointing to a
dysmetabolism and a local inflammation induced due to /d3
deficiency. In connection with this, the expression of the pro-
inflammatory cytokines TNF-a, IL-6 and IFN-y was evaluated.
Studies have shown that TNF-a and IL-6 were increased during
obesity and were also involved in metabolic dysfunction3°162.163, Th1
cells are the main producers of IFN-y, which is implicated in
inflammatory responses. Furthermore, DeFuria et al demonstrated
that splenocytes from obese compared with lean mice secreted
higher amounts of IFN-y, relating this cytokine with obesity-induced
inflammation. More recently, IFN-y was linked with B cells as well. It
was shown that a distinct subpopulation of B can produce high
amounts of IFN-y during the early stage of immune responses'®4.
Moreover, IFN-y was found to be elevated in the obesity studies
already discussed, where B cells were also increased in the AT of
HFD-fed mice. In the same way, production of IFN-y was reduced in
B cell-deficient mice, improving metabolic function33. These results
are in line with the data of the present study, showing increased Ifng
mRNA expression in /d37 mice upon HFD, and suggest that B2 cells
promote inflammation in HFD-fed mice through increased production
of the inflammatory cytokine IFN-y.

Form the literature, it is known that global /d3 deficiency does not

lead to disruption in B cell numbers in the spleen, thymus, bone
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marrow or peritoneal cavity at baseline’*. Studies so far have
identified Id3 mostly as a regulator of B1b cells in several
compartments including AT, where B1b cells were shown to have an
anti-inflammatory effect’”.138, These findings were confirmed by our
results showing increased B1 cells in the subcutaneous AT of HFD-
fed mice as well as in fat depots of mice under standard diet,
meaning that these mice did not present an inflammatory profile.
When /d3 is knocked out specifically in B cells, B2 cells once more

not affected’38.

To the best of our knowledge, this is the first study to report an
increase in the B2 cell population in the AT due to loss of /d3 in the
setting of obesity, suggesting that 1d3 specifically affects processes
that promote B2 cell accumulation in the epididymal AT in response
to HFD. These findings highlight the importance of B2 cells in AT
inflammation and provide valuable data concerning the early
inflammatory events that occur in the AT during the first stages of

diet-induced obesity".

HA plays a vital role in AT dysmetabolism upon HFD, as shown by
studies where it was accumulated in the AT of DIO mice, and
inhibition of its synthesis reduced the production of pro-inflammatory
cytokines”. HA is also known for its ability to retain immune cells in
the AT. Han and colleagues demonstrated that HA forms a complex
with SAA3, and together they promote the recruitment and
chemotaxis of monocytes in the AT of obesity mouse models.
Digestion of HA with hyaluronidase and separate silencing of SAA3
production both partially decreased monocyte adhesion’'. Moreover,
HA was shown to retain monocytes in cultured hypertrophic 3T3L1
adipocytes, while pretreatment of the adipocytes with hyaluronidase
prevented monocyte adhesion, providing evidence that HA is
important for the obesity-induced immune cell recruitment in the
AT"'. Further, a study has linked B cells with HA, in the context of
wound healing, during which HA is physiologically produced. The
findings of this study revealed that HA stimulated B cells through
TLR4 to produce cytokines such as IL-6, IL-10 and growth factors,
promoting wound healing6®.
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Given the evidence that HA is involved in inflammatory responses in
AT upon obesity and based on our previous data showing
accumulation of HA and B2 cells in the AT of /d37 mice, we
hypothesized that HA might have a specific function in recruiting B2
cells in the epididymal fat depot of these mice after feeding a HFD for
4 weeks. Our results from the HA binding assay showed that
significantly more B2 cells attached to the AT of HFD-fed /d37 mice,
together with an increased HA content. Further, digestion of
endogenous HA led to a reduction of the adherent B2 cells in the /d3-
~ AT, proving HA-dependency of pro-inflammatory immune cell
adherence to the AT. This is in good agreement with previous
studies, showing that treatment with hyaluronidase in the HA-
enriched AT reduced the expression of certain pro-inflammatory

markers, improving the metabolic profile of the mice’®.

Our in vitro data using SMCs also indicate that HA increases the
adherence of B2 cells. HA digestion via hyaluronidase treatment on
Id37 aortic SMCs before co-incubation with the immune cells
reduced significantly the B2 cells that attached on the SMCs, thereby
supporting our hypothesis regarding the importance of the HA matrix

in binding immune cells.

Overall, our study revealed that the AT of /d3” mice was enriched
with HA and this was strongly linked with significantly increased
adherence of B2 cells in the AT along with elevated expression of
Ifng, an effect blunted in Wt mice. HA digestion using hyaluronidase
reduced the number of B2 cells attaching on the AT, indicating that,
locally targeting the HA content in the AT through /d3 could be
beneficial against obesity-induced AT inflammation, mainly through
reducing the number of the pro-inflammatory B2 cells and decreasing
IFN-y.
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4.3 Effect of Id3 deficiency on proteoglycans

Apart from HA, the ECM contains plenty of important molecules, for
example proteoglycans. It is known from the literature that during AT
inflammation, the ECM undergoes dynamic remodelling, and the
expression of its components can change dramatically. Research
has shown that biglycan mRNA expression was increased in the AT
of mice fed a HFD for 8 weeks, along with increased expression of
the pro-inflammatory markers IL-6 and TNF-a''. Further, biglycan
knockout mice showed reduced inflammation in the AT as well as
improvement of glucose tolerance compared to Wt mice’00.101,
Another proteoglycan with a potential role in obesity-induced AT
inflammation is decorin, although its exact involvement is not yet well
understood. It was revealed that decorin expression was significantly
upregulated in the obese AT and particularly in cells of the SVF'%,
This effect was also observed in human subjects. AT samples from
patients with insulin sensitivity, insulin resistance and T2DM were
analysed and an increased decorin expression in the visceral AT of
insulin-resistant and diabetic subjects was revealed'®. On the
contrary, a more recent study demonstrated that decorin deficiency
deteriorated the glucose tolerance of HFD-fed mice by impairing AT

function 106,

The proteoglycan versican has also been associated with AT function
in the context of obesity. MRNA levels of versican were increased in
mice fed a HFD for 8 and 16 weeks. Analysis showed that versican
was mainly produced by adipocytes in this case, while versican
content was also increased in the epididymal AT192,

Considering all the above, it can be concluded that different
components of the ECM may be implicated in AT function and
obesity-induced inflammation, although the exact mechanisms are
not yet well clarified.

Accordingly, we hypothesized that other ECM components might be
regulated in HFD-fed /d3+ mice, since our results so far have clearly
shown a strong effect of 1d3 on HA in the AT in the setting of HFD.

For this purpose, we examined whether /d3 deficiency can impact the
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levels of biglycan, decorin, versican and aggrecan in the AT of /1d3"
mice after 4 weeks of HFD. These experiments led us to some
interesting findings and their interpretation was quite challenging.
First, our results showed that the genes that produce these
molecules are good candidate genes, whose transcription could be
regulated by Id3, since they contain numerous E-box elements in
their promoter regions. Immunohistochemistry revealed that only
biglycan and decorin were increased in the AT of HFD-fed /d3- mice,
while the content of aggrecan and versican remained unaltered.
Interestingly, in both cases the increase was observed in the
subcutaneous and not in the epididymal AT of the mice. These
results are contradictory with our previous findings showing
increased HA in the epididymal fat, but agree with other studies
demonstrating increased expression of biglycan and decorin in WAT,
including visceral and subcutaneous both in obese human subjects

and DIO mice100.105,

However, a preferential role for /d3 in HFD-induced visceral adiposity
has been established, since /d3 mMRNA expression was induced by
high fat feeding in the visceral and not in the subcutaneous fat'32.
Hence, we reached the conclusion that the increased content of
biglycan and decorin in the subcutaneous fat was probably HFD-
induced (in agreement with these previous studies) and it was not an
ld3-dependent phenomenon, as was the case with HA. To a certain
degree, however, our results are not entirely surprising. For example,
decorin has been found to have conflicting roles in different studies,
making it clear that defining a role for the components of the very
complicated ECM can be challenging.

As the main focus of the present study was to elucidate whether Id3
regulated components of the ECM, and since biglycan and decorin
were elevated only in the subcutaneous AT, where 1d3 does not have
a functional role, no further experiments were performed regarding
these proteoglycans. This otherwise very interesting topic is reserved

for future research.
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4.4 Effects of 4-MU treatment in /d3” mice

A series of experiments with mice receiving HFD supplemented with
4-MU was included in this study. Since we have shown that the pro-
inflammatory phenotype of the HFD-fed /d3” mice was HA-
dependent, our hypothesis for this proof-of-concept experiment was
that the inflammatory status of these mice might be attenuated when
HA synthesis was inhibited by 4-MU.

4-MU consumption led to decreased body weight in mice deficient for
Id3 compared with HFD-fed /d37 mice, an effect attributed solely to
4-MU. Furthermore, both /d37 and Wt littermates had significantly
smaller epididymal AT depots when receiving 4-MU. Interestingly, in
these experiments /d37 and Wt mice had similar AT expansion in
response to HFD. This finding is in contradiction with our previous
results, and it shows that the protective effect of /d3 deficiency
against visceral adiposity was blunted in this case. Regarding
metabolic function, GTT performed after 4 weeks of feeding showed

equivalent levels of glucose among the groups.

A number of studies have examined the effect of 4-MU on body
weight. In a study from 2010, it was shown that Apoe” mice fed a
Western diet with 4-MU for 21 weeks had a trend towards lower body
weight®2. Moreover, decreased VAT weight was seen in mice
receiving HFD supplemented with 4-MU for 12 weeks®. In a more
recent publication, C57BL/6J mice fed a diabetogenic diet
supplemented with 4-MU for 17 weeks had significantly reduced
body weight gain and total body fat content®. In this study, Grandoch
et al also observed reduced epididymal and brown AT weights.
Moreover, 4-MU improved glucose tolerance and insulin resistance
of these mice. The food intake of the mice was also similar between
the groups and a pair feeding regimen was applied for only 1 week.

In our case, body weight was reduced in both genotypes after mice
consumed 4-MU, in agreement with these previous studies.
However, the fact that HFD-fed /d37 mice did not have significantly
smaller epididymal AT depots, as seen before, is a matter of

concern. One possible explanation for this outcome is that the pair
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feeding interfered with the metabolic function of the mice. During pair
feeding, the amount of food provided to the pair-fed mice is perhaps
different from the amount they would normally ingest. Hence, the
animals often consume all their food soon after it is made available to
them; as a result, it is possible that they undergo fasting until food is
provided again the next day. Consequently, their metabolic status
can be misinterpreted and if pair feeding is applied for a long period
of time, these consequences can progress over time'#2. It is also
possible that animals learn to expect their food at a certain time,
again affecting their metabolic functions. A study performed in rats
demonstrated that anticipation of meals affects the levels of ghrelin, a
hormone secreted by the stomach and small intestine and involved in
the stimulation of hunger'®®. Russel et al showed that young cp/cp
rats (a rat model of metabolic syndrome) that underwent pair feeding
for 4 weeks presented lower body weight compared to rats that were
fed ad libitum, although the food intake rates were not different.
Furthermore, the reduction of the body weight in young pair-fed rats
was accompanied with an improvement in their metabolic status,
such as lower insulin and glucose levels, but also increased fatty acid
levels, which can have adverse effects’®’. Longer period of pair
feeding (12 weeks) also affected cp/cp rats, by ameliorating end-

stage disease processes associated with metabolic syndrome.

Regardless, however, of the specific effects, it is clear that pair
feeding itself can influence metabolic function and needs to be taken
into consideration if used in a project where metabolism is examined.
Therefore, we suggest that in the present study it is possible that pair
feeding induced such changes in metabolism, although subtle, as it
was only applied for 2 weeks. This could probably explain why the
phenotype of HFD-fed /d3-- mice was not developed as strongly.

Regarding the immune cell composition of Wt and /d3” mice after
treatment with 4-MU, no differences were observed. The population
of the pro-inflammatory B2 cells that was increased in HFD-fed /d3+
mice in our first experiments was not replicated this time. This effect
was once again blunted probably due to the 2-week food restriction.
It seems that in order for the function of /d3 in response to HFD to
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become evident, 2 weeks of feeding ad libitum is not sufficient time.
Nevertheless, other studies have reported that 4-MU treatment can
have a beneficial anti-inflammatory effect and a protective role in
immune cell regulation, as was hypothesized initially in the present
study. For example, it was found that inhibition of HA synthesis by 4-
MU led to decreased T cell proliferation and production of IL-28'.
Further, 4-MU reduced LPS-induced inflammation in corneal
fibroblasts, while it once again reduced the expression of the pro-
inflammatory cytokines IL-1, IL-6, IL- 8, TNF-a'68,

Since 4-MU is an inhibitor of HA synthesis, it was expected that HA
would be decreased in /d37 mice fed a HFD supplemented with 4-
MU. However, treatment of the mice with 4-MU did not lead to drastic
alterations in the HA content in the epididymal AT. Systemic HA was
not decreased either, as measured by ELISA. It is very likely that the
lack of HA inhibition was due to the pair feeding treatment which may
have affected the action of 4-MU as well, apart from the metabolic
function of the mice. This alteration can be seen here as well, since
the phenotype of the HFD-fed /d3” mice was once again not
replicated; we did not observe an increased HA content in the /d3*

mice compared with Wt mice.

It can be hypothesized that longer 4-MU treatment would be more
suitable for an effect on HA content to be evident. For instance, Nagy
et al reported a reduction of HA levels in the aorta and in circulation
after 21 weeks of treatment with 4-MU in Apoe” mice on Western
diet®?. Regarding the effect of 4-MU on circulating HA, an interesting
study showed that a reduction in HA serum levels was seen only one
week after C57BL/6 started consuming chow diet supplemented with
4-MU'. This was not observed in the present study. Of course, it
needs to be considered that HFD induces an increase in circulating
HA levels and therefore a prolonged period of treatment would be

required until effects of 4-MU can become fully evident.

In addition, the effect of 4-MU on HA synthesis inhibition specifically
in the AT has not been studied so thoroughly. In vitro, it was shown

that treatment of 3T3-L1 adipocytes with 4-MU led to reduction of HA
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production, which was accompanied by inhibition of adipogenesis’®®.
Moreover, treatment with 4-MU for 17 weeks reduced HA content in
BATSS.

In summary, treatment of /d37- mice with HFD supplemented with 4-
MU did not improve their inflammatory status. However, this was
probably a consequence of the fact that the phenotype of the HFD-
fed /d37 mice initially observed in the present study could not be
reproduced in this experimental series. We further assume that the
application of a 2-week-long pair feeding regimen could have
interfered with the metabolic function of the mice and blunted some
of the effects that were seen before. This is acknowledged as a

limitation of the present study and is reserved for future research.

4.5 ID3 polymorphism and its potential role on HA
regulation

Studies by McNamara and colleagues have shown that a SNP in the
coding region of the human /D3 gene leads to the production of an
Id3 protein with reduced function and is strongly correlated with
increased risk for atherosclerosis'?*'27. Doran et al assessed the six
known SNPs of the ID3 gene in participants of the Diabetes Heart
Study, which is a study of genetic and environmental factors of
cardiovascular disease in families with increased risk to develop
T2DM'0, After performing a quantitative trait locus association
analysis with the SNPs identified in participants of the study, the
mutation of the major allele of the /D3 gene at rs11574 was found to
be significantly associated with carotid IMT, whereas the other SNPs
were not so strongly correlated with pathophysiological traits, thus
recognising this SNP as a novel biomarker of atherosclerotic burden
in humans'4. A subsequent study utilized a larger cohort of
patients'?’. Specifically, these subjects belonged in two different
groups; the Multi-Ethnic Study of Atherosclerosis (MESA), which
included relatively healthy participants, with no prior clinically defined

cardiovascular disease and with low levels of diabetes, as well as the
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CAVA Study (Coronary Assessment in Virginia cohort), which
included much fewer participants that had to undergo a medically
necessary cardiac catheterization and was basically the previous
study of Study 14180 of the present work. This research revealed
that the ID3 SNP rs11574 risk allele was associated with coronary
artery calcium in the MESA cohort and, also, with greater atheroma
burden and stenosis in the CAVA cohort. Conclusively, the ID3 SNP
rs11574 was clearly associated with human coronary artery

pathophysiology, as demonstrated by these additional cohorts'?’.

Based on these previous results highlighting an important role of the
ID3 gene in human atherosclerosis and cardiovascular disease, we
expanded our murine studies by examining a possible implication of
the ID3 SNP rs11574 in metabolic function, which is closely related

with the risk of cardiovascular disease.

For this purpose and in line with our findings so far, we investigated a
potential role of the ID3 SNP rs11574 in the AT and specifically, in
the HA regulation. Since /d3 deficiency is strongly correlated with
HA-mediated inflammation in the AT of mice in the setting of obesity,
our hypothesis was that HA might also be present in the AT of obese
humans that have the [ID3 polymorphism. More importantly,
circulating HA was also increased in HFD-fed /d37 mice, and so we
further hypothesized that by simply measuring plasma HA in obese
humans, which are very likely to carry the ID3 SNP rs11574
according to the previous studies, we could possibly predict the

development of more severe dysmetabolism.

Therefore, we analysed human omental fat and plasma samples of
two different, small cohorts of patients. First, the samples were
genotyped to determine which subjects carry the risk allele and then
experiments were performed. Omental fat was examined for HA
content and RNA was extracted for measuring gene expression of
HAS isoenzymes. These samples were derived from obese patients
(as defined by their BMI) that opted for a bariatric surgery, during
which omental fat was collected. The plasma samples that were used

for HA ELISA were from another cohort of patients that had to
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undergo medically necessary IVUS or QCA, so patients with

increased risk of cardiovascular disease.

Surprisingly, our findings were not in agreement with our murine
studies, since no effect was observed in the HA content in the
omental fat of patients that had the ID3 SNP rs11574. Contrary to
expectations, no differences were revealed in the mRNA levels of the
HAS isoenzymes between subjects that carried the ancestral allele
and those that carried the risk allele, irrespective of whether they
were heterozygote or homozygote. Circulating HA levels were not
increased in patients with the risk allele either, although plasma HA
usually correlates strongly with the progress of several diseases. For
example, a study has shown before that serum HA levels were
increased in diabetic patients and, of note, were even correlated with
BMI76. Unfortunately, these interesting findings were not confirmed in
our study, although there are some possible explanations for this

outcome.

First, the sample size of our human studies needs to be taken into
consideration. Our investigations so far have only been on a small
scale, and it is reasonable to assume that, among individual patients,
the variability can be really high, thus leading to inconclusive results.
Most of the studies that were already discussed showed a significant
correlation of the /D3 SNP with human diseases, but they utilized

much larger cohorts of patients.

Further, the fact that results from human studies were not consistent
with results from murine studies highlights the importance of the
validation of the various mouse models, before they can be
translated into clinical research. It is also important to emphasize on
the differences regarding the AT in humans and mice. Omental fat
was isolated from human subjects, whereas epididymal AT was used
for the murine experiments. This is due to the fact that murine
epididymal AT has been established as the equivalent of human
omental fat by the literature. Moreover, epididymal AT is typically the
largest fat pad in mice, offering easier handling, compared with the
murine omental fat, which does exist but has a much smaller size'"".
However, omental fat has a considerably different composition from
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the other WAT depots, since it contains “milky spots”, which are large
aggregates of leukocytes that have been implicated in several types
of cancer?®'72, These differences should be considered when
designing a mouse model intended to be translated to human

diseases.

One additional limitation of the present study is that only a very small
part of human omental fat was obtained after the surgery, which
might not be representative for the whole tissue. This fact underlines
the difficulty of collecting this kind of human data. Moreover, the lack
of significant results in the human studies could be explained by the
variability which is part of human nature and can possibly influence
our measurements and statistical analysis. Notably, the samples
used in this work came from the Bariatric Surgery and the Cardiac
Catheterization Labs and so variances during the sampling at the
time of the surgery are inevitably expected.

In any case, the potential use of the ID3 SNP rs11574 as a
biomarker of atherosclerosis in humans has been discussed and
proven in other studies'?*127. Whether this /D3 variation can also
impact the HA content in humans and thus lead to an early diagnosis
of dysmetabolism remains to be deciphered and will be addressed in

future research.
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5. Conclusion

Overall, this study provides evidence that loss of the transcription
factor 1d3 results in increased Has2 expression with resultant
increased HA accumulation in the visceral AT after 4 weeks of HFD.
This novel finding provides the missing link between the discovery
that loss of /d3 protects from diet-induced visceral AT expansion but
does not result in the expected improvement in dysmetabolism,
which was one of the main focuses of the present work. Through
careful flow cytometry analysis of AT depots from Wt and /d37 mice,
we determined that there was a significant increase in B2 cells in the
AT of I/d3” mice, which have been shown to promote AT
inflammation and metabolic dysfunction. Additional data using AT
and cultured VSMCs revealed that the B2 cell accumulation in the AT
was HA-dependent, since this effect was blunted after HA digestion,
closing the loop on mechanism. We conclude that /d3 deficiency in
the setting of obesity leads to AT inflammation, which is
characterized by increased B2 cell adhesion, with HA being the

important mediator.

Our proposed model is depicted in Figure 42.
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Figure 42: Proposed model of the role of Id3 in HA-dependent AT
inflammation. Loss of /d3 leads to reduced epididymal AT weight and increases
Has?2 expression in cells of the SVF in the setting of obesity, resulting in increased
HA content. Accumulation of HA induces an increase in the B2 cell population in
the AT, thereby promoting HA-dependent binding of B2 cells and contributing to AT
inflammation. SVF: stromal vascular fraction; SMC: smooth muscle cell; EC:
endothelial cell.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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Figure 43: Gating scheme for the flow cytometric analyses of immune cells in
the AT after 4 weeks of HFD. Flow cytometric identification of B220Ms" B2 cells
and B220"v B1 cells that include CD5* B220'°% B1a and CD5 B220"°* B1b cells.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor Id3 (Inhibitor

of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".

101



Appendix

F4/80+
Macrophages

Singlets Live cells

© Famso

Pulse Width

CD3* T-cells

SC

PR —

co3

Figure 44: Diagram for the analyses of AT macrophages and T cells after 4
weeks of HFD. Representative flow plots demonstrate flow cytometry gating
strategy to identify F4/80* macrophages and CD3* T cells.

With permission from Wolters Kluwer Health, Inc.: Misiou, A. et al, Helix-Loop-Helix Factor 1d3 (Inhibitor
of Differentiation 3) A Novel Regulator of Hyaluronan-Mediated Adipose Tissue Inflammation,
Arteriosclerosis, Thrombosis, And Vascular Biology, 41(2), 796-807, doi: 10.1161/atvbaha.120.315588".
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